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Abstract
Furan is toxic and carcinogenic in rodents. Because of the large potential for human exposure,
furan is classified as a possible human carcinogen. The detailed mechanism by which furan causes
toxicity and cancer is not yet known. Since furan toxicity requires cytochrome P450-catalyzed
oxidation of furan, we have characterized the urinary and hepatocyte metabolites of furan to gain
insight into the chemical nature of the reactive intermediate. Previous studies in hepatocytes
indicated that furan is oxidized to the reactive α,β-unsaturated dialdehyde, cis-2-butene-1,4-dial
(BDA), which reacts with glutathione (GSH) to form 2-(S-glutathionyl)-succinaldehyde (GSH-
BDA). This intermediate forms pyrrole cross-links with cellular amines such as lysine and
glutamine. In this report, we demonstrate that GSH-BDA also forms cross-links with ornithine,
putrescine and spermidine when furan is incubated with rat hepatocytes. The relative levels of
these metabolites are not completely explained by hepatocellular levels of the amines or by their
reactivity with GSH-BDA. Mercapturic acid derivatives of the spermidine cross-links were
detected in the urine of furan-treated rats, which indicates that this metabolic pathway occurs in
vivo. Their detection in furan-treated hepatocytes and in urine from furan-treated rats indicates
that polyamines may play an important role in the toxicity of furan
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INTRODUCTION
Chronic exposure of F344 rats and B6C3F1 mice to furan results in dose-dependent toxicity
and carcinogenicity in both species.1 Furan-treated rats also develop cholangiocarcinomas.1
Because it is widely distributed in the environment,2,3 human exposure to furan is likely to
be significant. Since there is a large potential for human exposure, furan has been listed by
the National Toxicology Program and the International Agency for Research on Cancer as a

*To whom correspondence should be addressed. Tel: 612-626-0164. Fax: 612-626-5135. peter431@umn.edu.
∥Current address: Department of Pharmacology, University of Pennsylvania, Philadelphia, PA 19104.
Supporting Information Available. Supplementary table and figures. This material is available free of charge via the Internet at
http://pubs.acs.org.

NIH Public Access
Author Manuscript
Chem Res Toxicol. Author manuscript; available in PMC 2012 November 21.

Published in final edited form as:
Chem Res Toxicol. 2011 November 21; 24(11): 1924–1936. doi:10.1021/tx200273z.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


possible human carcinogen (Group 2B).2,4 Adequate human risk assessment has been
stymied because of the lack of mechanism-based biomarkers.

Furan requires metabolism by cytochrome P450 2E1 to elicit its toxic effects.5,6 Chemical
characterization of the metabolites of furan provides insights into the identity of the reactive
intermediates formed as a result of furan metabolism. The initial product of furan oxidation
is cis-2-butene-1,4-dial (BDA, Scheme 1).7,8 The metabolites characterized to date in urine
from furan-exposed rats indicate that BDA reacts with cellular nucleophiles such as
glutathione (GSH), cysteine and lysine (Scheme 1).9-12 The majority of the urinary
metabolites are derived from a cysteine-BDA-lysine cross-link, S-[1-(5-amino-5-
carboxypentyl)-1H-pyrrol-3-yl]-L-cysteine (1, Cys-BDA-lysine, Scheme 1).10-12 Studies in
rat hepatocytes indicate that a major source of metabolite 1 is a GSH-BDA-lysine cross-link,
S-[1-(5-amino-5-carboxypentyl)-1H-pyrrol-3-yl]-glutathione (2, GSH-BDA-lysine, Scheme
1).11 This observation suggests that once BDA is formed, it reacts with GSH to form 2-(S-
glutathionyl)succinaldehyde (GSH-BDA, 3), which reacts with lysine to form the observed
GSH-BDA-lysine cross-link (Scheme 1). This cross-link is then further processed to the
urinary metabolites.

Lysine is not the only target for this cross-linking reaction. Intramolecular cross-linking
occurs to form N-[4-carboxy-4-(3-mercapto-1H-pyrrol-1-yl)-1-oxobutyl]-L-cysteinylglycine
cyclic sulfide (mono-GSH-BDA, 4, Scheme 1). Cross-links with glutamine and several other
unidentified GSH conjugates were also observed in media from rat hepatocytes exposed to
furan.11 In this report, we provide the chemical identity for five of these unidentified
metabolites. They result from the reaction of GSH-BDA 3 with the primary amino groups of
ornithine, spermidine and putrescine. These findings led to the characterization of related
metabolites in the urine of furan-treated rats. Polyamines are critical for normal cell growth
and function.13 The cellular levels of these compounds are maintained through a tightly
regulated network of enzymes involved in their formation and degradation. Imbalance in
polyamine pathways is associated with a number of diseases, including cancer.14-16 The
formation of GSH-BDA-polyamine reaction products indicates that polyamines are traps for
electrophilic furan metabolites and suggests pathways, in addition to DNA and protein
adduct formation, for furan to exert its toxic effects.

EXPERIMENTAL PROCEDURES
Caution: BDA is toxic and mutagenic in cell systems. Furan is toxic and carcinogenic in
laboratory animals. Both chemicals should be handled with proper safety equipment and
precautions.

Chemicals
[13C4]Furan, BDA, mono-GSH-BDA (4) and GSH-BDA-GSH conjugates were prepared as
previously described.9,17-19 The concentration of aqueous solutions of BDA was determined
as previously described.20 Furan was purchased from Acros Organics (Pittsburgh, PA) and
distilled before use. Spermine, cadaverine, and putrescine were purchased from MP
Biomedicals (Solon, OH). All other reagents were purchased from Aldrich Chemical
(Milwaukee, WI) unless stated otherwise. All HPLC solvents were chromatography grade.

Instrumentation
HPLC purifications were carried out on a Shimadzu LC-10AD system coupled to a
Shimadzu SCL-10A UV/vis detector. NMR spectra were recorded on 500 or 600 MHz
Varian Inova spectrometers or a 700 MHz Bruker Avance spectrometer in the Department of
Chemistry or the Department of Biochemistry, Molecular Biology, and Biophysics,
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University of Minnesota. Chemical shifts are reported in parts per million (ppm) as
referenced to the residual solvent peak.

Collision-induced mass spectra of reaction products were obtained on an Agilent 1100 series
LC/MSD Trap SL mass spectrometer operating in positive ion mode. Each compound was
dissolved in 10 mM ammonium formate, pH 2.8, and directly infused into the ion source.
Helium was the nebulizing and drying gas (15 psi, 5 L/min) which had a temperature set at
200 °C. High resolution mass spectral data for the synthetic standards were obtained on a
Bruker BioTOF II mass spectrometer in the Department of Chemistry, University of
Minnesota or a Thermo Ultra AM Triple Quadrupole mass spectrometer in the Masonic
Cancer Center, University of Minnesota.

For most of the HPLC and LC-MS analyses, the column was eluted with the following
gradient: 10 min at 100% A; 26 min gradient to 75% A, 25% B; 10 min gradient to 50% A,
50% B; 4 min gradient to 100% B where solvent A was 10 or 50 mM ammonium formate,
pH 2.8 and solvent B was 50% acetonitrile in water. This gradient will subsequently be
referenced as HPLC method 1.

Reactions between GSH, BDA, and Amines
GSH (21 mg, 68 μmol) and L-ornithine hydrochloride (11 mg, 68 μmol), putrescine (6.0 mg,
68 μmol), spermidine (9.8 mg, 68 μmol), spermine (14 mg, 68 μmol) or cadaverine (6.9 mg,
68 μmol) were added to a solution of BDA (68 μmol) in 50 mM or 1 M sodium phosphate,
pH 7.4 (total volume: 2 mL). After 2 h at 37 °C, the products were purified on a
semipreparative Phenomenex (Torrence, CA) Synergi 4μ Hydro-RP column (250 × 10 mm,
4 μm) employing HPLC method 1 (solvent A was 50 mM ammonium formate, pH 2.8) with
a flow rate of 4 mL/min. The eluting peaks were collected and concentrated under reduced
pressure. The buffer salts were removed by HPLC purification as described for each
compound.

GSH-BDA-Ornithine—When the reaction was performed with ornithine, the resulting
reaction mixture was complex. However, there were two prominent UV-absorbing products
in a ratio of 5:7 whose mass spectra had a molecular ion at m/z 488. This mass is consistent
with the formation of a cross-link between ornithine and GSH via BDA. Mass spectral
analysis indicated that the other peaks were either GSH-BDA reaction products (m/z 356,
GSH-BDA [M+H+]) or further BDA or GSH-BDA reaction products of GSH-BDA-
ornithine (m/z 554, GSH-2BDA-ornithine [M+H+] or m/z 422, 2GSH-2BDA-ornithine [M
+2H]2+). The two GSH-BDA-ornithine products eluted at 22.8 min and 27.7 min when
HPLC method 1 was employed (solvent A was 50 mM ammonium formate, pH 2.8).
Following preparative isolation by HPLC, they were desalted on a semipreparative Synergi
4μ Hydro-RP column with the following gradient (4 mL/min): 5 min at 100% A; 20 min
gradient to 85% A, 15% B; 5 min gradient to 70% A, 30% B where solvent A was 0.1% v/v
formic acid and solvent B was 50 % acetonitrile in water. The compound that eluted at 22.8
min was identified as S-[1-(4-amino-1-carboxybutyl)-1H-pyrrol-3-yl]-glutathione (GSH-
BDA-Nα-ornithine). 1H NMR (500 MHz, D2O): δ 6.88 (s, 1H, H2’), 6.71 (s, 1H, H5’), 6.19
(s, 1H, H4’), 4.45 (dd, 1H, H1), 4.25 (dd, 1H, Cys α-CH), 3.70 (m, 1H, Glu α-CH), 3.64 (s,
2H, Gly α-CH2), 3.12 (dd, 1H, Cys β-CHa), 2.92 (m, 2H, H4), 2.80 (dd, 1H, Cys β-CHb),
2.47 (m, 2H, Glu γ-CH2), 2.13–2.08 (m, 3H, Glu β-CH2, H2a), 1.96 (m, 1H, H2b), 1.57 (m,
1H, H3a), 1.41 (m, 1H, H3b). MS data are displayed in Table 1.

The compound that eluted at 27.7 min was characterized as S-[1-(4-amino-4-
carboxybutyl)-1H-pyrrol-3-yl]-glutathione (GSH-BDA-Nδ-ornithine). 1H NMR (500 MHz,
D2O): δ 6.77 (s, 1H, H5’), 6.16 (d, 1H, H4’), 4.29 (m, 1H Cys α-CH), 3.90 (m, H4), 3.80 (s,
2H, Gly α-CH2), 3.74 (m, 1H, Glu α-CH), 3.69 (m, 1H, H1), 3.09 (dd, 1H, Cys β-CHa), 2.83
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(dd, 1H, Cys β-CHb), 2.45 (m, 2H, Glu γ-CH2), 2.09 (m, 2H, Glu β-CH2), 1.80 (m, 1H,
H3a), 1.72–1.70 (m, 3H, H3b and H2). MS data are displayed in Table 1.

GSH-BDA-Spermidine—The GSH-BDA-spermidine reaction mixture contained multiple
products. Two UV-absorbing products had the expected molecular ions at m/z 501. These
products, which eluted at 24.5 and 28.1 min, were present in a ratio of 4:1 (HPLC Method 1,
solvent A was 50 mM ammonium formate, pH 2.8). Based on mass spectral analysis, the
other peaks were either GSH-BDA reaction products (m/z 356, GSH-BDA [M+H+]) or
further reaction products of GSH-BDA-spermidine with additional molecules of BDA (m/z
567, GSH-2BDA-spermidine [M+H+] or m/z 633, GSH-3BDA-spermine [M+H+]). The
GSH-BDA-spermidine reaction products were purified by semipreparative HPLC (HPLC
method 1, 50 mM ammonium formate, pH 2.8) and the collected products were desalted for
NMR analysis on a semipreparative Synergi 4μ Hydro-RP column with the following
gradient (4 mL/min). 5 min at 100% A; 15 min gradient to 85% A, 15% B; 5 min gradient to
70% A, 30% B where solvent A was 0.1% v/v formic acid and solvent B was 50 %
acetonitrile in water. The major isomer that eluted at 24.5 min was identified as N-(3-(3-(S-
glutathionyl)-1H-pyrrol-1-yl)propyl)butane-1,4-diamine (GSH-BDA-N1-spermidine). 1H
NMR (500 MHz, D2O): 6.68 (s, 1H, H5’), 6.10 (s, 1H, H4’), 4.17 (dd, 1H, Cys α-CH), 3.88
(t, 2H, H1), 3.63 (t, 1H, Glu α-CH), 3.54 (s, 2H, Gly α-CH2), 3.01 (dd, 1H, Cys β-CHa),
2.93–2.83 (m, 4H, H4 and H7), 2.81–2.70 (m, 3H, H3, Cys β-CHb), 2.38 (m, 2H, Glu γ-
CH2), 2.02–1.93 (m, 4H, Glu β-CH2, H2), 1.56 (m, 4H, H5 and H6). MS data are displayed
in Table 1.

The minor isomer that eluted at 28.1 min was identified as N-(4-(3-(S-glutathionyl)-1H-
pyrrol-1-yl)butyl)propane-1,3-diamine (GSH-BDA-N8-spermidine). 1H NMR (500MHz,
D2O): δ 6.67 (s, 1H, H5’), 6.08 (s, 1H, H4’), 4.14 (dd, 1H, Cys α-CH), 3.80 (t, 2H, H1), 3.63
(t, 1H, Glu α-CH), 3.58 (s, 2H, Gly α-CH2), 3.00 (dd, 1H, Cys β-CHa), 2.96–2.88 (m, 4H,
H5 and H7), 2.83 (t, 2H, H4), 2.71 (dd, 1H, Cys β-CHb), 2.38 (m, 2H, Glu γ-CH2), 2.01 (q,
2H, Glu β-CH2), 1.88 (m, 2H, H6), 1.66 (m, 2H, H2), 1.42 (m, 2H, H3). MS data are
displayed in Table 1.

GSH-BDA-Cadaverine—A single UV-absorbing compound with a molecular ion of m/z
458 was observed in the GSH-BDA-cadaverine reaction mixture. This compound eluted at
35.2 min when HPLC method 1 was employed (solvent A was 50 mM ammonium formate,
pH 2.8). The HPLC purified product was desalted on a semipreparative Synergi 4μ Hydro-
RP column with the following gradient (4 mL/min): 5 min at 100% A; 10 min gradient to
75% A, 25% B; 5 min gradient to 25% A, 75% B where solvent A was 0.1% v/v formic
acid/water and solvent B was 50% acetonitrile in water. The product was identified as S-(1-
(5-aminopentyl)-1H-pyrrol-3-yl)glutathione (GSH-BDA-cadaverine). 1H NMR (500 MHz,
DMSO-d6): δ 6.84 (s, 1H, H2’), 6.77 (s, 1H, H5’), 6.07 (s, 1H, H4’), 4.24 (dd, 1H, Cys α-
CH), 3.84 (m, 2H, H1), 3.55 (m, 2H, Gly α-CH2), 3.45 (m, 1H, Glu α–CH), 2.95 (dd, 1H,
Cys β-CHa), 2.75 (t, 2H, H5), 2.63 (dd, 1H, Cys β-CHb), 2.35 (m, 2H, Glu γ-CH2), 1.97 (m,
2H, Glu β-CH2), 1.63 (m, 2H, H2), 1.54 (m, 2H, H4), 1.20 (m, 2H, H3). MS data are
displayed in Table 1.

GSH-BDA-Putrescine—In the reaction mixture of GSH-BDA-putrescine, one UV
absorbing compound was observed with the expected molecular ion of m/z 444. This
compound eluted at 30.5 min when HPLC method 1 was employed (solvent A was 50 mM
ammonium formate, pH 2.8). Fractions containing this compound were desalted on a
semipreparative Synergi 4μ Hydro-RP column with the following gradient (4 mL/min): 5
min at 100% A; 10 min gradient to 75% A, 25% B; 5 min gradient to 25% A, 75% B where
solvent A was 0.1% v/v formic acid/water and solvent B was 50% acetonitrile in water. It
was identified as S-(1-(4-aminobutyl)-1H-pyrrol-3-yl)glutathione (GSH-BDA-
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putrescine). 1H NMR (500 MHz, D2O): δ 6.76 (m, 1H, H2’), 6.68 (m, 1H, H5’), 6.07 (m,
1H, H4’), 4.18 (dd, 1H, Cys α-CH), 3.80 (t, 2H, H1), 3.62 (t, 1H, Glu α-CH), 3.57 (m, 2H,
Gly α-CH2), 3.01 (dd, 1H, Cys β-CHa), 2.77 (m, 2H, H4), 2.73 (dd, 1H, Cys β-CHb), 2.37
(m, 2H, Glu γ-CH2), 2.01 (m, 2H, Glu β-CH2), 1.66 (m, 2H, H2), 1.42 (m, 2H, H3). MS data
are displayed in Table 1.

GSH-BDA-Spermine—One UV-absorbing compound with the expected molecular ion of
m/z 558 was observed in the reaction mixture containing GSH, BDA, and spermine. This
compound eluted at 27.8 min when HPLC method 1 was employed (solvent A was 50 mM
ammonium formate, pH 2.8). Fractions containing this reaction product were desalted with
HPLC method 1. It was identified as N-(3-((S-glutathionyl)-1H-pyrrol-1-
yl)propyl)butane-1,4-diamine (GSH-BDA-spermine). 1H NMR (500 MHz, D2O): δ 6.75 (s,
1H, H2’), 6.67 (m, 1H, H5’), 6.09 (m, 1H, H4’), 4.14 (dd, 1H, Cys α-CH), 3.87 (t, 2H, H1),
3.63 (t, 1H, Glu α–CH), 3.57 (d, 2H, Gly α–CH2), 3.01 (m, 1H, Cys β–CHa), 2.98–2.82 (m,
8H, H4, H7, H8, H10), 2.77–2.68 (m, 3H, Cys β-CHb, H3), 2.38 (m, 2H, Glu γ-CH2), 2.05–
1.86 (m, 6H, Glu β-CH2, H2, H9), 1.61–1.49 (m, 4H, H5, H6). MS data are displayed in
Table 1.

Reaction between NAC, BDA, and L-ornithine
N-Acetyl-L-cysteine (NAC) (8 mg, 50 μmol) and BDA (50 μmol) were incubated in 1 mL of
1 M sodium phosphate, pH 7.4, at 37 °C for 30 min before adding L-ornithine
monohydrochloride (8 mg, 50 μmol). The reaction was stirred for 15 hours. LC-MS analysis
of the reaction mixture with HPLC method 1 demonstrated two major peaks (m/z 344)
eluting at 37.0 min and 50.3 min. MS data are displayed in Table 1.

Reaction between NAC, BDA, and spermidine
NAC (45 mg, 270 μmol) and BDA (135 μmol) were incubated in 3 mL of 1 M sodium
phosphate, pH 7.4, at 37 °C for 25 min before adding spermidine (39 mg, 270 μmol). The
reaction was stirred for 15 hours. HPLC analysis of the reaction mixture with HPLC method
1 demonstrated two major UV-absorbing peaks eluting at 32.0 min and 37.1 min in a ratio of
6:1. The two diastereomers (m/z 357) were purified by semipreparative HPLC. The organic
solvent was removed under reduced pressure and the buffer salt was removed by solid phase
extraction using Strata-X cartridges.

The first compound that eluted at 32.0 min was identified as N-acetyl-S-[1-(3-((4-
aminobutyl)amino)propyl)-1H-pyrrol-3-yl]-L-cysteine (NAC-BDA-N1-spermidine). 1H
NMR (500 MHz, D2O): δ 6.75 (s, 1H, H2’), 6.67 (t, 1H, J=2.5 Hz, H5’), 6.09 (t, 1H, J=2.5
Hz, H4’), 4.03 (dd, 1H, J=4.0, 9.5, Cys α-CH), 3.86 (dd, 2H, J=5.0, 6.5 Hz, H1), 3.03-3.00
(m, 1H, Cys β-CHa), 2.89-2.82 (m, 4H, H4 and H7), 2.77 (t, 2H, J=7.5 Hz, H3), 2.72-2.67
(m, 1H, Cys β-CHb), 2.00-1.96 (m, 2H, H2), 1.86 (s, 3H, Ac), 1.58-1.52 (m, 4H, H5 and
H6). MS data are displayed in Table 1.

The compound that eluted at 37.1 min was identified as N-acetyl-S-[1-(4-((3-
aminobutyl)amino)propyl)-1H-pyrrol-3-yl]-L-cysteine (NAC-BDA-N8-spermidine). 1H
NMR (700 MHz, D2O): δ 6.83 (s, 1H, H2’), 6.75 (s, 1H, H5’), 6.16 (s, 1H, H4’), 4.12-4.08
(m, 1H, Cys α-CH), 3.88-3.84 (m, 2H, H1), 3.11-3.08 (m, 1H, Cys β-CHa), 2.99-2.93 (m,
4H, H5 and H7), 2.88-2.85 (m, 2H, H4), 2.78-2.74 (m, 1H, Cys β-CHb), 1.98-1.93 (m, 2H,
H6), 1.96 (s, 3H, Ac), 1.75-1.65 (m, 2H, H2), 1.52-1.46 (m, 2H, H3). MS data are displayed
in Table 1.
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General procedure for the synthesis of sulfoxide standards
m-Chloroperbenzoic acid (mCPBA) (3 μmol) was added to a stirred solution of the
corresponding sulfide (3 μmol) in methanol-dichloromethane (1:1) at -78 °C (total volume:
1 mL). The reaction was stirred for 1 h before it was allowed to warm up to room
temperature. The solvent was removed under a stream of nitrogen. The crude product was
dissolved in water and purified by semipreparative HPLC method 1 (solvent A was 50 mM
ammonium formate, pH 2.8). The organic solvent was removed under reduced pressure, and
buffer salts were removed by solid phase extraction using Strata-X cartridges. The identities
of products were established by MS and NMR analysis.

N-Acetyl-S-[1-(3-(4-aminobutyl)aminopropyl)-1H-pyrrol-3-yl]-L-cysteine
sulfoxide—NAC-BDA-N1-spermidine was oxidized with mCPBA to generate N-acetyl-S-
[1-(3-(4-aminobutyl)aminopropyl)-1H-pyrrol-3-yl]-L-cysteine sulfoxide. This product eluted
at 3.7 min when HPLC method 1 was employed (solvent A was 50 mM ammonium
formate). 1H NMR analysis showed the presence of two diastereomers in a 6:5 ratio. MS
data are displayed in Table 1.

Major isomer: 1H NMR (700 MHz, DMSO-d6): δ 7.88 (d, 1H, J=8.2 Hz, NH), 7.30 (s, 1H,
H2’), 6.95 (s, 1H, H5’), 6.39 (s, 1H, H4’), 4.04-4.01 (m, 2H, H1), 3.79-3.76 (m, 1H, Cys α-
CH), 3.30 (dd, 1H, J=3.1, 12.2 Hz, Cys β-CHa), 3.07 (t, 1H, J=10.6 Hz, Cys β-CHb),
2.74-2.72 (m, 2H, H4), 2.57-2.55 (m, 2H, H7), 2.41-2.38 (m, 2H, H3), 1.91-1.88 (m, 2H, H),
1.79 (s, 3H, - C(O)-CH3), 1.54-1.52 (m, 2H, H5), 1.46-1.44 (m, 2H, H6).

Minor isomer: 1H NMR (700 MHz, DMSO-d6): δ 7.74 (d, 1H, J=7.7 Hz, NH), 7.30 (s, 1H,
H2’), 6.92 (s, 1H, H5’), 6.36 (s, 1H, H4’), 4.20-4.17 (m, 1H, Cys α-CH), 4.04-4.01 (m, 2H,
H1), 3.37-3.35 (m, 1H, Cys β-CHa), 2.97-2.94 (m, 1H, Cys β-CHb), 2.74-2.72 (m, 2H, H4),
2.57-2.55 (m, 2H, H7), 2.41-2.38 (m, 2H, H3), 1.91-1.88 (m, 2H, H), 1.83 (s, 3H, -C(O)-
CH3), 1.54-1.52 (m, 2H, H5), 1.46-1.44 (m, 2H, H6).

N-Acetyl-S-[1-(4-(3-aminobutyl)aminopropyl)-1H-pyrrol-3-yl]-L-cysteine
sulfoxide—NAC-BDA-N8-spermidine was oxidized with mCPBA to generate N-acetyl-S-
[1-(4-(3-aminobutyl)aminopropyl)-1H-pyrrol-3-yl]-L-cysteine sulfoxide. This product eluted
at 3.5 min when HPLC method 1 was employed. 1H NMR analysis showed the presence of
two diastereomers in a 6:5 ratio. MS data are displayed in Table 1.

Major isomer: 1H NMR (700 MHz, DMSO-d6): δ 7.86 (d, 1H, J=8.1 Hz, NH), 7.42 (s, 1H,
H2’), 6.94 (s, 1H, H5’), 6.35 (s, 1H, H4’), 4.18-4.16 (m, 1H, Cys α-CH), 4.06-3.96 (m, 2H),
3.59-3.57 (m, 1H, Cys β-CHa), 3.27-3.24 (m, 1H, Cys β-CHb), 2.86-2.70 (m, 4H), 2.62-2.60
(m, 2H), 1.81 (s, 3H, -C(O)-CH3), 1.81-1.69 (m, 4H), 1.36-1.30 (m, 1H), 1.27-1.21 (m, 1H).

Minor isomer: 1H NMR (700 MHz, DMSO-d6): δ 8.05 (d, 1H, J=8.2 Hz, NH), 7.29 (s, 1H,
H2’), 6.96 (s, 1H, H5’), 6.40 (s, 1H, H4’), 4.06-3.96 (m, 2H), 3.72-3.70 (m, 1H, Cys α-CH),
3.23-3.15 (m, 1H, Cys β-CHa), 3.08-3.05 (m, 1H, Cys β-CHb), 2.86-2.70 (m, 4H), 2.62-2.60
(m, 2H), 1.83 (s, 3H, -C(O)-CH3), 1.81-1.69 (m, 4H), 1.36-1.30 (m, 1H), 1.27-1.21 (m, 1H).

Hepatocyte Incubations
Freshly isolated hepatocytes were prepared from F344 rats according to published
methods.21 The viability of the cells was greater than 85% as judged by trypan blue
exclusion. The hepatocyte incubations were performed in sealed screw-capped 25 mL
Erlenmeyer flasks to prevent furan evaporation as previously reported.5 The cells were
suspended at a concentration of 2 million cells/mL in RPMI 1640 media, containing 10 mM
HEPES, pH 7.4. After a 10 min preincubation period at 37 °C in an atmosphere of 5% CO2,
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the flasks were capped tightly and a solution of furan was added with a syringe through a
septum to a final concentration of 100 μM. Controls were performed in the absence of furan
or in the presence of 200 μM 1-phenylimidazole (an inhibitor of CYP2E1). The mixtures
were then incubated at 37 °C with gentle shaking. After 4 h, the mixture was centrifuged at
6000 × g for 5 min. The supernatant was removed and stored at -20 °C for LC/MS/MS
analysis. Incubations were performed in duplicate and were repeated with different
hepatocyte preparations. The supernatants from the incubations were directly analyzed by
LC/MS for metabolites.

Animal Studies
All procedures involving the use of animals in these studies were approved by the
University of Minnesota Institutional Animal Care and Use Committee and performed
according to NIH guidelines. F344 male rats (200-300 g) were purchased from Charles
River Laboratories (Kingston, NY). Groups of three rats were treated with 8 mg/kg [12C4]-
or [13C4]furan in 5 mL/kg corn oil by gavage. The control group received only corn oil.
Immediately after treatment, rats were transferred to individual metabolism cages according
to NIH guidelines. Urine was collected on dry ice for 24 hours and stored at -80 °C. Prior to
MS analysis, it was acidified with TFA to a final concentration of 2% (v/v), centrifuged to
remove any particulate matter, and filtered through a 0.45 μm syringe filter.

LC/MS Analysis of Metabolites
LC/MS/MS analyses of supernatants from hepatocyte incubations, in vitro reaction
mixtures, or urine were conducted with a Phenomenex (Torrence, CA) Synergi Hydro-RP
80Å column (250 mm × 0.5 mm, 4 μm) at a flow rate of 12.5 μL/min. The column was
eluted with HPLC method 1 (solvent A was 10 mM ammonium formate, pH 2.8). The
HPLC was coupled to an Agilent 1100 series LC/MSD Trap SL mass spectrometer
operating in positive ion mode. Helium was the nebulizing and drying gas (15 psi, 5 L/min),
and had a temperature set at 200 °C. Initial analyses were performed with the mass
spectrometer set to full scanning mode with a scan range of 75-750 m/z. The resulting data
were mined for compounds that were present in the furan-exposed samples and absent in the
control samples. The samples were then reanalyzed with the mass spectrometer set in the
auto-MS2 mode to obtain fragmentation patterns for each of the metabolites.

For a more sensitive scan of the hepatocyte supernatants and synthetic standards, LC/MS/
MS analyses were conducted on a nanoACQUITY UPLC pump (Waters, Milford, MA)
coupled to a Finnigan TSQ Quantum Ultra AM mass spectrometer (Thermo Electron, San
Jose, CA) operating in positive mode. The compounds were separated on a Phenomenex
Synergi Hydro-RP 80Å column (250 mm × 0.5 mm, 4 μm) at a flow rate of 10 μL/min. The
column was eluted with the following gradient: 10 min at 100% A; 15 min gradient to 75%
A, 25% B; 5 min gradient to 50% A, 50% B; 5 min gradient to 100% B, where solvent A
was 10 mM ammonium formate, pH 2.8, and solvent B was 50% acetonitrile in water.
Selected reaction monitoring (neutral loss 129) was used to target for specific GSH-BDA-
amine cross-links.

To detect metabolites with unknown parent masses but known structure (NAC and NAC
sulfoxide conjugates), LC/MS/MS analyses were conducted on a nanoACQUITY UPLC
pump (Waters, Milford, MA) coupled to a Finnigan TSQ Quantum Ultra AM mass
spectrometer (Thermo Electron, San Jose, CA) operating in positive ion mode. The
compounds were separated at a flow rate of 10 μL/min on a Phenomenex Synergi Hydro-RP
80Å column (250 mm × 0.5 mm, 4 μm) with HPLC method 1 (solvent A was 10 mM
ammonium formate, pH 2.8). The mass spectrometer was operated in constant neutral loss
(CNL) mode with a scan range (parent mass) of 300-450 m/z. A neutral loss of 129 was used
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for NAC conjugates, while a neutral loss of 177 was used for the NAC sulfoxide
conjugates.10,11

High resolution mass spectral data for the metabolites were obtained on a Thermo Ultra AM
Triple Quadrupole mass spectrometer. The compounds were separated on a Phenomenex
Synergi Hydro-RP 80Å column (250 mm × 0.5 mm, 4 μm) using a flow rate of 10 μL/min.
The column was eluted with HPLC method 1 where solvent A was 0.1% (v/v) phosphoric
acid in water and solvent B was 1% (v/v) phosphoric acid in water containing 50%
acetonitrile. Selected reaction monitoring (SRM) experiments were performed using the
same instrumentation, but the column was eluted with HPLC Method 1 (solvent A was 10
mM ammonium formate, pH 2.8) with a flow rate of 15 μL/min. Argon was used as the
collision gas with a collision energy set at 15 eV.

In vitro relative reactivity experiments
GSH (1.5 mg, 5 μmol) and an equimolar mixture of putrescine, cadaverine, L-ornithine,
spermine, spermidine, and L-lysine (100 nmol each) were combined in a 1.5 mL amber vial
with either sodium phosphate buffer (150 mM, pH 7.4) or hepatocyte medium (total volume:
1 mL). The reaction was initiated upon addition of BDA (100 nmol). After 90 min at 37 °C,
the reaction mixture was analyzed by LC/MS (flow rate 12 μL/min) using HPLC method 1
(solvent A was 10 mM ammonium formate, pH 2.8) to determine the relative levels of the
GSH-BDA-amine reaction products.

The data were corrected for differences in ionization. This was determined as follows:
Equimolar amounts of GSH, BDA, and an amine (putrescine, cadaverine, L-ornithine,
spermine, spermidine, or L-lysine) were combined in 150 mM sodium phosphate buffer, pH
7.4. The GSH-BDA-amine reaction products were isolated by HPLC and desalted as
described above. The identity of products was established by MS analysis. Assuming that
the molar extinction coefficient of each product was similar, the GSH-BDA-amine fractions
were combined into an equimolar mixture of each product. This generated an HPLC trace
that contained equal peak areas for all the GSH-BDA-amine products using analytical HPLC
Method 1. The mixture was diluted 1:10 into three different solutions: water, hepatocyte
media, or 150 mM sodium phosphate buffer (pH 7.4). These diluted solutions were analyzed
by LC/MS using HPLC Method 1 (flow rate 12 μL/min). The ratio of the area of each peak
to the sum of all peaks was calculated. This ratio was divided by 1/9 (≈11.1%), which is the
expected ratio if each of the nine isomers gave an identical response. The resulting fraction
is the correction factor listed in Supplemental Table 1.

RESULTS
Hepatocyte metabolites

Previously, we reported that freshly isolated hepatocytes convert furan to several
metabolites, including GSH-BDA cross-links to the α- and ε-amino groups of lysine and a
GSH-BDA cross-link to glutamine (S-[1-(4-amino-1-carboxy-4-oxobuty)-1H-pyrrol-3-yl]-
glutathione, GSH-BDA-glutamine, 5, Scheme 2).11 Constant neutral loss (CNL) analysis of
the LC-MS/MS data of hepatocyte supernatants indicated the presence of several additional
glutathione reaction products (Figure 1). The formation of these metabolites required furan
and was blocked upon inclusion of 1-phenylimidazole, a selective cytochrome P450 2E1
inhibitor.22 Our hypothesis was that these metabolites were GSH-BDA cross-links with
cellular amines similar to GSH-BDA-lysine or GSH-BDA-glutamine.

The metabolite with the largest area had a molecular ion at m/z 488 (Figure 1). Extraction of
the ion current at 488 m/z indicated the presence of two metabolites (Supplemental Figure
1a). This nominal mass of these metabolites is 14 amu less than the GSH-BDA-lysine and
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GSH-BDA-glutamine cross-links. Two amino acids with the appropriate molecular weight
are asparagine and ornithine. Reaction of asparagine with BDA in the presence of GSH
generated the formation of one major and one minor reaction product with molecular ions of
m/z 488. The major isomer was likely the cross-link with the α-amino group as was observed
with glutamine (6, Scheme 2).11 Preliminary studies indicated that the hepatocyte
metabolites did not co-elute with these reaction products (data not shown) so we did not
chemically characterize these products.

Ornithine also reacts with BDA in the presence of GSH to form two reaction products with
molecular ions at m/z 488. These compounds co-eluted with the hepatocyte metabolites
(Supplemental Figure 1a). Preparative scale isolation and chemical characterization of the
GSH-BDA-ornithine reaction products indicated that the first eluting product results from
pyrrole formation with the α-amino group (S-[1-(4-amino-1-carboxybutyl)-1H-pyrrol-3-yl]-
glutathione, GSH-BDA-Nα-ornithine, 7a, Scheme 2) and the second eluting product has the
cross-link occurring on the δ-amino group (S-[1-(4-amino-4-carboxybutyl)-1H-pyrrol-3-yl]-
glutathione, GSH-BDA-Nδ-ornithine, 7b) (Supplemental Figure 2). These standards had the
same exact mass and MS2 fragmentation pattern as the metabolites (Table 1, Supplemental
Figure 1b).

Another metabolites detected in the CNL 129 mass chromatogram had molecular ion at m/z
501 (Figure 1). Extraction of m/z 501 indicated the presence of two metabolites with this
mass (Supplemental Figure 3a). This mass is consistent with the formation of GSH-BDA
cross-links with spermidine which has a nominal mass of 145 Da. Reaction of BDA with
spermidine and GSH generated two GSH-BDA-spermidine products with molecular ions of
m/z 501 that co-eluted with the hepatocyte metabolites (Supplemental Figure 3a). COSY
NMR analysis of the chemical reaction products indicated that the first eluting product
resulted from the cross-link being formed with the primary amine attached to the three-
carbon chain (N-(3-(3-(S-glutathionyl)-1H-pyrrol-1-yl)propyl)butane-1,4-diamine, GSH-
BDA-N1-spermidine, 8a, Scheme 2) and the later eluting product resulted from cross-link
formation with the primary amino group attached to the four-carbon chain (N-(4-(3-(S-
glutathionyl)-1H-pyrrol-1-yl)butyl)propane-1,3-diamine, GSH-BDA-N8-spermidine, 8b,
Scheme 2) (Supplemental Figure 4). The MS2 fragmentation and exact mass of the
metabolites matched those of the synthetic standards (Table 1, Supplemental Figure 3b).

After observing that GSH-BDA (3) reacts with spermidine to form cross-links, we prepared
the synthetic standards for the GSH-BDA cross-links to the other polyamines, putrescine,
spermine and cadavarine. Reaction of GSH-BDA (3) with putrescine generates a single
cross-link with a molecular ion of m/z 444 (Table 1, Supplemental Figure 5). NMR analysis
confirmed the structure as S-(1-(4-aminobutyl)-1H-pyrrol-3-yl)glutathione (GSH-BDA-
putrescine, 9, Scheme 2). This metabolite was not observed when the hepatocyte medium
was analyzed by LC/MS/MS on the ion trap mass spectrometer. However, when the
hepatocyte medium was analyzed by selected reaction monitoring (SRM) for the transition
of m/z 444 → m/z 315 (neutral loss of 129) on a triple quadrupole mass spectrometer, a peak
with a similar retention time to the synthetic standard was observed (Figure 2).
Subsequently, we demonstrated that this metabolite co-eluted with the synthetic standard
(Figure 2).

GSH-BDA (3) reacts with spermine or cadaverine to form single reaction products with
molecular ions at m/z 558 and 458, respectively (Table 1). NMR analysis confirmed the
structures as N-(3-((S-glutathionyl)-1H-pyrrol-1-yl)propyl)butane-1,4-diamine (GSH-BDA-
spermine, 10) and S-(1-(5-aminopentyl)-1H-pyrrol-3-yl)glutathione (GSH-BDA-cadaverine,
11, Scheme 2). Neither compound was observed in the hepatocyte medium even when SRM
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analysis on a triple quad mass spectrometer was performed (10: m/z 558 → m/z 429 or 11:
m/z 458 → m/z 329; data not shown).

Urinary Metabolites
Since GSH-BDA (3) cross-links with ornithine, spermidine and putrescine were observed as
rat hepatocyte metabolites of furan, we investigated whether the N-acetyl-L-cysteine (NAC)
derivatives of these compounds were present in the urine from furan-treated rats. The
mercapturates were targeted since the major metabolites detected in the urine thus far had
been NAC-BDA-lysine metabolites.11,12 We focused on the ornithine and spermidine cross-
links since they were the most abundant hepatocyte metabolites. Standards for the NAC-
BDA-amine cross-links were prepared by combining the amine with BDA in the presence of
NAC.

Two ornithine reaction products (m/z 344) were formed when NAC, BDA and ornithine
were combined, eluting at 37 and 50 minutes (Table 1). In the urine of furan-treated rats,
there were no peaks unique to furan exposure with this mass, even when analyzed by SRM
(m/z 344 → m/z 197 and m/z 344 → m/z 215; data not shown).

When BDA was combined with spermidine and NAC, two major UV-absorbing peaks were
observed in the HPLC trace, eluting at 32.0 min and 37.1 min in a ratio of 6:1. Mass spectral
analysis demonstrated that they had the expected molecular ion (m/z 357) for the NAC-
BDA-spermidine cross-links (Table 1). Preparative isolation and characterization by NMR
analysis indicated that the peak that elutes at 32.0 min is the spermidine-N1 cross-link (N-
acetyl-S-[1-(3-((4-aminobutyl)amino)propyl)-1H-pyrrol-3-yl]-L-cysteine, NAC-BDA-N1-
spermidine, 12a), whereas the compound that elutes at 37.1 min is the spermidine-N8 cross-
link (N-acetyl-S-[1-(4-((3-aminobutyl)amino)propyl)-1H-pyrrol-3-yl]-L-cysteine, NAC-
BDA-N8-spermidine, 12b) (Scheme 3).

There were metabolites in the urine of furan-treated rats with retention times and molecular
ions as well as fragmentation patterns identical to the synthetic standards (Figure 3, Table
1). These compounds were not present in the urine of vehicle-treated controls. The mass of
the NAC-BDA-spermidine metabolites were increased by 4 mass units in the urine from
[13C4]furan-treated rats (Figure 3, Table 1). Their identity was further verified by co-elution
with the synthetic standards (Supplementary Figure 6) and by high resolution mass spectral
analysis (Table 1).

Since we had observed sulfoxide derivatives of the NAC-BDA-lysine metabolites in urine
from furan-treated rats,11,12 we investigated the possibility that the NAC-BDA-spermidine
cross-links also underwent oxidation to their corresponding sulfoxides. Standards for these
metabolites were prepared by oxidizing each of the NAC-BDA-spermidine cross-links with
m-chloroperbenzoic acid (mCPBA). The products of the oxidation had the expected
molecular ion at m/z 373. NMR analysis of the products was performed to confirm that the
oxidation had occurred on the sulfur atom. This analysis indicated that each peak was a
mixture of two diastereomers in a 6:5 ratio major:minor (based on the orientation of the
sulfoxide oxygen). The sulfoxides for NAC-BDA-N1-spermidine eluted at 3.7 min (N-
acetyl-S-[1-(3-(4-aminobutylamino)propyl)-1H-pyrrol-3-yl]-L-cysteine sulfoxide), whereas
the sulfoxides for NAC-BDA-N8-spermidine eluted at 3.5 min (N-acetyl-S-[1-(4-(3-
aminobutylamino)propyl)-1H-pyrrol-3-yl]-L-cysteine sulfoxide). Given that these
compounds eluted very early and there were co-eluting peaks with the same mass, it was
difficult to judge whether these compounds were formed in vivo.

To look for evidence for the possible presence of NAC-BDA-putrescine or further
metabolites of NAC-BDA-ornithine or NAC-BDA-spermidine, urine from furan- and
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vehicle-treated rats were analyzed by CNL scanning using a triple quadrupole mass
spectrometer. Both CNL 129 (for the NAC conjugates) and CNL 177 (for NAC sulfoxides)
were performed.11 These studies did not lead to the identification of additional metabolites
beyond NAC-BDA-spermidine (data not shown).

Relative Formation of GSH-BDA-Amines
In rat hepatocytes, the relative abundance of GSH-BDA-amine reaction products was GSH-
BDA-Nδ-ornithine > GSH-BDA-Nα-ornithine ≥ GSH-BDA-Nε-lysine and its acetylated
counterpart ≥ GSH-BDA-N1-spermidine > GSH-BDA-N8-spermidine > GSH-BDA-Nα-
lysine > GSH-BDA-putrescine. Neither GSH-BDA-spermine nor GSH-BDA-cadaverine
was observed. To determine the relative reactivity of GSH-BDA (3) with these various
amines, 5 mM GSH was reacted with 100 μM BDA and an equimolar mixture of the amines
(100 μM each putrescine, cadaverine, spermine, spermidine, ornithine, and lysine) in either
150 mM sodium phosphate buffer (pH 7.4) or in hepatocyte medium (RPMI 1640 media,
containing 10 mM HEPES, pH 7.4). The reaction was allowed to proceed for 90 min at 37
°C before analysis by LC/MS using an ion trap mass spectrometer as a detector (Figure 4).
The peak areas were corrected for ionization efficiency (Supplemental Table 1). The results
of these experiments are summarized in Figure 5. The expected products are shown in
Scheme 2. In addition to GSH-BDA cross-links to putrescine, cadaverine, spermine,
spermidine, ornithine, and lysine, intramolecular and intermolecular cross-links to GSH
were also formed (mono-GSH-BDA, 4, and GSH-BDA-GSH, 13; Scheme 2).

The relative amount of each reaction product formed was dependent on the nature of the
buffer. In 150 mM sodium phosphate, pH 7.4, the most abundant product was GSH-BDA-
GSH. The relative abundance of the amino acid and polyamine reaction products was GSH-
BDA-spermine > GSH-BDA-N1-spermidine ≥ GSH-BDA-putrescine ≥ GSH-BDA-Nδ-
ornithine ≥ GSH-BDA-cadaverine > GSH-BDA-N8-spermidine > GSH-BDA-Nε-lysine >
GSH-BDA-Nα-lysine ⋙ GSH-BDA-Nα-ornithine (not detected). In hepatocyte medium, the
most abundant product was GSH-BDA-spermine. Only low levels of GSH-BDA-GSH were
formed in this reaction buffer. The order of reaction was GSH-BDA-spermine > GSH-BDA-
N1-spermidine > GSH-BDA-putrescine > GSH-BDA-N8-spermidine > GSH-BDA-
cadaverine > GSH-BDA-Nε-lysine > GSH-BDA-Nδ-ornithine > GSH-BDA-Nα-lysine ⋙
GSH-BDA-Nα-ornithine (not detected). Upon summing together the regioisomers formed
from each amine, the relative order of reactivity was spermine > spermidine > putrescine ≥
ornithine ≈ lysine ≈ cadaverine in both reaction solvents.

The overall yield of the reaction products was lower when the reaction was performed in
hepatocyte medium (Figure 4). The medium contains many chemicals that are likely to
compete with the amines (including the amino group of GSH) for reaction with BDA or
GSH-BDA (3), reducing the overall yield of cross-links. A major reaction product was
observed in the hepatocyte media reaction that was not present in the buffer reaction
mixture. This compound eluted at 33.9 min and had a molecular ion at m/z 477. This
compound was formed in the absence of the amine mixture but required BDA, GSH and the
media. The formation of this compound likely competes with production of the GSH-BDA-
amine cross-links. The chemical structure of this compound was not determined. The
daughter ion mass spectrum indicated that it was a reaction product containing GSH since it
contained ions resulting from neutral losses characteristic of GSH (NL 75 and 129). This
compound is not likely a GSH-BDA-amine cross-link since there are no amines present in
the hepatocyte medium that would generate a GSH-BDA-amine cross-link with the correct
mass. Additionally, the MS2 spectrum of the unknown contained an ion which indicates the
neutral loss of GSH (neutral loss of 307). This fragmentation is not observed in any of the
GSH-BDA-amine cross-links characterized to date.
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Further evidence that the presence of additional nucleophiles affects the product distribution
was provided by comparing the regioselectivity of the reaction of GSH-BDA (3) with
ornithine, lysine and spermidine (Table 2) between the different reaction settings. In the in
vitro reaction with the amine mixture, the GSH-BDA-Nα-ornithine cross-link was not
detected. However, both the α- and δ-ornithine reaction products were observed when
ornithine was reacted with GSH and BDA alone, with the reaction still preferentially
occurring with the δ-amino group. The nature of the reaction buffer did not influence the
relative product formation for this amino acid. There was a slight effect of reaction medium
on the relative reactivity of the Nα- and Nε-amino groups of lysine. The preference of
reaction with the Nε-amino group has been previously reported.11 There was also significant
regioselectivity in the reaction of BDA-GSH with the two amino groups of spermidine with
the reaction preferentially occurring on the N1 nitrogen atom. For this amine, the reaction
medium significantly influences the relative reactivity of the two amino groups.

DISCUSSION
Previously we demonstrated that a significant route of furan metabolism involves the
oxidation of furan to BDA, followed by reaction of BDA with GSH to form GSH-BDA (3)
that can cross-link with amines like lysine and glutamine.11,12 In this report, we
characterized GSH-BDA-ornithine, GSH-BDA-spermidine and GSH-BDA-putrescine as
hepatocyte metabolites of furan. These compounds indicate that any endogenous amine
could be a target for alkylation by GSH-BDA (3). More importantly, they may signify that
polyamines have an important function in the toxicity of furan.

To our knowledge, this is the first identification of xenobiotic-polyamine adducts in a cell-
or animal-based system. The formation of these products demonstrates that polyamines
serve as traps for electrophiles, detoxifying the reactive aldehydes formed during furan
metabolism and preventing them from modifying proteins or other critical targets. This
protection is expected to dominate at lower furan exposures, where the concentrations of
GSH-BDA (3) are likely insufficient to result in significant depletion of polyamines.
Polyamines are known to protect against oxidative damage, radiation damage and alkylation
damage by a variety of mechanisms.23-30 Mechanisms for protection include direct
scavenging of the reactive molecule, induction of conformational changes in DNA, physical
blocking of DNA from interactions with the reactive intermediate, or a combination of all
four. Until this report, the products of these scavenging reactions have only been chemically
characterized in vitro.23,26,30

These products could also represent adverse effects for furan-exposed cells since polyamines
play a vital role in cellular homeostasis. They are essential for a wide variety of cellular
functions including cell growth and differentiation.31-33 Therefore at high furan exposure,
one might envision that the formation of GSH-BDA-polyamine adducts might significantly
alter the balance of polyamines in the liver. Changes in the polyamine pools have a major
influence on cellular physiology; consequently their levels are tightly regulated through
altered expression of the enzymes involved in their synthesis and degradation.32 Increased
polyamine levels are associated with increased cell proliferation, decreased apoptosis and
increased expression of oncogenic genes.14 An exception to this is that extremely high levels
of polyamines leads to apoptosis.14 Alternatively, decreased polyamine levels are associated
with decreased cell growth and apoptosis.16,29,34,35 Therefore, if furan disrupts these
polyamine pools via the formation of GSH-BDA-polyamine metabolites, these changes
could play an important role in the overall toxicological effects of furan.

It is also possible that the products of these reactions, GSH-BDA-polyamine, are themselves
toxic. Polyamine analogs have been explored for their potential as antitumor agents.36 A
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number of these compounds are cytotoxic at submicromolar concentrations, so it is possible
that the analogs we are detecting as a result of furan metabolism may have toxic properties.
Taken together, it is possible that the modification of polyamines by reactive intermediates
in furan metabolism could play an important role in furan-derived toxicity by disturbing the
polyamine pools, triggering compensatory changes in enzyme levels to replace modified
polyamines, and/or altering the biological activity of polyamines as a result of chemical
modification of the terminal amino group. These possibilities are currently being explored.

A critical step in understanding the potential importance of these metabolites to the toxicity
of furan is defining patterns of reactivity of GSH-BDA (3) in various biologically relevant
contexts. The relative amount of product formed in hepatocytes is GSH-BDA-ornithine >
GSH-BDA-lysine > GSH-BDA-spermidine ≫ GSH-BDA-putrescine. GSH-BDA-spermine
and GSH-BDA-cadaverine were not observed. The only GSH reaction product was mono-
GSH-BDA (4), not GSH-BDA-GSH (13). Our chemical studies indicate that there are
multiple factors that influencing the cross-link product distribution in the isolated
hepatocytes. They include the relative concentration of the amines in hepatocytes, the
relative reactivity of the amino groups, and the presence of competing nucleophiles.
Biochemical stability of the resulting products will also affect the amounts detected.

As shown in Table 3, the absence of GSH-BDA-cadaverine can be explained by the
extremely low hepatocellular cadaverine concentrations.37 Similarly, the relatively low
levels of GSH-BDA-putrescine are likely explained by the low amounts of putrescine
present in hepatocytes.38 However, amine hepatocellular concentrations do not explain the
relative levels of GSH-BDA-lysine, GSH-BDA-ornithine, GSH-BDA-spermidine, GSH-
BDA-spermine and GSH-BDA-GSH. Given the reported hepatocellular levels of these
amines (Table 3),38-41 one would predict that the relative hepatocellular levels of these
conjugates should be GSH-BDA-GSH > GSH-BDA-spermine ≈ GSH-BDA-spermidine >
GSH-BDA-lysine ≥ GSH-BDA-ornithine. Since the relative distribution of these
metabolites is very different than this, factors other than relative concentration of the amines
must play a role in the relative product distribution observed in hepatocytes.

One contributor to the product distribution could be the relative reactivity of the various
biological amines. Our chemical studies indicated that relative reactivity was spermine >
spermidine > putrescine ≥ ornithine ≈ lysine ≈ cadaverine in both reaction solvents. These
data show that primary amines attached to alkyl chains are preferred over primary amines
that are α to a carboxylic acid as reaction partners of the dialdehyde GSH-BDA (3). This
preference can be attributed to electronic and steric effects. It accounts for why the GSH-
BDA-polyamine cross-links are major reaction products despite a 50-fold excess of GSH
over any individual amine (the primary amino group of GSH is α to a carboxylic acid, and is
therefore relatively unreactive). It also explains why the terminal amino groups of lysine and
ornithine are preferred over the corresponding α-amino group. These observations are
consistent with previous studies which demonstrated that α,β-unsaturated aldehydes react
with spermine > spermidine > putrescine ≥ Nε-lysine > Nα-amine of amino acids.30,42

Another factor influencing product distribution could be the pKa of the individual amino
groups since the protonation state of a primary amine is an important factor determining its
nucleophilicity.43 While the relative reactivity of the amines with GSH-BDA (3) does not
strictly correlate to their pKa’s (Table 3), relative pKa’s can be used to justify reactivity
when looking at structurally related pairs. For example, putrescine has a pKa of 9.63 versus
cadaverine with a pKa of 10.05 (Table 3). Therefore, a greater fraction of putrescine will be
unprotonated and available for nucleophilic attack, justifying its greater extent of product
formation in comparison with cadaverine in our model reactions. In contrast, the lower
pKa’s of the α-amino groups do not lead to greater reaction at this position compared to the

Peterson et al. Page 13

Chem Res Toxicol. Author manuscript; available in PMC 2012 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



side-chain amines for reasons discussed above. Therefore the utility of analysis based on
pKa is limited to the consideration of structurally related molecules. Stability of reaction
intermediates may also influence product distribution.

The regiochemistry of the reaction of GSH-BDA (3) with ornithine, spermidine and lysine
in hepatocytes reflected the relative reactivity of these amino groups in the chemical
reactions (Table 2). In hepatocytes, the reaction of GSH-BDA (3) was more skewed to the ε-
amino group of lysine than in the in vitro reactions. As previously reported, there are two
possible sources of GSH-BDA-lysine: one is the reaction of GSH-BDA (3) with free lysine
and the other is the degradation and processing of GSH-BDA-lysine protein adducts.11 The
latter adduct will only lead to GSH-BDA-Nε-lysine since the α-amino group is involved in
peptide bonds, explaining the observed α/ε ratio observed in hepatocytes.11

Regiochemistry aside, differences in chemical reactivity of the amines with GSH-BDA (3)
do not explain the relative levels of GSH-BDA-lysine, GSH-BDA-ornithine, GSH-BDA-
spermidine, GSH-BDA-spermine and GSH-BDA-GSH observed in hepatocytes. Another
factor that could contribute to the hepatocyte product distribution is the chemical make up of
the reaction site, as indicated by the difference in total product yields obtained in sodium
phosphate buffer versus hepatocyte medium. The presence of competing nucleophiles
reduced the formation of GSH-BDA-GSH in hepatocyte medium (Figure 5). This reduction
was accompanied by the abundant formation of a medium component-derived reaction
product (m/z 477). Therefore, it is likely that GSH-BDA-GSH is not observed in furan-
exposed hepatocytes because there are many nucleophiles that could compete with GSH‘s
glutamyl amino group for reaction with GSH-BDA (3) in the cell. A similar argument can
be made for the difference in regioselectivity in the formation of GSH-BDA-spermidine
regioisomers, although this difference could also be explained by differences in pH or ion
strength of the reaction media.43 However, the presence of additional nucleophiles will
compete with amines for reaction with GSH-BDA (3) so that the reactive metabolite will
combine with the most reactive ones first. This hypothesis also may explain the enhanced
regioselectivity of the reaction of GSH-BDA (3) with spermidine in the hepatocyte medium
versus sodium phosphate and with ornithine when multiple amines are present (Table 2).
However, it does not provide insight into the absence of GSH-BDA-spermine and the
relative amounts of GSH-BDA-spermidine, GSH-BDA-ornithine and GSH-BDA-lysine
detected in rat hepatocytes.

Since the chemical reactions indicate that spermine and spermidine are very reactive with
GSH-BDA (3), it is surprising that GSH-BDA-spermine was not detected and that the levels
of GSH-BDA-spermidine are lower than those observed for GSH-BDA-lysine and GSH-
BDA-ornithine. It is possible that spermine and spermidine may not be readily available for
reaction with GSH-BDA (3) since their free concentration is substantially lower than the
total cellular polyamine concentration.32 The possibility that these products are formed but
sequestered within the hepatocyte was eliminated by the absence of these products in
deproteinized cell lysates (data not shown). A likely possibility is that GSH-BDA-spermine
is formed but rapidly degraded to GSH-BDA-spermidine by enzymes in the cell, such as
amine oxidases.32,44 A similar mechanism could explain the lower than expected amounts of
GSH-BDA-spermidine. These degradation reactions produce hydrogen peroxide and
aldehydes known to be toxic to cells.16 The metabolism of these conjugates could be
responsible for the oxidative stress observed in liver following furan treatment.45 We
observed that GSH-BDA-spermidine was unstable in the hepatocyte incubations with the
N1-isomer more unstable than the N8-isomer (data not shown). This instability was not
observed in the absence of cells. The biological fate of these metabolites requires
investigation.
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The only downstream metabolite of these newly characterized GSH-BDA-amine products
that was detected in urine of furan-treated rats was NAC-BDA-spermidine. The lack of
detection of NAC-BDA-putrescine in the urine of furan-treated rats is not surprising since
only low levels of this metabolite were detected in hepatocytes. Given the large abundance
of GSH-BDA-ornithine in furan-treated rat hepatocytes, it is surprising that there were no
detectable levels of NAC-BDA-ornithine in rat urine following furan exposure. Further
studies will be necessary to determine if GSH-BDA-ornithine is formed in vivo and, if so,
what its fate is.

The urinary levels of NAC-BDA-spermidine appeared to be much lower than those of NAC-
BDA-lysine and related metabolites based on MS analysis. While this observation could
result from large differences in ionization efficiency of the two metabolites in the mass
spectrometer, a more likely possibility is that CYS-BDA-lysine cross-links dominate in vivo
since a major source of this cross-link is likely to be BDA-derived protein adducts.11

Thirteen percent of an 8 mg/kg dose of furan becomes bound to proteins46, therefore the
degradation products of these adducts are expected to dominate in the urine and feces of
furan-treated rodents.10,11,47 Future studies will focus on the development of analytical
methods to quantify each of the metabolites detected in the urine of furan-treated rats to get
a better sense of the overall mass balance of the various pathways.

In summary, GSH-BDA-amine cross-links with ornithine, putrescine and spermidine were
detected following exposure of rat hepatocytes to furan. Degradation products of the GSH-
BDA-spermidine products were detected in low levels in urine of furan-treated rats. The
high reactivity of GSH-BDA (3) with spermine and spermidine suggest that the formation of
these conjugates could represent detoxification pathways at low furan exposures. At higher
exposure levels, these reactions may cause imbalances in polyamine metabolism through a
variety of mechanisms. Imbalances in polyamine metabolism have been linked to cancer and
cell death.16 These furan metabolites may be important clues into the mechanisms by which
furan causes its harmful effects.
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Abbreviations

HRMS High resolution mass spectrometry

BDA cis-2-butene-1,4-dial

GSH-BDA 2-(S-glutathionyl)succinaldehyde

NAC N-acetyl-L-cysteine

SRM selective reaction monitoring

CNL constant neutral loss

mCPBA m-chloroperbenzoic acid
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Figure 1.
Mass chromatogram generated upon extraction of the CNL 129 ion current from LC/MS/MS
analysis of media from A) 0 or B) 100 μM furan-treated rat hepatocytes (HPLC method 1
with 10 mM ammonium formate, pH 2.8) obtained on an Agilent ion trap mass
spectrometer. Previously characterized metabolites are m/z 502 (GSH-BDA-lysine) and m/z
544 (GSH-BDA-Nα-acetyl-lysine).11 Unknowns are: m/z 488 and m/z 501.
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Figure 2.
LC/ESI-MS/MS analysis of media from furan- and control-treated hepatocytes for GSH-
BDA-putrescine in the absence and presence of synthetic standard. The traces were
generated by monitoring for the neutral loss of 129 from the molecular ion (m/z → 444 m/z
315).
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Figure 3.
LC/ESI-MS/MS analysis of rat urine for NAC-BDA-spermidine cross-links. Animals were
treated with either corn oil alone or corn oil containing [12C4]- or [13C4]furan. A. The traces
were generated by monitoring for the neutral loss of 71 from the molecular ion ([12C4]: m/z
357 → m/z 286; [13C4]: m/z 361 → m/z 290). B. The traces were generated by monitoring
for the neutral loss of 129 from the molecular ion ([12C4]: m/z 357 → m/z 228; [13C4]: m/z
361 → m/z 232).

Peterson et al. Page 21

Chem Res Toxicol. Author manuscript; available in PMC 2012 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Representative mass chromatograms of solutions of 5 mM GSH, 100 μM BDA and an
equimolar mixture of the amines (100 μM each putrescine, cadaverine, spermine,
spermidine, ornithine, and lysine) in either 150 mM sodium phosphate, pH 7.4, (top) in
hepatocyte media (RPMI 1640 media containing 10 mM HEPES, pH 7.4, bottom).
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Figure 5.
Relative distribution of GSH-BDA-amine products in sodium phosphate, pH 7.4, hepatocyte
media, and media from furan-treated rat hepatocytes as determined by LC-MS analysis. The
amount of GSH-BDA-Nα-lysine (2b) in furan treated-hepatocytes was calculated from the
relative amount of 2b/2a analysis using SRM monitoring.11

*Includes Nα-acetyl-L-lysine derivative of GSH-BDA-lysine.
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Scheme 1.
Major pathways of furan biotransformation in rats.
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Scheme 2.
The reaction products formed when GSH-BDA is reacted with a variety of cellular amines.
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Scheme 3.
Proposed pathways of furan metabolism. GSH: L-Glutathione; NAC: N-Acetyl-L-cysteine
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Table 1

Mass spectral data for the metabolites and standards.

Compound m/z RTb(min) MS2 (fragment ions, m/z)

HRMS

measureda calculated

GSH-BDA-Nα-ornithine standard 7a 488 24.4 470, 452, 359, 341 488.1806 488.1810

Hepatocyte metabolite 488 24.4 470, 452, 359, 341 488.1813 488.1810

GSH-BDA-Nδ-ornithine standard 7b 488 31.8 470, 359, 342, 227, 213 488.1815 488.1810

Hepatocyte metabolite 488 31.9 470, 359, 342, 227, 213 488.1825 488.1810

GSH-BDA- N1-spermidine standard 8a 501 23.7 483, 372, 355, 301,227 501.2489 501.2490

Hepatocyte metabolite 501 23 483, 372, 355, 301, 227 n.d.c 501.2490

GSH-BDA-N8-spermidine standard 8b 501 28.4 483, 372, 228 501.2491 501.2490

Hepatocyte metabolite 501 28.5 483, 372, 228 n.d. 501.2490

GSH-BDA-putrescine 9 444 34.4 426, 315 444.1890 444.1911

Hepatocyte metabolite 444 34.4 n.d. n.d. 444.1911

GSH-BDA-cadaverine standard 11 458 41.6 440, 329 458.2051 458.2068

GSH-BDA-spermine standard 10 558 19.6 540, 429, 355, 285 558.3085 558.3068

NAC-BDA-Nα-ornithine standard 344 37.2 326, 308, 266, 221, 197 n.d. 344.1275

NAC-BDA-Nδ-ornithine standard 344 50.5 326, 308, 280, 215 n.d. 344.1275

NAC-BDA-N1-spermidine standard 12a 357 32.2 340, 322, 286, 268, 250, 211, 140 357.1939 357.1955

[12C4]Urinary metabolite 357 35.4 340, 322, 286, 268, 250, 211, 140 357.1948 357.1955

[13C4]Urinary metabolite 361 35.4 344, 326, 290, 272, 254, 215, 144

NAC-BDA-N8-spermidine standard 12b 357 37.1 340, 300, 228 357.1958 357.1955

[12C4]Urinary metabolite 357 38.9 340, 300, 228 n.d. 357.1955

[13C4]Urinary metabolite 361 38.9 344, 304, 232

NAC-BDA-N1-spermidine sulfoxide standard 373 7.8 373, 244, 226, 155, 122 373.1913 373.1904

NAC-BDA-N8-spermidine sulfoxide standard 373 8.2 373, 244, 226, 193, 176 373.1922 373.1904

a
[M+H+] (m/z),

b
RT = retention time;

c
n.d. = not determined.

Data was acquired using HPLC Method 1 with 10 mM ammonium formate, pH 2.8.
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Table 2

Regioselectivity of the reaction between GSH-BDA and ornithine, lysine or spermidine

Amine mixturea Individual aminesb

Amine Buffer Media Buffer Media Hepatocytes

Nα/Nδ ornithine (7a/7b) 0 0 0.47 0.55 0.51 ± 0.17

N1/N8 spermidine (8a/8b) 2.5 ± 0.3 6.9 ± 0.6 2.6 7.8 5.5 ± 1.8

Nα/Nε lysine (2b/2a) 0.45 ± 0.05 0.26 ± 0.06 0.57 0.37 0.083 ± 0.021c

a
GSH (5 mM) was combined with 100 μM BDA and an equimolar mixture of amines (100 μM each putrescine, cadaverine, spermine, spermidine,

ornithine, and lysine) in either 150 mM sodium phosphate, pH 7.4 (buffer) or RPMI 1640 media, containing 10 mM HEPES, pH 7.4 (media). The
reaction mixture was analyzed by LC-MS and the resultant peak areas were corrected for the ionization efficiency of each reaction product
(Supplemental Table 1) prior to calculating the ratio of the two possible regioisomers.

b
GSH (5 mM) was combined with 100 μM BDA and 100 μM ornithine, lysine or spermidine in either 150 mM sodium phosphate, pH 7.4 (buffer)

or RPMI 1640 media, containing 10 mM HEPES, pH 7.4 (media). The reaction mixtures were analyzed as described above.

c
Previously published.11
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Table 3

Cellular amines pKas and their concentrations in hepatocytes.

Amine pKa of amine Conc. (nmol/g)

Ornithine Nα: 8.69; Nδ:10.7648 230-37039,49,50

Lysine Nα: 9.06; Nε:10.5448 200-73040,49,50

Putrescine 9.63; 10.8048 18-5737,38,51,52

Cadaverine 10.05; 10.9348 2.6-7.937,53

Spermine 10.1; 10.954 618-159138,51,52

Spermidine N1: 10.9; N8: 9.954 646-220537,38,51,52

GSH 8.7548 5000-700055,56
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