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Furan carcinogenicity: DNA binding and genotoxicity
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Scope: Furan is a potent hepatotoxicant and liver carcinogen in rodents. However, short-term
tests for genotoxicity of furan are inconclusive. The aim of this study was to assess the potential
of furan to covalently bind to DNA, and to assess furan genotoxicity in rats in vivo.

Materials and methods: Accelerator mass spectrometry was used to determine the *C-content
in DNA following administration of [3,4-*C]-furan (0.1 and 2.0 mg/kg bw) to F344 rats. DNA
damage, micronuclei, chromosomal aberrations, and sister chromatid exchanges were analyzed
in F344 rats treated with furan for up to 28 days.

Conclusion: The *C-content in liver DNA was significantly increased in a dose-dependent
manner, with mean concentrations of 7.9 & 3.5 amol "*C/pg DNA and 153.3 £ 100.2 amol
4C /g DNA, corresponding to 16.5 & 7.4 and 325.2 & 212.7 adducts/10° nucleotides at 0.1 and
2.0 mg/kg bw, respectively. There was no evidence for genotoxicity of furan in peripheral blood
and bone marrow cells. However, a dose-related increase in the incidence of chromosomal
aberrations in rat splenocytes and some indication of DNA damage in liver were observed.
Collectively, results from this study indicate that furan may operate—at least in part—by a
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genotoxic mode of action.
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1 Introduction

The heat-induced food contaminant furan is a potent hepato-
toxicant and liver carcinogen in rodents [1]. In a 2-year bioas-
say conducted by the National Toxicology Program (NTP),
furan was reported to cause a dose-dependent increase in
hepatocellular adenomas and carcinomas in male and female
B6C3F1 mice and male Fischer 344 rats, and high incidences
of cholangiocarcinomas in rats of both sexes [1]. Furan is me-
tabolized by cytochrome P450 2E1 to a toxic metabolite, cis-
2-butene-1,4-dial (BDA). This metabolite may interact with
proteins to cause cytotoxicity or react with nucleosides to
form substituted 1,N6-etheno-2'-deoxyadenosine and 1,N2-
etheno-2'-deoxyguanosine adducts [2, 3]. However, available
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data on genotoxicity of furan and BDA are inconsistent and
controversial. While furan was not mutagenic in Salmonella
typhimurium strains TA100, TA1535, TA1537, and TA98 even
in the presence of metabolic activation [1], BDA was reported
to induce mutations in a Salmonella strain sensitive to aldehy-
des (TA 104) [4] and to cause DNA single-strand breaks and
cross-links in mammalian cells [5]. Mutagenicity of BDA in
bacteria and formation of cross-links was not confirmed by an
independent study [6]. However, tk4+/— gene mutations in-
duced by BDA were observed in a narrow concentration range
in L5178Y tk+/— mouse lymphoma cells [6]. In contrast, fu-
ran was not genotoxic in L5178Y tk+/— mouse lymphoma
cells as evidenced by the comet, micronucleus, and tk+/—
mutation assays [6], but induced chromosomal aberrations
and sister chromatid exchanges (SCEs) in Chinese hamster
ovary (CHO) cells [1] and in a cell line stably expressing hu-
man cytochrome P450 (CYP) 2E1 (V79-hCYP2E1-hSULT1A1
cells) [7].

In vivo, furan was found to induce chromosomal aberra-
tions but not SCEs in mouse bone marrow cells [1]. Negative
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results have been reported for furan in the liver UDS (un-
scheduled DNA synthesis) assay after short-term exposure of
rats and mice. While BDA shows chemical reactivity against
nucleosides [2, 3], stable DNA-adducts were not detected in
a DNA-binding study in rats [8]. However, the sensitivity of
the study may have been too low to detect furan-derived DNA
adducts and thus results from this study were considered
inconclusive [9].

To understand the role of direct genotoxicity in furan car-
cinogenicity and to aid human risk assessment, this study
was designed to assess the potential of furan to covalently
bind to DNA in rat liver at a known carcinogenic dose and a
dose closer to estimated human exposures. Accelerator mass
spectrometry (AMS), a highly sensitive method for the detec-
tion of *C which has been used to confirm the presence or
absence of DNA binding of a range of carcinogens [10-16],
was applied to analyze *C associated with DNA following
administration of [3,4-'*C]-furan to rats. Compounds con-
taining radiolabel were separated by HPLC after enzymatic
cleavage and were further analyzed by AMS and LC-MS to
obtain structural information and to discriminate between
direct binding and metabolic incorporation. In addition to
DNA binding, the potential of furan to induce chromosomal
aberrations and DNA damage in mammalian cells in vivo was
assessed in male F344/N rats treated orally with furan for 5
and 28 days.

2 Materials and methods
2.1 Chemicals

[3,4-*C]-Furan with a specific activity 20 mCi/mmol was
purchased from Tjaden Biosciences (Burlington, IA, USA).
Furan (Cat. 18,592-2) and corn oil (C8267) were purchased
from Sigma-Aldrich (Taufkirchen, Germany). Unless other-
wise indicated, all other chemicals were obtained from Sigma-
Aldrich Fluka (Taufkirchen, Germany), Merck (Darmstadt,
Germany), GE Healthcare (Miinchen, Germany), AppliChem
(Darmstadt, Germany), or Roth (Karlsruhe, Germany). 2,5-
Diacetoxy-2,5-dihydrofuran (purity > 99%) was prepared as
previously described [17].

2.2 Animal treatment

All animal experiments were performed according to national
animal welfare regulations after authorization by the local au-
thorities (Regierung von Unterfranken, 54-2531-01-74/06).
Male F344 rats (200-250 g on arrival, Harlan-Winkelmann
GmbH, Borchen, Germany) were housed under standard lab-
oratory conditions (climate cabinets, temperature 22 + 2°C,
relative humidity 30-70%, 12-15 air changes per hour, 12-h
light/dark cycle) in groups of 5 in Makrolon® type-4 cages
with wire meshtops (Bayer Makrolon, Leverkusen, Germany)
and standard softwood bedding. Rats received pelleted stan-
dard rat maintenance diet (SSNIFF Spezialdiiten GmbH,
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Soest, Germany) and tap water ad libitum. After acclimati-
zation, animals received [3,4-'*C]-furan (specific activity 20
mCi/mmol) in corn oil (4 mL/kg bw) by gavage at a sin-
gle dose of 0 mg/kg bw, 0.1 mg/kg bw, and 2.0 mg/kg bw.
The doses were chosen to include a known carcinogenic dose
(2.0 mg/kg bw) [1] and a lower dose closer to estimated hu-
man exposures, for which no tumor data exist (0.1 mg/kg bw).
Rats were sacrificed by cardiac puncture under CO, anesthe-
sia 2 h after dosing and livers and kidneys were removed,
separated into aliquots, flash frozen in liquid nitrogen and
stored at —80°C for further analyses. The early time point of 2
h was chosen to allow distribution and bioactivation of furan
based on the rapid excretion of furan metabolites with bile
[18], while avoiding metabolic incorporation of *C.

To structurally characterize DNA adducts and to assess in
vivo genotoxicity of furan at a known carcinogenic dose (2.0
mg/kg bw) and below (0.1 and 0.5 mg/kg bw), a 28-day toxicity
study was conducted in male F344 rats as previously described
[19]. Briefly, rats (n = 8 per dose and time-point) were admin-
istered [2Cy]-furan dissolved in corn oil (4 mL/kg bw) at doses
0f0,0.1, 0.5, and 2.0 mg/kg bw by gavage for 28 days (9 am, 5
days per week), with an interim sacrifice after 5 days of treat-
ment. An off-dose recovery group (0 and 2.0 mg/kg bw dose
groups only) was kept for additional 2 weeks (recovery period)
after the end of the 4 weeks treatment period. For cytogenetic
analyses in bone marrow cells, three animals per group were
given an i.p. injection of colchicine (4 mg/kg) 3 h prior to sac-
rifice to accumulate cells in a metaphase-like stage. Animals
were killed by CO, asphyxiation, and blood and tissue sam-
ples were harvested and processed as described below. For
adduct analysis, liver samples of a previous study in which
F344/N rats (n = 4 per group) received a single dose of 0 or
30 mg/kg bw [1?C,]-furan dissolved in corn oil (4 mL/kg bw)
by oral gavage were used [20]. Animals were sacrificed 24 h
after furan administration, liver samples were harvested,
flash frozen in liquid nitrogen and stored at —-80°C for fur-
ther analyses.

2.3 DNA extraction and *C-AMS

DNA was isolated from livers and kidneys of rats treated with
[3,4-*C]-furan using the Nucleobond® isolation buffer set
IV and AXG 500 columns (Macherey-Nagel, Dueren, Ger-
many) according to the manufacturer’s instructions with mi-
nor modifications. Briefly, 300-400 mg tissue were homoge-
nized by an ultra-turrax, treated with proteinase K and RNase
and loaded onto a Nucleobond® AX G 500 ion exchange
cartridge. After washing, DNA was eluted from the cartridge
using a modified elution buffer (1.5 M NaCl, 0.05 M Tris, 15%
ethanol, pH 7.0). DNA was precipitated by the addition of 0.7
volumes isopropanol. After washing with 70% ethanol, DNA
pellets were freeze dried and stored at —80°C until further
analysis by AMS. *C-AMS was performed at the Lawrence
Livermore National Laboratory, Livermore, California with
graphitized DNA samples as described elsewhere [21]. AMS
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results are given in fraction modern, whereby 1 fraction mod-
ern is defined as 97.9 amol *C/mg C [22], which corresponds
to the natural abundance of *C in contemporary biological
material [23].

For adduct characterization, liver DNA from ['2C,]-furan-
treated rats was extracted as described above and stored at
-80°C.

2.4 Preparation and characterization of DNA adduct
references

A 25 mM aqueous solution of diacetoxyfuran was shaken for
24 h to synthesize BDA. The BDA solution was subsequently
incubated with 25 mM and 5 mM of 2'-deoxycytidine, 2'-
deoxyguanosine, 2'-deoxythymidine, and 2’-deoxyadenosine
in 50 mM sodium phosphate buffer (pH 7.4) at 37°C for 2,
4,6, 8, 24, 28, 31, and 48 h (total volume 5 mL) to establish
best reaction conditions of 2’-deoxyribunucleoside adducts.
Incubation products were monitored by HPLC-DAD analy-
sis as described below (see section 2.2.2). Consistent with
previous reports [2], reaction with BDA led to the forma-
tion of two diastereomeric adducts each in the presence of
2'-deoxycytidine (dCyd), 2'-deoxguanosine (dGuo), and 2'-
deoxyadenosine (dAdo), but not 2'-deoxythymidine. Reten-
tion times and UV spectral data were as follows: dCyd-
BDA: RT 31.5 min/33.8 min, Ap. 285; dAdo-BDA: RT
35.9 min/40.5 min, A\pya, 263, 275 nm; dGuo-BDA: RT 38.8
min/48.8 min, \yay 250, 275 nm. Maximum peak intensities
were reached after incubation for 24 h. Formation of adducts
was moreover monitored by a Q TRAP 2000 LC-MS/MS mass
spectrometer operating in the positive ion mode. Samples (1
pL) were loaded onto a Luna Phenyl-Hexyl column (Phe-
nomenex; 3 pm; 150 x 4.6 mm). Analytes were separated by
a solvent gradient from 100% 10 mM ammonium acetate pH
6.6 (A) to 15% methanol (B) within 15 min, then to 30% B
within 5 min and finally to 80% B within 25 min at a flow
rate of 200 wL/min. Data acquisition was performed with
a source temperature of 400°C and an ion spray voltage of
4 200 V. The declustering potential, entrance potential, and
collision energy were set to 50 V, 10 V, or 15 V, respectively.
Samples were analyzed in the multiple reaction monitoring
(MRM) mode. The following mass transitions were analyzed:
m/z 312-196 and m/z 312-178 as quantifier and qualifier, re-
spectively, for dCyd-BDA adducts, m/z 336-220 and m/z 336—
202 for dAdo-BDA adducts, m/z 352-236 and m/z 352-218
for dGuo-BDA adducts. In addition, multiple reaction mon-
itoring with information-dependent acquisition of enhanced
product ions (MRM-IDA-EPI) was performed to record EPI
spectra in the range of 50-700 amu with a scan rate of 4000
amu/s: dCyd-BDA adducts (RT 33.5 min/34.2 min): m/z 312
[M + H*J, 196 [M + H* — deoxyribose]*, 178 [M + H* —
deoxyribose — H,0]", 136 [etheno-cytosine]t; dAdo adducts
(RT 33.2 min/33.9 min): m/z 336 [M + H*]*, 220 [M + H* —
deoxyribose]t, 202 [M + H' - deoxyribose — H,0]*, 136
[adenine]t; d Guo adducts (RT 34.0 min/35.4 min): m/z 352
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[M + H*]t, 236 [M + H* - deoxyribose|*, 218 [M + HT —
deoxyribose — H,0]", 152 [guanine]*.

2.2.1 DNA hydrolysis

DNA isolated from [3,4-'*C]-furan- and ['2C4]-furan-treated
rats and calf thymus DNA incubated with BDA in vitro as
described above for 2'-deoxyribonucleosides were enzymat-
ically hydrolyzed by nuclease P1 and alkaline phosphatase.
Solutions containing 110 wg DNA in 110 pL distilled wa-
ter were incubated with 11 units nuclease P1 (Calbiochem,
Darmstadt, Germany) and 2.8 pL 1 M sodium acetate/45 mM
zinc chloride buffer pH 4.8 for 60 min at 37°C. After the addi-
tion of 11 wL 1.5 M Tris-HCI (pH 8.0) and 8.25 units alkaline
phosphatase, mixtures were incubated for an additional 30
min at 37°C. Proteins were removed using Microcon® cen-
trifugal filter units.

2.2.2 Fractionation of DNA by HPLC

The liquid handling assembly consisted of a Hewlett Packard
1090 HPLC-DAD system. DNA hydrolyzates (100 wL) were
separated on a Luna Phenyl-Hexyl column from Phenomenex
(250 x 4.6 mm, 5 p) with a phenyl guard-column and de-
tected at 254 nm and 280 nm. The analytes were separated
by a gradient from 100% A (10 mM ammonium acetate, pH
6.9) to 5% B (methanol) within 45 min and to 15% B within
10 min with a flow rate of 1 mL/min. Initial conditions were
reconstituted within 5 min. The fractions were collected at 2-
min intervals, except for fractions eluting at retention times
of 2’-deoxyribonucleosides or DNA adduct references, which
were collected separately. The collected fractions were vac-
uum dried at 40°C and analyzed by AMS as described above.

For detection of BDA-derived DNA monoadducts, a total
of 500 pg DNA of ['2C,]-furan-treated rats was fractionated.
Obtained fractions were concentrated and reconstituted in a
final volume of 250 pnL H,O before analysis by LC-MS/MS.
To characterize unknown peaks, calf thymus DNA incubated
with BDA in vitro was fractionated. Fractions containing un-
known peaks eluting at about 18 min and 38 min were col-
lected and analyzed with LC-MS/MS in EMS-IDA-EPI mode
(enhanced mass spectrometry of information-dependent ac-
quisition of enhanced product ions) as described below to
record spectra of unknown peaks.

2.2.3 LC-MS analysis of BDA-derived DNA adducts
in isolated fractions

The liquid handling system consisted of an Agilent 1100 se-
ries autosampler and an Agilent 1100 HPLC pump linked
to an Applied Biosystems Sciex Instruments API 3000
Quadrupole LC-MS/MS mass spectrometer (Applied Biosys-
tems, Darmstadt, Germany) operating in positive ion mode.
Data acquisition was performed in MRM mode with a source
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temperature of 400°C and an ion spray voltage of 3400 V.
Declustering potential, entrance potential, and collision en-
ergy were set to 20 V, 10 V, or 30 V, respectively. As solvents,
0.1% formic acid (A) and acetonitrile (B) were used. Sam-
ples (250 pL), i.e. fractions collected from a total of 500 pg
hydrolyzed DNA, were loaded onto a Luna Phenyl-Hexyl col-
umn (Phenomenex; 3 pm; 150 x 4.6 m) and analytes were
separated by a gradient from 90% A to 40% B within 3 min
and to 98% B within 12 min at a flow rate of 300 wL/min.
Solvent composition was held for 2 min and initial conditions
were reconstituted within 2 min. Spectral data were recorded
with N, as the heater gas at 400°C and as the collision gas
(CAD = 4) in the MRM mode. The following m /z transitions
were analyzed: m/z 312-196, m/z 312-178, and m/z 312-112
for dCyd-BDA adducts, m/z 336-220, m/z 336-202, and m/z
336-136 for dAdo-BDA adducts, m/z 352-236, m/z 352-218,
and m/z 352-152 for dGuo-BDA adducts.

Collected fractions of unknown peaks were analyzed by
a Q TRAP 2000 LC-MS/MS mass spectrometer in EMS-
IDA-EPI mode (enhanced mass spectrometry of information-
dependent acquisition of enhanced product ions) to record
spectra of unknown peaks. LC-MS runs were extracted with
MarkerView Software 1.2 (Applied Biosystems/MDS Sciex) to
analyze chromatograms for peaks which were present in sam-
ples and absent in distilled water which was used as blank.
Moreover, identified masses which might present potential
BDA-derived DNA cross-links and further theoretical mass
transitions of proposed BDA DNA cross-links based on loss
of deoxyribose (M*/~ 116) were monitored by an API 3000
LC-MS/MS mass spectrometer in MRM mode in samples
obtained from [2C,]-furan-treated rats and calf thymus DNA
incubated with BDA in vitro.

2.2.4 Comet assay

Liver was dissected and processed immediately after harvest-
ing. For preparation of cell suspensions, 1/3™ liver lobe was
rinsed with cold PBS, placed into a Petri dish containing 3 mL
of PBS at +4°C and minced with scissors. Cell homogenates
obtained for each animal were filtered through sterile cell
strainers (Falcon, BD Biosciences, Heidelberg, Germany)
with a pore-size of 100 wm to obtain single cell suspensions.
Cell suspensions were then centrifuged at 500 rpm for 10 min
at 4°C and finally re-suspended in 800 nL cold (+4°C) PBS.
For preparation of cell suspensions from bone marrow, both
femurs of each animal were rapidly dissected out at sacrifice
and cleaned of surrounding tissue. The bone was cut at the
distal end and irrigated with fetal calf serum (FCS) using a
2-mL syringe. The suspension of cells was aspirated and this
procedure was repeated several times to avoid clumps. The
cell suspension was then centrifuged at 1000 rpm for 10 min
at +4°C and re-suspended in a 8 mL cold PBS. Aliquots of
heparinized whole blood (10 nL) obtained from each animal
were mixed directly with 65 pL of low-melting agarose kept
at 37°C to prepare slides for the Comet assay. Comet slides
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were prepared using the protocol for the alkaline “Comet as-
say” [24]. Briefly, 10 pL of cell suspension were mixed with
65 nL of 0.7% (w/v) low-melting point agarose (BioRad, Mu-
nich, Germany) and sandwiched between a lower layer of
1% (w/v) normal-melting point agarose (Bio-Rad Lab.) and
an upper layer of 0.7% (w/v) low-melting point agarose on
microscope slides (Carlo Erba, Milan, Italy). Duplicate slides
were prepared from each individual treatment. The slides
were then immersed in a lysing solution (2.5 M NaCl, 100
mM Na,EDTA, 10 mM Tris, pH 10) containing 10% DM SO
and 1% Triton x 100 (ICN Biomedicals, Eschwege, Germany)
overnight at 4°C. On completion of lysis, slides were placed in
a horizontal gel electrophoresis tank with fresh alkaline elec-
trophoresis buffer (300 mM NaOH, 1 mM Na,EDTA, pH >
13) and left in the solution for 25 min at 4°C to allow the DNA
to unwind and to express the alkali-labile sites. Electrophore-
sis was carried out at 4°C for 25 min, 30 V (1 V/cm) and
300 mA, using a Bio-Rad power supply. After electrophore-
sis, the slides were immersed in 0.3 M sodium acetate in
ethanol for 30 min. Microgels were then dehydrated in abso-
lute ethanol for 2 h and immersed for 5 min in 70% ethanol.
Slides were air-dried at room temperature. Immediately be-
fore scoring, slides were stained with 12 pg/mL ethidium
bromide (Boehringer Mannheim, Germany) and examined
at 400x magnification with an automatic image analyzer
(Comet Assay III; Perceptive Instruments, UK) connected
to a fluorescence microscope (Eclipse E400; Nikon). To eval-
uate the amount of DNA damage, computer generated tail
moment values and percentage of migrated DNA were used.
For each individual treatment, a total of one hundred cells
were scored from two different slides. Statistical analysis was
performed using ANOVA followed by Dunnett’s test.

2.2.5 Micronucleus test

The femurs of animals were removed and bone marrow cells
were obtained by flushing with FCS. The cells were cen-
trifuged and a concentrated suspension was prepared to make
smears on slides (n = 3 per animal). Slides were air-dried,
stained with hematoxylin and eosin, and embedded in Eu-
kitt. The slides were randomly coded and 2000 polychromatic
erythrocytes (PCEs) per animal were examined for the pres-
ence of micronuclei at 100 x magnification. For statistical
analysis, a modified chi-squared calculation was employed to
compare treated and control groups. The degree of hetero-
geneity within each group was first calculated and where this
was significant it was considered in the comparison between
groups. Variance ratios or chi-squared values were taken to
show the significance of any differences between each treated
group and controls.

2.2.6 Cytogenetic analyses of bone marrow cells

Three hours after intraperitoneal injection of colchicine
(4 mg/kg) to accumulate cells in metaphase-like stage,
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animals were sacrificed and both femurs of each animal
were rapidly dissected out and cleaned of surrounding tis-
sue. The bone was cut at the distal end and irrigated with
FCS using a 2-mL syringe. The suspension of cells was as-
pirated and this procedure was repeated several times to
avoid clumps. The cell suspension was centrifuged and the
cell pellet was resuspended in 5 mL hypotonic solution (1%
tri-sodium citrate) for 15 min at room temperature. The
cells were then pelleted again and fixed in freshly prepared
methanol:acetic acid fixative (3:1 v/v) and washed twice with
fixative. A few drops of the cell suspension were dropped onto
clean, wet grease-free microscope slides, and air-dried to pro-
duce metaphase chromosome spreads. Per animal, six slides
(three slides each for chromosomal aberration and SCEs anal-
yses) were prepared. Slides to be analyzed for chromosomal
aberrations were stained in 5% Giemsa in buffer and rinsed
twice with water. Slides to be analyzed for SCEs were pre-
pared according to [25, 26]. After staining, slides were im-
mersed in xylene for 5 min and embedded in Eukitt mount-
ing medium. Slides were randomly coded for slide evaluation.
Determination of mitotic indices was based on the number
of metaphase observed per 1000 cells and was expressed as
percentage. From 100 eligible metaphases, the number and
types of aberrations and the number of SCEs were recorded.
For statistical analysis, the Student’s t-test (one way) was
used.

2.2.7 Cytogenetic analyses in resting G, splenocytes

At sacrifice, the spleen was removed from each individual
animal and placed in RPMI 1640 medium supplemented
with 20% FCS. Spleens were squeezed through a 10-mL sy-
ringe without needle to obtain cell homogenates that were
then filtered through sterile cell strainers (Falcon) with a
pore-size of 100 wm to obtain cell suspensions in 5 mL
RPMI 1640 medium. The cell suspensions were carefully
layered over Histopaque-1077 (Sigma Chemical, St. Louis,
MO, USA) and centrifuged at 400 x g for 25 min at room
temperature. Splenocytes were removed from the gradient
with a sterile pipette, washed twice with PBS and counted
using a hemocytometer. Cells were seeded at 6 x 10°
cells per T-75 culture flask in RPMI medium supplemented
with 20% FCS (heat inactivated), 200 mM L-glutamine and
20 mM HEPES. Concanavalin A (Sigma) was added to a
final concentration of 2 pg/mL culture medium. Cultures
were grown for 54 h at 37°C. Colcemid (Gibco BRL, Invitro-
gen, Darmstadt, Germany) was added 3 h before harvesting
at a final concentration of 0.2 pg/mL. At the end of treat-
ment, the cells were brought into suspension with trypsin.
The cell suspension was centrifuged and resuspended in hy-
potonic solution. After hypotonic treatment, the cells were
fixed in freshly prepared methanol-acetic acid fixative and
washed three times. Air-dried slides were prepared from the
cell suspension, stained in 5% Giemsa in buffer, rinsed twice
with water, immersed in xylene for 5 min embedded in Eu-
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kitt mounting medium. Slides were coded for slide evalu-
ation. Determination of mitotic indices was based on the
number of metaphase observed per 1000 cells and was ex-
pressed as percentage. For statistical analysis, a modified
chi-squared calculation was employed to compare treated
and control groups. The degree of heterogeneity within each
group was first calculated and where this was significant it
was considered in the comparison between groups. Variance
ratios or chi-squared values were taken to show the signif-
icance of any differences between each treated group and
controls.

3 Results
3.1 Covalent binding of [3,4-'*C]-furan to DNA

Fraction modern values of liver DNA isolated from con-
trol rats ranged from 1.1 to 1.3, which is consistent with
the natural isotopic abundance levels of *C in contempo-
rary biological samples [23]. In contrast, a dose-dependent
increase in radiocarbon content was observed in DNA ex-
tracted from furan target liver lobes and kidneys of rats
treated with [3,4-1*C]-furan (Table 1). Based on the assump-
tion that the increase in *C is due to covalent binding of
furan, adduct levels were calculated taking into consideration
the specific activity of the administered furan (20 mCi/mmol),
the percent labeling (15.6%), the carbon content of DNA
(29%), and an average molecular weight of 330 g/mol per
nucleotide. The *C-content of livers of rats treated with [3,4—
4C]-furan corresponds to mean adduct levels of 1.7 & 0.7
adducts/10® nucleotides in low dose (0.1 mg/kg bw) and
3.3 & 2.1 adducts/10” nucleotides in high-dose (2 mg/kg bw)
animals (Table 1). In the kidney, which is not a target organ for
furan carcinogenicity, the *C-content corresponds to 5.1 +
0.6 adducts/10° nucleotides and 1.3 + 0.5 adducts/10’
nucleotides in low- and high-dose animals, respectively
(Table 1).

3.2 Discrimination between covalent binding and
metabolic incorporation

Since CO, has been shown to be a major furan metabo-
lite [8], the increase of radioactivity in DNA obtained from
[3,4-1*C]-furan-treated rats could be also a result of metabolic
incorporation of *C into purines and/or pyrimidines dur-
ing DNA synthesis. To distinguish between DNA bind-
ing and metabolic incorporation of furan, DNA isolated
from *C-furan-treated rats was enzymatically hydrolyzed,
fractionated via HPLC-DAD and collected fractions were
analyzed by AMS. In vitro incubations of BDA and 2'-
deoxyribonucleosides were used as reference compounds for
HPLC method development and characterization of radioac-
tive compounds. DNA fractions collected from control rats
contained no significant amounts of radiocarbon (Fig. 2). As
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Table 1. Mean "*C-content & SD and calculated adduct levels & SD of DNA isolated from kidney and liver of [3,4-'4C]-furan-treated and

control rats

Tissue Dose group 14C-content Adduct level
[mg/kg bw] [amol/ng DNA] [adducts/10° nucleotides]
Kidney 0 0.2 + 0.2 0
0.1 2.6 + 0.3 5.1+ 0.6
2.0 60.2 £ 25.3 127.2 £ 53.6
Liver left lobe 0 0.1 + 0.1 0
0.1 6.4 £ 1.2 13.3+ 25
2.0 208.1 + 112.7 441.5 + 239.2
Liver caudate lobe 0 0.1 + 0.1 0
0.1 94 + 45 19.7 £ 9.6
2.0 98.6 + 48.9 208.9 + 103.8
0 0.1 &+ 0.1 0
Liver (mean) 0.1 7.9 + 35 16.5+7.4
2.0 153.3 + 100.2 325.2 +212.7
A
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Figure 1. Reaction of cis-2-butene-1,4-dial with DNA bases.

can be seen from Fig. 2, the majority of radioactivity present
in liver DNA hydrolysates of *C-furan-treated rats did not
coelute with normal nucleosides, indicating that metabolic
incorporation occurs only to a minor extent. In contrast, the
majority of total radioactivity present in the samples eluted at
about 18 and 38-40 min (Fig. 2).

3.3 Characterization of furan-derived DNA adducts

To determine if radioactive compounds coelute with adduct
standards, hydrolyzed liver DNA of a C-furan-treated

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure2. '“C-content (gray bars) of fractions collected after HPLC-
DAD (N = 254 nm) chromatographic separation of DNA isolated
from a control rat (A) and from a [3,4-"4C]-furan-treated rat (2.0
mg/kg bw) (B).

rat was spiked with a reaction mixture of BDA and 2'-
deoxyribonucleosides, separated by HPLC and analyzed by
AMS. These experiments showed that fractions containing
radiolabel eluted at retention times close to those of some of
the cis-2-butene-1,4-dial-2'-desoxyribonucleoside adduct stan-
dards (Fig. 3 A). Uncharacterized peaks eluting at these reten-
tion times were also observed after incubation of calf thymus
DNA with BDA (Fig3. B).

To further characterize compounds carrying the radio-
label, corresponding DNA-fractions obtained from rats
treated with a single high dose of furan (30 mg/kg bw)

www.mnf-journal.com



Mol. Nutr. Food Res. 2012, 56, 1363-1374

1369

(A)
o o
=} e
g S
=) © © 10 ©
Z 2
E 30 ke =
5 g 5|3 :
= 2 2 s 5
g 20 3 5 3 =
@ S ° 0] 5
o < S =
< Nk a
10 - / =
O _nﬂ T I |_|\ T | I T I I I I UL I T T I I | I I 1 1 0
0 8 16 24 32 40 48 56
Time [min]
(B)
14 2
12 - Figure 3. (A) '“C-content of DNA fractions (high-
= 1 lighted in gray) and HPLC chromatogram (A =
E 01 ° 254 nm) of enzymatically hydrolyzed liver DNA
= 8. ° 8 § from a [3,4-"“C]-furan-treated rat, spiked with
S O © o in vitro incubation products of cis-2-butene-
g' 6 © o ? 1,4-dial and 2’-deoxyribonucleosides. (B) Sep-
2 = aration of nucleosides from calf thymus DNA
< 4y © incubated with cis-2-butene-1,4-dia in vitro,
5| showing the presence of unknown peaks with
retention times corresponding to radiolabeled
0 Ty e e B B L compounds observed in DNA of a [3,4-"*Cl-
0 8 16 24 32 40 48 56 furan treated rats.
Time [min]

or rats subchronically exposed to furan (2 mg/kg bw for
28 d) were collected and analyzed by LC-MS. Fractiona-
tion and subsequent LC-MS analysis of the cis-2-butene-
1,4-dial-2'-desoxyribonucleoside adduct standards confirmed
that adduct standards are stable during sample prepara-
tion. However, none of the adducts formed in vitro by re-
action of BDA with 2'-deoxycytidine, 2’-deoxyadenosine, or
2'-deoxyguanosine were detected in DNA isolated from furan-
treated rats (Fig. 4 and data not shown), with detection limits
<50 fmol for dCyd-BDA and <100 fmol for dGuo- and dAdo-
BDA adducts estimated assuming <100% reaction yield.
Based on the absolute LOD and the amount of DNA injected,
LODs were thus <3.3 adducts/10® nucleotides for dCyd-BDA
and <6.6 adducts/10® nucleotides for dGuo- and dAdo-BDA,
which is at least an order of magnitude below adduct lev-
els determined by AMS after a single oral dose of furan at
2 mg/kg bw. Unfortunately, further attempts to character-
ize the structure of DNA modifications using EMS-IDA-EPI
failed. In addition, screening for potential DNA cross-links
using theoretical MRMs based on fragmentation of poten-
tial cross-link structures by loss of deoxyribose (M*/~ 116)
did not reveal formation of BDA-derived DNA cross-links in
DNA extracted from furan-treated rats or in calf thymus DNA
incubated with BDA in vitro (data not shown).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.4 Furan genotoxicity in rats in vivo

Following repeated oral administration of furan to male F344
rats, no statistically significant increase in the incidence of
micronucleated PCEs was observed (Table 2). Furan did not
induce a statistically significant increase in the number of
bone marrow cells bearing chromosomal aberrations or in the
frequencies of SCEs (Table 2). However, treatment with furan
at 2 mg/kg bw resulted in statistically significant increases in
the number of splenocytes bearing aberrations at all time
points (Table 2). At 0.5 mg/kg bw, a significant increase in
chromosomal aberrations in splenocytes was observed after
28 days of treatment.

Analysis of bone marrow and blood cells by the Comet As-
say revealed no significant changes (increases or decreases)
in the mean tail moment and tail intensity compared with
corresponding untreated control at any dose-level and sam-
pling time assayed (Table 3). In the liver, the target organ
of furan carcinogenicity, a slight, although not statistically
significant reduction in both tail moment and tail intensity
compared to untreated control was observed in all treatment
groups after 28 days of furan treatment. In contrast, a statis-
tically significant increase over controls in both tail moment
and tail intensity was seen in the recovery group (Table 3).
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Figure 4. LC-MS MRM analysis of dAdo-BDA (m/z 336-220 and 336-202) in (A) control rat DNA and (B) DNA from a rat treated with 30
mg/kg bw (single-dose study), and (C) calf thymus DNA spiked with dCyd-BDA, dGuo-BDA, and dAdo-BDA incubation mixtures.

4 Discussion

BDA, areactive metabolite formed by CYP2E1-dependent bio-
transformation of furan, was shown to form covalent adducts
with nucleosides [2, 3], and to induce genotoxic effects in
bacteria [4] and in mammalian cells in vitro [5]. In contrast,
the potential of furan to covalently bind to DNA in liver in
vivo and the contribution of genotoxicity to furan-mediated
tumor formation are still not fully resolved. Results from
the present study demonstrate a significant, dose-dependent
increase in the *C content of DNA in both target and non-
target organs following treatment of male F344/N rats with

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[3,4-"*C]-furan in the absence of significant metabolic incor-
poration, providing clear evidence that furan reacts with DNA
in vivo. However, the previously characterized diastereomeric
adducts formed by reaction of BDA with 2'-deoxycytidine, 2'-
deoxyadenosine, and 2'-deoxyguanosine in vitro [2, 3] were
not detected in DNA isolated from furan-treated rat liver, and
further attempts to elucidate the structure of DNA modifi-
cations carrying the radiolabel failed. While furan did not
induce genotoxic effects in blood and bone marrow cells
of rats administered furan for up to 28 days, furan treat-
ment resulted in a dose-dependent increase in the frequency
of chromosomal aberrations in splenocytes. In liver, furan
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Table 2. Determination of the presence of micronuclei (MN) in immature bone marrow erythrocytes, chromosomal aberrations, and sister
chromatid exchanges (SCEs) in bone marrow cells and chromosomal aberrations in resting Go splenocytes of rats after oral
administration of furan for up to 28 days

Dose levels Treatment time Bone marrow Splenocytes
(mg/kg bw) (days)
Group mean Group mean Frequencies Group mean
incidence of incidence of of SCEs/ incidence of
micronucleated chromosomal cell chromosomal
PCEs aberrations (group means + SE) aberrations
(%o + SE) (% + SE) (% + SE)
0.0 5 0.40 +0.18 0.33 £0.19 3.80 £ 2.19 0.33 £0.19
0.1 0.40 +0.18 NS 1.33+0.77 NS 410 £ 2.37 NS 2.75 £ 1.59 NS
0.5 0.50 + 0.22 NS 1.67 £0.96 NS 3.40 + 1.96 NS 3.00 + 1.73 NS
2.0 0.40 +0.18 NS 0.00 + 0.00 NS 3.70 £ 2.14 NS 5.00 +2.89
0.0 28 0.30 +£0.13 0.00 + 0.00 4.10 + 2.38 2.00 + 1.15
0.1 0.40 £ 0.18 NS 0.00 + 0.00 NS 3.70 £ 2.13 NS 4.00 +2.31 NS
0.5 0.50 + 0.22 NS 1.67 +0.96 NS 3.20 + 1.84 NS 7.63 +4.417"
2.0 0.40 + 0.13 NS 1.33+£0.77 NS 4.30 + 2.48 NS 6.60 +3 .81 "
0.0 28 + 14 0.20 + 0.09 NS 0.33 £0.19 5.30 + 3.06 1.33+0.77
2.0 recovery 0.30 +0.13 NS 1.00 + 0.58 NS 4.80 +2.77 NS 6.67 +3.85 "

PCEs, polychromatic erythrocytes; SE, standard error of the mean; NS, not significantly different from concurrent negative control.

"Statistically significant at p < 0.05.
"*Statistically significant at p < 0.01.

induced a reduction of tail moment and tail intensity after 28
days of furan treatment and increased DNA strand breaks af-
ter 2 weeks recovery. Collectively, results from this study sug-
gest that genotoxicity resulting from covalent binding of furan
reactive metabolites to DNA may contribute to furan carcino-
genicity and needs to be considered in furan risk assessment.

While Burka et al. found no radioactivity associated with
DNA following administration of [2,5-'*C]-furan to male
F344 (8], analysis of DNA extracted from livers and kidneys of
rats given a single dose of [3,4-'*C]-furan by AMS revealed a
significant, dose-related increase in '*C bound to DNA. These
seemingly contrasting findings may be due to the lower spe-
cific activity of [2,5-"*C]-furan (90 p.Ci/mmol) and use of lig-

uid scintillation counting in the Burka study, versus a specific
activity of 20 mCi/mmol and application of AMS, a highly sen-
sitive technique for the detection of radiocarbon in biological
samples, in our study, resulting in markedly enhanced sen-
sitivity. Importantly, the majority of radiolabel was not asso-
ciated with normal nucleosides, suggesting covalent binding
of a reactive metabolite(s) of [3,4-'*C]-furan to DNA. Average
adduct levels in liver reached 1.7 £ 0.7 adducts/10® nu-
cleotides and 3.3 & 2.1 adducts/10” nucleotides in the low (0.1
mg/kg bw) and high (2.0 mg/kg bw) dose group respectively,
with no statistically significant differences between furan tar-
get lobes. Adduct levels observed after a single dose of furan
associated with tumor incidences of 10% for hepatocellular

Table 3. Comet assay data in bone marrow, blood, and liver of F344/N rats orally treated with furan for up to 28 days

Dose levels  Treatmenttime  Bone marrow

Blood Liver

(mg/kg bw) (days)

Tail moment  Tail intensity
(mean &+ SD) (mean &+ SD)

Tail moment Tail intensity ~ Tail moment Tail intensity
(mean &+ SD) (mean & SD) (mean &+ SD) (mean &+ SD)

0.0 5 0.85 +0.38 2.93 +1.31
0.1 0.68 £+ 0.30 2.65 +1.19
0.5 0.76 £ 0.34 2.82 +1.26
2.0 0.76 £ 0.34 2.63+1.18
0.0 28 1.03 + 0.46 3.86 £ 1.73
0.1 1.01 + 0.45 3.92+1.75
0.5 0.97 +£0.43 3.59 + 1.61
2.0 1.27 + 0.57 4.53 +2.03
0.0 28 + 14 0.69 £+ 0.31 3.04 +£1.36
2.0 recovery 0.90 + 0.40 3.69 + 1.65

0.38 +0.17 1.99 + 0.89 1.41 £ 0.63 4.25 + 1.90
0.29 £ 0.13 1.43+0.64 2.04 £ 0.91 6.33 4+ 2.83
0.23+0.10 1.23 £ 0.55 2.15 4+ 0.96 6.69 & 2.99
0.52 £+ 0.23 1.79 £+ 0.80 2.60 £ 1.16 6.25 + 2.80
0.47 £ 0.21 2.87 £ 1.28 2.09 + 0.93 7.57 + 3.39
1.00 + 0.45 5.54 + 2.48 1.74 £0.78 5.72 + 2.56
0.48 + 0.21 2.73 £1.22 1.92 + 0.85 5.90 + 2.85
0.36 +0.16 2.01 £ 0.90 1.76 £0.79 5.69 + 2.54
0.39 £+ 0.17 2.17 £ 0.97 2.34 +1.05 7.47 +3.34
0.50 + 0.22 2.53 + 1.13 5.14 + 2.30" 13.40 + 5.99"

*Statistically significant at p < 0.01.
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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tumors and 86% for cholangiocarcinoma following chronic
treatment are thus within the range of adduct levels reported
after repeated administration of a range of liver carcinogens
at the TDs, (i.e. dose resulting in 50% tumor incidence) [27].
Albeit consistent with renal expression of CYP2E1 and renal
toxicity of furan at higher doses [1,28], the finding that signif-
icant DNA binding was also observed in the kidney, which is
not a target for furan carcinogenicity, suggests that covalent
binding of furan to DNA may not be sufficient for tumor
induction.

The fact that we did not detect the previously charac-
terized substituted etheno-adducts despite sufficient sensi-
tivity of our analysis is perhaps not surprising given that
the primary adducts of BDA with 2'-deoxyadenosine and 2’-
deoxyguanosine may rearrange, thereby unmasking an alde-
hydic moiety with the potential to form cross-links [3]. In the
presence of intact DNA, itis also plausible that BDA itself may
cross-link DNA bases of the same or opposing DNA strand
rather than forming single base adducts as in the presence
of isolated nucleosides. Although Kellert et al. found no evi-
dence for furan-derived cross-links in L5178Y tk+/— mouse
lymphoma cells [6], Marinari et al. observed DNA cross-links
in CHO-KI cells treated with BDA using the alkaline elution
technique [5]. Moreover, a recent study in turkey fetus liver
demonstrating a reduction of % DNA in comet tail and in-
creased DNA strand breaks after treatment with proteinase
K, suggested that furan may also form DNA-protein cross-
links [29]. The latter is consistent with the high reactivity of
BDA toward cysteine and lysine residues [30, 31]. Due to the
bifunctionality of BDA, a wide spectrum of covalent DNA
modifications may thus be formed, making it difficult to ob-
tain structural information. Although our analyses suggest
that C in DNA of rats treated with [3,4-1*C]-furan is associ-
ated with essentially two fractions, which correspond to as yet
unidentified peaks observed in rats dosed with furan and/or
in DNA treated with BDA in vitro, attempts to characterize the
structure of these DNA modifications by LC-MS/MS failed.

In a recent 8-week study in transgenic Big Blue rats, Mc
Daniel et al. found no evidence for furan genotoxicity in the
target organ using the liver clI transgene mutation assay and
the comet assay at furan bioassay doses [32], although liver
DNA damage was observed at higher doses. Moreover, furan
was negative in the peripheral blood micronuclei assay, the
Hprt lymphocyte gene mutation assay, and the Pig-a lympho-
cyte and peripheral red blood cell gene mutation assays [32].
These data are largely consistent with the absence of effects of
furan on the incidence of micronuclei, chromosomal aberra-
tions and SCEs in bone marrow, and negative findings in the
Comet assay in blood and bone marrow at any dose and sam-
pling time assayed in our study. The reduction in tail moment
and tail intensity in liver after 28 days of furan treatment and
significantincreases in DNA strand breaks after an additional
2 week recovery period may indicate that effective repair of
cross-links resulting in generation of DNA strand breaks
may only occur after furan treatment is discontinued. In
contrast, sustained exposure to furan, leading to cross-links

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and thus reduction in the mean tail moment and intensity,
may mask the presence of DNA breaks in the alkaline Comet
assay. Although further work may be needed to confirm
the significance of our rat liver comet data in this low-dose
range, a recent report on furan-induced DNA damage in liver
provides clear evidence for a genotoxic potential of furan in
the target organ [33]. These authors demonstrated that the
extent of direct, endonuclease III (Endolll)- and formami-
dopyrimidine glycosylase (FPG)-sensitive strand breakage
in rat liver peaked at 1-3 h posttreatment, and returned to
control levels 16 h after administration of furan at 16 mg/kg
bw for 3 days, suggesting that sampling time may be critical
to detect furan-induced DNA damage. Based on the results of
their time-course study, the authors were then able to show
a dose-related increase in DNA strand breakage in liver, but
not bone marrow, of rats given furan at 0, 2, 4, 8, 12, or 16
mg/kg bw for 3 days, whereby statistical significance was
reached at >8, 4, and 12 mg/kg bw for direct, EndolIl-, and
FPG-sensitive DNA damage [33]. In addition to these find-
ings, the dose-related increase in chromosomal aberrations
in rat splenocytes exposed to furan in vivo and stimulated to
proliferate in vitro, which is consistent with significant in-
creases of both micronuclei and y-H2AX foci in splenocytes
following subchronic treatment of mice with furan at up to
15 mg/kg/day [34], provides evidence for furan genotoxicity
in vivo.

Collectively, the available data demonstrate that furan
binds to DNA in the target organ of furan carcinogenicity
and has the potential to induce genotoxic effects in the form
of DNA strand breaks and chromosomal aberrations in vivo.
Although the contribution of furan genotoxicity to the induc-
tion of hepatocellular tumors and cholangiocarcinomas may
well depend on the tumor type, these data suggest that furan
may operate—at least in part—Dby a genotoxic mode of action.
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