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1. EVALUATION

The Committee took note of the extensive evidence for the genotoxicity of
several members of this group of flavouring agents related to furan, including the
clastogenicity of 2-furyl methyl ketone (No. 1503) in mouse bone marrow. Furan,
which is carcinogenic, is known to undergo epoxidation and ring opening to form a
reactive 2-ene-1,4-dicarbonyl intermediate. Accordingly, there is concern that the
observed genotoxicity might be due to formation of a reactive metabolite. No data
were available on the potential of members of this group to form reactive metabolites,
and no role of metabolism has been identified in the observed genotoxicity. Moreover,
there were few data on genotoxicity in vivo, and specific in-vivo assays to address
potential carcinogenicity were lacking.

The Committee concluded that the Procedure could not be applied to this
group, because of the above concerns. Studies that would assist in resolving the
concerns include studies on metabolism and assays for DNA reactivity, mutagenicity
and carcinogenic potential in vivo of members of this group with representative
structures.
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2. RELEVANT BACKGROUND INFORMATION
2.1  Explanation

This monograph summarizes the key data relevant to the safety evaluation
of 40 flavouring agents (see Table 1), comprising aliphatic hydrocarbons, alcohols,
aldehydes, ketones, carboxylic acids and related esters, sulfides, disulfides and
ethers containing a furan substitution. The group of flavouring agents comprises: 20
alkyl-substituted furans (Nos 1487—-1496) and furyl ketone derivatives (Nos 1497,
1499, 1503-1512 and 1514-1517), 13 furyl-subtituted aldehydes (Nos 1497-1499)
and related carboxylic acid esters (Nos 1513-1516), three furyl-substituted ethers
(Nos 1520-1522) and four furyl-substituted compounds: two sulfides (Nos 1523
and 1525}, one disulfide (No. 1524) and a thioester (No. 1526).

2.2 Intake

The total annual production volume of the 40 aliphatic hydrocarbons, alcohols,
aldehydes, ketones, carboxylic acids and related esters, sulfides, disulfides and
ethers containing furan substitution is approximately 462 kg in Europe (International
Organization of the Flavor Industry, 1995) and 457 kg in the USA (National Academy
of Sciences, 1970, 1982, 1987; Lucas et al., 1999). Approximately 83% of the total
annual volume in Europe and approximately 60% of that in the USA is accounted for
by two substances in the group, 2-furyl methy! ketone (No. 1503) and isobutyl 3-(2-
furan)propionate (No. 1514). The reported annual volumes of the other substance
in this group do not exceed 50 kg. Production volumes and intake values for each
substance are reported in Table 2.

Although aliphatic hydrocarbons, alcohols, aldehydes, ketones, carboxylic
acids and related esters, sulfides, disulfides and ethers containing furan substitution
are commonly found in a variety of roasted, smoked, cooked and fermented foods,
including cocoa, coffee, tea, beer, rum, roasted meats (beef, chicken, pork), and
smoked fish, they also occur in a variety of fruits, vegetables, nuts and grains (e.g.
peaches, berries, calamus, asparagus, cabbage, capsicums, mint, parsley, walnuts,
hazelnuts and wheaten bread) (Nijssen et al., 2004). As shown in Table 2, 22 of the
substances in this group have been reported to occur naturally in foods (Nijssen et
al., 2004). Quantitative data on natural occurrence and consumption ratios have
been reported for seven substances in the group and show that intake occurs
predominantly via consumption of traditional foods (i.e. consumption ratio, > 1)
(Stofberg & Kirschman, 1985; Stofberg & Grundschober, 1987) (see Table 2).

2.3 Biological data
2.3.1 Biochemical data
(a) Hydrolysis

In general, esters are expected to be hydrolysed by carboxylesterases to
the corresponding alcohol and the corresponding carboxylic acid (see Figure 1),
and aliphatic esters containing furyl substitution, like other aliphatic esters, undergo
such hydrolysis. Furoate esters are hydrolysed to 2-furoic acid and the corresponding
alcohol. Of the carboxylesterases, the most important are the A-esterases, which,
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Table 2. Annual volumes of production of aliphatic hydrocarbons, alcohols,
aldehydes, ketones, carboxylic acids and related esters, sulfides, disulfides and
ethers containing furan substitution used or proposed for use as flavouring
agents in Europe and the USA

Agent (No.) Reported® / Intake® Annual volume in ~ Consumption
anticipated —————— nalurally occurring  ratio®
annual ug/day pg/kg bw foods (kg)®
volume (kg) per day

2-Methylfuran (No. 1487)

Europe® 1.7 0.2 0.004

USA® 1.7 0.3 0.005 + NA
2,5-Dimethylfuran (No. 1488)

Europe® 0.1 0.01 0.0002

USAe 0.1 0.02 0.0003 + NA
2-Ethylfuran (No. 1489)

Europe 0.5 0.07 0.001

USA 4 0.5 0.009 883 221
2-Butylfuran (No. 1490)

Europe® 2 0.3 0.005

USA® 2 0.4 0.006 + NA
2-Pentylfuran (No. 1491)

Europe 15 0.2 0.004

USA 0.2 0.03 0.0004 1370 6850
2-Heptylfuran (No. 1492)

Europe 0.1 0.01 0.0002

USA° 5 0.9 0.02 12 2
2-Decylfuran (No. 1493)

Europe® 0.01 0.001  0.00002

USA® 0.01 0.002 0.00003 + NA
3-Methyl-2-(3-methylbut-2-enyl)furan (No. 1494)

Europe® 1 0.1 0.002

USA® 1 0.2 0.003 + NA
2,3-Dimethylbenzofuran (No. 1495)

Europe 4.3 0.6 0.01
USA 0.1 0.01 0.0002 - NA

2,4-Difurfurylfuran (No. 1496)

Europe® 0.01 0.001  0.00002

USA® 0.01 0.002 0.00003 - NA

3-(2-Furylacrolein (No. 1497)
Europe 0.3 0.04 0.0007
USA 3 0.4 0.007 + NA
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Table 2 (contd)

Agent (No.) Reported® / Intake® Annual volume in ~ Consumption
anticipated T naturally occurring ratiod
annual png/day pgkg bw  foods (kg)°
volume (kg) per day

2-Methyl-3-(2-furyl)acrolein (No. 1498)

Europe 2 0.3 0.005

USA 45 6 0.10 - NA
3-(5-Methyl-2-furyl)prop-2-enal (No. 1499)

Europe® 0.01 0.001 0.00002

USAe 0.01 0.002  0.00003 + NA
3-(5-Methyl-2-furyl)-butanal (No. 1500)

Europe 0.01 0.001  0.00002

USA 4 0.5 0.009 - NA
2-Furfurylidenebutyraldehyde (No. 1501)

Europe NR NR NR

USA 0.05 0.007  0.0001 - NA
2-Phenyl-3-(2-furyl)prop-2-enal (No. 1502)

Europe NR NR NR

USA 0.05 0.007  0.0001 - NA
2-Furyl methyl ketone (No. 1503)

Europe 381 54 0.9

USA 95 13 0.2 26 876 283
2-Acetyl-5-methylfuran (No. 1504)

Europe 3 0.4 0.007

USA 0.9 0.1 0.002 108 120
2-Acetyl-3,5-dimethylfuran (No. 1505)

Europe® 0.01 0.001  0.00002

USAe 0.01 0.002  0.00003 + NA
3-Acetyl-2,5-dimethylfuran (No. 1506)

Europe NR NR NR

USA 12 2 0.03 - NA
2-Butyrylfuran (No. 1507)

Europe® 1 0.1 0.002

USAs 1 0.2 0.003 + NA
(2-Furyl)-2-propanone (No. 1508)

Europe 0.3 0.04 0.0007

USA' 0.09 0.02 0.0003 + NA

2-Pentanoyifuran (No. 1509)
Europe® 0.5 0.07 0.001
USA® 0.5 0.09 0.001 + NA
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Table 2 (contd)

Agent (No.) Reported? / Intake® Annual volume in  Consumption
anticipated —————— naturally occurring  ratio?
annual ng/day pg/kg bw foods (kg)°
volume (kg) per day

1-(2-Furyl)butan-3-one (No. 1510)

Europe® 18 3 0.04

USA® 18 3 0.05 + NA
4-(2-Furyl)-3-buten-2-one (No. 1511)

Europe 13 2 0.03

USA 8 1 0.02 + NA
Pentyl 2-furyl ketone (No. 1512)

Europe NR NR NR

USA® 5 0.9 0.02 - NA
Ethy! 3-(2-furyl)propanoate (No. 1513)

Europe 0.1 0.01 0.0002

USA 0.5 0.07 0.001 + NA
Isobutyl 3-(2-furan)propionate (No. 1514)

Europe 1 0.1 0.002

USA 181 24 04 - NA
Isoamyl 3-(2-furan)propionate (No. 1515)

Europe NR NR NR

USA! 05 0.09 0.002 - NA
Isoamyl 4-(2-furan)butyrate (No. 1516)

Europe NR NR NR

USA' 05 0.09 0.002 - NA
Phenethyl 2-furoate (No. 1517)

Europe NR NR NR

USA! 1 0.2 0.003 - NA
Propyl 2-furanacrylate (No. 1518)

Europe NR NR NR

USA 10 1 0.02 - NA
2,5-Dimethyl-3-oxo-(2H)-fur-4-yl butyrate (No. 1519)

Europe NR NR NR

USA® 25 4 0.07 - NA
Furfuryl methyl ether (No. 1520)

Europe NR NR NR

USA® 0.5 0.09 0.001 3083 6,166

Ethyl furfuryl ether (No. 1521)
Europe® 0.01 0.001 0.00002
USA® 0.01 0.002  0.00003 + NA
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Table 2 (contd)

Agent (No.) Reported® / Intake® Annual volume in  Consumption
anticipated —— ——— naturally occurring ratio?
annual ug/day pg/kg bw foods (kg)°
volume (kg) per day

Difurfuryl ether (No. 1522)

Europe NR NR NR

USA! 0.5 0.09 0.002 2008 4,016
2,5-Dimethyl-3-furanthiol acetate (No. 1523)

Europe® 25 4 0.06

USAe 25 4 0.07 - NA
Furfuryl 2-methyl-3-furyl disulfide (No. 1524)

Europe NR NR NR

USAe 1 0.2 0.003 - NA
3-[(2-Methyl-3-furyl)thio]-2-butanone (No. 1525)

Europe® 0.1 0.01 0.0002

USAe 0.1 0.02 0.0003 - NA
O-Ethyi S-(2-furylmethyl)thiocarbonate (No. 1526)

Europe® 5 0.7 0.01

USA® 5 0.9 0.01 - NA
Total

Europe 462

USA 457

NA, not available; ND, no intake data reported; + reported to occur naturally in foods

(Njissen et al., 2004), but no quantitative data; —. not reported to occur naturally in foods

* From International Organization of the Flavor Industry (1995) and Lucas et al. (1999) or
National Academy of Sciences (1970, 1982, 1987)

® Intake (ng/person per day) calculated as follows: [(annual volume, kg) x (1 x 10° ug/kg)/
(population x survey correction factor x 365 days)], where population (10%, ‘eaters only’) =
32 x 10°® for Europe and 26 x 10° for the USA; where survey correction factor = 0.6 for
Europe and 0.8 for the USA, representing the assumption that only 60% and 80% of the
annual flavour volume, respectively, was reported in poundage surveys (International
Organization of the Flavor Industry, 1995; Lucas et al., 1999; National Academy of
Sciences, 1982) or in the anticipated annual volume.
Intake (g/kg bw per day) calculated as follows: [(ug/person per day)/body weight], where
body weight = 60 kg. Slight variations may occur from rounding.

° Quantitative data for the USA reported by Stofberg and Grundschober (1987)

¢ The consumption ratio is calculated as follows: (annual consumption from food, kg)/(most
recent reported volume as a flavouring substance, kg)

¢ The volume cited is the anticipated annual volume, which was the maximum amount of
flavour estimated to be used annually by the manufacturer at the time the material was
proposed for flavour use. National surveys (National Academy of Sciences, 1970, 1982,
1987; Lucas et al., 1999), if applicable, revealed no reported use as a flavour agent.

' Annual volume reported in previous surveys in the USA (National Academy of Sciences,
1970, 1982)
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in mammals, occur in most tissues of the body but predominate in hepatocytes
(Heymann, 1980).

Figure 1. General ester hydrolysis

O O

H R

R” YO ) RJ\OH+ R'—OH

Hydrolysis can occur in the gastrointestinal tract before absorption. A
concentration of 27 pl/l isoamyl furylpropanoate (No. 1515) or 40 wl/i ethyl furyl-
propionate (No. 1513) was reported to be completely hydrolysed within 2 h by
pancreatin (Grundschober, 1977). A report that the glycine conjugate of furoic acid
(furoylglycine) was the major metabolite in the urine of rats given an oral dose of
20 mg of furfural diacetate, a structurally related substance, provided evidence that
the acetal ester of furfural was hydrolysed to acetic acid and furfural, which, in turn,
was oxidized to furoic acid (Paul et al., 1949). At the same dosage, furfuryl propionate
(No. 740) was hydrolysed to propionic acid and furfuryl alcohol, which was
subsequently oxidized to furoic acid, while the methyl ester of 3-furylacrylic acid
was hydrolysed to methanol and furylacrylic acid, which was subsequently oxidized
and cleaved to yield furoic acid. It is anticipated that furfuryl and furoate esters
would be hydrolysed to the parent alcohol and acid, respectively. The parent alcohol,
aldehyde, and the acid are expected to participate in common pathways of
metabolism and excretion.

Hydrolysis of isoamyl 3-(2-furyl)propionate (No. 1515) was determined in
the duodenal lumen of male Dunkin-Hartley guinea-pigs. No free ester was detected
in portal blood samples 2 or 5 min after injection of 30, 50 or 70 ppm of isoamyl-3-(2-
furyl)propionate in saline into the intestinal lumen. In a study of ester stability in
vitro, > 98% of isoamyl 3-(2-furyl)propionate was hydrolysed within 1 min of incubation
of guinea-pig blood at 37 °C, and no free ester was detected after 5 min (Pelling et
al., 1980).

The half-lives, as indicated by loss of parent ester by hydrolysis of furfuryl
acetate (No. 739), furfuryl propionate (No. 740), furfuryl butyrate (No. 759) and fufuryl
isopentanoate (No. 743) when incubated in artificial pancreatic fluid containing
pancreatin, were < 0.01, < 0.01, < 0.01 and 5.1 £ 0.4 min, respectively. When
50 pmol/l furfuryl propionate were incubated with 5% rat liver homogenate, the rate
of hydrolysis was reported to be > 70 nmol/min per mg protein. Furfuryl propionate
was also readily hydrolysed when incubated with 5% rat blood homogenate, at a
rate of 49 nmol/min per mg protein. At a single time, rat blood showed more hydrolysis
of furfuryl propionate than human blood (t;,; = 0.0112 + 0.0034 min, k = 0.0668 +
0.0230 nmol/min per mg protein versus t;,,=18.7 £ 1.9 min, k=0.0373 £ 0.0038 nmol/
min per mg protein, respectively). When furfuryl propionate was incubated with rat
intestinal mucosa, rapid hydrolysis was observed (t,, = 0.0130 + 0.0005 min, k =
62.04 £ 0.061 nmol/min per mg protein). Rat intestinal homogenate showed more
hydrolytic activity than the other tissue homogenates used in this study (Buck, 2000).

Studies in vitro and in vivo thus show that the esters in this group of aliphatic
hydrocarbons, alcohols, aldehydes, ketones, carboxylic acids, and related esters,
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sulfides, disulfides and ethers containing furan substitution are hydrolysed to the
corresponding alcohols and carboxylic acids.

(b)  Absorption, distribution and excretion

The furyl derivatives in this group are rapidly absorbed, metabolized and
excreted from animals. Furfuryl alcohol and furfural are rapidly absorbed by rodents
when administered by common routes, including orally (Nomeir et al., 1992), dermally
and by inhalation (Castellino et al., 1963; National Institute for Occupational Safety
and Health, 1979). After administration at doses ranging from 0.1 mg/kg bw to
200 mg/kg bw, furfuryl alcohol and furfural were absorbed from the gastrointestinal
tract, metabolized and excreted, primarily in the urine (Rice, 1972; Nomeir et al.,
1992; Parkash & Caldwell, 1994).

More than 86% of the radiolabel from 0.275, 2.75 or 27.5 mg/kg bw of 14C-
furfuryl alcohol or 0.127, 1.15 or 12.5 mg/kg bw of *C-furfural given to groups of
four male Fischer 344 rats by gavage in corn oil was rapidly absorbed from the
gastrointestinal tract, 83—88% of the radiolabel being excreted in the urine and 2-5%
in the faeces. Most of the radiolabel was excreted within the first 24 h after dosing.
About 7% of the dose of 12.5 mg/kg bw of furfural was exhaled as 14CO,. By 72 h
after administration, residual radioactivity was distributed primarily in the liver and
kidney, the tissue radiolabel generally being proportional to the dose (Nomeir et al.,
1992).

More than 90% of a single oral dose of 1, 10 or 60 mg/kg bw “C-furtfural
given to male and female Fischer 344 rats, or 1, 20 or 200 mg/kg bw “C-furfural
given to male and female CD-1 mice was recovered within 72 h. The main route of
elimination was the urine (> 76% in rats and > 61% in mice within 24 h). Elimination
in faeces (1-6% within 72 h at all doses in rats and mice) and expired CO, (5% in
male mice at the highest dose and 4% in female mice at the lowest dose after 24 h
[no other CO, measurements taken]) constituted minor routes of excretion (Parkash
& Caldwell, 1994).

A similar pattern of absorption, distribution and excretion was reported for
alkyl-substituted furfural derivatives. Groups of male Fischer 344 rats and male
B6C3F; mice were given 5, 10, 100 or 500 mg/kg bw of *C-5-hydroxymethyl-2-
furfural intragastrically. In both species, 5-hydroxymethyl-2-furfural-derived
radioactivity was rapidly cleared from all main tissues, with no evidence of
accumulation. The tissue concentrations varied with dose in both species at most
times. Within 48 h, 70-82% of the administered dose had been excreted in the urine
of rats, while 8-12% was excreted in the faeces. In mice, 61-77% was excreted in
the urine and 15-26% in the faeces within the same period (Godfrey et al., 1999).

Alkylfuran derivatives are also rapidly taken up, metabolized and excreted.
Male Sprague-Dawley rats that received an intraperitoneal injection of 100 mg/kg
bw of 2-'*C-methylfuran in sesame oil had radiolabelled 2-methylfuran metabolites
in 12-h urine samples. Pre-treatment of the rats with buthionine sulfoximine, an
inhibitor of y-glutamyl transferase, a key enzyme in glutathione (GSH) synthesis, at
least 1.5 h before administration of 2-'4C-2-methylfuran caused a 20% increase in
urinary metabolites, indicating a decrease in covalently bound metabolites. These
results indicate that the urinary metabolites include GSH conjugates. Maximal hepatic
radioactivity was detected 4 h after administration (Ravindranath & Boyd, 1991).



SUBSTANCES CONTAINING FURAN SUBSTITUTION 123

in rats, the tissue distribution of radiolabel from 50-200 mg/kg bw of 2-14C-
methylfuran over 24 h was greatest in liver > kidney > lung > blood, the maximal
amount being detected in liver 8 h after administration, followed by a steady decline
up to 24 h (Ravindranath et al., 1986).

On the basis of these data and the lipid solubility of the members of this
group of aliphatic hydrocarbons, alcohols, aldehydes, ketones, carboxylic acids,
and related esters, sulfides, disulfides and ethers containing furan substitution, it is
predicted that they would all be rapidly absorbed, distributed to key organs involved
in metabolic processes and then eliminated, primarily in the urine.

(c) Metabolism

The metabolic options available to this group of furyl-substituted substances
depend, in large part, on the presence or absence of specific functional groups on
the aliphatic side-chain. The substances in this group are metabolized to polar
products, which are mainly conjugated and excreted in the urine (see Figure 2).

Alky-substituted furan (Nos 1487-1496) and furyl ketone (Nos 1503—-1512)
derivatives

Alkyl-substituted furan and benzofuran derivatives undergo cytochrome P450
(CYP450)-mediated side-chain oxidation to yield an alcohol functional group at the
position bonded directly to the furan ring. The resulting alcohol can be excreted in
the urine, primarily as the glucuronic acid or sulfate conjugate, or it can be converted
to the corresponding ketone, which can also be excreted in the urine. CYP450-
induced side-chain oxidation, preferably at the C1” position of furan, is similar to
that observed with other alkyl-substituted heterocyclic derivatives (e.g. pyridine
derivatives) (Hawksworth & Scheline, 1975; Ruangyuttikarn et al., 1992; Thornton-
Manning et al., 1993; Gillam et al., 2000). In addition to side-chain oxidation, the
furan ring can undergo CYP450-induced oxidation (epoxidation) to yield unstable
epoxides, the rings of which can open to yield reactive 2-enedial intermediates.
These types of intermediates have been shown to conjugate readily with GSH,
depleting free GSH and, subsequently at high levels, forming protein and DNA
adducts (Ravindranath et al., 1983, 1984; Ravindranath & Boyd, 1985; Ravindranath
et al., 1986).

The metabolic fate of a 2-ethylbenzofuran derivative was investigated in
humans, rats and dogs. Two healthy men were each given an oral dose of 100 mg
of [3-“C]benzarone [2-ethylbenzofuran, 3-(4-hydroxybenzoyl)] in two gelatin
capsules. About 73% of the radioactivity was excreted in the urine over 5 days,
more than 59% being excreted within the first 24 h. About 19% of the radiolabel was
excreted in the faeces over 5 days. The principal metabolites included benzarone
hydroxylated at the C1” position of the furan ring and a glucuronic acid conjugate,
either of the C1” hydroxyl or the phenolic hydroxyl group. In dogs and rats, more
than 80% of a dose of 0.5 or 2 mg/kg bw of [3-*C]benzarone was excreted in the
faeces during the first 48 h. In rats and dogs, most (> 70%) of the absorbed dose
was eliminated by direct conjugation of the administered substance, whereas in
humans > 70% was hydroxylated before conjugation. The authors speculated that
the benzarone glucuronic acid conjugate was more readily excreted directly into the
bile of rats and dogs than in humans, thereby minimizing further hydroxylation in the
liver (Wood et al., 1987).
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Figure 2, Summary of metabolic options for furyl derivatives
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Two healthy male volunteers were given a single oral daily dose of 100 mg
of benzbromarone [(3,5-dibromo-4-hydroxyphenyl) (2-ethyl-3-benzofuranyl)
methanone] for 8 consecutive days. The main metabolites were formed by C1°
hydroxylation to yield the corresponding 1°-hydroxybenzbromarone and by
hydroxylation of the benzene side-chain to yield 6-hydroxybenzbromarone. The
corresponding C1” ketone formed by oxidation of the 1 -hydroxy group was also
identified in the urine. The ratio of C1” enantiomers of 1’-hydroxybenzbromarone
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was 2.12 in the plasma and 7.32 in the urine. These metabolic data support the
conclusion that alkyl-substituted furan and benzofuran derivatives undergo side-
chain oxidation to yield the corresponding alcohol metabolite, which can be excreted
as the glucuronic acid conjugate or oxidized to the corresponding ketone, followed
by excretion in the urine (DeVries et al., 1993).

Unsubstituted and short-chain alkyl-substituted furans were also shown to
undergo ring epoxidation in the liver by mixed-function oxidases. Epoxy metabolites
of furans have been reported to undergo ring opening to yield reactive 2-ene-1,4-
dicarbonyl intermediates (see example in Figure 2), which can be conjugated with
GSH and readily eliminated in the urine or, at relatively high concentrations, react
with proteins and DNA to form adducts.

Initial experiments with rat microsomal preparations in vitro suggested that
high concentrations of alkyl-substituted furans are partly metabolized to reactive
acetylacrolein-type intermediates (Ravindranath et al., 1983, 1984). Acetylacrolein
is a potent microsomal mixed-function oxidase inhibitor which has been reported to
bind covalently and irreversibly to the oxidizing enzyme, thus deactivating it
(Ravindranath & Boyd, 1985).

Significant protein binding (> 55 nmol/mg protein) was reported when
10 mmol/l of [2-"*C]methylfuran were incubated with rat hepatic microsomes in the
presence of NADPH and oxygen. In the absence of oxygen or NADPH, little binding
was observed (< 2 nmol/mg protein). These findings suggest that NADPH-dependent
oxidation of 2-methylfuran is a prerequisite for protein binding. Increased protein
binding (> 80 nmol/mg protein) was also reported when Sprague-Dawley rats were
pre-treated with phenobarbital, a CYP450 inducer, while decreased or no protein
binding was observed in the presence of piperonyl butoxide or N-octyl imidazole,
both of which inhibit CYP450. The V,,, and K, for 2-methylfuran metabolism in
phenobarbital pre-treated rats were 0.81 pumol/2 mg microsomal protein per min
and 0.463 mmol/l, respectively, and those in rats without phenobarbital pre-treatment
were 0.53 pmol/2 mg microsomal protein per min and 1.417 mmol/l, respectively.
These values suggest that 2-methylfuran undergoes CYP450-mediated oxidation
to yield a reactive metabolite (i.e. acetylacrolein) which binds covalently to protein
(Ravindranath & Boyd, 1985).

In the same study, when 0.25 mmol/l (24.5 pg/ml) acetylacrolein was added
to the incubation mixture, microsomal metabolism of 2-methylfuran was almost
completely inhibited (covalent binding was 1.5% of that in the contro! incubation). At
a concentration of 0.5 mmol/l (49.1 pg/ml) acetylacrolein, no metabolism of 2-
methylfuran was detected, suggesting that acetylacrolein inhibits CYP450-mediated
oxidation, probably by direct covalent bonding with the enzyme through free thiol.
Acrolein has been shown to conjugate directly with free thiols in vitro (Esterbauer et
al,, 1975, 1976). Thus, 2-methylfuran is a suicide substrate for CYP450. Conjugation
of the reactive metabolite with sulfhydryl trapping agents, including cysteine
(10 mmol/l) or GSH (10 mmol/l}, resulted in a marked decrease in microsomal protein
binding, suggesting that sulfhydryl conjugation plays a role in the detoxication of
acetylacrolein. Cysteine was a better trapping agent for the prevention of microsomal
protein binding than GSH, semi-carbazide, lysine or N-acetylcysteine. The authors
postulated that cysteine forms a stable cyclic conjugate with o,B-unsaturated
aldehydes, while the ability of GSH to form stable conjugates with these compounds
varies (Esterbauer et al., 1975, 1976; Ravindranath & Boyd, 1985).
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Other experiments conducted in vitro support the conclusion that CYP450
oxidation of 2-methylfuran is directly related to its toxicity. Hepatocytes were isolated
from adult male Wistar rats that had been treated with the CYP450 inducers
phenobarbital (0.1% in drinking-water for 5 days) or B-naphthoflavone (80 mg/kg
bw by intraperitoneal injection daily for 3 days). The cultured hepatocytes were
incubated with 0, 100, 300, 600 or 1000 pumol/l (0, 8.2, 24.6, 49.3 and 82.1 pg/mi,
respectively) of 2-methylfuran for 24 h. The median LCs, values for untreated,
phenobarbital- and B-naphthoflavone-treated hepatocytes were 794, 34 and 57 umol/l
(65.2, 2.8 and 4.7 pg/ml), respectively, the LCs, values being lower with CYP450
induction (Hammond & Fry, 1991).

Free GSH levels in the liver, lungs and kidneys of rats 0.5-36 h after
administration of 100 mg/kg bw of 2-methylfuran were initially decreased (67.5% of
control in liver and 87% of control in kidneys at 0.5 h) but reached or exceeded
control levels within 8-24 h (137% of control in kidneys and 130% of control in lungs
at 12 h). The highest concentration of [2-14C]methylfuran covalently bound to protein
was detected in liver, followed by kidney, lung and blood. Liver and kidney DNA also
showed covalent binding of radiolabel, with a twofold increase in binding in the liver
after phenobarbital pre-treatment. Conversely, pre-treatment with N-octylimidazole
decreased covalent binding of the radiolabel to proteins and DNA in liver, fung and
kidney. Increased and decreased protein binding and hepatotoxicity [measured as
serum alanine aminotransferase (ALT) activity] were observed in rats pre-treated
with phenobarbital and N-octylimidazole, respectively. Pre-treatment with 3-methyl-
cholanthrene or piperonyl butoxide did not affect covalent binding or hepatotoxicity.
These results provide evidence that bioactivation of 2-methylfuran by a CYP450
system is a prerequisite for tissue necrosis in rats (Ravindranath et al., 1986).

In a study of the effects of GSH and cysteine conjugation on the toxic potential
of 2-methylfuran, male Sprague-Dawley rats were treated with buthionine sulfoximine
(an inhibitor of y-glutamyl cysteine synthetase, which is a key enzyme in GSH
synthesis) subcutaneously at a dose of 900 mg/kg bw 1.5 h before intraperitoneal
administration of 100 mg/kg bw of [2-"“C]methylfuran in sesame oil. Marked
decreases in covalent DNA and protein binding in the liver and reduced hepatotoxicity,
as indicated by lower serum ALT activity, were observed. Buthionine sulfoximine
caused a transient increase in plasma cysteine levels, concurrently with a decrease
in GSH. Administration of 100 mg/kg bw of 2-methylfuran 1.5 h after buthionine
sulfoximine, however, significantly reduced plasma cysteine levels and increased
(20%) urinary elimination of 2-methylfuran-labelled metabolites when compared with
a group receiving [2-'*CJmethyifuran only. Subcutaneous pre-treatment with 0.4 ml/kg
bw of diethylmaleate, which depletes liver GSH, increased binding to liver proteins
and increased hepatotoxicity, as indicated by a higher concentration of serum ALT
activity than in rats that received only 2-methylfuran. Subcutaneous pre-treatment
of rats with the GSH synthesis promoter L-2-oxothiazolidine-4-carboxylate at a dose
of 1000 mg/kg bw resulted in a marked increase in covalent protein binding in the
liver and potentiated hepatotoxicity (more ALT activity than in rats that received only
2-methylfuran). When rats were pre-treated with both buthionine sulfoximine and L-
2-oxothiazolidine-4-carboxylate, covalent protein binding in the liver and hepato-
toxicity were markedly increased, as indicated by a reduction in serum ALT activity.
No unchanged 2-methylfuran was found in urine, indicating that pre-treatment did
not inhibit metabolic processes (Ravindranath & Boyd, 1991). The authors proposed
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that buthionine sulfoximine pre-treatment indirectly aided the detoxication of 2-
methylfuran by reducing the GSH supply and increasing the availability of cysteine,
which forms a more stable conjugate with acetylacrolein (Esterbauer et al., 1976;
Ravindranath & Boyd, 1991).

Groups of 10—15 adult male Swiss albino mice were given 200 mg/kg bw of
2-ethylfuran in sesame oil by intraperitoneal injection with or without pre-treatment
with phenobarbital, piperonyl butoxide or cobaltous chloride. The mortality rates
were 1/10, 2/10, 3/15 and 2/11 in the untreated and phenobarbital, piperonyl butoxide
and cobaltous chloride pre-treated groups, respectively. Ethylfuran caused moderate
necrosis of the liver and mild-to-moderate necrosis of the kidneys. The kidney
necrosis was described as a coagulative lesion of the proximal convoluted tubules
of the outer cortex, without damage to glomerular or medullary cells. Piperonyl
butoxide and cobaltous chloride decreased the severity of necrosis in the liver and
kidney (McMurtry & Mitchell, 1977).

In th