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Abstract

Furan is an abundant food and environmental contaminant that is a potent liver carcinogen in
rodent models. To determine if furan is genotoxic /n vivo, female B6C3F1 Big Blue transgenic
mice were treated with 15 mg/kg bw furan by gavage 5 days a week for 6 weeks, or once weekly
for 3 weeks. Liver ¢//trans-gene mutation-frequency and mutation spectra were determined. Furan
did not increase the mutation frequency under either treatment condition. In the 6-week treatment
regimen, there was a change in the ¢//transgene mutation-spectrum, with the fraction of GC to AT
transitions significantly reduced. The only other significant change was an increase in GC to CG
transversions; these represented a minor contribution to the overall mutation spectrum. A much
larger furan-dependent shift was observed in the 3-week study. There was a significant increase in
transversion mutations, predominantly GC to TA transversions as well as smaller non-significant
changes in GC to CG and AT to TA transversions. To determine if these mutations were caused
by cis-2-butene-1,4-dial (BDA), a reactive metabolite of furan, the mutagenic activity and the
mutation spectrum of BDA was determined /n vitro, in Big Blue mouse embryonic fibroblasts.
This compound did not increase the ¢// gene mutation-frequency but caused a substantial increase
in AT to CG transversions. This increase, however, lost statistical significance when adjusted for
multiple comparisons. Together, these findings suggest that BDA may not be directly responsible
for the in-vivo effects of furan on mutational spectra. Histopathological analysis of livers from
furan-treated mice revealed that furan induced multifocal, hepatocellular necrosis admixed with
reactive leukocytes and pigment-laden Kupffer cells, enhanced oval-cell hyperplasia, and
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increased hepatocyte mitoses, some of which were atypical. An indirect mechanism of
genotoxicity is proposed in which chronic toxicity followed by inflammation and secondary cell
proliferation triggers cancer development in furan-exposed rodents.
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1. Introduction

Furan, a product of incomplete combustion, is found in cigarette smoke, engine exhaust, and
processed food [1]. This volatile chemical induces liver tumors in F344 rats and B6C3F1
mice when administered orally [2]. Because of the potential for human exposure and its
potency as a rodent carcinogen, furan is classified as a possible human carcinogen (Group
2b) [1,3]. To assist human cancer-risk assessment, the mechanism(s) of furan-induced
tumorigenesis should be defined.

Oxidation catalyzed by cytochrome P450 is required for furan to exert its harmful effects
[4-8]. The product of this reaction is cis-2-butene-1,4-dial (BDA) (Scheme 1). This
metabolite readily alkylates protein and DNA nucleophiles [9-12]. It causes DNA damage
[13-15] and is toxic and mutagenic in bacteria and mammalian cells [13,16], so it may play
arole in furan-induced liver tumorigenesis.

Data indicate both non-genotoxic and genotoxic pathways for furan-induced tumorigenesis.
In support of a non-genotoxic mechanism, furan does not elicit a DNA-repair response in
rats [17] and furan-derived DNA damage in the liver is low [4]. Furan is a strong inducer of
cell proliferation in mouse and rat liver [17-20]. Toxicity and proliferation precede furan-
induced tumor development in rodents [19,21,22]. These studies support a mechanism of
carcinogenesis in which chronic toxicity with secondary cell proliferation triggers cancer
development in furan-exposed rodents.

Genotoxicity tests with furan have given mixed results, with many studies providing
negative data [2,20,23-26]. However, furan exposure is associated with unique Hrasz
mutations in liver tumors [27,28], strengthening support for at least a partial genotoxic
mechanism for furan’s carcinogenic properties. Many of the /n-vitro genotoxicity assays
with furan were compromised by a number of factors, such as its low boiling point, the
choice of cell line, the absence of appropriate activation enzymes, or the presence of
detoxifying systems. The observation that the reactive metabolite BDA is mutagenic is
consistent with a possible genotoxic component in furan-induced tumorigenesis [13,16].
However, the chemical reactivity of BDA complicates the proposed link between furan
metabolism and a genotoxic event in the cell. In many test systems, furan was activated
extracellularly [2,23]. Given the reactivity of BDA with protein nucleophiles, it is possible
that insufficient quantities of the metabolite generated extracellularly were able to reach
nuclear DNA to form mutagenic adducts.
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An approach that overcomes most of these technical issues is to determine the ability of
furan to cause mutations in the target tissue. Big Blue transgenic rodents harbor multiple
copies of a bacteriophage lambda shuttle-vector in all cells. This shuttle vector contains the
Jac repressor gene (/ac/) and the c¢// phage regulatory gene, so that mutagenesis can be
readily measured in any tissue by isolating this DNA and quantifying the level of mutation
in these genes by means of functional assays [29]. In addition, the genes can be sequenced to
determine the mutation spectrum caused by the chemical treatment. This model has provided
useful mechanistic information about a number of compounds thought to be non-genotoxic
[30,31].

To test the hypothesis that furan is a genotoxic carcinogen, female Big Blue B6C3F1 mice
were treated with carcinogenic doses of furan by gavage, and ¢// gene mutation-frequencies
were determined in liver tissue. Since there are examples of compounds that shift the
mutation spectrum without increasing the mutation frequency [31], the ¢// gene mutation-
spectrum in these samples was also determined. To probe the role of BDA in any mutagenic
effects observed, the mutation frequency and ¢// mutation spectrum were determined /in
vitro, in Big Blue transgenic mouse embryonic fibroblasts treated with BDA. Liver toxicity
was determined by measurement of alanine transaminase (ALT) concentrations in serum and
by assessment of alterations in histopathology in furan-treated wild-type female B6C3F1
mice, to help interpret the mutagenesis findings.

2. Materials and methods

2.1. Caution

Furan, dimethylnitrosamine (DMN) and A-nitrosomethylurethane (NMUR) are toxic and
mutagenic in cells and carcinogenic in laboratory animals. They should be handled with
proper safety equipment and precautions.

2.2. Materials

Furan was obtained from Sigma-Aldrich (St. Louis, MO) and distilled prior to use. DMN
was purchased from Supelco Analytical (Bellefonte, PA). Solutions were prepared fresh on
each day of treatment. NMUR was obtained from MRI Global Chemical Carcinogen
Repository (Kansas City, MO). BDA was prepared from 2,5-diacetoxy-2,5-dihydrofuran as
previously reported [11]. Its concentrations were determined by semicarbazide trapping
according to published methods [11]. RecoverEase DNA Isolation Kits, the Select c//
Mutation Detection System for Big Blue Rodents, and the Transpack packing extract were
procured from Agilent Technologies (Santa Clara, CA). Phage-packaging extract was also
prepared from bacterial strains Escherichia coli NM759 and BHB2688, generously supplied
by Dr Peter Glazer (YYale, Univ. School of Medicine, New Haven, CT), according to
published methods [32].

Dulbecco’s Modified Eagle Medium, fetal bovine serum, penicillin and streptomycin were
purchased from Invitrogen (Carlsbad, CA). Trypsin was obtained from Gibco (Grand Island,
NY).
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2.3. Animals

Six-week-old female B6C3F1 Big Blue® mice hemizygous for the lambda L1Z shuttle
vector containing the ¢//transgene were obtained from Agilent Technologies (Santa Clara,
CA). Five-week-old female wild-type B6C3F1 mice were purchased from Charles River
Laboratories (Kingston, NY). B6C3F1 mice were selected for these studies because they
have been used in numerous short-term experiments and long-term cancer studies [2,17—
19,33]. While male and female B6C3F1 mice have similar biochemical, proliferative and
toxic responses to the hepatic effects of furan [17,18], female mice have a lower
spontaneous tumor incidence than males [2,34]. Therefore, we used female mice in this
study.

2.3.1. Animal treatments—All animal experiments were approved by the University of
Minnesota Institutional Animal Care and Use Committee. The mice were housed five
animals/cage according to IACUC and NIH guidelines, and given standard feed and tap
water ad /ibitum. They were acclimated for 1 week prior to the start of the experiments.

2.3.2. Big Blue animal studies—Big Blue mice were treated with either corn oil
(control) or furan dissolved in corn oil (15 mg/kg bw) at a volume of 5 mL/kg bw. When
administered for 2 years, this dose yielded a 100% incidence of liver tumors in the cancer
bioassay [2]. Solutions of furan in corn oil were prepared weekly and stored under nitrogen
at —20 °C between treatments. Two different dosing regimens for furan were employed. In
one study, five mice were treated with 15 mg/kg bw furan by gavage on 5 days/week for 6
weeks (the first two doses in the first week were 8 mg/kg bw). Five control mice received
corn oil alone. Two control mice died before termination of the study due to damage caused
by the gavage needle. Twenty-four hours after the final dose, mice were euthanized by CO»
inhalation and the livers were harvested, segmented by lobe and flash-frozen for storage at
—80 °C for the transgene-mutation assay. In a second study, five mice were treated with 15
mg/kg bw by oral gavage once weekly for 3 weeks. Control animals received corn oil alone.
The animals were euthanized by CO, inhalation 1 week after the final dose. The livers were
harvested as described above.

As a positive control, five Big Blue mice were given four daily doses of 4 mg/kg bw DMN
in saline (5 mL/kg bw) by oral gavage [35]. A control group of five mice received saline
alone. The animals were sacrificed 10 days after the last treatment by CO, asphyxiation. The
livers were harvested from each mouse, segmented by lobe, flash-frozen and stored at —80
°C for the transgene-mutation assay.

2.4. Histopathological studies

Groups of five female wild-type B6C3F1 mice were treated with 15 mg/kg bw furan in corn
oil under one of the following treatment regimens: one single dose, one dose per week for 3
weeks, or five daily doses per week for 6 weeks. In all treatment regimens, the mice were
euthanized by CO, inhalation 24 h after the final dose. Blood was collected by cardiac
puncture and left to clot at room temperature while other samples were collected. Serum was
separated by centrifugation at 10,000 x g for 10 min. These samples were sent to Marshfield
Labs (Marshfield, W1) for hepatic-panel analysis on a Beckman AU5800 Clinical Chemistry
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System. Livers were immediately removed by lobe and placed in 10% phosphate-buffered
formalin (Fisher Scientific, Pittsburg, PA) at room temperature. After 24 h, fixed tissues
were transferred to 70% ethanol.

Tissue processing and histopathological analyses were performed by the Comparative
Pathology Shared Resource, University of Minnesota Masonic Cancer Center. Formalin-
fixed sections of the left liver lobes (7= 3 per group) were processed into paraffin blocks by
means of standard histology techniques, sectioned to 4-um thickness, and stained with
haematoxylin and eosin. Histology slides were evaluated with light microscopy, and
diagnoses verified by two ACVP board-certified pathologists (R.C.K. and M.G.0’S.). Ki-67
protein was probed in tissues with anti-Ki-67 antibody (1:100 dilution, clone SP6, Biocare
Medical, Concord, CA) followed by Rabbit EnVision Plus (Dako, Carpinteria, CA). Ki-67-
staining was observed with light microscopy (Zeiss, Oberkochen, Germany). For each
tissue, 20 pictures were taken at 400x magnification. Positive Ki-67 stains per field were
counted blind as to treatment group by use of ImageJ [36].

2.5. Cell treatments

SV40 large T-antigen-transfected mouse embryonic fibroblasts, transgenic for lambda L1Z
(Lac I/cl)), were purchased from the American Type Culture Collection [CRL-2816]
(Manassas, VA) and cultured in T75 flasks in high-glucose Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin, at
37 °Cin 5% CO,.

Initial cytotoxicity assays were performed in 96-well plates seeded 24 h earlier with 700
cells/well. The cells were incubated with either 0-40 uM NMUR for 1 h in medium or 0-
100 uM BDA in phosphate-buffered saline (PBS) for 0.5-1.5 h. Following treatment, the
cells were given fresh medium. After 48 h, cell viability was determined with methylthiazol
tetrazolium (MTT) according to manufacturer’s instructions (Promega, Madison, WI). The
effect of the treatment was calculated as the absorbance of the treated cells/absorbance of
control cells x 100. The highest concentration of NMUR reduced cell viability by less than
40%.

For the mutagenesis assay, cells were plated in 6-well plates at a density of 40,000 cells/
well. The next day, they were treated for 1 h with 0-40 uM NMUR in medium or for 30 min
with 0-10 uM BDA in PBS. The cells were given fresh medium and incubated at 37 °C for
48 h, trypsinized, collected by centrifugation and transferred in fresh medium to T-75 flasks.
When the cells reached a concentration of 6—10 million cells per flask (~72 h), they were
isolated by centrifugation for DNA isolation [37].

2.6. The Big Blue® cll mutation-detection assay

High molecular weight genomic DNA was extracted from either ~65 mg liver tissue from
the right and left liver lobes or from approximately 6 million cells as described in the
RecoverEase DNA Isolation Kit. The packaging of the phage, plating of the packaged DNA
and determination of mutant frequency were performed according to the directions provided
by Agilent Technologies (Santa Clara, CA). Briefly, the lambda LIZ shuttle vector was
extracted and packaged into a virulent phage lambda and used to infect £. colistrain G1250
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and plated. Plates were grown under selective (24.4 °C, 42 h) or non-selective (37 °C, 18 h)
conditions. Mutant frequency was calculated by dividing the number of mutants (selective
conditions) by total plague forming units (non-selective conditions). In many instances, the
assay was repeated to generate a minimum of 3 x 10° plaques from each sample or to obtain
sufficient numbers of mutant clones for sequencing. A number of purported ¢// mutants
were picked at random for verification of their mutant status by re-plating and growth at the
selective temperature (24.4 °C) for 42 h. Verification plates were stored at 4 °C for up to 3
months.

2.7. Identification of cll mutations

Verified mutant clones were then used to characterize the types of ¢// gene mutations. The
¢/l gene was PCR-amplified with Platinum pfx polymerase (Invitrogen, Carlsbad, CA),
forward primer 5-CTTGTCGCGACAGATTCCT-3" and reverse primer 5’-
CCTCTGCCGAAGTTGAGTAT-3’ [38]. Thermal cycling was as follows: 94 °C for 5 min,
followed by 32 cycles of 94 °C for 15 s, 50 °C for 30 s, 68 °C for 1 min, a final extension
time at 68 °C for 10 min. Protein, primers, and buffer were removed by use of MinElute
PCR Purification Kit (Qiagen, Hilden, Germany). Purified PCR products (40 ng) were
sequenced at the University of Minnesota BioMedical Genomics Center by means of the
Sanger method on an ABI 3730xI sequencer. The primers were as follows: ¢//forward
sequencing 5-CCGCTCTTACACATTCCAGC-3’ and c//reverse sequencing 5’
CCTCTGCCGAAGTTGAGTAT-3’ [38]. Sequences were aligned to the c// gene (base-
pairs -51 to 294) with Sequencher® 5.0 sequence-analysis software (Gene Codes
Corporation, Ann Arbor, MI). Base pairs not unambiguously identified by the sequencer
software were manually identified by analysis of the accompanying chromatogram. Mutants
were counted once per position per animal. Mutants that appeared multiple times in the same
animal, at the same base-pair, were thought to arise from clonal expansion and were
eliminated from the final analysis by subtracting the percentage of clonal mutations from the
mutant frequency. The clonal-corrected value was referred to as the mutation frequency.
Mutants that did not contain a mutation in the ¢// gene were included in the calculation of
mutant frequency, but excluded from any calculations in the mutational spectra.
Approximately 12% of the mutants isolated from liver lobes from treated and control
animals did not have mutations in the ¢// gene. These mutants may have resulted from
alterations in the ¢/ gene.

2.8. Statistics

For each mutation category, the mutation frequencies were computed by dividing the
observed mutation count for each mutation category by total mutation count (sum of
transition-, transversion- and frameshift-mutation counts). Recurrent mutations, /in vivoor in
vitro, were excluded from the analysis. To quantify the significance of the effect of exposure
to furan or BDA on the ¢// mutation spectrum relative to the vehicle control, three different
types of statistical approach were applied. Method 1, reported by Adams and Skopek,
assesses the impact of chemical exposure on the overall mutation spectrum [39]. Two newer
methods were employed to investigate the effect of chemical exposure on the individual
mutation classes. Method 2 assumes dependence among non-recurrent mutations from the
same mouse; in other words, the biological variation of the mice influences the mutation

Multat Res Genet Toxicol Environ Mutagen. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Terrell et al. Page 7

spectrum in each mouse [40]. Method 3 assumes that all the non-recurrent mutation events
are independent [41]. We performed analyses with both Methods 2 and 3 using generalized
estimating equations (GEE), and logistic regression, respectively. Method 2 provided greater
power to distinguish between mutation classes, because there was a weak but measurable
dependence of the mutation spectrum on the individual mouse. Therefore, all the
significance values provided in Section 3 were derived with Method 2. A Bonferroni
correction was applied for adjustment of multiple comparisons for each furan treatment-
regimen or BDA concentration [42].

3. Results

3.1. In-vivo mutation studies

Two different treatment regimens were chosen to assess the mutagenic potential of furan in
the transgenic mice. The first involved treatment of the mice with five daily doses of furan
(15 mg furan/kg bw) for 6 weeks. This daily dose was employed in the 2- year
tumorigenesis study performed by the National Toxicology Program [2]. Previously, a 6-
week course of this dosing schedule induced cell proliferation in mouse liver [17], indicating
that this treatment would result in sufficient cell turnover for the accumulation of mutations.
The second dosing regimen was modeled after one used for the genotoxic carcinogen, 4-
methylnitrosamino-1-(3-pyridyl)-1-butanone (NNK) [43]. This protocol employed single
weekly doses of the carcinogen with the sacrifice occurring 1 week after the last dose. The
hypothesis was that the acute toxic effects of furan may interfere with the ability to observe
any direct genotoxic effects of this chemical. Therefore, a reduction of the frequency of
dosing might allow us to observe mutations triggered directly by a DNA-reactive metabolite
of furan. To confirm that we were able to perform the mutagenesis assay appropriately, we
also included a positive control where a group of mice were exposed to DMN under
treatment conditions known to induce an increase in mutation frequency in these
animals[35]. While this positive control DMN induced a significant three-fold increase in
the mutant frequency in the ¢//transgene, no significant increase was observed in the any of
the liver lobes from furan-treated mice in either treatment regimen (Table 1).

Small shifts in the ¢// mutation spectra were observed in the livers from furan-treated
animals compared with controls in the 6-week study (Fig. 1A, Table 2). The overall p-value
was 0.495 (95% Cl: 0.472, 0.517) using the method by Adams and Skopek [39]. For the
analysis by mutation class, there was a reduction in the GC to AT transition mutations
associated with furan exposure, which was statistically significant after adjustment for
multiple comparisons (p < 0.0001). Treatment with furan also resulted in an increase in GC
to CG transversion mutations (p = 0.02) which was non-significant after multiple
comparison adjustment. A much larger shift in the mutation spectrum occurred in the livers
of mice receiving three weekly doses of furan, with an approximately 50% reduction in GC
to AT transition mutations, which was significant after adjustment for multiple comparisons
(p=0.001; Fig. 1B, Table 2). This was accompanied by a significant increase in overall
transversion mutations (p = 0.005). The frequency of GC to TA mutations almost doubled;
minor increases were also observed for GC to CG and AT to TA mutations. The overall p-
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value is 0.088 (95% CI: 0.077, 0.100), calculated with the method by Adams and Skopek
[39].

3.2. In vitro mutation studies

Since furan is metabolized to BDA and this metabolite is mutagenic in other test systems
[13,16], the mutation spectrum of BDA was determined in Big Blue mouse embryonic
fibroblasts. Initial studies indicated that complete cell-culture media neutralized the toxicity
of BDA, presumably due to its reactivity with medium constituents (data not shown).
Exploratory studies, in which cells were treated in PBS with and without BDA, indicated
that incubations in PBS alone for longer than 30 min reduced the viability of the control
cells (data not shown). In view of this, the cells were treated with BDA in PBS for only 30
min. This treatment regimen resulted in a concentration-dependent decrease in cell viability
(Fig. 2), but did not alter the ¢// gene mutation-frequency compared with PBS-treated
controls (Table 3). A known mutagen, NMUR, caused an increase in ¢// gene mutant-
frequency in these cells (Table 3).

While there was no significant change in mutation frequency, BDA treatment led to an
increase in AT to CG transversion mutations relative to control (p < 0.03; Table 4), the
increase being larger in the cells exposed to 5 pM BDA than in those exposed to 2.5 pM
BDA. These changes were not statistically significant after adjustment for multiple
comparisons. The overall p-value according to Adams and Skopek’s approach was 0.287
(95% ClI: 0.267, 0.307) [39].

3.3. Determination of the hepatotoxic effects of the furan treatment regimens

To compare the relative hepatotoxicity of the treatment regimens, wild-type B6C3F1 female
mice were treated with furan by gavage as follows: one single dose of 15 mg/kg bw, one
dose of 15 mg/kg bw per week for 3 weeks, or five daily doses of 15 mg/kg bw per week for
6 weeks. The animals were sacrificed 24 h after the final dose. Blood was collected to
determine the concentration of ALT, and the liver was prepared for histopathological
analysis.

Furan was toxic to the liver as indicated by the elevated levels of ALT in all furan-exposed
animals (Fig. 3). No significant difference was observed between the three different
treatment regimens, suggesting that chronic treatment of furan does not alter the initial toxic
response. The elevation was comparable to that reported by Fransson-Steen et al. for the
daily administration of 15 mg/kg bw for 3 weeks (103 £ 34 units/L) [18].

Histopathological lesions were detected in left liver lobes in all furan-treated animals. The
spectrum of microscopic lesions in liver included multifocal hepatocellular necrosis, oval
cell hyperplasia, pigment-laden Kupffer cells, increased hepatocyte mitoses with occasional
atypical mitosis, cytomegalic and karyomegalic hepatocytes, and reactive leukocyte
infiltration in the areas of necrosis. Corn oil-treated livers did not show any abnormal
features (Fig. 4A—C). Livers from animals treated with a single dose of furan had a few
small foci of hepatocellular necrosis and reactive leukocyte infiltration (Fig. 4D). After the
3-week treatment with furan, the livers showed multi-focal areas of hepatocellular necrosis
of increased magnitude admixed with reactive leukocytes, and an accentuated lobular
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pattern with mid-zonal hepatocytes that were moderately swollen with brightly eosinophilic
cytoplasm (Fig. 4E); there were also minimal areas of sub-capsular hepatocellular necrosis.
After the 6-week treatment, microscopic lesions in the liver were similar to those found after
the treatment for 3 weeks, but most severe with areas of parenchyma collapse. This furan-
treated group uniquely showed oval cell hyperplasia, and karyomegalic and cytomegalic
hepatocytes. Within the areas of accentuated lobular patterns, there was single-cell necrosis/
apoptosis in addition to clearly increased hepatocyte mitosis. A notable finding was the
presence of occasional atypical mitotic figures including lag-type mitoses with nonattached
condensed chromatin (Fig. 4F, lower inset), hollow metaphase mitoses, and multipolar
mitoses, some of which were present in cytomegalic hepatocytes (Fig. 4F). All three furan-
treated groups showed infiltrating reactive leukocytes in the areas of hepatocellular necrosis.

The increased hepatocyte proliferation observed by histopathological examination in the
group treated for 6 weeks was further confirmed by Ki-67 immunohistochemistry in the
liver. Ki-67 immunoreactivity was increased more than two-fold (p< 5 x 107%) in the livers
of mice receiving daily furan treatments during 6 weeks as compared with vehicle controls
(Figs. 5 and 6). This change was statistically significant after multiple comparison
adjustment. Treatments with a single dose or with three weekly doses did not produce a
significant increase in Ki-67 staining.

4. Discussion

The data presented in this report support the hypothesis that the mechanism of action of
furan has a genotoxic component. Although furan did not increase the c¢//transgene
mutation-frequency in Big Blue mice, furan-dependent changes in the mutation spectrum
were observed. Furan induced small shifts in the ¢// mutation-spectrum in the 6-week study,
but much larger changes in the 3-week study where the total dose of furan was considerably
reduced. In both cases, there was a significant decrease in GC to AT transition mutations. In
the 3-week study, the proportion of transversion mutations significantly increased, with the
largest change occurring for GC to TA mutations. It is interesting to note that GC to TA
transversions were a major mutation detected in H-ras in liver tumors from furan-treated
mice [27,28].

Our histopathological findings support the hypothesis that the dosing regimen has an
influence on the mutation spectrum due to differential toxicity. Microscopic lesions in the
liver were more severe with increasing number of doses and longer duration of treatment,
similar to the findings in previous reports [19,20]. In contrast, the 3 weekly doses induced a
less toxic response. In addition, cell proliferation was greatly enhanced in animals receiving
daily furan exposure during 6 weeks. Perhaps, compensatory hyper-proliferation following
cytotoxicity led to a more rapid repopulation with undamaged rather than with damage-
compromised cells, causing a dilution of damaged cells with non-mutated cells.

The BDA-dependent increase in AT to CG transversions in Big Blue mouse embryonic
fibroblasts suggests that this metabolite is a mutagenic compound. /n vitro, it reacts with 2/-
deoxyadenosine, 2’-deoxycytidine and 2/-deoxyguanosine to form adducts [10,11]. The
mutagenic potential of these adducts is unknown, but they have been detected in bacteria at
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mutagenic concentrations of BDA [15]. The observation that BDA primarily caused an
increase in AT to CG transversions in the c¢// gene suggests that the 2’-deoxyadenosine
adduct may have the highest mutagenic potential.

Since the changes in the BDA-associated mutation spectrum are different from those
observed in livers of furan-treated mice, BDA may not be directly responsible for the in vivo
genotoxic activity of furan. This hypothesis assumes that the cellular response to BDA-
derived DNA damage is similar in mouse liver and mouse embryonic fibroblasts. It is also
possible that BDA is not the ultimate DNA-reactive species formed in mouse liver, and that
it is different in the two biological systems. Further studies characterizing the DNA damage
responsible for the mutations observed in mouse liver and mouse embryonic fibroblasts are
required.

Alternatively, the mutation spectrum seen after exposure to furan is consistent with an
indirect genotoxic mechanism where the toxicity of this chemical generates inflammation-
derived reactive species that react with DNA to form mutagenic adducts. The
histopathological studies indicate that inflammation occurs during both treatment regimens
and is associated with necrotic areas within the liver. These results are consistent with those
in other reports [18,19,44]. Our findings are also consistent with previous reports indicating
that several weeks of treatment with carcinogenic doses of furan up-regulated genes related
to oxidative stress, inflammation and DNA-damage responses in mouse liver [20,45].
Comparable observations have been reported for furan-treated rats [22,46]. Therefore, it is
possible that furan induces oxidative stress, which, in turn, results in DNA damage.

The furan-induced ¢// mutation spectrum is similar to that reported for models of oxidative
and inflammatory stress. 8-Oxoguanine, a major DNA adduct resulting from oxidative
stress, is generally thought to code for adenine, resulting in GC to TA transversions [47].
Ultraviolet A radiation, which induces significant levels of oxidative DNA damage,
increased GC to TA transversions in the ¢//transgene isolated from Big Blue mouse
embryonic epithelial cells [48]. Small tandem base deletions were also induced. Chronic
infection with Helicobacter pyloriinduced gastric mutations in Big Blue transgenic mice,
causing an increased frequency of GC to TA, AT to CG and AT to TA mutations in the ¢//
transgene [49]. The mutational spectrum observed after treatment with furan is different
from that reported for other non-genotoxic carcinogens: oxepam, phenobarbital and Wyeth
14,643. Oxepam and Wyeth 14,643 increased the percentage of frameshift mutations in the
cl/ transgene, whereas phenobarbital also caused a significant decrease in GC to CG
mutations [31]. A comparison between the /n vivo c// mutation spectra suggests that the
mode of action of furan may be different from that of these three compounds. Future studies
will explore the ability of furan to induce oxidative and nitrosative damage to liver DNA.

Furan is, at best, a weak mutagen in the Big Blue system. Similarly, it did not significantly
increase H-ras codon-61 mutations in mice [50]. Furan also did not induce a change in ¢//
gene mutation frequency in Big Blue rats [51]. One disadvantage of the Big Blue
mutagenesis assay is that it has limited sensitivity to clastogens [52]. Furan induced
chromosomal aberrations but no sister chromatid exchange in bone marrow of mice
following intraperitoneal administration [2]. The detection of DNA strand-breaks in
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splenocytes following oral exposure of mice to carcinogenic doses of furan required cell
division [26]. We observed atypical mitotic figures with some degree of abnormal
arrangement of chromosomes and spindle fibers, such as lag-type mitosis with non-attached
condensed chromatin, multipolar mitoses with atypical configuration of the equatorial plate,
and hollow metaphase mitoses, as described previously [53,54]. The presence of atypical
mitotic figures in hepatocytes exposed to the 6-week treatment regimen (Fig. 4F) is
suggestive of abnormal cell division, and is consistent with previous findings of furan-
induced polyploidy and micronucleus formation [26]. These events may lead to mitotic
chromosomal instability, and contribute to the tumorigenic activity of furan [55]. If these
cells survive and/or divide further, transformation into neoplastic hepatocytes may
eventually occur.

5. Conclusions

In summary, these experiments suggest that furan is a weak mutagen in mouse liver,
inducing primarily GC to TA transversions in the c//transgene. The type of DNA damage
causing these mutations requires further investigation. These studies also suggest that
toxicity at carcinogenic doses masks the genotoxic effects of furan. However, it also is likely
that toxicity is important for the carcinogenic effects of furan since it may be critical for
inducing DNA damage in this particular animal model. These data are consistent with a
mechanism of carcinogenesis in which chronic toxicity with subsequent inflammation and
secondary cell proliferation triggers cancer development in furan-exposed rodents. In
addition, exposure to furan resulted in aberrant mitosis, which also may contribute to the
carcinogenic properties of this chemical.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Distribution of mutation types in ¢// mutant clones isolated from A) livers of mice treated

with furan for 6 weeks and B) livers of mice treated with furan for 3 weeks. *Different from
control, p< 0.05; **Different from control, p< 0.001.
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Figure 2.
Cytotoxicity of BDA in mouse embryonic fibroblasts following a 0.5-h treatment with 0-20

UM BDA in PBS. Toxicity was measured by use of the MTT assay, at 48 h after treatment.
Data points represent average of three replicate plates.
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Figure 3.
Serum alanine aminotransferase (ALT) concentrations at 24 h after the final dose Female

B6C3F1 mice received either corn oil or furan (15 mg/kg bw) as a single dose, once a week
for 3 weeks (three weekly doses), or 5 days per week for 6 weeks (6 weeks of five daily
doses). Blood was collected via cardiac puncture and allowed to clot to collect serum. Data
is displayed £SD. The data from the full hepatic panel are displayed in Supplementary Table
13. The values for the treated animals are significantly different from those in the controls, p
< 0.005, as determined by Student’s #test.
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Figure 4.
Photomicrographs of mouse left liver-lobe sections stained with haematoxylin and eosin

(H&E). Female B6C3F1 mice were treated by gavage with 0 (A—C) or 15 mg/kg bw furan
(D-F) in corn oil. The animals were sacrificed 24 h after receiving a single oral dose (A, D),
three weekly doses (B, E) or five daily doses for 6 weeks (C, F). Furan treatment caused
hepatocellular necrosis admixed with reactive leukocytes (panel D), an accentuated lobular
pattern and minimal sub-capsular hepatocellular necrosis admixed with reactive leukocytes
(panel E), and occasional atypical mitotic figures including multipolar mitoses in
cytomegalic and normal hepatocytes (Panel F, and Panel F upper inset, respectively), and
lag-type mitoses with nonattached condensed chromatin (Panel F, lower inset).
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Representative pictures of liver Ki-67-staining following treatment Female B6C3F1 mice
were treated by gavage with 0 (A-C) or 15 mg/kg bw furan (D-F) in corn oil by. The
animals were sacrificed 24 h after receiving a single oral dose (A, D), three weekly doses (B,
E) or five daily doses for 6 weeks (C, F). Livers were removed, fixed in formalin, and
imbedded in paraffin. Tissue slices were probed for Ki-67 protein. Photographs were taken
at 400x magnification with a Zeiss light microscope. Scale bars represent 50 pm.
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Figure 6.
Liver Ki-67 staining in furan-treated mice and corn-oil controls Female B6C3F1 mice were

treated by gavage with 0 or 15 mg/kg bw furan in corn oil. The animals were sacrificed 24 h
after receiving a single oral dose, three weekly doses or five daily doses for 6 weeks. Livers
were removed, fixed in formalin, and imbedded in paraffin. Tissue slices were probed for
Ki-67, and photographs were taken at 400x magnification with a light microscope (Fig. 5).
Twenty pictures per tissue were examined for positive Ki-67-staining. Data are presented as
average number of positive Ki-67 stains per field £S.D. The levels in furan-treated animals
were significantly different from those in the corn oil-treated controls in all treatment groups
(24 h, p<0.02; 3 weeks, p< 2.6 x 10711; 6 weeks, p< 5.0 x 1075) as determined by the
method of generalized estimating equations.
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Scheme 1.
Metabolic activation of furan to the reactive metabolite, BDA.
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Table 1

Mutant frequency in the ¢//gene in liver lobes of DMN- and furan-treated Big Blue B6C3F1 female mice?.

Treatment  Average (x10°)+SD N

Positive control? Control 0.9+05 5
DMN 30+05¢ 5
Six-week experimentd ~ Control 12+03 3
Furan 1.2+0.2 5
Three-week experiment® ~ Control 18+05 5
Furan 11+0.2 5

a S . . . ] .
Data for individual animals are displayed in Supplemental Tables 1-3 and were corrected for the percentage of clonal mutants, with the exception
of the DMN-treated group and its control.

bGroups of five female mice were given four doses of 0 or 4 mg/kg DMN in saline by oral gavage for 4 consecutive days. Mice were sacrificed 10
days after final treatment.

cStatisticaIIy different from controls, p-value < 0.0003.

dGroups of five mice were given 0 or 15 mg/kg bw furan in corn oil by oral gavage on 5 days per week for 6 weeks. Mice were sacrificed 24 h
after the final dose.

EGroups of five mice were given 0 or 15 mg/kg bw furan in corn oil by oral gavage once weekly for 3 weeks. Mice were sacrificed 1 week after the
final dose.
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Table 2

Distribution of mutation types in ¢// mutant clones isolated from livers of Big Blue mice.

Six-week study?@ Three-week studyb

Control€ Furan Control Furan

Nod ope No. % No. % No. %
Transitions 40 50% 44 44% 41 55% 10 oo
G:Cto AT 37 46% 37 g379f 39 52% 9 2405
A:TtoG:C 3 4% 7 7% 2 3% 1 3%
Transversions 27 34% 40 40% 26 35% 21 gEopg
G:.Cto T:A 18 23% 22 22% 14 19% 13 340/
G:Cto C:G 3 4% 10 qqopf 2 3% 2 5%
ATtoT:A 5 6% 5 5% 6 8% 5 13%
ATto C:G 1 1% 3 3% 4 5% 1 3%
Frameshifts 13 16% 15 15% 8 11% 7 18%
Deletions 10 13% 8 8% 4 5% 2 5%
Insertions 3 4% 7 % 4 5% 5 13%
Total ¢// mutants 80 99 75 38
No. of mutations 16 12 16 8
Clonal mutants/ 12 1 3 6
Total mutants sequenced 107 120 104 46

aGroups of five mice were given 0 or 15 mg/kg bw furan in corn oil by oral gavage on 5 days per week for 6 weeks. Mice were sacrificed 24 h
after the final dose. The types and locations of the mutations detected in individual animals are displayed in Supplemental Tables 4 and 5.

bGroups of five mice were given 0 or 15 mg/kg bw furan in corn oil by oral gavage once weekly for 3 weeks. Mice were sacrificed 1 week after the
final dose. The types and locations of the mutations detected in individual animals are displayed in Supplemental Tables 6 and 7.

C, . o
Includes one mutant clone that had a deletion of three base-pairs in the ¢// gene.
a
Number of clones.
e . . . . .
Percent of total point mutations after correction for clonal mutants and colonies for which no ¢// mutant was detected.
fo. .. . .
Significantly decreased relative to control, p< 0.001, with the GEE approach.
glncreased relative to control, p < 0.01 with the GEE approach, but not significant after multiple comparison adjustment.
Increased relative to control, p= 0.5 with the GEE approach, but not significant after multiple comparison adjustment.
Increase relative to control, p < 0.03 with the GEE approach, but not significant after multiple comparison adjustment.

/Mutants from the same animal that showed the identical mutation.
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Mutant frequency in the ¢// gene in NMUR- or BDA-treated Big Blue transgenic mouse embryonic

fibroblasts?

Treatment Average (x10%)+SD N
None 10+3 6
30UMNMUR 94 4 46 3
40UMNMUR 384 13b 3
PBS 6.0+2.0 8
25uMBDA  63+38 7
5.0 yM BDA 52+22 5

Table 3

Page 24

laMouse embryonic fibroblasts were treated with 0-40 uM NMUR for 1 h in complete medium or with 0-5 uM BDA for 0.5 h in PBS. The cells
were then incubated in fresh complete medium for 7 days at 37 °C prior to DNA extraction. A/= number of replicate plates. Data for individual

plates are displayed in Supplemental Tables 8 and 9. The data were corrected for the percentage of clonal mutants.

bStatisticaIIy different from control with p = 0.002.
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Distribution of mutation types in ¢// mutant clones isolated from Big Blue mouse embryonic fibroblasts

treated with BDAZ

Table 4

0 pmbe 2.5 uMC 5 pMC

Nod o8 No. %  No. %
Transitions 19 40% 17 40% 14  32%
G Cto AT 13 28% 9 21% 10 23%
ATt GC 6 13% 8 qg0f 4 %
Transversions 21 45% 21 50% 26 61%
G:Cto T:A 16 34% 10 24% 15  35%
G:Cto C:G 1 2% 2 5% 2 5%
ATtoT:A 3 6% 3 7% 0 0%
ATtoC:G 1 2% 6 qaf 9 o10f
Frameshifts 7 15% 4 10% 3 %
Deletions 4 % 2 5% 2 5%
Insertions 3 6% 2 5% 1 2%
Total ¢// mutants 47 42 43
No mutations 4 4 4
Clonal mutationsd 19 10 20
Total mutants sequenced 67 55 64

Page 25

aMouse embryonic fibroblasts were treated with 0-5 uM BDA for 0.5 h in PBS. The cells were then incubated in fresh complete medium for 7
days at 37 °C prior to DNA extraction. The type and location of the mutations detected in individual replicates are displayed in Supplemental

Tables 10-12.

b . L
Includes one mutant clone that had a deletion of three base-pairs in the c// gene.

c . Lo
Includes mutant clones that had two point mutations in the ¢// gene.

dNumber of clones.

e . . . . .
Percent of total point mutations after correction for clonal mutants and colonies for which no ¢// mutant was detected.

Increased from control (p-value < 0.03) with the GEE approach, but not statistically significant after multiple comparison adjustment.

gMutants from the same treatment flask that showed the same mutation.
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