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STELLINGEN

De conclusie van Van Esch et al., dat "voor een schadelijk effect
van sterk reactieve intermediairen van furazolidon niet gevreesd
behoeft te worden™, is voorbarig gezien het reversibele karakter van

de covalente binding aan eiwit van het reactileve acrylonitril derivaat

io vitro.

- G+.J. van Esch, C.A. van der Heijden, B. van Klingeren en
C.E. Voogd, Rijksinstituut voor de Volksgezondheid, Bilthoven,
rapporinr. 358301001, 1983.

~ Dit proefschrift.

De suggestie van Mattammal et al., dat het N-hydroxyderivaat van de
nitrofuraan N-[{4-(5-nitro~2-furyl)-2-thiazolyl]acetamlde verantwoor-
delijk is voor de interactie met glutathion, houdt geen rekening

met een eventuele vorming van het reactlieve acrylonitrilprodukt uit
dit derivaat.

- M.B. Mattammal, T.V. Zenser, M.0. Palmier and B.B. Davis,

Cancer Research, 45 (1985) 149-156.
- Dit proefschrift.

Het "surface walks" mechanisme voor de conjugatiercacties gecata-

lyseerd door glutathion-S-transferases kan niet als algemeen worden

aanvaard omdat van de meeste iso-enzymen bekend is dat deze niet,

de voor dit mechanisme benodigde, vier cysteine residuen bevatten.

- R.E. Ridgewel]l and M.M. Abdel-Monem, Drug Hetabolism and Disposition,
15 (1987) 82-90.

- C.B. Pickett, C.A. Telakowski-Hopkins, G.J.F. Ding and V.D.H. Ding,
Xenobiotica, 17 (1987) 317-323.

Gezlen het feit dat verschillen in biotransformatie en toxische

effecten tussen enantiomeren inmiddels goed gedocumenteerd zijn,

moet het onaanvaardbaar worden geacht dat grote aantallen bioclo-
gisch actieve verbindingen zoals pesticiden nog steeds op de markt
worden gebracht als racemisch mengsel.

- E.J. Ari#ns, in: Stercochemistry and Biological Activity of
Drugs, E.J. Arigns et al. (eds). Blackwell Sci. Publ., Oxford,
1983, p. 11-32.

- Stereoselectivity in pesticide action, a notable source of

problems, E.J. Ariéns, J.J.S5. van Rensen and W. Welling (eds},
Elsevier/North-Holland, Amsterdam, in press.
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INTRODUCTION

1. General introduction

During the last decennla considerable intensification has taken place
in the Netherlands in animal husbandry in terms of total number of
animals involved and of the number of animals raised per farm. For
instance since 1960 a twentyfeold increase of the number of swine per

farm has been registered in the Netherlands (Table 1).

Table 1: Numbers of food-producing animals in the Netherlands.

Species 1960 1970 1983 1986
cattle (x 103) 3507 4314 5411 5123
cattle/farm - 33 67 70
swine (x 103) 2955 5533 10656 13481
gwine/farn 20 73 284 373
laying hens (x 106) 37.9 25.3 40.8 45.5
slaughter chickens (x 106) 4.5 30.1 35.1 39.4

According to the Dutch Central Office for Statistics (CBS), Voorburg
{Meitellingen)

This development appeared to have consequences for the conditions of
the animals, for instance abmormal behaviour was observed in swine
such as tail-biting and canniballism (Van Putten, 1968). Swine also
became more susceptible to stress. Eikelenboom (1972) reported an
increased incidence of death animals occurring during transport to the
slaughterhouse and a pale, soft and exudative quality of the meat of
these pigs. Furthermore the chance of outbreak of infectious diseases
increased. Several measures had to be taken to either cure or prevent
these anomalies. Abnormal behaviour was cured by improving the housing

conditions with regard to factors like ambient temperature, humidiry
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and the availability of fresh straw. Stress was in the beginning
treated by the application of tranquillizers but in recent years the
selection of stress resistant strains has been emphasized. For the
control and prevention of infectious diseases both the prophylactic
and therapeutic use of veterinary drugs increased markedly. Especially
administration of drugs via feed and drinkingwater has become common
practice since the last two decades with the result that large numbers
of animals are treated during most of their life-time with veterinary
drugs. It should be noticed that relatively little attention has been
payed to the prevention of these discases through efforts to improve
the hygienlc conditions under which animals are housed.

The number of available veterinary drugs increaged. Hundreds of drugs
are presently on the market and the number of formulations runs into
the thousands. As most of these has not yet been adequately registered,
it is virtually impossible to give an accurate overview of all veteri-
nary drug preparations. The top five compounds used for mass medica-
tion of swine and poultry through the feed include oxytetracycline,
furazolidone, sulfadimidine, lincomycin and spectinomycin (Table 2}.

Table 2: Production of medicated feed (x 1000 kg) for swine and
poultry in the Netherlands in 1985.

Drug Swine Poultry
Oxytetracycline 51,099 4,601
Chloxtetracycline - 3,676
Furazolidone 8,152 11,925
Oxytetracycline/Furazolidone 1,267 1,750
Sulfadimidine 13,134 214
Lincomycin/Spectinomycin 18,952 334
Amprolium - 3,653

Data represent 62.5% of total production in the Netherlands.
Data from an internal annual report of the Dutch Commodity Board for
Feeding Stuffs, The Hague.
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The large use of veterinary drugs through mass medication poses a
number of risks. First, pathogenic microorganisms may become resistant.
Secondly, long term exposure to thesze compounds and/or its metabolites
represent a health hazard for the animals concerned as well as for the
human consumer of edible tissues originating from animals treated with
veterinary drugs through the possible presence of regsidues. Conse-
quently, in various countries laws and regulations have been adopted
in order to assure the good veterinary use of drugs and the consumer
safety of food products from treated animals. In thelNetherlanda such
a law, based on the EEC-guidelines 81/851 and 81/852 (Anonymous, 1981
a,b) has become effective by the first of May 1986. For reglstration
of drugs intended for mass medication of food producing animals, data
have to be submitted concerning amalytical, toxicological and pharma—
cological tests as well as results of c¢linical trials. As many drugs
were already In use and quite a few of them not protected by patents
anymore at the time the legal system was enforced, information of such
compounds did not meet the new legal requirements. A typical example
is the antimicrobial drug furazolidone, which is widely used in
veterinary practice and of which essential informatlon on metabolism

and residu behaviour was lacking at the time the present study was

started. The objective of the present investigation was to obtain a
better understanding of the elimination kinetics and the biotransfor-
mation of furazolidone in swine, in relatlion to the safety of veteri-~

nary residues.

2. Furazolidone

2.1 General properties

Furazolidone [N-(5-nitro-2-furfurylidene)=3~amino~2-oxazolidone (see

Figure 1) belongs to the group of the S5-nitrofuranms.
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Figure 1: Chemical structure of furazolidone.

Nitrofurans are synthetic products which are used worldwide for a
variety of purposes. The first 5-nitrofuran synthesized was 5-nitro-
2-furaldehyde (Gilman and Wright, 1930) followed by ather ones {Bryan,
1978). The antimicrobial properties of the 5-nitrofurans have been
described for the first time by Dodd and Stillman (1944), who
discovered nitrofurazone, which was widely used in World War II as a
antimicrobial drug against wound infections.

One of the nitrofurans which became relatively popular was furazolidone.
The pure compound is a yellow, crystalline solid with a molecular
weight of 225, exhibiting absorption maxima at 259 mm and 367 nm; the
aqueous solubility is limited (40 mg/l) and independent of pH {(Paul
and Paul, 1964). The drug 1s however readily soluble in dimethyl-
formamide or acetonitrile: 8.30 mg/ml and 3.75 mg/ml respectively
(Cohen, 1979). In solution furazolidone is unstable under the
influence of light (Kalim, 1983). Furazolidone displays a wide

spectrum of antimicrobial activity both Iin vitro and in vivo (Yurchenko

et al., 1953; Rogers et al, 1956; Paul and Paul, 1964), which was
believed to be attributable to metabolic activation of the 5-nitro
moiety of the furan ring (Dodd and Stillman, 1944; Dodd et al., 1950;
Paul and Paul, 1964). The susceptibllity of a number of micro-
organisms for furazolidone is shown In Table 3.

The growth of most of these bacteria is inhibited in a concentration

range of approximately 1-10 pg/ml, although for Proteus and Pseudomonas
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much higher concentrations are needed. The difference in susceptibility
of a species as reported by different authors may be explained by the
absence of standardized determination methods.

Furazolidone has been widely used for 30 years for the effective and
speclfic treatment of bacterial or protozoal diarrhoea and enteritis
caused by susceptible organisms (Phillips and Hailey, 1986). The
therapeutic use of furazolidone in man has been banned since 1980 in
the Netherlands because of carcinogenic properties of the compound
(Van Loenen, 1981).

Furazolidone is approved in the Netherlands for the treatment of
intestinal infections caused by E.coli in swine {300 mg/kg of feed)
and for the .treatment  of intestinal infections caused by entero—
bacteriaecae and bronchial infections in poultry except laying hens
(200 mg/kg of feed) (Landbouwkwaliteitsbesluit Gemedicineerd Voeder,
1975).

Furazclidone may improve growth and feed econversion in amounts of
25-220 mg per kg of feed (Clawson and Alsmeyer, 1973; Czarnecki et
al., 1974; Villadelgado and Lasanas, 1975; Wahlstrom and Libal, 1975;
Balayut and Tibay, 1976; Karunajeewa, 1978). In the EC the use of

furazolidone for growth promoting purposes in swine is not allowed.

2.2 Toxicity

2.2.1 General

A well documented toxic action of furazolidone is its ability to
inhibit the enzyme monoamine oxidase fMAO). This enzyme 18 involved
in the metabolism of the neurotransmitter noradrenaline {(Grobecker et
al., 1980; Martindale, 1982). MAO iphibition after furazolidone

administration has been observed in man (Pettinger et al., 1968), rats
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(Stern et al., 1966; Palm et al., 1967), chicken (Ali and Bartlet,
1980, 1982), ducklings (Ali and Bartlet, 1982) and turkeys (Powers et
al., 1983). As MAO was not inhibited in an in vitro model using rat
liver mitochondria (Stern et al., 1966; Pettinger et al., 1968) it has
been suggested that furazolidone required metabolic activation before
it may exert this toxic action. Aceording to Stern et al. (1966) acti-
vation may take place by degradation of the oxazolidone—moiety to
2-hydroxyethyl hydrazine. Metabolic degradation may occur in the gut
because intramuscularly injected furazolidone in the chicken did not
affect MAO-activity In contrast to oral administration (Ali and
Bartlet, 1980). Additional evidence came from the cobservation that
pretreatment of chicken with neomycin reduced the effects of MAQO-
inhibition by furazolidone (All and Bartlet, 1980). However, no dif-
ference in MAO actlvity in brain and liver could be observed between
conventlonal and germfree rats and therefore it has been proposed that
the Intestine of rats can be excluded as the site for the formation of
a2 furazolidone metabolite which is inhibitory for MAO (Yeung and
Goldmen, 198l). Thus, the mechanism of MAO-inhibition by furazolidone

is not fully understood till now and may alsc be species specific.

2.2.2 Toxicity in animals

When animals are exposed to relatively large amounts of furazolidone
(100-4000 mg/kg body weight}, some acute adverse reactions could be
observed: snorexla, dlarrhea, ataxia, depression and dyspnea (St.
Omer, 1978). There are large specles differences in LDsp~value after
oral administration: mouse: 2086-3550 mg/kgbw (Dodd and Stillman,
1944; St. Omer, 1978), dove: 2375 wmg/kgbw (St. Cmer, 1978), rabbit:
2125 mg/kgtw (St. Omer, 1978), guinea pig: 1130 mg/kgbw and 1550

mg/kgbw for female and male animals respectively (Loeda et al., 1977),
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chicken and turkey: 400-500 mg/kgbw (Cooper and Skulski, 1956).
Differences in LDsp-values might be explained by specles differences
MAO inhibition.

Many adverse effects have been described in the literature caused by
furazolidone upon exposure during several days or weeks. In Table 4 a
short review 1s given of scme adverse effects after administration of

furazelidone to animals.

2.2.3 Toxicity in man

As already mentioned, furazolidone is a monoamine oxidase inhibitor in
humans (Pettinger et al., 1968).

The most common effect of the drug in man appears to be gastro-
intestinal distress, characterized by nausea and/or vomiting.
Dizziness, drowsiness, ness, headaches and general malaise have also
been reported {Phillips and Hailey, 1986). Incidentally, allergic
contact eczema has been reported (Scharfenberg, 1967) as well as an
increased activity of alkaline phosphatase in faeces (Frolkis et al.,
1975), disulfiram {(Antabuse)-like reactlions when treatment with
furazolidone is combined with consumption of beer, characterized by
flushing, a slight elevation of temperature and occasionally a
sensation of tightness in the chest (Phillips and Halley, 1986;

Paul and Paul, 1964) or liver damage (Van Esch et al., 1983; IARC,

1983).

2.2.4 Mutagenicity

Many members of the class of the 5-nitrofurans exhibit mutagenic acti-
vity (Tazima et al., 1975; Klemencic and Wang, 1978; McCalla, 1983).
Using bacterial strains which were deficient in nitro-reductase acti-
vity, no mutagenic activity could be observed, indicating that reduc—

tion of the aitro-group is an essential step for mutagenicity

20




$/6T ‘1% 32 1pITUTYZ

#8961 ‘-T® 3@ FIV
€861 ‘TIV ‘T8I ‘3I2Tlamg pus TV

UOTIBEpIBRIDI YImoad ‘ydrom 3Bs possaadap

eix¥aioue
‘uotieparisa yimci? ‘spueyd pyoafyz pue Teusipe Iyl
30 Iy81om peswaioul ‘saisel 9yl Jo IYSTom pISEILIIP

2U0193150389] wwseTd pue JETNITISI] PASEIAIIP

‘squod pue sarillem ‘s23s5931 Y3 Jo yTrom paseaidap
‘691891 pue wNTraqaIad ‘laesy ‘ASUpyy ‘ISATT

uy sefueys TevIS0To3lsTY ‘unissejod ewserd pasesaduUl

A23a g-¢ ‘paag F3/Fuw gon

sfep 01 103 paay 3%/Fu goy

sfep g1 103 p23y 3%/3u gof

%961 “°TB 3° TIV ‘vgeT ‘TIV ‘1oasysaoy> pue ursloxd suwseyd Tejo3 poseaioap 10 sfep ¢ Jo3J mq3%/3m og | wAAOTYD

asop TBIO

£861 ‘BwWa3lsog DIBI YIESP PISEIANT ‘smolumis DFX030ansu a78urs ‘mq3y/Sm (g

sfep TeIdads ‘L1TERXO0

{61 ‘°Te 39 uuewoH suseds ‘Lep/maq3y /2w Qg-0F

s1saocdoq
—-moayy pue sysacdoyadm paysyupmip ‘seifooquoayl sX3aM 0Z-61
1261 ‘*Te 39 uuemjoy pue grrydoainsu jo S8EBIIDOP ‘UOTIVPARIZX YIM0aT ‘L1120 ‘Lep/mq8y/Su 7
BT “*1? 19 I19zeI-uuvmIIOH f4/GT

‘*71® 32 uuemyod ‘9761 ‘°TE® 32 TYsedegp SUOTSAT MOIIPW 3UQq sfep 4g-0f
‘€261 ‘asulaeBmneg pue FTuyosSimels ‘I9ATT Jo uollereusfup L33ey ‘STIaUIRTP oFfeyiaomay *L1reao “‘Lep/aq8y/fm 41-4 BATED

€861 f‘uasuep [Ieap 3O gIaquMU paselxdUT ‘UOTIEpIEIaI Yamoid sxa=m ¢ ‘pasy Byq/3w ooy

7.61 "9pLoy asp uep us s1adi{naaq | w1073 @eTTI°eq031°P] adueqanisip ‘swoiduwis atxojoansu sAep 41 ‘paa3 In/¥m gon
6.61 ‘prustiog smojduis 2[Xojoansu pes3y 3q/8m 09 ‘¢ auMg
aduaaa Iy 3083319 $UOT31Tpuod 2ansodxy | safoadg

STPWIUE U SUOPI[O0ZBIN] JO 3IIBTIH :4 STQEL




£3TTR1I0W
‘sTRUIpPE pue uleaq °APUpPIY ‘a9AarT uy ea3ueyo sdep g1 ‘4ArImBIO
96T ‘12 39 IIV Ted180T0YyzedolaTy ‘suwoidufs DJXojoansu ‘mmSBUE ‘Aep/mq3N /30 OZE-0OF 1e0n

ZIATT pue unypaedofm uf usfooir8 jo woiiysodap
paseaadur ‘uyealoizd eumse[d yo norseaadap ‘osrusd

eapiyap 2318310®] pPuUR IFPUTWESUERI] ITIFIETEX0 ITMEInS shep g1-HT
186T “GZ61 “-18 239 TyooUIeRI) ‘aspuTyoudsoyd sujiesad emseld Jo ST2AS] PaIBAITR ‘pany By/Sw oo/
1y3tam 12BIY IATIERTI2 EF CEL
€161 “-Te 318 ussuar | pesesidul ‘33v1 y3isEp PesSE’IAIUT ‘UCTIEPIRIAA Yimold ‘pasy By/Fum Qg
0861 ‘Iyosuirz) SUOTSIT gya3M ¢-Z
pue poon fhfgT -Te 19 IYIIUILZ) TeIpaedofm ‘Iseasyp 3JIFay-puncl ‘uoylepavial yimoad ‘pasy 3%/3w 00/-00%
261 ‘-Te 312 snyuep UOTIRIBTIP 2BIPIRD puw LITJTEIION PIVEIAIUT sdep ¢ ‘pasy /3w gp¢ | LeMang
£37TP3iIom pum S8ITOSE s)aam 4
0°qfe ¢gQE] ‘sSueilsg pPuUER IISTA UBA ‘Ayjedofmorpied yo Aouanbsaj peseaaduyl p2IeTdI IS0p ‘poag By/3u QCZ1-00C Hong
s33893
€261 “°T® 312 In8aangr-zapupuiayg ur safueyd TeorSorolsIy ‘srsvusSojvmaads pajxvorq sf{ep ¢ ‘pea3 /fw QzF
829 aod 31 (go1-09 FO suoll
6/61 ‘3I1aelng pue 1yoouUIeEZ) 2181 A1]TEIION PasEIIDUT ‘NOTIBPIARISI YImoid —oofuy 27d1x3 10 sTqnop
1/61 SI°pPnT PuB ACIOGPIS auc1sls800Tl1I00 vwseld poseaaduy syaaM ¢ ‘paag By/3m oot
syRan ¢
Gi6T ‘°T® 1@ ussuar @181 1[JEOp PISEIIDUT ‘UOIIEPARIAI YImoxd ‘paagz /8w 00/-006
¢861 ‘sraddeag uwe Tyep woTIRPITEIaL Yyjmoad sAep / ‘paog By 3w pof | UINOTUD

EFCEEEFET 108339 SuUOJ1TpuOd 2ansodxy | gafoadg




yB1am Lpog = mq

£€96T “°TI® 319 yosyg uep
£861 °°T® 39 yYosF uUBp

6261 ‘*T® 33 3381

8161 ‘®ieynyng pue ayBIBqENR]

1961 ‘Ipaey3urTy

A2UpTY puUr I2ATT UT saBueyd aalleisusfap
‘uoTiepielal yYimoid ‘L317Tie3s ‘Auydoije saisal

AJATT Jo sysoadau ‘Lydoije so3sal
‘gajfooonat ul safuryd ‘aeydeyiaomaey ‘sysoquolyl]

KIT20T9A UOTIONPUOD JO S5¥8a09p ‘LXPUOIYD JO B8EIIDUT

28eT4x0ap4AY

QUTTTUR pue Sq swOIYDolLd JO AITATIOR PasEaldul
‘aseTAyismep-N-auriidourme pur aselonpa133Ld-RJIAVYN
I9ATT JO AI1TATIOP DOSEIIVOP “JusWSBiIBTuUl ISATT

syaea &I
‘fep/mq8y/3m Og-€g

syjuom QT
‘pea3 34/3m (00T-06T

sfep ¢ asac sfep 7 aad
11230 *mq8%/8m Qo1 % €

skep ¢
edep ; ‘pos3 By/8w 009

drrexe ‘sfep 101-11

£yredoansufyod | Buyanp mq8y/Bw oy X TE-S 1ey
sInoy ¢
€861 “°TIF 18 yos3 ump smojdmis DTx030INsU £1949 ‘aq3/Bu 4g-Q Joq
271240 snajysao Jo
91 Aep pue 1 Lep ussmlaq
9861 “°TE® 31° uessey 8184102InT palferosp £1Teao *4Aep/mqBy/3uw og
huﬁbauuw asejeydsoyd suyreyIe
PUB TOTIBIIUIDUOD I801DNIJ pasnpaa ‘sjelnvela
1ad evozoulemiads IAJT JO PUFR eozojemiads arjlom
Jo laqunu ‘suntoa ajernoe(® Teulwas paonpax fuofl
=RI]UIDUOD JOII1SITOYD [RUSIPE paseaiduf ‘uyajoid
183103 euse]d pue £3TATIOR osraajls’UTOYopnasd ‘oan) sep ¢ ‘A11e1o
£B6T ‘9861 ‘*TB 318 BIRIBDYH ~-e1adwa) Te3daa ‘93ea asind ‘9381 11¥3Y posEaldISP ‘fep/mqdy/8u Q1 3809
IDUIADIOY EECFET] SUOTITPUOD ainsodxy | sayoadsg




(Rosenkranz and Speck, 1976). Once reduced to stable endproducts,
nutagenlc activity is not likely (MeCalla, 1983; Skeggs et al., 1984).
The mutagenic potency of nitrofurans 1s greatly influenced by the
nature of the substituent at the 2-position of the furan ring
(Ichikawa et al., 1986}.

Furazelidone showed mutagenic activity in many prokaryotic and
eukaryotic testsystems: single base substitutions in Salmonella
typhimurium TA 98, TA 100 (Ames-test) or Escherichia coli WP 2

without the addition of a liver homogenate (S¢-mix) (Lu et al., 1979;
Ebringer and Bencova, 1980; Ohta et al., 1980; Probst et al., 1981),
rec—assay (repair-test) in Bacillus subtilis HL7 (Ohta et al., 1980),
the sex-linked recesgive lethal test in Dreosophila melanogaster
(Blijleven et al., 1977; Kramers, 1982), the gen-conversion test in
Saccharomyces cerevisiae D4 (Voogd et al., 1982}, the fluctuation test
in Klebsiella pneumoniae (Voogd et al., 1982), Unscheduled DNA synthesis
test in primary rat hepatocyte cultures (Probst et al., 1981),
chromosome breakage and sister—chromatid exchanges (SCE) in human
peripheral lymphocytes {Cohen and Sagi, 1979), chromoscmal anomalies
in swine lymphocytes {(Quéinnec et al., 1975; Babilé et al., 1978) and
the hypoxanthine-guanine-phosphoribosyltransferase (HGPRT) test in
mice L 5178 Y lymphoma cells (Voogd et al., 1982).

Furazolidone stimulates E.colil to synthesize the rec A* gene product
{protein X), an enzyme which is characteristic of error-prone repair
functions of damaged DNA (Bryant and McCalla, 1980). Pal and Chatterjee
(1985) reported the induction of X prophage in E.coli by furazolidone,
which fs regulated upon induction and activation of rec At protein
(Klemencic and Wang, 1978). Ames—-test results revealed genotoxic

activity in urine and faeces of furazolidone treated rats (Crebelli
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et al., 1982; Willems and De Raat, 1985). Methanol extracts of rat
urine and faeces induced an increase in the number of SCE in Chinese
hamster ovary cells. In the case of methanol extracts of the faeces

a positive effect could only be observed in the presence of a metabolic
activation system (Willems and De Raat, 1985). Furazolidone was
negative in the Unscheduled DNA synthesis test in human fibroblasts

under gerobic conditions (Tonomura and Sasaki, 1973).

2.2.5 Carcinogenicity

Several S-unitrofurans have been tested in long-term carcinogenlcicy
studies and proved to be positive (Morris et al., 1969; Cohen et al.,
1973, 1977; Cohen, 1978; Wang et al., 1984).

Furazolidone has been evaluated extensively by the Food and Drug
Administration of the U.S. Department of Health, Education and Welfare
for carclnogenic activity because of its widespread use in veterinary
nedicine (Anonymous, 1976). In Table 5 the main results are summarized.
It was concluded that furazolidone induces cancer in rats and mice and
that "furazolidone must be assumed as a potential human carcinogen and
safeguards taken to assure no human exposure”. To assure this no resi-
dues which may pose a risk of cancer may remailn in edible animal
tissue at the time of slaughter. Since it is not known whether the
parent drug is carcinogenic and/or one or more metabolites, it was
stated that "all drug-related residues to which humans may be exposed
must be assumed to be potential carcinogens unless coavincing evidence
is presented to the contrary”. From the Mantel-Bryan extrapolation
model the upper bound on the total residue concentration in meat of no
carcinogenic concern was calculated based on a probability of the
occurrence of cancer of 1 in 1 million with a slope of 1 probit unit

per log increase in dose at the 99% confidence level: approximately
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0.9 ng/g (Anonymous, 1984). Because of mutagenic and carcinogenic pro—
perties furazolidone is considered as a "category 1" carcinogen in the
Netherlands, i.e. in principle a non—carcinogenic dose cannot be
established and the compound should be absent in human food
(Anonymous, 1979).

The International Agency for Research on Cancer (IARC) could not eva-
luate the carcinogenlc potential of furazolidone since this agency

does not consider classified data (Anonymous, 1983).

2.3 Residues and eliminatlon kinetics of furazolidone

In general it can be cpnclﬁded that upon administration of furazoli-
done to swine, chicken, turkey, rat, calve and trout the elimination
of the parent compound from plasma, muscle, kidney and liver is relati-

vely fast.

2.3.1 Swine

Orally administered furazolidone is absorbed from the digestive tract
by swine to a large extent and excreted in the form of a great number
of metabolic endproducts. Fourty-eight hours after a single oral dose
of 39 uCi [140]-furazolidone 70.5%, 3.2% and 19.1% of total dosed
radicactivity has be demonstrated in urine, expired air and faeces
respectively. In & similar study in rats these amounts were 81.5%, 3%
and 11% respectively of the total radiocactive dose administered.
Radiocactivity has been demonstrated in swine kidney, liver, thyroid,
bile, blood, muscle and fat (Tennent and Ray, 1971). No furazolidone
(< 0.2 mg/kg) has been detected in liver, kidney, muscle, lung and
heart 0.5-2 hours after desing piglets (30-40 kg bw) or pigs (60-70
kg bw) with a high concentration of furazolidone in the feed (1000
mg/kg). In the piglets a plasma half-life of 0.45 hours was calculated

(Yamamoto et al., 1978).
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Tiseue samples taken from swine fed 300 mg furazolidone per kg feed
for 2 weeks or 150 mg per kg feed for 5 weeks did not contain detec~
table furazolidone residues {< 0.5 ug/kg) 4 hours after feed withdrawal
(Winterlin et al., 1984).

Addition of 0.02% Bifuran {(a mixture of equal quantities of nitro-
furazone and furazolidone) to the feed of swine for several weeks did
not result in residues in tissues and blood (< 0.25 mg/kg) (Tapernoux
et al., 1964).

Low levels of furazolidone (2-5 ng/g of tissue) have been detected in
tissues of swine fed 150 mg and 300 mg per kg feed for 35 and 21 days
respectively, 0O day withdrawal. In tissues taken after a 4 days

withdrawal period, no residues have been detected (Heotls, 1974).

2.3.2 Other animals

Tissues of chickens and turkeys fed 200 mg per kg feed for approxi-
mately 7 weeks and 400 mg per kg feed for 14 days, respectively,
contained no detectable residues of furazolidone (< 0.5 pg/kg) in any
of the tissues except the skin (Winterlin et al., 1982, 1984). One
day after starting treatment of laying hens with 400 mg furazolidone
per kg feed for 14 days, residues have heen detected in eggs. Maximum
average values reached 0.7 mg/kg. Residues have been detected until
five days after withdrawal of the drug (> 0.01 mg/kg) (Petz, 1984).
In White Leghorn birds furazolidone residues have been measured in
tissues In the order of 3-13 mg/kg of tissue following oral doses of
10 mg/kgbw/day for 1-10 days. The reported plasma half-life was 42
hours (Yadava et al., 1986).

Only traces of furazolidone have been detected in the urine of chickens

medicated with a single oral dose of 30 mg/kgbw (Craine and Ray, 1972).
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Relatively low urinary levels of furazolidone have also been reported
for goats (Pandey et al., 1978) and rats (Crebelli et al., 1982).
Twenty~four hours after dosing calves with 10 mg furazolidone/kghw

for 3 days, mo residues have been detected In plasma (< 1 mg/kg)
{Pletsch et al., 1978).

Furazolidone has been detected in plasma and milk up to 24 hours and
12 hours respectively, after a single oral dose of 10 g/kgbw to goats
(Pandey et al., 1980; Mustafa et al., 1985). Prolongation of the wedi-
cation for 5 days, resulted In detectable residues in muscle and liver
up to 7 days withdrawal (Mustafa et al., 1985). In buffalo, a plasma
half-1ife of 2.52 hours has been reported after a single oral dose of
30 wg/kgbw (Mir and Uppal, 1984). During a 6-days treatment of trouts
with medicated feed (3% furazolidone in the feed; amount of feed: 1%
of bodyweight/day), 50 ng furazcelidone could be measured per g of
muscle. After 2.5 day withdrawal, no residues were detected (< 0.5

pg/kg) (Schmidt and Bining~Pfaue, 1983).

2.4 Biotransformation

2.4.1 Nitrofurans in general

In general, it is believed that reduction of the nitro-group is the
most {mportant metabolic pathway of nitrofurans {Swaminathan and
Lower, 1978). The initial step involves the transfer of a single
electron to the nitro-group, resulting in a nitro radical enion.
Further reaction may lead to the nitroso—derivative and, under
aerobic conditions, to the formation of the superoxide radical anion
02! which in the presence of superoxide dismutase may form hydrogen
peroxide. In E. coli the presence of two different types of reductase

have been postulated: an oxygen sensitive nitroreductase, which
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transfers 1 electron to the nitro-group, and an oxygen—insensitive
nitroreductase which does not appear to transfer 1 electron to nitro-
furans, but which may catalyse a 2-electroo transfer to nitrofurans,
resulting in the altrosco-derivative (Peterson et al., 1979).

This derivative 1s believed to be further reduced via the hydroxyl-
amino—derivative to the open-chain cyano-derivative (Fig. 2). The
highly reactive intermediate nitrosa— and hydroxylamino-derivatives
are believed to be responsible for interaction with biological macro-
mulecules as DNA and protein {Swaminathan and Lower, 1978). For
several nitrefurans the open—-chaln cyano-derivative has been iden-

tified {Swaminathan and Lower, 1978).

Figure 2: Proposed mechanisms of 5-nitrofuran reduction
(Peterson et al., 1979)
A: oxygen—sensitive

B: oxygen-insensitive
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Several enzymes can transfer electrons to the nitro-group: microsomal
NADPH cytochrome P-450-reductase, mitochondrial and microsomal
NADH-cytochrome-bs-reductase, cytosolic xanthine oxidase, aldehyde
oxidase, DT-Diaphorase {NADPH-dehydrogenase) and Lipoyldehydrogenase
(Diaphorase II) (Swaminathan and Lower, 1978; Abraham, 1981; Hunder,
1985).

Although nitro-reduction is believed to be the main blotransformation
route, other routes cannot be excluded such as hydroxylation of the
furan ring as is shown 1n the case of nitrofurantoin (Jonen, 1980;
Jonen et al., 1980) and epoxidation of the furan ring, as is postulated
for methylfurans (Ravindranath et al., 1984). Blotransformation of the
side~chains of the 5-nitrofurans may also be possible {Swaminathan and

Lower, 1978).

2.4.2 Furazolidone
In the case of furazolidone, several metabolites have been reported to

be formed as a result of reductive metabolism in vitro and in wivo.

The identification of the cyano—derivative has been reported in urine
of rats (Tatsumi and Takahashi, 1982; Tatsumi et al., 1984) and rabbits
(Tatsumi et al., 1978), as an excretion product in eels (Nakabeppu

and Tatsumi, 1984), in Escherichia coli (Abraham et al., 1984) and rat
liver fractions (Tatsumi et al., 1981, Abraham et al., 1984} and after
investigations using milk xanthine oxidase (Tatsumi et al., 1978, 1981).
Other identlfied metabolites from reductive metabolism are the
5-amino-derivative in & milk xanthine oxidase system (Tatsumi et al.,
1981), the monoacetyl derivative of the aminofuran, the open—chain
carboxylic acid derivative and a-ketoglutaric acid in the urine of

rats (Tatsumi et al., 1984) and 2,3-dihydro-3-cyanomethyl-2~hydroxyl-

5-nitro-la,2-di (2-oxo-oxazolidin-3-yl)iminocwethylfuro[2, 3-b]furan
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after in vitro metabolism (Tatsumi et al., 1981).

Although several metabolites have been identified, approximately 75% of
urinary metabolites are not identified yet (Tatsumi et al., 1984).

In urine of swine 2 peaks could be observed after lon exchange frac-—
tionation with absorption maxima at 415 nm (Tennent and Ray, 1971}.
This may be the result of 4-hydroxylation of the 5-nitrofuran ring,

as the corresponding derivative of nitrofurantoin gave an absorption
naximum at the same wavelength (Jonen et al., 1980). However, its
structure has not yet been elucidated.

Under acid conditiones hydrolysis of the azomethine linkage may occur,
resulting in the formation of 3~amino—-2-oxazolldone (Paul et al., 1960).
Schmid (1985) sugpgested that this hydrolysis product is further meta-

bolised into carbondioxide, ethene and hydroxyhydrazin.

3. Objective of the investigation

Considering the data available on furazolidone it can be concluded
that essentisl Information on its kinetics and biotransformation in
swine is lacking. For instance the results of the studies made by
Tennent and Ray (1971) suggest that residues may remain present in
edible tissues, which could be attributed to possible metabolite(s).
However, the identity of the metabolite(s) 1s yet unknown. Reduction
of the nitro-group of furazelidene, which seems to be an important
blotransformation route, may lead to the formation of unstable
intermediate metabolites which subsequently may react with proteins
or DNA. Covalent binding of drugs to tlissue macromolecules may result
in residues which are persistently present in edible tissues. Con—
sidering the carcinogenic properties of furazolidone and its wide—

spread use in mass-medication of food producing animalg, it is of
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the importance from the food consumer point to Identify the reactive

properties of possible metabolites present in the edible parts of ani-

mals treated with this drug.

The studies presented in this thesis were undertaken to obtain a better

understanding of the biotransformation and kinetic behaviour of

furazolidone in swine. For this purpose an analytical method has been
developed for the determination of furazolidone in swine plasma, fat,
muscle, kidney, liver and urine.

Subsequently, experiments were conducted using two different

approaches:

— kinetic studies in the target animal to determine the elimination
kinetics of furazolidone and its metabolites from plasma and tissues
upon oral administration of furazolidone

- model systems using rat and swine liver microsomes to elucidate bio-
transformation routes and reactive intermediates responsible for the

interaction with biclogical macromolecules.
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Determination of furazolidone in swine plasma, muscie, liver, kidney,
fat and urine based on high-performance liquid chrornatographic sep-
aration after solid-phase extraction on Extrelut® 1
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State Institute for Quality Control of Agricultural Products ( RIKILT), Borusesteeg 435, 6708 PD Wage-
ningen ( The Netherlands)

{Received March 14th, 1986)

Furazolidone [N-(5-nitro-2-furfurylidene)-3-amino-2-oxazolidone], which is a
nitrofuran, has been described as a potent antimicrobial agent for therapeutic and
prophylactic purposes in pig, poultry and cattle’. Since furazolidone exhibits muta-
genic and carcinogenic properties>™, the amount of furazolidone residue in edible
products of food-producing animals treated with furazolidone should be minimal.
This requires sensitive analytical methods for the detection of furazolidone in liver,
muscle, fat and kidney. In addition, methods for the detection of furazolidone in
plasma or urine may be needed for screening purposes and pharmacokinetic studies.
Many different methods have been described for the detection of furazolidone in
tissues, milk, eggs, plasma and urine®-*¢.

Up till now, no suitable sensitive method has been described for the detection
of furazolidone in plasma, muscle, liver, kidney, fat and urine. In this study, a rela-
tively fast and sensitive high-performance liguid chromatographic (HPLC) method
is described for the determination of furazolidone in plasma, muscle, liver, kidney,
fat and urine of swine using a simple clean-up procedure based on solid-phase ex-
traction on a commercially available disposable column. Only | g of sample is re-
quired.

EXPERIMENTAL

Chemicals and solvents

Water was purified over a Millipore Milli-Q water purification system. Ethyl
acetate (LiChrosolv 868), acetonitrile (LiChrosolv 30), #-hexane (4391), acetic acid
(62) and sodium acetate (6268) were purchased from Merck (Darmstadt, F.R.G.).
Furazolidone was a gift from Orphahelt (Mijdrecht, The Netherlands).

Acetate buffer solution (1.0 M ). The solution contained 41 g of sodium acetate
and 30 g of acetic acid in 1 | of water.

Stock solutions. Stock solutions of furazolidone in acetonitrile were prepared.
The final concentration range was 1-1000 ng/mi eluent.

0021-9673/86/%03.50 © 1986 Elsevier Science Publishers B.V.

51




52

NOTES

Sample preparation

Piasma, urine. A 1-ml aliquot of plasma or urine was applied directly to a
Merck Extrelut® 1 column (Merck 15371). After an equilibration period of 10 min,
the drug was eluted with 6 ml of ethyl acetate. The eluate was collected in tubes and
evaporated to dryness under nitrogen. The residue was dissolved in 300 ul of eluent,

Muscle, liver, kidney, fat. A 1-g quantity of frozen sample {liquid nitrogen) was
pulverized and 2 x 6 ml of ethyl acetate were added and mixed for 1 min. After
centrifugation for 5 min at 3000 g, the water phase was frozen (alcohol-dry ice). The
ethyl acetate was collected in tubes and evaporated to dryness under nitrogen at
room temperature. To remove fat from samples of liver, kidney and fat, the residue
was dissolved in § ml of acetonitrile and 2 x 2 ml of hexane were added and mixed
for 1 min. After centrifugation for 5 min at 3000 g, the hexane was removed and the
acetonitrile was evaporated to dryness under nitrogen. The residues of samples of
muscle, liver, kidney and fat were dissolved in 1 ml of a methanol-water mixture
(25:75) and these solutions were applied to a Merck Extrelut 1 column. After an
equilibration period of 10 min, the drug was eluted and prepared for HPLC as de-
scribed for plasma and urine. Since furazolidone decomposes under the influence of
daylight!”, brown glassware has been used and the experiments were performed
under artificial yeilow light (Pope FT 40W/16).

High-performance liguid chromatography

Liquid delivery system: Waters 6000A; automatic injection system: Waters
710B; detector: Kratos Spectroflow 773; absorbance recorded at 362 nm; recorder:
Kipp BD 41,

Analytical column: Shandon Hypersil ODS 5 (250 x 4.6 mm [.D.) (Chrom-
pack); precolumn: Brownlee Labs. OD-GU RP-18 (30 x 4.6 mm LI).).

Eluent: water-acetate buffer—acetonitrile (675:75:250); flow-rate: 1 ml/min; run
time: 15 min (urine: 20 min); injection volume: 50-100 pl.

RESULTS AND DISCUSSION

Because of the effective clean-up procedure, isocratic HPLC could be used. In
blank samples of swine, no interfering peaks could be detected at 362 nm. Concen-
trations of furazolidone were calculated by comparing the peak heights from spiked
samples with the peak heights from corresponding standard solutions, containing the
same amounts of furazolidone. As shown in Fig. 1, linearity exists between the con-
centration of furazolidone and peak height in the range of 1-1000 ng/ml standard
solution. Such a linearity was also found for spiked samples.

Recovery data for swine samples spiked with furazolidone in a concentration
range of 1-1000 ng/ml (or ng/g) of sample are shown in Table L. Each result rep-
resents the average of six determinations. The mean overall recovery for plasma
(n=130)1s 96.4 + 3.3, muscle (n=30): 98.8 £ 4.4, liver (n=130): 86.7 + 6.4, kidney
(n=130): 89.8 £ 4.9, fat (n=30);: 81.8 = 5.1 and urine (n=24): 91.2 + 2.3,

The sensitivity of the method, expressed as three times the background of a
blank sample, was 1 ng/ml for plasma, 2 ng/g for muscle, liver, kidney, fat and 25
ng/ml for urine.

In Fig. 2, the chromatograms of a blank and a spiked liver sample (5 ng/g)
and a blank and spiked urine sample (25 ng/ml} are shown.
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Fig. 1. Concentration of furazolidone in standard selution (ng/ml) as a function of peak height (mm)
measured in the chromatogram.

The method proved its usefulness in a study in which a pig of approximately
90 kg body weight was treated with furazolidone by feed medication at a concentra-
tion of 300 mg/kg. Total daily feed intake was calculated on the basis of 4% of total
body weight, dosing twice daily at 9.00 h and 16.00 h. Blood samples were collected
via a syringe in the vena jugularis into heparinized tubes (Sarstedt 02.1065). Plasma
was separated by centrifugation and immediately analysed, since a time-dependent
decrease of furazolidone has been reported!®. As an example, the chromatograms of
furazolidone in plasma, 1 and 7 h after the last dosage at 9.00 h on day 10 of treat-
ment, are shown in Fig. 3. Furazolidone concentrations were 104 and 6 ng/ml, re-
spectively.

It can be concluded that the method described is suitable for the detection of
furazolidone at the ng/ml or ng/g level in plasma, muscle, liver, kidney, fat and urine.
The method is simple and requires only small amounts of sample and reagents. The

TABLE I

PERCENTAGE FURAZOLIDONE RECOVERED FROM SPIKED SAMPLES OF SWINE IN A
FINAL RANGE OF 0-1000 ng/ml OR ng/g OF SAMPLE {(n=6; MEAN  §.D,)

Sample Concentration range of samples spiked with furazolidone
1 ppm 100 ppb 50 ppb 25 ppb 10 ppb 5 ppb

Plasma 923 +£23 953 +06 101.0+24 — 96.2 £ 1.5 974 £ 1.2
Muscle 101.6 £ 53 989 % 40 954 £ 36 -— 99.4 + 33 992 + 44
Liver 91.2 + 25 827+ 27 884 £ 47 - 822 +£ 51 892+ 98
Kidney 815+ 30 865+ 12 91.8 + 23 - 951+ 18 919 % 40
Fat 842 + 44 B840 £+ 35 76.1 £ 2.7 — 786 £ 4.7 86.3 £ 12
Urine 868 £ 21 934 % 06 908 23 918309 - -
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Fig. 2. High-performance liquid chromatograms of blank and spiked samples of swine liver {A: blank, B:
5 ng/g furazolidone) and swine urine (C: blank, D: 25 ng/ml furazolidone) (F = furazolidone). (A, B)
A = 362 nm; speed: 0.5 cm/min; sensitivity of detector: 0.002 a.u.[s.; sensitivity of recorder: [0 mV;
injection volume: 50 ul. (C, D) 4 = 362 nm, speed: 0.5 cm/min; sensitivity of detector: 0.005 a.u.fs.;

sensitivity of recorder: 10 mV; injection volume: 50 ul.
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Fig. 3. High-performance liquid chromatograms of furazolidone in plasma of a pig, 1 h (A) and 7 h (B)
after the last administration of furazolidone on day 10 of treatment (F = furazolidone). (A) 4 = 362 nm;
speed: 1 cm/min; sensitivity of detector, underline: 0.1 a.u.fs., upperline: 0.01 a.u.f.s.; sensitivity of re-
corder: 10 mV; injection volume: 50 pl. (B) A = 362 nm, speed: | cm/min; sensitivity of detector, underline:
0.1 a.u.fs., upperline: 0.005 a.u.ls.; sensitivity of recorder: 10 mV; injection volume: 50 ul.



NOTES

total time that elapsed between sample collection and final determination of the
amount of furazolidone varied between 30 and 60 min. The method may be used for
screening purposes in plasma or urine of food-producing animals treated with fur-
azolidone, and in pharmacckinetic studies.
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After dosing piglets orally with '*C-furazolidone (75 mg/animal/day) for 10 days, no
accumulation of the drug could be detected in the blood. The half life of furazolidone in blood
after the last oral administration on day 10 was 60 minutes. In blood, radioactivity reached a
plateau of approximately 10 ppm equivalents of parent compound at day 6 of the medication.
After a relatively fast decrease of radicactivity during the first day of the withdrawal period, a
much sfower decrease could be observed in the blood with a half life of approximately § days.
1 day after stopping the medication almost all the radicactivity in plasma appeared to be
associated with plasma proteins. Furazolidone could not be detected in muscle, fat, kidney
and liver of piglets two hours after the last administration. However, the level of radioactivity
was 5-7—7-2pg equivalents per gram in muscle, 6-0—9-2 g equivalents per gram in fat,
30-1 #g equivalents per gram in kidney and 32-9 gg equivalents per gram in liver. After a
withdrawal period of 14 days 0-9-4-3 ug equivalents per gram could be detected in the
analysed tissues. It also appeared that respectively 14-0%, 9-3% and 35-0% of the residual
radioactivity could not be extracted from liver, kidney and muscle of piglets sacrificed 2
hours after the last administration of '*C-furazolidone and 27-0%. 31:2% and 55-6% of the
residual radioactivity from liver, kidney and muscle respectively of piglets sacrificed after a
withdrawal period of 14 days. DNA-binding of " C-furazolidone in tissues of piglets varied
from 87-382 pmol equivalents of parent compound per mg DNA. 61% of total dosed
radioactivity had been excreted via the urine and 18-1% via the faeces. No radioactivity
could be measured in the expired air.

Introduction \

Furazolidone [N-(5-nitro-2-furfurylidene)-3-amino-2-oxazolidone] is a veterinary
drug widely used as an antimicrobial agent for therapeutic and preventive purposes in
pigs, poultry and cattle (Brander and Pugh 1971; Rossoff 1974). Because of the
mutagenic (McCalla 1983) and supposed carcinogenic activities (Food and Drug
Administration 1976) residues should be avoided in edible tissues of animals treated
with furazolidone, The depletion of furazolidone from muscle, kidney and liver tissue
upon oral administration to chickens and pigs is relatively fast: immediatcly after the
last administration, residual concentrations of furazolidene are below the limit of
detection (<0-5 ppb) (Winterlin et al. 1984). However, information concerning the
metabolism of furazolidéne in food producing animals is scarcely available. In general,
it is believed that reduction of the nitro group is the main metabolic pathway of
nitrofurans (Swaminathan and Lower 1978). Several metabolites of furazolidone upon
in pitro and in vivo reduction have been identified (Tatsumi et al, 1978, 1981, 1984;
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Abraham et al. 1984; Nakabeppu and Tatsumi, 1984; Vroomen e al. in press).
Information concerning the formation and depletion of metabolites of furazolidone and
the kinetics of these processes upon oral administration of furazolidone to food
producing animals during several days is lacking.

The results obtained in this study provide information on the metabolism of
furazolidone and on the pharmacckinetic behaviour in blood and tissues of piglets upon
oral administration of ' C-furazolidone during 10 days at a dose level which is
commonly used in veterinary practice (300 mg per kg feed). Furthermore the interaction
of furazolidone with plasma protein and DNA and the amount of non-extractable
residues of furazolidone or metabolites in edible tissues are reported.

Materials and methods

M C-furazolidone

M C-furazolidone was labelled in the methylene groups of the oxazolidone moiety
(figure 1). The specific activity was 2-02 4Ci/mg; the radiochemical purity was > 99%
by TLC (toluene : acetic acid: acetone : water = 600 : 240:80:235) and HPLC.

C//U

\0
*C *C/
Hp Hy

Figure 1. Chemical structure of furazclidone. '*C-label in the methylene groups (*) of the oxazolidone
moiety.

I
=
=

0N N0

L

Animal handling and sample collection
The experiment was divided into three successive phases:

(1) an initial period of 2 weeks for acclimatization and surgical purposes;
(2) a medication period of 10 days followed by
(3) a withdrawal period of  and 14 days.

At the beginning six three-weeks-old male piglets (Dutch Landrace x Great
Yorkshire) were placed in the radionuclide unit at IGMB/TNO-ILOB, Wageningen,
The Netherlands. The animals were individually housed. After an acclimatization period
of 1 week, catheters were implanted in the left vena jugularis which functioned
satisfactorily during the whole experiment. After 4—5 days, when the animals were
recovered, permanent stomach tubes for the administration of furazolidone preparations
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were installed which were tolerated well by the animals. At the same time plastic bags
were attached for the separate collection of faeces.

At the start of the medication period the animals (mean weight+ S.D.:
5900 + 472 gram) were divided into 3 groups of 2 animals:

Group I: control animals 102 and 103.
Group II:  C-furazolidone treated animals 101 and 106,
Group III: unlabelled furazolidone treated animals 104 and 107.

A standard piglet diet without antibiotics was provided twice daily at 9-00 h and
16-00 h. The daily amount of feed to be administered was calculated as 4% of the body
weight with a maximum of 250 gram/animal/day during the period of furazolidone
administration. Feed restriction was applied in order to ensure minimal variations in the
individual weights at the end of the medication period.

Furazolidone was dosed twice daily during feeding time via the stomach tube. It
was given as a 1% suspension in a 5% gelatine gel. The total daily amount was 75 mg
furazolidone/animal, which corresponded to approximately 12 mg per kg body weight.
The animals had free access to tap water. The waste water was coliected, the amount
registered and samples of it were taken for radioactivity measurement.

Faeces and urine were collected separately. Twice daily, just before feeding time,
total amounts of excreta were registered; immediately after collection, urine and faeces
were homogenized and samples were taken for radioactivity measurement.

Each day the cages of the piglets of group II were cleaned by spraying
water :methanol (50: 50 v/v). The wash liquid was collected, the total volume registered
and samples were taken for radioactivity measurement. In order to prevent
contamination of the wash liquid of the cages with solid particles (feed, hair, scales of
the skin, ctc.) the wash liquid was filtered through a fibre glass filter during colicction.
This procedure ensured that the wash liquid contained only dried urine residues of the
cages; at the end of the experiment approximately 5% of the total dose of radioactivity
was present in this fraction. Two hours after each morning feeding period samples of
blood were collected via the permanent catheter into heparinized tubes (Sarstedt
02.1065). Samples were immediately analysed for the concentration of furazolidone in
blood and plasma since a time dependent decrease of furazolidone in blood has been
reported (Veale and Harrington 1982). Plasma was separated by centrifugation. The
protein fraction of the plasma was separated by ultrafiltration (Amicon Centrifree
Micropartition System). Radioactivity in the protein fraction was calculated from the
difference in radioactivity of the whole and protein free plasma.

During the medication period the expired air was qualitatively analysed for
radioactivity.

After the last administration of furazolidone on day 10, samples of blood and
plasma were collected at regular time intervals from the treated animals 107 and 106.

At-day 10 of the medication period, 2 hours after the last administration, one
animal of each group (numbers 102, 106 and 104) was sacrificed by exsanguination via
the permanent catheter in the vena jugularis; the other animals (numbers 103, 101 and
107) were sacrificed after a withdrawal period of 14 days. Samples were taken of the fat
of the abdominal cavity, subcutancous fat, liver lobus centralis dexter, liver lobus
centralis sinister, kidneys, musculi longissimi dorsi, musculi psoas major, musculi
biceps, musculi triceps and musculi quadriceps for analysis of the concentration of
furazolidone and the level of radioactivity.
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Samples were taken of the skin, bladder content, spleen, stomach, stomach
content, small intestine, small intestine content, large intestine, large intestine content,
gall bladder, bile, pancreas, lungs, heart, testicles, tongue and brains for radioactivity
measurements only. All samples for furazolidone analysis were immediately frozen in
liquid nitrogen and stored at —40°C. Samples for radioactivity measurements were
stored at —20°C.

Analysis of furazolidone

Analytical procedures were performed under artificial yellow light (Pope FT 40
W/16), because of the instability of furazolidone in daylight (Kalim 1985).

Frozen tissue (1 g) was pulverized and extracted with ethyl acetate. After evap
oration of ethyl acetate the residue was dissolved in water:methanol (75:25 v/v)
and subsequently treated in a clean-up procedure by partitioning on a Merck
Extrelut-1® column. Biood (1 ml) and plasma (1 ml) were directly processed in this
clean-up procedure. The concentration of furazolidone in the eluates was analysed by
HPLC with UV-detection at 362 nm. The limit of detection was 2 ppb in tissue and
1 ppb in bleod and plasma (Vroomen ef al. 1986).

HPLC

Pump: Waters Associates 6000 A; automatic injection system: Waters 710 B; UV-
detector: Kratos Spectrofiow 773; recorder: Kipp BD 41. Column: Chrompack
Hypersit 50DS (250 x 4.6 mm); precolumn: Brownlee Labs OD-GU RPI8
(30 x 4.6 mm). Eluent: water-0-1 M acetate buffer pH 5-0-acetonitrile (675:75:250).
Flow rate: 1 ml/min. Absorbance was recorded at 362 nm. Run time: 15 min.

Preparation of samples for radioactivity measurements

Tissue. Samples of 0-5-1.5g were solubilized in a mixture of 5 ml Soluene-350%
(Packard) and 1 ml isopropanol at 60°C for 8—12 hours until a clear solution was
obtained. After addition of an anti-foam agent, the solution was bleached by adding
0.5 ml 30% H> O, and successively incubated for 15 minutes at room temperature and
45 minutes at 60°C. Then the samples were mixed with 15 ml Dimilume-30® (Packard).

Blood and Plasma. Q-2 ml blood or 0-5 ml plasma were solubilized in a mixture of
1 ml Soluene-350® and 1 ml isopropanol at 60°C for | hour. Bleaching procedures were
the same as described for tissue.

Faeces. Samples of 0-1 g were solubilized in a mixture of 2 ml Soluene-350% and 1 m!
isopropanol at 60°C for 24 hours. After the standard bleaching procedure an additional
bleaching with 0-2 mi 30% H,0; at room temperature was necessary. Subsequently the
samples were mixed with 19 ml Dimilume-30®,

Urine, waste water and wash liguid. Samples of 1 ml were mixed with 15ml
Dimilume-30~.

Radiocactivity measurements. The radioactivity in all samples was measured in a
Philips liquid scintillation counter (type PW 4700). Counting efficiency was calculated
by means of an external standard-counting procedure. The amount of radioactivity is
expressed as yg equivalents of parent compound per g of tissue. For all calculations it is
assumed that no change in specific activity has taken place.
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Non-extractable radiogctivity

In order to determine the non-extractable radioactivity in liver, kidney and muscle,
samples of 1 g of frozen material were pulverized and extracted with water (4 times),
acetonitrile (2 times), ethyl acetate (2-times), 1 M urea (1 times), methanol (3 times),
ethanol (2 times) and ethanol-chloroform-diethylether (2:2:1). The radioactivity
measured in the tissue residue after these extraction steps was defined as non-extract-
able. Furthermore the amount of radioactivity was also measured in the ultrafiltrate of
water extracts of the various tissues.

Isolation and purification of DNA

The DNA was isolated according to Jeffreys and Flavell {1977) with several
modifications.

Frozen tissue (1g) were pulverized and homogenized in 20ml of ice-cold
150 mm NaCl, 100 EDTA (pH 8.0); sodium dodecylsulphate was added to a final
concentration of 1% and NaClQ,4 to 1 M.

The lysate was extracted twice with an equal volume of chloroform isoamyl alcohol
(24 :1) and the DNA was precipitated by adding 2 ml of 2 M Na acetate (pH 5-6) and
20 ml of isopropanol.

After washing with ethanol, the DNA was dissolved in 12ml TNE (TNE=
50 mm, Tris-HCl, 100 mM NaCl, 5mm EDTA, pH 7-5). After incubation with
pancreatic ribonuclease and proteinase, the solution was 10 times extracted with equal
volumes of phenol/m-cresol/8-hydroxyquinoline (100:14:0-1). In order to remove
residues of phenol, the water phase was subsequently extracted 5 times with
diethylicther. The DNA was precipitated by addition of ethanol. After washing with
ethanol and drying, DNA was dissolved in 1 mi 10 mM Tris HC] pH 7-5. The amount
of DNA was determined by spectrophotometry based on A, =20 mg ', The purity
was determined by the ratio’s Aye/Aaz0 and Asso/Asse. Where necessary an additional
purification was used by cesium chloride gradient centrifugation as described by
Maniatis et al. (1982).

Results

Animal condition and body weight gain

At the start of the medication period animal 106 showed a decreased appetite
which may have been caused by an inflammation in the left foreleg. It was treated with
a single intramuscular injection of Depomycine 15/25" (Gist-Brocades, The
Netherlands). Within 1 day the piglet recovered its appetite and within 3 days the
inflammation disappeared. The piglets showed a regular weight gain. During the
medication period the mean daily body weight gain was 156 + 18 g (n=6), and during
the withdrawal period 239+ 32 g (n=13).

Kinetic studies

Blood and plasma. Mean levels of furazolidone in blood during medication varied
between 0-31 and 0-53 #g/ml while in plasma similar values were observed. No
accumulation of furazolidone during the medication period could be observed in blood
or plasma.

Mean blood and plasma levels of furazolidone upon oral administration on day 10
are shown in figure 2. The concentration of furazolidone reached a maximum value of
835 and 955ng-ml~' in blood and plasma respectively within 30 minutes after
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administration, followed by a decrease which resulted in levels below the limit of
detection of 1 ng-ml~! 3—4 hours after the last administration. The half life (t,,) of
furazolidone in blood and plasma was approximately 60 minutes.

(nfa/; ml)

furazolidone

=y ——=8- BLOOD
1T ¥ N —~%— — PLASMA

7 I ] I 1
c 60 120 180 240
time (minutes)
Figure 2. Blood and plasma levels of furazolidone (ng per ml) after oral administration to piglets at day 10
(=2 except at {=180 min.: w=1 because animal 106 was slaughtered 2 hours after the last
administration).

In contrast to the parent compound furazolidone, an increasing amount of
radioactivity had been observed in blood and plasma during the medication period.
Values of radioactivity as measured in plasma are shown in figure 3.

5—6 Days after initiation of the medication, maximum levels of approximately
9—-10 ug equivalents of parent compound per ml were measured. A relatively fast
decrease of radioactivity in blood and plasma had been observed during the first day
after the last administration of *C-furazolidone, followed by a much slower decrease
during the next 13 days with a half life of approximately 6 days. During the withdrawal
period the amount of radioactivity measured in blood was approximately | ug
equivalent of parent compound per ml higher than that in plasma. At the end of
the withdrawal period, residual values of 2-6 and 1-5ug equivalents of parent
compound per ml were still present in blood respectively plasma. The amount of
radioactivity associated with the plasma protein fraction is shown in figure 4. One day
after the start of the medication approximately 40% of total radioactivity in plasma was
measured in the protein fraction; at the end of the medication period approximately
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75% and during the withdrawal period nearly all radicactivity was found in the plasma
protein fraction. No radioactivity could be detected in the ultrafiltrates of the plasma
protein fraction of samples taken at day 5 of the withdrawal period which repeatedly
had been washed with water and methanol. Furthermore, no absorption of
1 furazolidone to the membrane could be detected.

Urine, faeces, expired air. The main excretion pathway of radioactive labelled
material proved to be the urine. At the end of the medication period 52% of the total
dose of radioactivity was excreted via the urine while during the withdrawal period an
additional 4% was collected (figure 5).

Taking the radioactivity of the wash liquid of the cages into account the total
excretion of radioactivity via the urine at the end of the experiment was found to be
61%.

Negligible amounts of radioactivity were measured in the waste drinking water
( < 0-5% of total dose).

At the end of the medication period 15% (animal 106) and 18% (animal 101) of
the total dosed radioactivity was excreted via the faeces and during the withdrawal
period an additionat 3% (figure 5). No radioactivity associated with volatile metabolites
or endogencously formed CQ; was found in expired air.

Tissues. None of the animals showed abnormalities at autopsy. The parent com-
pound furazolidone could not be detected in muscle, fat, kidney and liver (<2 ng per g)
immediately after the medication period of 10 days even if 5 g of tissue instead of 1 g
were taken for analysis.

Mean levels of radioactive residues in various tissues, calculated as ug equivalents
of the parent compound per g immediately afier the medication period and after the
withdrawal period of 14 days are shown in table 1.

Immediately upon cessation of the medication highest levels of radioactivity were
found in bile, liver and kidney (81-1, 32.9 and 30-1 ug equivalents per g respectively).
In muscle 5-7-7-2 ug equivalents per g were measured. After the withdrawal period of
14 days, radioactivity levels detected in the tissues had decreased substantially and
varied between 0-9-3-1 ug equivalents per g. Recovery of total dosed radioactivity in
this experiment was 80%.

Non-extractable radioactivity. Table 2 shows that 14% of the radioactivity (cor-
responding to 4-8 ug equivalents of parent compound per g) is non-extractable from
liver tissue immediately after the medication period of 10 days.

37-8% of total residual radioactivity in liver tissue was found in the ultrafiltrate of
water extractable material, indicating that the remaining 44- 1% of total residual radio-
activity (corresponding to 53-8% of radioactivity in water extract) was associated with
water soluble material which did not pass through the membrane. After the withdrawal
period of 14 days 0-8 ug equivalents of parent compound per g were present as non-
extractable material representing 27-0% of total residual radioactivity. In kidney 2.9
and 0-9ug cquivalents per g (9-3% and 31-2% of total residual radioactivity
respectively) and in the musculus biceps 2-3 and 1-2 ug equivalents per g (35-0% and
55.6% respectively of total residual radioactivity) were non-extractable after ¢ and 14
days respectively withdrawal time.

Recoveries (mean + S.D.; n=6)} of radioactivity after the extraction steps were
100% + 4%.
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Table 1. Mean level of radicactivity (ppm-equivatents of parent compound) in tissue 0 and
14 days after oral administration to piglets of *C-labelied furazolidone during 10

days,
0 Days after the 14 Days after the
medication period medication period
Tissue n (animal 106) n {animal 101)
Skin, back 2 73 2 3.5
Skin, abdomen 2 9.1 Z 2-9
Subcutaneous fat 2 60 2 4.3
Fat of the abdominal cavity 2 g2 2 2.9
Liver 4 329 4 31
Kidney 4 30-1 4 3.0
Musculus longissimus dorsi 6 6-4 6 240
Musculus psoas major 6 7.2 6 2.1
Musculus biceps 6 65 6 2-1
Musculus triceps 6 64 6 2.1
Musculus quadriceps [ 5.7 6 2.0
Tongue 2 8.1 2 1.9
Brains 2 7-6 2 1-6
Bladder 2 9.7 2 1.9
Spleen 2 11-4 2 2-1
Stomach 2 206 2 1.9
Small intestine 2 12.4 2 0.9
Large intestine 2 11-0 2 1-3
Gall bladder 1 50-3 2 20
Bile 2 81-1 2 11
Pancreas 2 10-4 2 1-9
Lung 4 10-9 4 23
Heart 2 8.3 2 1-9
Testicle 4 11.5 4 23

Table 2. Radioactivity in several extraction fractions of tissues of piglets as percentage of the total residual

radioactivity after a withdrawal period of 0 and 14 days.

Tissue Liver Kidney Muscle
Days of withdrawal o 14 0 t4 [ 14
Water 4x) §1.9 66-0 88-1 595 59.9 39.9
in ultrafiltrate 3178 19-4 53.9 15-2 36-5 15-0
Acetonitrile (2x) Q-7 0.7 0-5 2.8 14 06
Ethyl acetate (2x) 0.7 1-1 0.6 2.0 1.4 0.9
1 mUrea (1x) 0.5 2.8 0.5 0.9 0.9 08
Methenol 3x) 1-4 Q.9 0-8 33 11 £-7
Ethanol 2x} <01 <01 <01 0.1 <01 -2
Ethanol/chlercform/ether
bYe T} (2x) 01 <01 01 02 0.2 03
Non-extractable 14.0 270 9.3 312 35-0 55.6
4.8% 0.-8F 2.9% 0-9t 2.3% 1.2%
Recovery 104-3%  96-2% 105-0% 99.3% 96.3% 99.4%

¥ ppm-equivalents of parent compound
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Interaction of furazolidone with DNA. The purity of the isolated DNA was
determined by the Aje/Aze and Aze/Azse ratio’s. These were 2.41+0-09 and
1.86 + 0.05 respectively (n= 18) indicating that total protein amount was <0-01%
(Markov and Ivanov, 1974). Table 3 shows interaction of furazolidone with DNA
expressed as pmol equivalents of parent compound per mg DNA.

Table 3. DNA binding (pmol equivalents of parent compound/mg DNA) in
tissue of piglets 0 and 14 days after oral administration to pigiets of
14C-labelled furazolidone during 10 days.

0 Day after the 14 Days after the
Tissue medication period medication period
Spleen 240 102
Pancreas 382 119
Liver 186 106
Kidney 372 114
Lung 279 87
Heart 130 106
Muscle 139 118
Brains 57 89
Tongus 165 82

Discussion

The main excretion pathway of “C-material proved to be the urine. At the end of
the experiment 61% of total dosed radioactivity had been detected in the urine of which
approximately 90% already had been excreted at the end of the medication period of 10
days. 15-18% of total dosed radioactivity had been excreted via the facces by piglets at
the end of the medication period, with an additional 3% during the withdrawal period.
Similar results have been reported in a study with a Yorkshire barrow afier oral
treatment with “C-furazolidone, in which 70-5% had been excreted via the urine and
19-19 via the faeces and in a similar test with rats: 81-5% in urine and 11-0% in faeces
(Tennent and Ray 1971).

Maximum levels of furazolidone in plasma of piglets were achieved within 30
minuies after oral administration, reached approximately 1 zg per ml and disappeared
very fast (calculated half life; 60 minutes), Furazolidone inhibits the growth of micro-
organisms in a minimal concentration range of 1-10 ug per ml; for Profeus species and
Pseudomonas aeruginosa minimal concentrations up to 300 ug per ml are necessary
(Van Esch et al, 1983). So after oral administration to piglets furazolidone seems not to
be effective against other than gastrointestinal infections. In older piglets, weighing
30—40 kg, maximum levels in the serum after oral treatmetit with furazolidone in the
feed (1000 mg per kg feed) were achieved within 30—60 minutes and reached 3-8 gg per
ml. The half life was 27 minutes (Yamameoto ef al. 1978). This difference in half life may
be due to changes with age in both pathways contributing to excretion and metabolism.
Nitroreduction is believed to be the major metabolic pathway of nitrofurans
(Swaminathan and Lower 1978). Short et al. (1972) reported that the rate. of
nitroreduction of p-nitrobenzoic acid in liver of swine increased from 655 nmol per g of
tissue for a 6 weeks old piglet to 905 nmol per g of tissue for an adult swine.

In buffalo the half life of furazolidone in plasma after a single oral dose of 30 mg/kg
body weight was 2.52 hours (Mir and Uppal 1984).




Kinetics of “C-furazolidone

Compared with furazolidone itself, the half life of radioactivity in plasma upon oral
administration of *C-furazolidone to piglets during 10 days was much higher indicating
that the depletion of metabolites of furazolidone from plasma was much slower than
that of furazolidone itself. It appeared that one day after stopping the medication almost
all the radioactivity was associated with the plasma proteins.

No furazolidone could be detected in liver, kidney, fat and muscle 2 hours after
stopping the medication. Comparable results have also been reported by Winterlin ez al,
(1984). However, radioactivity could be detected in all tissues examined at the ug/g level
(radioactivity expressed as equivalents of parent compound), even 14 days after
stopping the medication. The major part of extractable radioactivity could be extracted
by water. Previous studies have identified several metabolites of furazolidone. The open
chain cyano-derivative 3-{(4-cyano-2-oxobutylideneamina)-2- oxazolidone appeared to
be an important end product of reductive metabolism in rabbits (Tatsumi ef al. 1984},
(rat liver fractions (Tatsumi et al 1981; Abraham ef al. 1984; Vroomen ef al, in
press) and Escherichia coli (Abraham et al., 1984). In preliminary experiments we
obtained evidence for the presence of this open chain cyano-derivative in plasma of
piglets as well. Further studics presently are being undertaken to obtain more
information concerning the identity and kinetics of metabolites of furazelidone in blood
and tissues of swine.

It also appeared that considerable amounts of the radioactivity in liver, kidney and
muscle could not be extracted from the tissues after several consecutive extraction
procedures. Persistent radioactivity might be covalently bound as is shown for other
compounds, like the nitro imidazole compound ronidazole after administration to swine
(Wolf ef al. 1983). Also non-extractable radioactivity might be covalently bound as
described for trenbolone-acetate (Ryan and Hoffmann 1978) and cambendazgle (Baer
et al. 1977) in cattle tissues and for #C-toluoylchloride phenyl hydrazone in erythro-
cytes of sheep (Jaglan et al. 1977).

Covalent binding may be the result of:

(1) Activation to highly reactive intermediates which may covalently bind to
biological macromolecules such as proteins, DNA or lipids, In the case of
furazolidone such intermediates may be formed after reduction of the nitro group,
The nitroso and N-hydroxylamino derivatives formed may covalently bhind to
macromolecules (Olive 1978; Swaminathan and Lower 1978). In vitro covalent
binding of furazolidone to microsomal protcin has been reported (Abraham ef al.
1984; Vroomen et al. in press) and for other nitrofurans to protein and DNA
(Mattammal et al. 1985; Tatsumi ef al. 1977). The possible role of the nitroso
or N-hydroxylamino derivatives can be shown by trapping the reactive inter-
mediates with nucleophilic agents such as glutathione. A glutathione conjugate
has been described for the nitrofuran N-[4-(5-nitro-2-furyl)2-thiazolyllacetamide
(Mattammal er al. 1985).

(2) Metabolic degradation to non-drug related common carbon fragments,
which may be incorporated in cellular components which are formed in various
normal synthesis reactions. In the case of furazolidone metabolism the formation
of a-ketoglutaric acid has been described as a result of degradation of the furan
moiety of furazolidone in rats (Tatsumi et al. 1984). The formation of a-
ketoglutaric acid may occur after splitting of the furan moiety from
the oxazolidone moiety. Such a cleavage may occur by hydrolysis under
acid conditions (Paul ef al. 1960), which are present in the stomach, a-Ketoglutaric
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acid may be involved in several processes, but may also be catabolized to CO,
(Lehninger 1971). Tennent and Ray (1971) reported that 3% of total dosed
radioactivity was detected in the expired air of rats after oral dosing of formyl 4C-
furazolidone, This radioactivity may be the result of formed '“CO, or volatile
metabolites. In our study with piglets no radioactivity could be measured in the
expired air, which may be expected in the case of formation of volatile metabolites.
Detection of #CO, formed by degradation of the furan moiety was not possible
because YC-furazolidone was labelled in the oxazolidone moiety, No data are
available concerning metabolic degradation of the oxazolidone moiety to
components which may be involved in normal anabolic or catabolic processes.
Further studies are necessary to elucidate the molecular basis of cellular drug
interactions.

The in viveo interaction of “C-furazolidone with DNA in tissues of piglets has been
shown in this study. The interaction with DNA was especially marked in pancreas and
kidney. In companison for ¢example the extent of binding to DNA of benzo(g)pyrene in
mice after an oral dose of 2 x 3 mg per animal varied from 177 — 230 pmol per mg
DNA in liver and from 22—-32 pmol per mg DNA in lung (Anderson ef al. 1981). After
the withdrawal period of 14 days radioactivity could still be measured in the DNA
isolated from the several tissues. Taking into account the growth of the piglets, it seems
that during a 14 days withdrawal period there are no signs of a quick and effective
DNA-repair mechanism in piglets for the DNA-damage caused by furazolidone,
Mutagenic activity of furazolidone has been described in many prokaryotic test
systems (Ohta ef al. 1980; Blijleven ef al. 1977; Kramers 1982; Voogd er af. 1982) and
in eukaryotic systems (Cohen and Sagi 1979; Babilé et al. 1978; Probst et al. 1981,
Voogt et al. 1982).
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CHAPTER 4: The elimination of furazolidone and its open—chain cyano-
derivative from adult swine
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ABSTRACT

1. A sensitive method for the determination of 3~(4-cyano-2-axobuty-
lidene amino)-2-oxazolidone, the open-chaln cyano-derivative of the
veterinary drug furazolidone, in swine plasma and tissues is described.

2. After dosing adult swine orally with furazolidone {690 mg/ animal
per day) for 10 days no furazolidone was detected in liver, kidney and
muscle (< 2 ng/g). The half life of furazolidone as measured from the
terminal phase of the plasma curves was 45 minutes.

In urine swall amounts (< 0.3% of total dose) of furazolidone were
detected.

3. The cyano-derivative of furazolidone, 3-(4-cyano-2-oxobutylidene
amino)~2-oxazolidone is a minor metabelite in plasma and tissues of
swine with a plasma half life of 4 h. No cyano-derivative was detected
in liver and kidney (< 5 ng/g) 2 h after the last administration of
furazolidone; 24 h after the last administration, the concentration in
plasma was < 2 ng/ml and in musecle < 5/g.

4. The cyano-derivative was not mutagenic in the Salmonella/microscome
test, with or without metabolic activation.
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INTRODUCTION

Furazolidone [N-(5-nitro-2-furfurylidene)-3-amino~2-oxazolidone] is a
veterinary drug widely used as an antimicrobial agent for prophylactic
and therapeutic purposes in swine (Brander and Pugh, 1971; Rossoff,
1974). Because of its mutagenic and carcinogenic activities (Klemencic
and Wang, 1978; McCalla, 1983; Food and Drug Administration, 1976) its
use is of public health concern. Earlier studies showed that no resi-
dues of furazolidone could be detected in edible tissues, 2-4 hours
after dosing (Winterlin et al., 1984; Vroomen et al., 1986a).

However, up to 14 days after dosing, radicactivity of the order of
ug-equivalents per gram could still be detected in tissues of piglets
after oral administraticn of l4C-furazolidome {Vroomen et al., 1986a).
No information is available concerning the identity, depletion kine-
tics and toxicity of metabolites of furazolidone in swine tissues.
However, reduction of the nitro group, resulting in the formation of
an open—chain cyano-derivative, is an important metaboli¢ pathway of
nitrofurans (Swaminathan and Lower, 1978). No analytical method is
available for the determination of the cyano-derivative of furazoli-
done in plasma and tissues.

In this paper a sensitive HPLC-method is described for the determina-
tion of 3-(4-cyano-2-oxohutylidene amino)-2-oxazolidone the cyano
derivative of furazolidone in plasma, muscle, liver and kidney of
swine. The method showed its value in a study of the rate of
disappearance of furazolidone and its open—-chain cyanmo—derivative from
plasma and tissues upon oral administration of furazolidone for 1§

days to swine.
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Flgure 1: Furazolidone (A) and its open-chain cyano-derivative (B).
EXPERIMENTAL

Chemicals and solvents

L-asparagine, ethyl acetate and acetonitrile were purchased from Merck
(Darmstadt, F.R.G.) and dextrose was purchased from Difco Laboratories
{Detroit Michigan, U.S.A.). Water was purified over a Millipore Mi11i-
Q water purification system. Furazolidone was a gift from Orphahell
B.V. (Mijdrecht, The Netherlands).

Biosynthesis of the cyano-derivative of furazolidone using E.coli

The cyano—derivative of furazolidone, 3-{4-cyanc-2-oxobutylidene
amino)-2-oxazolidone (figure 1), was synthezised using E. coli
according to Abraham (1981) with several modifications.

After an incubation period of 75 wmin at 37°C, the aqueous layer com
taining E.coli was extracted twice with equal volumes of ice-cold
ethyl acetate. The ethyl acetate extracts were combined and gently
evaporated to dryness under vacuum. The resulting residue was
dissolved in acetonitrile/ water (20/80). Separation of the cyano~
derivative was achieved on a semi-preparative Hibar prepacked column
RT 250-10 Lichrosorb RP-18 (7 um) (Merck 50994) using a linear 22 min
gradient of 2% - 100% actonitrile in water/acetonitrile (975/25) at a
flow rate of 4 ml per min. The eluent was monitored at 254 nm. The
fractions with the cyano-derivative (retention time 6.2 - 6.8 min)
were collected and after evaporation to dryness under vacuum and
redissolving In acetonitrile/water (20/80), the cyano-derivative was
igsocratically chromatographed four times (water-acetonitrile 92/8,
retention time: 10.4 — 11.0 min). White crystals were obtained with
similar spectral properties as described earlier for a metabolite of
furazolidone which was identified as 3-(4-cyanc 2-oxobutylidene aming)
-2=-oxazolidone (Tatsumi et al.,, 1978; Abraham et al., 1984; Vroomen et
al., 1987); characteristics of the mass spectrum {field desorption,
w/z): 195 (molecular ion) and of the infra red spectrum in KBr (cm~1):
2250: cyano-group, 1778: oxazolidone, C=0 and 1688: «,B unsaturated
C=0 stretching.
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Analysis of the cyano-derivative

Sample preparation

Plasma. A 1-ml aliquot of plasma was applied directly to a Merck
ExtrelutR 1 column (Merck 15371) and after equilibration for 10 min,
the cyano-derivative was eluted with 6 ml of ethyl acetate. The eluate
was collected, evaporated to dryness under nitrogen and the residue
dissolved in 300 ul of eluent.

Muscle. A l-g frozen sample (liquid nitrogen) was pulverized and mixed
with 4 ml of water for 2 min. After centrifugation at 3000 g for 15 min
the water-extracts were applied to a Merck Extrelut® 3 column (Merck
15372) and after 10 min equilibration, the cyano—derivative was eluted
with 15 ml of ethyl acetate. The eluate was collected, evaporated to
dryness under nitrogen, the residue dissolved in 300 ul of eluent and
ultrafiltered (Amicon Centrifree Micropartitioa System). No specific
absorption of the cyano-derivative to the membrane occured. The ultra-
filtrate was subjected to HPLC.

Kidney, iiver. Quantities of 1 g of kidney and liver were prepared as
described for muscle. Direct HPLC-analysis on a Hamilton PRP-1 column
(see High Performance Liquid Chromatography, plaswa and muscle) was
not possible because of interference of other peaks absorbing at

254 nm. Therefore a first separation was achieved on a Hamilton PRP-1
column {250 x 4.1 mm int.dfam.; 10 pm) using a linear 22 min gradient
of 2% - 100% acetonitrile in water/acetonitrile (975/25) at a flow
rate of 1 ml per min (injection volume: 150 pl). The fraction with the
cyanc derivative (retention-time: 11.5 - 12.3 min) was collected and
after evaporation to dryness under nitrogen, the residue was dissalved
in 300 pl of water/acetonitrile (80/20) and prepared for HPLC.

High-performance liguid chromatography

Liquid delivery system: Waters 6000 A; automatic injection system:
Waters 710 B; detector: Kratos Spectroflow 773; absorbance was recorded
at 254 mm; recorder: Kipp BD 41. ]

Plasma and muscle. Analytical column: Hamilton PRP-1 (250x4.l mm
int.diam.; 10 um), precolumn: Brownlee Labs OD-GU RP-18 (30x4.6 mm
int.diam.). Run—time: 17 min (after 5 min isocratic HPLC
(water-acetonitrile, 75/25, v/v), the column was washed with water-
acetonitrile, 50/50 (v/v) for 12 min; flow-rate 1 ml/min; injection
volume: 25 - 100 ul. Retention time: 4.3 - 4.8 win.

Kidney and liver. Analytical column: Chrompack Hypersil ODS 5 (250 x
4.6 mm int.diam.) Precolumn: Brownlee Labs OD-GU RP~18 (30 x 4.6 mm
int.diam.).

Eluent; water—acetonitrile (80/20, v/v); flowrate: 1 ml/min; injection
volume:; 50-100 pl; run-time: 10 min. Retention time: 4.9 — 5.6 min.

Analysis of furazolidone

Analytical procedures were performed under artificial yellow light
(Pope FT 40 W/16), because of the instability of furazolidone iIn
daylight (Kalim, 1985). The concentration of furazolidone in blood,
plasma, urine, liver, kidney and muscle was analysed as described
elsevwhere (Vroomen et al., 1986b).
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Animal handling and sample collection

Twelve male pigs (Dutch Landrace x Great Yorkshire; mean weight +
§.D.: 89.3 + 3.6 kg) were individually housed in metabolism cages at
IGMB/TNO- Department ILOB, Wageningen, The Netherlands. After an
acclimatization period of 1 week, the animals were divided into 2
groups:

Group I : 2 contrel animals

Group II: 10 animals treated with furazolidone during 10 days.

A standard swine diet without antibictics was provided to group 1
twice daily at 9.00 h and 16.00 h. For group II furazolidone was added
to the feed in a final concentration cof 300 mg per kg.

The daily amount of feed corresponded to the amount of feed under
practical conditions: 2300 g/ animal per day.

The feed/water ratio was 1:2.

Urine was collected separately into containers to which an 1.0 M ace-
tate buffer (pH 5.0) was added. Each morning, just before feeding time
at 9.00 h, total amounts of urine were measured and immediately
samples were taken for amalysis of the concentration of furazolidone.
No blood samples were taken during the medication perlod, since ear-
lier studies Iindicated a relatively short half life of furazolidone
(Vroomen et al., 1986a) and the cyano-derivative (data not published)
in plasma. ,

After the last administration of furazolidone on day 11 at 9.00 h,
blood samples were collected in heparinized tubes at regular time
intervals from the jugular veln. Plasma was separated by centrifuga-
tion. Samples were immediately analysed for the concentration of fura-
zolidone since a time-dependent decrease of furazolidone in blood has
been reported {(Veale and Harrington, 1982). Plasma samples for the
analysis of the cyano-derivative were stored at -40°C.

On day 0, 1, 3, 7 and 14 of the withdrawal period, 2 animals of Group
II were killed 2 h after feeding at 9.00 h. The animals of Group I
were killed on day O and 14 of the withdrawal period, alsc at 11.00 h.
Samples were taken of the liver, kidney and muscle for analysis of the
concentration of furazolidone and the cyano-derivative, immediately
frozen and stored at -40°C.

Salmonella/microsome—test

The Salmonella/microsome test was carried out as described by Maron
and Ames (1983) using tester strains TA 98 and 100.

Furazolidone and the cyano-derivative were tested dissolved in DMSO in
quantities of 0.01, 0.1, 1.0 and 10 g, respectively 10 and 100 pg per
plate, both in the presence and absence of 50 yl Sg-mix (from livers
of Aroclor-treated rats) per plate.

RESULTS

Determination of 3-({4-cyano-2-oxobutylidene amino)-2-oxazolidone

The eyano-derivative of furazolidone as synthesized by E.coll was
stable for at least one month in the range of 1 - 1000 ng/wml standard

solution, when stored in the dark at room temperature.
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Figure 2: High-performance liquid chromatogram of the cyano-derivative
in samples of swine muscle (A: blank, B: 10 ng/g cyano-
derivative) and swine liver (C: blank, D: 10 ng/g cyano—
derivative). (A,B) : A = 254 om; speed 1 cm/min; sensitivity
of detector: 0.01 aufs; sensitivity of recorder: 10 mv;
injection volume: 50 ul. (C,D): A 254 nm; speed 1 cm/min;
sensivity of detecter: 0,002 aufs; sensitivity of recorder:
10 wV; injection volume: 50 ul (M = the cyano-derivative of
furazolidone). ’
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Concentrations of the cyano-derivative of furazolidone were calculated
by comparing the peak helghts from samples to which the derivative had
been added with the peak heights from corresponding standard sclutions,
containing the same amounts of cyano-derivative. Linearity exists
between the concentration of the cyano-derivative and peak height in
the range of 1 - 1000 ng/ml standard sclution. Linearity wes also
found for samples. In blank‘samples of swine plasma, liver and kidney
no interfering peaks could be detected at 254 nm. Despite of an inter-
fering peak in samples of swine muscle (figures 2A and 2B), the repro-
ducibility of the separation at all tested levels was not Influenced,
so the additional HPLCwseparation step as described for liver and kid-
ney was not necessary. Recovery data for swine samples with added
cyano—derivative of furazolidone in a concentration range of 1 - 1000
ng/ml (or ng/g) of sample are shown in Table 1.
Table 1: Percentage recoveries of the cyano—derivative of furazolidone
from pig plasma and tissues. The cyano-derivative was added

to plg plasma and tissues Iin a concentration range of
0 - 1000 ng/ml or ng/g of sample (n = 6; mean + S.D.)

Cyano-
derivative % Recovery of cyano-derivative
added
(ng/g or
ng/ml) Plasma Muscle Liver Kidney
1000 93.0 + 3.7197.7 + 3.6170.3 +5.8]73.9+7.8
100 104.1 + 4.2)195.3 + 3.9]73.2 +7.8)67.5 E 2.3
50 98.1 + 6.0189.1 + 3.1} 71.0 + 9.7169.5 + 6.8
25 97.4 + 3.1196.2 +2.1166.2 +7,1]76.7 + 8.9
10 97.8 + 4.5} 92.5 + 8.1} 72.4 + 6.9] 74.5 2:5.9

Each result represents the average of six determinations. The mean
overall recovery for plasma (n = 30) is 98.1 + 5.5, muscle (n = 30):
94.2 + 5.1, liver (n = 30): 70.6 + 7.4 and kidney (n = 30): 72.3 +

7.0)-
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The sensitivity of the method, expressed as three times the background
of a blank sample was 2 ng/ml for plasma, 5 ng/g for muscle, liver and
kidney of swine.

In figure 2, the chromatograms of a blank and a muscle sample (10 ng/g)

and a blank and a liver sample (10 ng/g) are shown.

Kinetic studies

Plasma. Neilther furazolidone nor the cyano—~derivative could be detected
in plasma samples taken just prior to the last administration of fura-
zolidone on day 10. Mean plasma levels of furazolidone and the cyano-
derivative after the last oral administration are shown in figure 3.
The concentration of furazolidone reached maximum levels of 62-121
ng/ml within 60-75 min after administration while similar values were
observed in blood. Elimination half life of furazolidone as measured
from the terminal phase of the plasma curves was approximately 45 min.
The concentration of the c¢yano-derivative reached maximum levels of
24,9-45.3 ng/ml within 90-240 min after administration. Seventeen h
after administration the concentration was < 2 ng/ml.

EEEEE' The mean total daily amounts of furazolidone excreted via the
urine are shown in figure 4. Maximum excretion was measured after

2 days of medication: 447-1784 ug of furazolidone per animal. In the
following days of the medication period a decrease was observed. After
10 days of medication the excreted amounts varied from 170-293 pg of
furazolidone per animal. The daily amount of furazolidone excreted via
the urine was only 0.06% + 0.04% (n=108) of the daily administered
dose of furazolidone with an individuval maximum of 0.26% and a minimum
of 0.01%.

Within 5 h after the last administration more than 60% of the total

excreted amount was excreted via the urine; 24 h after the last admi-
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Figure 3: Mean plasma levels of furazolidone and its cyano—derivative
(ng/ml) after the last oral administration of furazolidone
to swine (n=10, after t=2 h n=8). Furazolidcne: -e—e—, the
cyano—derivative: -f—#—&
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Figure 4: Mean total dally amounts of furazolidone {ug) excreted via
the urine {(n=10) during the medication period.
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nistration no more furazclidone could be detected in urine (< 25 ng/ml)
(data not shown).

Muscle, liver and kidney. None of the animals showed abnormalities at

autopsy. Furazolidone could not be detected in muscle, liver and kid-
ney of adult swine (< 2 ng/g tissue) 2 h after the last adwinistration
of furazolidone on day 10. The cyano-derivative could only be detected
in muscle of swine, killed 2 h after the last drug administration:

mean level (n=2): 17 ug/kg muscle.

Mutagenicity test with Salmonella typhimurium.

Furazolidone was positive with TA 100 at all tested concentrations,
while a dose-effect relation was observed. The addition of 50 pl
Sg~mix did not 1nfluence the results (data not shown). The cyano-
derivative was negative at doses up to 0.1 mg per plate for both TA 98

and 100, with and without metabolic activation.

DISCUSSION

In earlier studies half lives of furazolidone in plasma after oral
treatment varied from 27 min for pigs weighing 30-40 kg (1000 mg fura-
zolidone per kg feed) (Yamamoto et al., 1978) to 60 min for piglets
welghing approximately 10 kg (300 mg furazolidone per kg feed) (Vroomen
et al., 1986 a). Differences in half life may be explained by the

fact that the biotransformation capacity and the renal clearance func-
tion is in general less developed in younger animals. Short et al.
(1972) reported that the rate of nitroreduction of p-nitrobenzoic acid
in liver of swine increased from 655 nmol per g of tissue for a 6 week
old piglet to 905 nmol per g of tissue for an adult swine.
Furazolidone inhibits the growth of Gramnegative and Grampositive

pathogenic bacteria in a minimal concentration range of 1-10 ug per ml;
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however, for Proteus specles and Pseudomonas aeruginose minimal con-
centrations up to 300 ug per ml are necessary (Van Esch et al., 1983).
Since the cancentration of furazolidone reached maximum plasma levels
in adult swine of 60-120 ng/ml after oral administration through feed
in a concentration of 300 mg/kg, it may not to be effective agailnst
other than gastrointestinal Infections, as alse has been observed for
the piglet (Vroomen et al., 1986a).

No furazolidone could be detected in liver, kidney and muscle 2 h
after stopping the medication. Comparable results have also been
reported in studies with piglets (Vroomen et al., 1986a), swine and
poultry (Winterlin et aI., 1984).

In earlier studies it has been shown that urine is the main excretion
pathway; after oral administration of l4c—furazolidone to the piglet,
barrow or rat respectively 61%, 70.5Z and 81.5% of total dosed
radioactivity was recovered in urine (Vroomen et al., 1986a; Tennent
and Ray, 1971). The percentage of unchanged furazolidone excreted via
the urine was not determined in these studies.

From this study it appears that only a small fraction of the total
administered dose was excreted via the urine as unchanged furazolidone
{0.01-0.26%), apparently due to effective blotransformation.

After 2 days of medication a decrease in the concentration of the
parent compound excreted via the urine was observed, indicating that
specific metabolizing enzymes may have been induced. Detailed infor-
mation concerning the identity, depletlion kinetics and toxicity of
formed metabolites 1s necessary for the evaluation of the risk of
residues of drugs used in food-producing animals for human.

Reduction of the nitre group is a major metabolic pathway of nitro-

furans (Swaminathan and Lower, 1978). The open-chaln cyano-endproduct
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of reductive metabolism of furazolidone, 3-(4-cyano—-2-cxobutylidene
amino)-2-oxazolidone, appeared to be an important metabolite in rats
(Tatsumi et al., 1984), rat liver fractions (Tatsumi et al., 1981;
Abraham et al., 1984; Vroomen et al., 1987), eels (Nakabeppu and

Tatsumi, 1984) and Escherichia coli (Abraham et al., 1984). The c¢yano-

derivative of furazolidone could also be detected in the urine of
rabbits after oral treatment {(Tatsumi et al., 1978).

From this study it appears that the cyano-derivative is a minor meta-
bolite of furazolidone in swine after oral administration. This may be
the result of different speciles specific metabolic pathways of furazo-
lidone in swine. Several other pathways have been postulated for
nitrofurans: hydroxylation of the furan ring in the 4- position or
oxidation of the side chain {Swaminathan and Lower, 1978), hydrolysis
of the azomethine binding, (Schmid, 1985) and for methylfurans epoxi-
dation of the furan ring (Ravindranath et al., 1984). Another explana-
tion may be a very fast elimination of the cyano-derivative via the
urine. Also effective trapping of reactive intermediates of furazoli-
done such as nitroso and N-hydroxylamino—derivatives by biological
macromolecules or agents like glutathione may occur (Olive, 1978;
Swaminathan and Lower, 1978). Covalent binding of furazolidone with
protein and DNA in vivo has been reported in piglets {(Vroomen et al.,
1986a). A glutathione dependant covalent binding of furazolidone to
rat liver microsomal protein in vitro has been reported (Vroomen et
al., 1987). Mutagenicity of furazolidone is probably also due to
reductive activation to nitroso or hydroxylamino derivatives which may
react with DNA rather than to the activity of the unmetabolized com—
pound. Once reduced to stable endproducts, mutagenic activity becomes

unlikely {(Rosenkranz and Speck, 1976; Klemencic and Wang, 1978;
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MeCalla, 1983). This is supported by results of studies performed by
Tatsumi et al. (1978) and our laboratory showing that the reductive
endproduct, the open—chain cyano—derivative, was not mutagenic in the
Ames test both with or without metabolic activation.

In conclusion these studies underline the importance of detailed meta-
bolism studies of drugs in the proper target animals. Furazolidome is
rapidly degraded in swine and not detectable in edible tissues after
oral administration. The cyano—derivative which is a major metabolite
in several animals, is only a minor metabolite in plasma and tissues of
swine. Furthermore from studies with piglets dosed with léc-furazo-
lidone it is known that radicactivity in the order of pg-equivalents
per gram of tissue could be detected. Therefore extensive biotransfor-
mation of furazolidone must take place in swine. No further informa-
tion concerning the identity, depletion kinetics and toxicity 1s
available on metabolites present in edible tisgsues of swine after oral
treatment with furazolidone. Further studies are in progress which may
serve as a basis for a proper risk estimation of the application of
furazolidone to swine in relation to human health.
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Abstract—The nitrofuran, furazolidone, is metabolized by rat liver microsomes under both aerobic and
anaerobic conditions, the rates for mictosotnes from 3-methylcholanthrene-induced mals rats being 3.52
and 4.26 nmol/mg protein/min, respectively. The two major metabolites formed are the well-known
3-(4-cyano-2-oxobutylideneamino)-2-oxazolidone, and 2,3-dihydro-3-cyanomethyl-2-hydroxy-S-nitro-
1a,2-di{2-oxo-oxazolidin-3-yl)iminomethylfurof2,3-b]furan (accounting for 16.6 and 16.4% of total
extractable radioactivity, respectively). Cytochrome P-450 is not involved in the conversion of fura-
zolidone, which was converted by tat liver microsomes to products identical to those obtained upon
incubation with purified NADPH-cytochrome £-4350 reductase, which is a microsomal reductase. During
metabolism, a considerable amount of material (2-3% of total metabolites) became covalently bound to
microsomal protein. This covalent binding could be inhibited by addition of glutathione, which also
resulted in an almost complete shift from non-polar to water-soluble metabolites. No interaction of
furazolidone with added calf thymus DNA was detected.
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INTRODUCTION

Furazolidone (¥ -(5-nitro-2-furfurylidene)-3-amino-
2-oxazolidone) is an antimicrobial veterinary drug,
widely used for the therapy and prevention of intes-
tinal infections in pigs, poultry and cattie. It is
mutagenic (Klemencic & Wang, 1978; McCalla,
1983) and appears to be carcinogenic (Food & Drug
Administration, 1976 & 1984).

After oral administration of furazolidone to pigs
the concentration of the drug in edible tissues was
below the limit of detection (0.5 pg/kg tissue) within
4hr of the last administration (Winterlin er ai.
1984). However, radioactive material corresponding
to approximalely 2 ppm-equivalents of parent com-
pound could be detected in the tissues 14 days after
treatment of piglets with [“Clfurazolidone was
stopped (Vroomen et ¢!, 1985). A major part of the
residual radioactivity was non-extractable (Vroomen
et al. 1986).

Information on the toxicity of residual metabolites
of furazolidone in animal products with regard to
human health is limited, and covalently bound resi-
dues are of particular interest in this respect. There-
fore, a gquantitative and qualitative study of the
process of covalent binding of furazolidone to biolog-
ical macromolecules seemed indicated.

Abbreviations; GSH = glutathione; HPLC = high-pressure
liquid chromatography; 3MC = 3-methylcholanthrene;
PB = phenobarbital; TLC = thin-layer chromatography.

Reduction of the nitro group is a major metabolic
pathway of nitrofurans (Swaminathan & Lower,
1978). Previous studies have identified several
metabolites of reductive metabolism both in vitro
and in vive. The cvano derivative 3-(4-cyano-2-
oxobutylideneamino)-2-oxazolidone appeared to be
the major end product of reductive metabolism of
furazolidone (Abraham er al. 1984; Nakabeppu &
Tatsumi, 1984; Tatsumi et al. 1978, 1981 & 1934).
Reduction of the nitro group may result in the
formation of reactive intermediates, which may cova-
lently bind to biological macromolecules such as
protein and DNA (Swaminathan & Lower, 1978).

As a possible model for in vivo metabolism,
we describe in this paper the in vitro aerobic and
anaerobic metabolism of furazolidone by rat liver
microsomes and the compound's interaction with
microsomal protein and added calf thymus DNA,

MATERIALS AND METHODS

Chemicals. ["C]Furazolidone was a gift from Nor-
wich Eaton Pharmaceuticals Inc., Norwich, NY,
USA. It was labelled in the methylene groups of the
oxazolidone moiety (specific activity, 2.69 uCi/mg;
radiochemical purity >99% by TLC (toluene-acetic
acid-acetone—water, 600:240:80:25, by wvol) and
HPLC). The counting fluids used were Minisolve
(Zinsser Analytic (UK) Ltd, Maidenhead, Berks.)
and Dimilume-30% (Packard Instrument BV, Delft)
for aqueous and non-aqueous samples, respectively.
NADPH, glucose-6-phosphate and  glucose-6-
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phosphate dehydrogenase were obtained from Boeh-
ringer Mannheim GmbH, Mannheim, FRG. DNA
{calf thymus, type 1) and reduced ghutathione (GSH)
were purchased from Sigma Chemical Co., St Louis,
MO. NADPH-cytochrome-P-450 reductase (purifi-
cation and measurement of activity carried out ac-
cording to Yasukochi ez al. 1979) was kindly supplied
by Dr P. Bonants of the Department of Biochemistry
of the Agricultural University, Wageningen. All the
other chemicals used were of reagent grade.

Preparation of microsomes. Male Wistar rats were
pretreated either with 3-methylcholanthrene (3MC),
administered as three daily ip injections each of
30 mg/kg body weight, or with phenobarbital (PB)
given over 7days at a level of 0.1% in the drinking-
water. An untreated group served as the control.
Livers were perfused with a 20mM-Tris HCI,
250 mM-sucrose buffer (pH 7.4), homogenized in a
teflon Potter—Elvehjem homogenizer and centrifuged
for 20 min at 9000 g. The supernatant (5-9 fraction)
was centrifuged for 90 min at 105,000g. After the
supernatant {cytosolic fraction) had been decanted,
the microsomal pellet was washed in 150 mm-KCl
and then resuspended in 100 mM-potassium phos-
phate buffer, pH 7.4. The 8- fraction, cytosol and
microsomes were all stored at —25°C. Protein con-
centration was determined by the method of Lowry
et al. (1951).

Microsomal incubation. Unless stated otherwise, a
standard incubation mixture was used containing
1 mM-NADPH, 3 mM-MgCl,, 0.1 M-potassium phos-
phate buffer, pH 7.4, and 1.46-2.95 mg protein. Incu-
bations were started by the addition of 50 ul
["*Clfurazolidone dissolved in acetone (final concen-
tration, 36,7 uM). The final volume was 2mi. After
incubation for 3 min at 37°C the reaction was termi-
nated by the addition of 1 ml acetone. Non-polar
metabolites were extracted with 4 x 2ml ethyl ace-
tate. After evaporation of the ethyl acetate under
nitrogen, the residue was dissolved in 300 ul
acetonitrile—water, 30:70, v/v (I; representing the
ethyl acetate fraction) and used for HPLC or radio-
activity measurements. After extraction with ethyi
acetate, the protein in the aqueous phase was precip-
itated by the addition of ice-cold methanol. After
centrifugation for 15min at 1500 g, the aqueous/
methanolic supernatant was decanted and evapo-
rated under nitrogen. The polar metabolites were
dissolved in 300 ul acetonitrile~water, 30:70, v/v (II;
representing the aqueous fraction) and were used for
radioactivity measurements or HPLC, The precip-
italed protein was washed three times with methanol,
twice with ethanol and twice with ether. The resulting
peliet (11I; representing the protein fraction) was
dissolved in ! ml Soluene 350 {Packard Instrument
BV), incubated for at least 4 hr at room temperature
and used for measurement of the radioactivity (the
amount of radicactivity defined as originating from
covalentty bound residues). After the protein was
washed with methanol, no more radioactivity could
be extracted. Anaerobic conditions were achieved by
shaking the incubation mixture for 3min under a
constant flow of argon, after which the incubation
bottles were sealed. For incubations longer than
Smin, an NADPH-regenerating system—10 mM-
glucose-6-phosphate and 10U glucose-6-phosphate

dehydrogenase—was added to the medium. Calf thy-
mus DNA, added at | mg/ml of incubation mixture,
was isolated as described elsewhere (Jeffreys &
Flavell, 1977), dissolved in 10 mm-Tris HC, pH 7.5,
and prepared for radicactivity measurements. In
studies on the effect of GSH on microsomal metab-
olism of furazolidone, GSH was added to the incu-
bation mixture at levels of 0.5-10 mm. Incubations
with microsomes inactivated by heating or withoui
NADPH served as controls. Incubations and all
other procedures before HPLC analysis were per-
formed in the dark because of the photosensitivity of
furazotidone in solution (Kalim, 1985).

HPLC analysis. HPLC analyses were performed
with a Perkin—Elmer Series 4 HPLC system. Sepa-
ration of the non-polar metabolites of furazolidone
was achieved on a Chrempack Hypersil 5 ODS col-
umn (250 x 4.6 mm). After injection of 100 ul of an
incubation sample, all radicactivity {>99%) was
eluted with a linear 22-min gradient of 2-100%
acetonitrile  in  water—1.0 M-acetate  buffer pH
$.0-acetonitrile (900:75:25, by vol.) at a flow rate of
I ml/min. The eluate was monitored at 254 nm and
for radioactivity measurements 0.2 ml fractions were
collected. After addition of 3 ml Minisolve, the
amoun! of radioactivity was determined in a Philips
liquid scintillation counter (type PW 4700). Counting
efficiency was calculated by means of an external
standard counting procedure. The data presented in
this paper are representative of at least three experi-
ments. The experimental variation was within 10%.

fdentification of non-polar metabolites of fura-
zolidone. Far identification of the non-polar metabo-
lites of furazolidone, aliquots of fraction I (see earlier)
were chromatographed as described above. Ultra-
violet {UV) absorption spectra were obtained with a
Hewlett—Packard photodiode array detection system
{detector 1040 A, diskdrive 9121, computer 85B and
plotter 7470A). Infrared (IR) spectra of the various
compounds in 5 mg KBr were recorded on a Bruker
1FS-85 instrument with diffuse reflectance techniques.
Proton nuclear magnetic resonance (NMR} spectra
of furazolidone or its metabolites dissolved in CDCl,
were obtained with a Bruker CXP 300. Mass spectra
were obtained with an AEI MS 902 mass spectro-
meter coupled to a VG-ZAB console.

RESULTS

Analytical data

Chromatographic analysis of fraction I (the ethyl
acetate extract of the product of microsomal metab-
olism of furazolidone) revealed four major peaks—
A, B, V and furazolidone (Fig. 1). When the same
reversed-phase HPLC method was used for samples
of fraction II, most (>85%) of the radicactivity
appeared at the solvent front, indicating the high
polarity of the compounds in that fraction. With
fraction I, peak A appeared with the solvent front.
There are indications of at least three different radio-
active substances in that peak but they have not yet
been clearly identified.

Characteristics of metabolites B and C are shown
in Table 1. The douhle doublet at & 4.83 in the NMR
spectrum of metabelite C (Fig. 2) coupled with the
doublet at ¢ 5.85 and a proton in the multiplet at &
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Fig. 1. HPLC analysis of metabolites (A, B and C) of
['"Clfurazolidone (F) present in the ethyl acetate extract
after microsomal incubation under aerobic conditions.

3.89. This proton at & 3.86 also coupled with the
doublet at § 2.35. Coupling was proved by using spin
decoupling methods.

In vitro metabotism of furazolidone

The in vitro aerobic metabolism of furazolidone by
liver microsomes from 3MC-induced male rats is
characterized by rapid conversion of the parent com-
pound. After a 5-min incubation period, 36.1% of
furazolidone was comverted, of which 44.2% was
located in the ethyl acetate extract and 52.9% in the
aqueous phase, while 2.9% was associated with pro-
tein (Table 2). Two major metabolites (B and C) were
isolated from the ethyl acetate extract (Fig. 1). Char-
acteristics similar to those found for metabolite B
(Table 1) have been described earlier for a fura-
zolidone metabolite which was identified as

3-(4-cyano-2-oxobutylideneamino) - 2 - oxazolidone
(Fig. 3}, the open-chain cyano derivative (Abraham
et al. [984; Tatsumi ef al. 1978). The UV, IR and
NMR spectra of metabolite C showed great similarity
to the spectra of a product of furazolidone obtained
after in vitro metabolism using milk xanthine oxidase
and rat liver 9000-g supernatant (Tatsumi et a/. 1981).
This reduction product was tentatively identified
by the authors as 2,3-dihydro-3-cyanomethyl-2-
hydroxy-35-nitro-,2-di- (2-ox0-oxazolidin-3-yl) imino-
methylfuro[2,3-b]furan (Fig. 3). The doublet at 4 2.35
(2H), which can be attributed to two methylene
protons, is even more likely than a signal overlapped
by a signal due to water at 4 3.34, as assumed by
Tatsumi er af. (1981).

The characteristics of the metabolism of fura-
zolidone by rat liver microsomes are shown in
Table 2. Conversion of furazolidone at a rate of
3.52nmol/mg protein/min was measured under
aerobic conditions. The amount of material con-
verted was approximately 20% higher under anaer-
obic than under aerobic conditions. Microsomes of
untreated male rats metabolized furazolidone at
a slower rate than microsomes of 3MC-treated
male rats (229 and 3.52 nmol/mg protcin/min,
respectively). There was no significant difference in
conversion rates between microsomes of PB-induced
and 3IMC-induced male rats, but small differences in
the relative amounts of the metabolites formed could
be observed. An increase in the relative amount of
metabolite B and a decrease in the relative amount of
metabolite C were observed on increasing the incu-
bation time from 5 to 15 min. No further changes in
the percentages of individual metabolites in the ethyl
acetate extract were observed on increasing the incu-
bation time from 15 to 60 min (Table 2).

The conversion of furazolidone is an enzymatic
NADPH-dependent process, which is located in the
microsomal fraction but is independent of cyto-
chrome P-450. Thus, no conversion of furazolidone
was observed when the microsomes were inactivated
by heating, or when NADPH was absent from the
incubation mixture, indicating that NADPH-
dependent enzymes are involved in the metabolism of
furazolidone by rat liver microsomes. Furthermore,
the fact that no influence on the metabolism of
furazolidone could be detected on saturation of the
incubation mixture with carbon monoxide (Table 3)

Table 1. Characteristics of metabolites B and C formed during microsomal metabolism of furazalidone

Parameter Mectabolite B

Mz1abolite C

226, 268
2250: cyano group
1778: oxazolidone, C=0

UV spectrum, 4, (nm)
TR spectrum in KBr {cm™')

1688: a, S-unsaturated C =0 streiching

H-NMR in CDCl, {ppm) 7.07, singlet (1H)
4.64, triplel (2H)
3.87, triplet (2H)
1.33, wipkt {2H)
2.67, triplet {ZH)

Mass spectrum {m/z)
—field desorption
—electron impact

195 (molecular jon}
113, 82 (fragment ions)

226, 275

3207: hydroxyl group (Fig. 2)
2247; cyano group

1769: oxazolidons, C =0
1561: nitro group

1358: nitro group

7.43, singlet {IH) (Fig. 2)
7.38, singlet {tH)

5.85, doublket {1H)

4.83, double doublet (1H}
4.58, muluplet (4H}

3.89, multiplet (5H}

2.35, doublet (2H)
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Fig. 2. {a} IR and {b) NMR spectra of metabolite C of furazolidone.

indicated that cytochrome P-450 is not involved in
the conversion of furazolidone by rat liver micro-
somes in vitro. Furazolidone was metabolized to
some extent under aerobic conditions by the 9000-g
rat liver fraction, but at a much lower rate
(0.67 nmol/mg protein/min) than by the microsomal
fraction, while the cytosolic fraction of rat liver
hardly converted furazolidone at all (Table 3).

A well known NADPH-dependent microsomal
reductase is NADPH—cytochrome P-450 reductase
{cytochrome ¢ reductase). Purified cytochrome P-450
reductase converted furazolidone under anaerobic
conditions into the same metabolites as did the
microsomes (Table 4). The conversion rate for the
purified enzyme was 14.5 nmol/min/unit of reductase
compared with a conversion rate for the microsomes
(0.2 units NADPH-dependent cytochrome P-450
reductase/mg protein) of 21.3 nmol/min/unit of re-
ductase (Table 2). No conversion by the purified
enzyme could be measured under aerobic conditions
(data not shown) or in the absence of NADPH
(Table 4).

Covalent binding of furazolidone to protein and DNA
and the effect of glutathione

Under standard aerobic incubation conditions,
detected covalent binding of furazolidone to protein
amounted to .52 amol/mg protein (2.9% of total

metabolites). The amount of furazolidone associated
with protein increased under anaerobic conditions
and also with an increase in the amount of micro-
somal protein in the incubation mixture or with an
increase in the incubation time (Table 2). No protein
binding could be detected when the microsomes wete
inactivated by heating or when NADPH was absent
from the incubation mixture (Table 2). Addition of
calf thymus DNA (1 mg/ml) to the incubation mix-
ture did not influence the in sitro conversion of
furazolidone by microsomes of male rats treated with
IMC (Tables 2 & 5). No radioactivity was detected
bound to DNA even afier an incubation time of
60 min.

When GSH was added 10 the incubation mixture
in a concentration of 2 mM or more, the metabolites
B and C were not detected, but an increase in polar
metabolites and a decrease in covalent binding to
protein was observed (Table 5). Under anaerobic
conditions the rate of total conversion was indepen-
dent of the addition of GSH, but under aerobic
conditions a decrease in rate of up to 60% was
observed.

DISCUSSION

Reduction of the nitro group is an important
metabolic pathway for nitrofurans (Swaminathan &




Table 2. Metabolism of furazolidenc by rat liver microsomes

Metabolites (% of

Total
conversion

Covalent
binding

total) in fraction:

Main EtAc-soluble metabolites
(% of 10la] metabolites in fraction I)

Incubation  Microsomal

(%o

m {nmol/mg
protein)

{protein)

|
(water}

C

protein P
{mg/Z ml*) conditions
Standard

time
(min)

Treatment
of maic rats

[
{E1Ac)

NADPH R/S}
NADPH R/S}
NADPH R/St
Standard
Anaerobic

Boiled

IMC

Furazolidone metabolism by rat liver microsomes

ND

ND

ND

3.7
6.5

6.1

ND

ND
ND

NI
ND

NICTOSOMES
Without NADPH
Standard
Standard
Standard

ND{(—)
ND{-)
34.5 (3.43)
61.2 (3.50)
30.0 (2.29)

113
0.69

0.63

471
472

598

ND

36.5

468
PB

466

34
7.2
EtAc = Ethyl acetate  IMC = 3-Methylcholanthrene ND = Not detectable

366

15.6

ND

148
1.48

1.93

FB
Nil

Phenobarbival

*2ml of incubation mixture.

te debydrogenase.

glucose-6-pl

and U

6-ph

ok

+Numbers in brackets are rates of metabolism cxpressed as nmol substrale metabolized/mg protein/min.

INADPH regeneraling system: 10

0
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Metabalite B Metabolite C
Fig. 3. Proposed metabolic pathway of Furazotidone.
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Lower, 1978). Several metabolites of ir vivo or in vitro
reductive metabolism of furazolidone have already
been ideniified (Abraham et af. 1984; Nakabeppu &
Tatsumi, 1984; Tatsumi ez al. 1978, 1981 & 1984).
This report presents data that support the reductive
metabolism of furazolidone in' vitro:

(1) The well-known  3-{4-cyano-2-oxobutyl-
ideneamino)-2-oxazolidone (metabolite B), the
open-chain cyano derivative that has also been
found in other biological systems such as rabbits
{Tatsumi et al. 1978), eels (Nakabeppu & Tatsumi,
1984), rats {Tatsumi et al. 1984), rat liver fractions
(Abraham et af. 1984; Tatsumi et af. 1981) and
Escherichia coli (Abraham et gl 1984), has been
identified as an end product of the reductive
metabolism of furazolidone.

{2) In contrast to another study on the metabo-
lism of furazolidone by rat liver microsomes
{(Abraham ef al. 1984), we found a second non-
polar metabolite (C). The characteristics of this
metabolite show great similarity to the character-
istics of a reduction product of furazolidone
obtained after in witro metabolism using milk
xanthine oxidase and rat liver 9000-g supernatant
(Tatsumi et al. 1981). The presence of a cyano
group in the IR spectrum indicates that this
metabolite is the result of a process of fura-
zolidone reduction. When metabolite C was sepa-
rated from metabolite B and then redissolved in
water, no metabolite B was detected by HPLC
analysis, and similarly no metabotlite C was de-
tected in an aqueous solution of isolated metabo-
lite B, indicating that no equilibrium exists
between these two non-polar metabolites. Fur-
thermore the concentration ratio of the two non-
polar metabolites did not change on prolonged
incubation (> 15 min), indicating that a common
intermediate may precede the formation of both
metabolites. )

(3) The nitro reduction may be catalysed by nitro
reductases such as the microsomal enzyme
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NADPH-cytachrome P-450 reductase (Gillette,
1971). This is supported by the observation that
the conversion of furazolidone under anaerobic
conditions by purified NADPHcytochrome P-
450 reductase resulted in the same end products as
were obtained after anaerobic conversion by rat
liver microsomes. Furthermore, the characteristics
of this microsomal conversion of furazolidone are
similar to the NADPH-cytochrome P-450 reduc-
tase activities demonstrated for the metabolism
of several other nitrofurans (Boyd et al. 1979;
Mattammal ef al. 1985; Swaminathan & Lower,
1978; Wang et al. 1974; Zenser et al. 1981). Under
aerobic conditions, furazolidone is also converted
by rat liver microsomes. Nitro reduction under
aerobic conditions has been reported elsewhere for
rat liver microsomes {Abraham et al. 1984) and
isolated perfused rat liver (Bond er al. 1984).
However no conversion under aerobic conditions
could be measured in studies with purified
NADPH-cytochrome P-450 reductase. The rea-
son for this difference is not known, but may be
found in the re-oxidation of the initial product by
oxygen (Gillette, 1971), a reaction that may occur
more readily with the purified enzyme than when
the enzyme is present in liver microsomes.
Although PB, in contrast o 3MC, is an inducer of
NADPH-cytochrome P-450 reductase {Gillette,
197t; Wang et al. 1974) no difference in fura-
zolidone conversion under aerobic conditions was
observed between microsomes from 3MC- and
from PB-induced rats, indicating the possible in-
volvement of other NADPH-dependent enzymes
that may be induced by 3MC-pretreatment of rats.
This is supported by the observation that under
anaerobic conditions the conversion rate for mi-
crosomes (nmol/min/unit of NADPH-dependent
cytochrome P-450 reductase) was some 50%
higher than the conversion rate for the purified
enzyme.

Reduction of the nitro group in nitrofurans is a
multi-step  process with two  important
intermediates—the nitroso derivative and sub-
sequently the hydroxylamine derivative (Swamina-
than & Lower, 1978; Fig. 3). These reactive inter-
mediates are believed (o be responsibie for the
inactivation of susceptible bacterial strains (Asnis e/
al. 1952; Paul et al. 1952) and for the mutagenic and
carcinogenic activities of some nitrofurans (Cohen,

Table 4. [n virro anacrobic conversion of furazolidone (36.7 uM) by purifiecd NADPH-dependent cylochrome P-450 reductase

Metabolites (% of

Main ElAc-soluble metabolites total) in fraction:
(% of total metabolites in fraction I} ——————  Total
Incubation Specific : 1 It conversion
time (min) conditions® A B C {ElAc) (water) (%)
0 Standard ND ND ND ND ND ND
2 Standard 12.6 26.2 2 15.9 8.1 7.0
H Standard 12,4 274 35.0 19.4 20.6 88.7
30 Siandard 13.7 2.5 336 248 75.2 ER.I
301 t 134 332 315 253 T4.7 B4.5
30 Without NADPH ND ND ND ND ND ND

EtAc=

Ethyl acetate ND = Nol deteclable

*Cytochrome P-450 reductase was added throughout at 2 U/2 ml incubation mixture, 1 U being the amount of reductase that reduces

| pmol cytochrome ¢/min at 25'C,

#locubation for |5 min under anaerobic conditions (ollowed by 15min in an aerobic aimosphere.




Total
conversion
(%)

Covalent
binding

(nmol/mg

Metabolites (% of
total) in fraction:

male rats afler incubation for 5 min

Main ELAC-soluble metabolites
(% of total metabolites infraction 1)

Table 5. Influence of addition of glutathione (GSH) or DNA on the aerobic and anacrobic metabolism of furazolidone by liver microsames from 3-methyicholanthrenc-induced

n I
(protein} protein}

{waler)

I
(EtAc)

C

B

Conditionst

DNA
{mg/2 ml*)

GSH
{mM)

Aerabic
Aerabic
Acrobic
Acrobic

Furazolidone metabolism by rat liver microsomes

Cogoooigindd
——haGeaiwi®m
— o < I~ ol 0 6 og ot
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[ ) " sl
HIRCBEIRZ2PY

Anaerobic
Anaerobic

Acrobic

Aerobic

Anaerabic
Anaerobic
Anaerobic

Aerobic

[ T A I Y

"
O —NnooMND

Not detectable

ElAc = Ethyl acetale ND

§DNA was purified and separated from the protein by an enzymatic sphtiing of the protein, so the amount of radioactivity in the protein could not be measured.

$Numbers in brackets are rates of metabolism expressed as nmol substrate metabolized/mg protein/min.

tEach mcubation mixture contained t.48 mg protcin/2 ml.

*2 ml of incubation mixture.

1978; Klemencic & Wang, 1978). Reduction of aro-
matic nitro compounds to arylamines has been shown
to occur via the same reactive intermediates in pivo
and in vitro (Kriek & Westra, 1979). These nitroso
and hydroxylamine derivatives of aromatic com-
pounds easily react with GSH (Ddlle ez al. 1980;
Eyer, 1979; Eyer & Kampffmeyer, 1982; Eyer &
Schneller, 1983; Mulder et al. 1982 & 1984). In the
present study, it was found that the non-polar metab-
olites could not be detected upon addition of GSH,
in concentrations at or above 2 mM, to the incubation
mixture. Such an effect has also been described in
E. coli systems (Abraham et al. 1984). In addition,
the covalent binding of [*C]furazolidone 10 protein
decreased upon addition of GSH. These findings
are probably the result of an interaction of the
nitroso or hydroxylamine derivative of furazelidone
with GSH. GSH conjugation has already been
described for the nitrofuran & -(4-(5-nitro-2-furyl)-2-
thiazolylacetamide (Mattammal er al. 1985). Studies
aimed at the elucidation of the structure of the
protein adduct(s) in vitro and in vive are being
undertaken.

The N-hydroxy derivatives are the intermediates
responsible for interaction with DNA after activation
of aromatic amines and amides by N-oxidation
(Délle et af. 1980; Eyer, 1979; Eyer & Kampffmeyer,
1982; Eyer & Schneller, 1983; Kriek & Westra, 1979,
Mulder er al. 1982 & 1984). In the study reported
here, no interaction with calf thymus DNA was
observed in vitro, in contrast to findings in vive
{Vroomen et al. 1986). Perhaps a difference exists
between the in vitro and in vivo situation in the
availability of hydroxylamine derivatives for reaction
with DNA.
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SUMMARY

Furazolidone (N-(5-nitro-2-furfurylidene)-3-amino-2-oxazolidone) is
metabolized by swine liver microsomes under aerobic and anaerobic
conditions (rate: 2.55 and 3.25 nmol per mg protein per minute respec-—
tively). Covalent binding to microsomal protein amounted aerobically
to 0.29 nmol per mg protein per minute. Of all amino acids tested,
only addition of cysteine to the incubation mixture decreased micro—
somal protein binding of furazolidone, Indicating that covalent
binding may occur at protein thiel groups. Two known metabolites of
furazolidone, 3-(4-cyano-2-oxobutylidene-amino)-2-oxazolidone and 2,3
dihydro-3~cyanomethyl-2-hydroxyl-5-nitro-1 «, 2-di(2-oxo-oxazolidin3-yl)
iminomethyl-furo[2,3-b]furan, were minor metabolites. At least 50% of
total metabolites is formed by swine liver microsomes via a reductive
process of furazolidone as indicated by the formation of a furazoli-
done-mercaptoethanol conjugate after the addition of mercapto—ethanol
to the incubation mixture. The conjugate was identified as 3-(4cyano-
3-B-hydroxyethylmercapto-2-oxobutylidene amino)-2-oxazolidone, indi-
cating that the open-chain acrylonitrile-derivative is the reactive
intermediate of furazolidone which also may be responsible for inter-
action with protein.
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INTRODUCTION

Furazolidone (N-{(5-nitro-2-furfurylidene)-3-amino-2-oxazolidone) is a
nitrofuran widely used as an antimicrobial agent in veterinary practice.
Because of its mutagenic and carclnogenic properties (l1,2) residues
should be avoided in edible tissues of animals treated with the drug.
In the case of treatment of swine with furazeclidone, no furazolidone
coqld be detected 2-4 hours after terminating a prolonged treatment
(3,4). However, using [l4C]-furazolidone it was shown that radio—
activity at ug-equivalents of parent compound per gram of tissue ceould
be detected in tissues, even 14 days after medication withdrawal. A
major part of this residual radicactivity was non-extractable, presu—
mably covalently bound to cellular macromolecules (4). No Information
is avallable concerning the identity and toxicity of these residual
metabolites, which hampers a proper evaluation of the potential risk
for humans of edible tissues of animals treated with furazolidone.

In general reduction of the nitro-group is a major metabolic pathway
of nitrofurans, resulting in the formation of nitroso-and hydroxyl-
amino-derivatives as reactive intermediates responsible for inter-
action with biological macromolecules, and ultimately in a cyano-
derivative as stable endproduct of reductive metabelism (5).

The cyano-derivative 3-{4-cyano-2~oxobutylidene amino)-2~-oxazolidone
of furazolidone has heen described as an important metabolite in vivo
in rats, rabhits and eels (6,7,8) and in model systems using rat liver
fractions and E. coli (9,10,11). In swipe however, formation of this
cyano-derivative occurred to a minor extent iIndicating a species

difference in metabolism of furazolidone {12).
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We have studied into more detail the metabolic conversion of furazo—
lidone in swine liver microsomes in order to elucidate the biotrans-
formation pathway in the target animal and to identify intermediate(s)
which may react with cellular protein. Furthermore possible reaction
sites for the interaction between furazolldone and microsomal proteins

are suggested.

MATERIAL AND METHODS

Chemicals. [14C]—furazolidone was a gift of Norwich Eaton Pharmaceuticals
Inc. Norwich, New York; it was labeled in the methylene groups of the
oxazolidone molety (specific activity: 605 uCi/mmol, radiochemical
purity > 997 by TLC-toluene/acetic acid/acetone/water = 600:240:80:25
by vol. and HPLC-conditions see below).

Counting fluids: Minisolve (Zinsser Analytical (UK} LTD, Maidenhead)
and Dimilume-30R (Packard Instrument BV, Delft) for aqueous and non—
aqueous samples, respectively. NAD(P)H, glucose-6-phosphate and
glucose—-6-phosphate dehydrogenase were obtained from Boehringer
Mannheim GmbH, Mannheim, FRG.

The deoxyribonucleosides and reduced glutathione (GSH) were purchased
from Sigma Chemical Co. St. Louis, MO. The amino acids (Standard Kit
22) were purchased from Pierce Chemical Company, Rockford Illinois,
USA. All other chemicals used were of reagent grade.

Preparation of microsomes. A liver of a 90 kg weighing female swine,
with a known history without drug treatment, was perfused with a 1.15%
KCl-solution, homogenized In a teflom Potter-Elvehjem homogenizer and
centrifuged for 20 min at 9000 g.

The supernatant (Sg-fraction) was centrifuged for 90 min at 105,000 g.
After the supernatant {cytosolic fraction) had been decanted, the
microsomal pellet was washed in 1.15% KC1 and then resuspended in

100 mM-potassium phosphate buffer, pH 7.4.

The Sg-fraction, cytoscl and microsomes were all stored in liquid
nitrogen. Proteln concentration was determined by the method of

Lowry et al, (13).

Microsomal incubation. Unless stated otherwise, a standard Incubation
mixture was used containing 1 mM-NADPH, 3 mM-MgCly, 0.1 M-potasslium
phosphate buffer, pH 7.4, 2.61 mg protein, 10 mM-glucose-6-phosphate
and 10 U glucose—~6-phosphate dehydrogenase.

After a preincubation of 2 minutes, incubations were started by the
addition of [140]-furazolidone dissolved in 50 ul of acetome (final
concentration, 36.7 uM; corresponding to 44.4 x 10™3 LCi per 2 ml
incubation mixture). The final volume was 2 ml. After standard
incubation for 6 min at 37°C the reaction was terminated by the addi-
tion of 1 ml of acetone. Non—polar metabolites were extracted with

4 x 2 ml of ethyl acetate. After evaporation of the ethyl acetate in
a stream of nitrogen, the residue was dissolved in 300 pl of acetoni-
trile-water, 30:70, v/v (I; representing the ethyl acetate fraction)
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and used for HPLC or radioactivity measurements. The HPLC-recovery

of the ethyl acetate fractlion was > 95%. After extractlon with ethyl
acetate, the protein in the aqueous phase was precipitated by the
addition of ice—-cold methanol. After centrifugation for 15 min at

1500 g, the aqueous/methanolic supernatant was decanted and evaporated
in a stream of nitrogen. The polar metabolites were dissolved in 300 ul
of acetonitrile-water, 30:70, v/v (II; representing the aqueous frac-
tion) and were used for radioactivity measurements. The precipitated
protein was washed three times with methanol, twice with ethanol and
twice with diethyl ether. The resulting pellet (III; representing the
protein fraction) was dissolved in 1 ml of soluene 350 (Packard
Instrument BV) and used for measurement of the radioactivity {(the
amount of radicactivity defined as originating from covalently bound
residues). After the protein was washed with methancl, no more
radiocactivity could be extracted.

Anaerobic conditions were achieved by shaking the Incubation mixture
for 3 min under a constant flow of argon, after which the incubation
bottles were sealed.

In studies on the effect of GSH, mercapto—ethanol, desoxyribonucleosi-
des and amino acids on the microsomal metabolism of furazolidone,
these reagents were added te the incubation mixture at levels of

5 md or 10 mM.

Incubations with microsomes inactivated by beoiling for 3 min or
without NADPH served as controls. Incubations and all other procedures
before HPLC analysis were performed in the dark because of the photo-
gensitivity of furazolidone in solution (14).

HPLC analysis. HPLC analyses were performed with a Waters 6000 A

HPLC system. Separatlion of the non—polar metabolites of furazolidone
and the mercapto-ethancl conjugate was achieved on a Chrompack Hyper-
811 5 ODS column (250 x 4.6 mm). After injection of 100 ul of an incu-—
bation sample, all radioactivity was eluted with a linear 2Z-min
gradient of 2-100% acetonitrile in a mixture of water-1.0 M-sodium—-
acetate buffer pH 5.0-acetonitrile (900:75:25, by vol.) at a flow rate
of 1 ml/min. The eluent was monitored at 254 nm and for radiocactivity
measurements 0.2 ml fractions were collected.

After addition of 3 ml of Minisolve, the amount of radioactivity was
determined in a Philips liquid scintillation counter (type PW 4700).
Counting efficiency was calculated by means of an external standard
counting procedure. Data presented in this paper are mean values of

at least three experiments. The experimental variation was within

10 percent.

HPLC-analysls of the aqueous phase after incubation in the absence or
presence of glutathlione was performed on a Hamilton PRP-1 column using
a 22 min gradiént of 2-997% acetonitrile in a 5 o ammonia formate
buffer, pH 3.6, at a flow rate of 1 ml/min {curve 7). The protein was
separated by ultrafiltration (Amicon Centrifree Micropartition System).
The eluent was monitored at 254 nm and for radiocactivity measurements
0.2 ml fractions were collected.

Identification of non-polar metabolites and a mercapto-ethanol con—
ate. For identification of a mercapto-ethanol conjugate of fura-
zolidone, aliquots of fraction I (see earlier) were chromatographed on

a semi-preparative Hibar prepacked column 250 mm x 10 mm Lichrosorb
RP-18 (7 um) using a linear 22-min gradient of 2-100% acetonitrile in

108



a mixture of water - 1.0 M sodium acetate buffer pH 5.0 - acetonitrile
(900:75:25, by vol.) at a flow rate of 4 ml/min. The eluent was moni-
tored at 254 nm.

The fractions containing a mercapto-ethanol conjugate were collected
and after evaporation to dryness under vacuum and redissclving in
acetonitrile/water (20/80) the conjugate was chromatographed isocra-
tically on the same column (acetonitrile/water:20/80). Fractiomns con-
taining the mercapto—ethanol conjugate of furazolidone were collected
and after gentle evaporation of the solvent under nitrogen used for
identification.

Ultraviolet (UV) absorption spectra were obtained with a Hewlett-
Packard photodiode array detection system (detector 1040 A, diskdrive
9121, computer 85B and plotter 7470A). Infrared (IR} spectra of the
various compounds in 5 mg KBr were recorded on a Bruker 1FS-85 instru-
ment with diffuse reflectance techniques. Proton nuclear magnetic
resonance (NMR) spectra of metabolites dissolved in CDCl3 were
obtained with a Bruker CXP-300. Mass spectra were obtained with an AEI
MS 902 mass spectrometer coupled to a VG-ZAB console.

RESULTS

In vitro metabolism of furazolidone

Conversion of furazolidone by swine liver microsomes was linear for
at least 8 min under the standard conditlons used.

After a 6-min aeroblic incubation, 53.6% of the furazolidone was con-
verted (2.55 nmol/mg protein/min) of which 27.4% was extractable in
ethyl acetate and 61.1% In water, while 11.6% was covalently bound to
protein (Table l1). Under anaerobic conditions the amount of converted
furazolidone was approximately 25% higher (rate: 3.25 omol/mg
protein/min). No conversion of furazolidone was observed when the
microsomes were inactivated by heating, when NADPH was absent from the
incubation mixture or when NADH was used instead of NADPH, indicating
that NADPH-dependent enzymes are involved in the metabolism of
furazolidone by swine liver microsomes. Furthermore cytochrome P-450
is not involved in this conversion of furazolidone as indicated by
the fact that carbon monoxide caused only a slight decrease in total
conversion on saturation of the incubation mixture. Similar results

have been described for rat liver microsomes (10). The cytosolic
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fraction of swine liver gives a very low conversion of furazolidone
under aeroblic conditions in the presence of NADPH (rate: 0.1l nmol/mg
protein/min). HPLC-analysis of the ethyl acetate extracts revealed

three major peaks (A, B and C) (figure 1).

a b
E
=
<
ES
= S LL
My
F

2=
=
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Figure 1: HPLC-analysis of the ethyl acetate extract after microsomal
metabolism of 1140]—furazolidone under aerobic conditions

without (a) and with {(b) the addition of 5 mM mercapto~
ethanol to the incubation mixture. For structures of meta-
bolites B, C and My see figure 4. F = furazolidone.
The metabolites B and C {10.5% and 6.4% of total metabolites formed
respectively) were ldentified as 3-(4-cyano-2-oxcbutylidene amino)-2-

oxazolidone and 2,3-dihydro-3-cyanomethyl-2-hydroxy-5-nitro~la,2-di-

{2-0xo-~oxazolidin-3-yl)iminc~ wmethylfuro[2,3-b]furan, respectively

which have also been identified previously (9,10,11).
Peak A appeared with the solvent front indicating high polarity and

was not further identified.

Covalent binding of furazolidonme to protein and the effect of gluta-

thione, mercapto—ethanol, deoxyribonucleosides and amino acids.

Under standard aerobic conditions, conversion—dependent covalent
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binding of furazolidone to micresomal protein amounted to 0.29 nmol/mg
protein/min (11.6% of total metabolites). Covalent binding Increased
under anaerobic conditions (0.38 mmol/mg protein/min). Covalent
binding of furazolidone to microsomal protein is higher after aerobic
incubations with swine liver microsomes (0.29-0.38 nmol/mg protein/min)
compared with rat liver microsomes (0.14 nmol/mg protein/min) (10).

(Table 1).

(=

% 50%

—
(=]
o
=

contral
gycine
alanine
valine
leucine
methioning
pheryianaiine
prokre
sefine
threonme
cystaine
asparag'ne
gutamine
tyrosine
tryptophane
histidine
lysine
aginine
ghutathione
mettagto-ethanol
aldenosine
quangsine
cytidine
thimidine

Figure 2: Effect of 10 mM amino acids, glutathione, mercapto-ethanol
and deoxyribonucleosides on protein binding of (l4C]-fura-
zolidone during microsomal metabelism. For glutathione,
guanosine and histidine the protein binding was corrected
for a decrease of the total conversion {(54.2%, 66.7% and
68.8% respectively compared with the control). In all other
experiments the total conversion was not influenced. The
experimental variation was within 10 percent.
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The influence of the addition of 10 mM glutathione (GSH), mercapto~
ethanol, amino acids and deoxyribonucleosides to the incubation mix-
ture on the covalent binding of furazolidone to microsomal protein is
shown in figure 2. Substantial decreases were observed only in the
case of S-H-group containing agents cysteine, GSH and mercapto—
ethanol, but not for the other compounds. In the case ¢f methionine an

increase could be observed.

Identification of a mercapto—ethanal conjugate of furazolidone.

From the above results it is clear that thiol groups may react with
an intermediate formed from furazolidone. When GSH was added to the
incubation mixture the total conversion decreased, a yet lnexplicable
observation also made in other experiments (10); an increase of the
relative amount of radicactivity could be detected in the aqueous
rhase while the percentages radioactivity in the ethyl acetate extract
and covalently bound to protein decreased (Table 2). Using [3H]~GSH
and [laC]—furazolidone, HPLC~analysis of the aqueous phase yielded a
double labeled [3H]/{14C] fraction in a ratio of 1:1 (retention time:
13.4~14.5 wmin).

However, since under the conditions used the fractionated material was
unstable, identification was not possible. When 5 wM mercapto—ethanol
was added to the lncubation mixture, a decrease in the amount of
radivactivity in the aqueous phase was found, as well as a decrease of
the radiocactivity covalently bound to protein (Table 2). This radiocac~
tivity was accounted for by the increase in the ethyl acetate frac~
tion. HPLC-analysis of this fraction showed the disappearance of
metabolite B and C, and revealed a new peak (M]), stable for at least
48 hours at room temperature and representing 45-51% of total metabo-

lites formed. The formation of two minor new peaks M2 and M3 could
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Figure 3: NMR (a), MS (b) and IR (c¢) spectra of the mercapto-ethanol
conjugate of furazolidoune.

IR spectrum in KBr (em~l): 339%: hydroxyl-group, 2927: CHy-stretching,
2240: cyano-group, 1772: oxazolidome, C = 0, 16%1: a,B-unsaturated,
C = 0 stretching;

H-NMR spectrum in CDClj (ppm): 7.08: singlet (1 H): CH imine group;
4.64: triplet (2 H): CHy; oxazolidone ring; 4.27: triplet (1 H):

CH open furan ring; 3.92: multiplet (4 H): CHy oxazolidone ring,
CHy B-~hydroxyethylmercaptogroup; 3.56: multiplet (2 H): CHjy open
furan ring; 3.02: multiplet (2 H): CHz hydroxyethylmercaptogroup.
The triplet at 84.27 (1 H) is coupled with the multiplet at & 3.56
(2 H). The multiplet at 83.92 (two CHy=-groups)} coupled with the
multiplet at &3.02 (2 H) and with the triplet at 84.64 (2 H).
These couplings were proved by using homo-decoupling experiments;

Mass spectrum (m/z):
- field desorption: 271 (molecular ion), 193 (fragment ilon: MT-78

{= mercapto—ethanol)

UV  spectrum, Apay (nm) 272;
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also be observed accounting for 4 and 8% of total metabolites formed
respectively. Metabolites B and C had disappeared completely (Figure 1;
Table 2). The compound M; was isolated by preparative HPLC and its
spectral characteristics are shown in Figure 3.

On the basis of these spectral characteristics the product was tenta-
tively identified as 3-(4-cyano-3(or 4)-B-hydroxyethylmercapto-2-
oxobutylidene amino)—2-oxazolidone, a mercapto—ethanol conjugate of

furazolidone.

DISCUSSION

Microsomal incubatlion of furazolidone results in the formation of two
identified ethyl acetate extractable metabolites, in an appreciable
amount of covalent binding and in the formation of yet unknown water-
soluble metabolites. Performing the incubations in.the presence of

5 mM mercapto—ethanol results in the disappearence of these two meta-
bolites, 1n the disappearence of an appreciable amount of water-
soluble unidentified metabolites and in a decrease of covalently bound
material. Addition of 10 mM mercapto—ethanol caused an almost complete
inhibition of the covalent binding. All radicactivity could be
accounted for by an Increase In the ethyl acetate fraction. HPLC-
analysis revealed a new peak M), representing approximately 50% of
total metabolites formed. This metabolite was shown to be a mercapto-
ethanol adduct of the open-chain acrylonitrile derivative of furazeli-
done (I, figure 4), which is therefore the reactive intermediate from
which the other products (B, €, My and at least part of the polar
metabolites, see figure 4) are formed and which may be responsible for
the interaction with microsomal protein. The NMR-gpectrum did not give
conclusive evidence on the position of the mercapto-ethancl meoiety,

but from the fact that metabolite C, the adduct with furazolidone
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Figure 4: Propesed metabolic pathway of furazolidone by swine liver
microsomes (MSH = mercapto—ethanol).
itself, also results in reaction at the 3 position, it can be inferred
that the thiol will attack the same carbon atom {see figure 4}. Tt
should be stressed that, if the 3-position is the point of attack, the
reactive intermediate in the metabolism of furazolidone is the open-
chalin acrylonitrile derivative and not the hydroxylamino derivative,
since the latter would give adducts at the 2- aor 4 pasitions (15-17).
In earlier studies with the nitrofuran N-[4-(5-nitro-2-furyl)~2-thiazo-
lyl)-acetamide (18) and with aromatic amines and amides using GSH as
trapping agent (19-25) it has been reported that the N-hydroxy or
nitreoso~derivatives are responsible for the interaction. Apparently

this is not the case for furazolidone, using mercapto-ethancl as
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trapping agent. However, since an appreciable amount of radiocactivity
in the aqueous phase and the identity of My and M3 are still unknowm,
it cannot be excluded that adducts and/or metabolites are also formed
from the N-hydroxy or nitroso~derivatives.

The site of alkylation on microsomal protein appears to be the thiol
group of cysteine, because this is the only amino acid that causes
inhibition of furazolidone protein binding. Such an effect has also
been reported for the 5-nltre imidazole ronidazole (26). An iIncrease
of covalent binding to microsomal protein after addition of methicnine
to the incubation mixture has alsoc been reported for acetaminophen (27).
Studies aimed at the elucidation of the process of covalent binding

of furazolidone to protein with special attention for the role of its

open-chain acrylonitrile-derivative, are presently undertaken.
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CHAPTER 7: Reversible interaction of a reactive intermediate derived
from furazolidone with glutathione and protein
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ABSTRACT

Swine liver microsomes convert the nitrofuran furazolidone into
N-{(4-cyano—2-oxo-3-butenylidene)}-3-amino—-2-oxazolidone, a reactive
open—chain acrylonitrile derivative. This derivative may be trapped
with such thiol-group contailning agents as glutathione and mercapto-
ethanol. However, this reaction is reversible: e.g. adding an excess
of mercapto-ethanol to an aqueous solution (pH 7.4) of the glutathione-
conjugate results in conversion of 43% of this compound into the
mercapto—ethanol conjugate. In addition, when microsomal protein is
added to the glutathione-conjugate or the mercapto-ethanol conjugate,
36% and 44% respectively becomes covalently bound to the protein. The
amount of this covalently bound radicactivity decreases again on
prolonged incubation at 37°C (42% disappearance within 24 hours),
suggesting that the acrylonitrile derivative also reacts reversibly
with thiol groups of microsomal protein. Indeed an excess of mercapto-
ethancl could remove covalently bound radicactivity from microsomal
protein resulting in the formation of the mercapto-ethanol conjugate.
The reversibility of the reaction is dependent on pH, as is demonstrated
for the mercapto—ethanol conjugate. Below pH 2 this conjugate is
stable; optimal exchange to microsomal protein is found between pH 7
and 10. At very high pH (> 11) no binding to protein is found,
although the conjugate disappears rapidly. The mercapto—ethanol
conjugate exhibits mutagenic activity in the Salmonella/microsome-test
indicating that the acrylonitrile derivative of furazolidone also
interacts with DNA.
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INTRODUCTLION

Furazolidone (N—-{(5-nitro-2-furfurylidene)-3-amino-2-oxazolidone), is a
drug widely used in veterinary practice as a therapeutic agent against
gastro-intestinal infections (Brander and Pugh, 1971; Rossoff, 1974).
Because of ite mutagenic and carcinogenic properties, possible residues
in meat have become a matter of interest (Food and Drug Administra-
tion, 1976; McCalla, 1983). When piglets were dosed orally with [140]
furazolidone, radicactivity at ug-equivalents of parent compound per
gram of tissue could be detected two weeks after the treatment,
although furazolidone itself was not present in tissues 2 hours after
the last administration. Up to 55% of radioactivity 1in tissues proved
to be non-extractable (Vroomen et al., 1986), suggesting covalent
binding of reactive intermediates to tissue macromolecules.

For the risk-evaluvation c¢f the consumption of meat, information is
necessary concerning the metabolism of furazolidone in swine and the
nature of pessible covalently binding metabolite{s}). In several spe-
cies and model systems nitroreduction has been reported as an impor-
tant metabolic pathway, with a cyano-derivative [3-(4-cyano-2-
oxobutylideneamino)~2-oxazolidone] as major endproduct (Tatsumi et al.,
1978, 1981, 1984; Nakabeppu and Tatsumi, 1984; Abraham et al., 1984;
Vroomen et al, 1987). Although this cyano-derivative was shown to

be only a minor metabolite of furazolidone in tissues of swine in vivo
{Vroomen et al., in press b}, in vitro using swine liver microsomes,
nitroreduction was responsible for at least 30% of total metabolism.
The reactive intermediate formed by nitroreduction was shown to be

an acrylonitrile derivative of furazolidone by the ldentification of
3~(4=-cyano-3-B-hydroxyethyl-mercapto—-2—-oxobutylidene aminoc)-2-
oxazolidone, a conjugate with mercapto-ethanol which was used as

trapping agent (Vroomen et al., in press a}.
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Using [3H] glutathione and [14C] furazolidone, evidence was collected
for the formation of a glutathione—conjugate of furazolidone.

Both mercapto—ethanol and glutathione could inhibit the covalent
binding of furazolidone to microsomal protein, which is therefore pre-~
sumably mediated by the same reactive acrylonitrile-derivative. In
the present study the stability of the cenjugates f{s studied and the
conjugation is found to be a reversible process. The structural
identity of the glutathione conjugate is established and the covalent
binding to protein is shown to be governed by the same rules as com

jugate formation.

MATERIALS AND METHODS

Chemicals. [l4C] Furazolidone was a gift from Norwich Eaton Pharmaceu-
ticals Inc., Norwich, N.Y., U.S.A. It was labelled in the methylene
groups of the oxazolidone moiety (specific activity 2.69 pCi/mg;
radiochemical purity > 99%Z by TLC {toluene-acetlc acld-acetone-water,
600:240:80:25, by vol.) and HFLC. Glutathione [glycine-2-3H)-, was
obtained from Du Pont (specific activity at time of use: 21.0 uC/mmol);
radiochemical purity > 99% by TLC {n-butanol-acetic acid-water, 25:4:;10
by vol.) and HPLC {(on a Bondapak C1g column using the mobile phase

0.25 % acetic acid).

Scintillation liquids: Minisolve (Zinsser Analytical (UK) LTD, Maidenhead)
and Dimilume-30R (Packard Instrument BV, Delft) for aqueous and non—
aqueous samples, respectively. NADPH was obtained from Boehringer
Mannheim GmbH, Mannheim, FRG. Glutathione (GSH) was purchased from
Sigma Chemical Co. St. Louls, MO. All the other chemicals used were of
reagent grade.

Microsomal incubation. the preparation of swine liver microsomes has
been described elsewhere {Vroomen et al., in press a). A standard
incubation mixture was used containing 1 mM NADPH, 3 mM MgClz, O.1 M
potassium phosphate buffer (KPi) pH 7.4 and 2.6]1 mg protein. After a
preincubation of 2 minutes, incubations were started by the addition
of [14C]—furazolidone dissolved in 50 ul acetone (final concentration:
36.7 uM). The final volume was 2 ml. After incubation of 6-8 minutes
at 37°C, non-polar metabolites were extracted with ice-cold ethyl ace—
tate (3 x 5 ml). The protein fraction of the aqueous phase was
separated by ultrafiltration (Amicon Centrifree Micropartition System)
at 4°C during 15 minutes at 6000 g.

The ultrafiltrate was directly used for HPLC. In studies on the effect
of mercapto~ethanol and GSH on the metabolism of furazolidone these
reagents were added to the incubation mixture at a final concentration
of 5 mM. Incubations and all other procedures before HPLC analysis
were performed In the dark because of the photosensitivity of furazo-
lidone in sclution (Kalim, 1985).
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HPLC-analysis. HPLC analyses were performed with a Waters Assoclates
6000A HPLC system. Separation of the polar metabolites of furazolidone
and the glutathione-conjugate was achieved on a Hamilton PRP-1 column
(250 x 4.6 nm Int.diam.) using a 22 min.-gradient of 2-99% acetonitrile
in a 5 mM ammonium formate buffer, pH 3.6 at a flow rate of 1 ml/min
(concave gradient curve 7).

After extraction with ethyl acetate, evaporation to dryness under
anitrogen and redissolving in acetomitrile/water (30/70 by vol.),

the separation of the mercapto—ethanol conjugate of furazolidone was
achieved on a Chrompack Hypersil 5 ODS column (250 x 4.6 me int.diam.)
using a linear 22 min.-gradient of 2-100% acetonitrile in a mixture of
water - 1.0 M sodium acetate/acetic acid buffer pH 5.0 - acetonitrile
(900:75:25, by vol.) at a flow rate of 1 ml/min. The e¢luents were
monitored at 254 nm and for radicactivity measurement 0.2 ml fractions
were collected. When the mercapto—ethanol conjugate was extracted from
the eluent with ethyl acetate, evaporated to dryness under nitrogen
and stored in the dark at -40°C, the compound was stable for at least
1 month.

Exchange studies. For studies on the exchange of the glutathione or
mercapto-ethanol conjugates of furazolidone, reaction mixtures were
worked up and chromatographed as described above.

The fractions containing the radiocactive glutathione~ or mercapto-
ethanol conjugate were collected in a final 0.1 M KPi buffer pH 7.4
contalning 10 mM mercapto-ethanol or 10 pyM -~ 10 mM glutathione respec-
tively {(at room temperature). The initial conjugate concentrations
were approximately 10 uM.

For studies on the exchange to microsomal protein from the gluta-
thione- and mercapto-ethanol conjugate, 5.2-5.6 mg microsomal protein
was added to 6.3 and 8.1 nmol of the respective conjugates in a volume
of 2 ml 0.1 M KP{ buffer pH 7.4.

For studies on the effect of pH on the exchange of the reactive inter-
mediate from the mercapto-ethanol conjugate to microsomal protein 5.6
ng microsomal protein were added to 5.7 nmol of the conjugate in a
volume of 2 wl 0.1 M KPi buffer. Covalent binding was measured after
1-50 hr at room temperature. Studies on the pH or time dependent
stability of the mercapto—ethanol conjugate were also performed at
room temperature.

Covalent binding to protein. The protein was precipitated by the addi-
tion of ice—cold methanol. After centrifugation for 15 min at 1500 g
at 4°C, decanting the aqueous/methanclic supernatant and redissolving
the protein in 0.1 M KPI buffer pH 7.4, the protein was again precipil-
tated by the addition of ice-ceold methanol. This procedure was
repeated three times. Subsequently the precipitated protein was washed
three times with methancl, twice with ethanol and twice with ether.
The resulting pellet was dissolved in 1 ml of Soluene 350 (Packard
Instrument B.V., Delft) and used for radicactivity-measurement (the
amount of radicactivity defined as originating from covalently bound
residues).

U.V. spectra. Ultraviolet {(UV) absorption spectra of GSH/mercapto-
ethanol-conjugates of furazolidone were obtalned with a Hewlétt-
Packard photodiode array detection system (detector 1040A, diskdrive
9121, computer 85B and plotter 7470A).
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Radioactivity measurements. Radicactivity was measured in a Philips
1iquid scintillation counter (type PW 4700). Counting efficiency was
calculated by means of an external standard-counting procedure.

Salmonella/microsome-test. The Salmonella/microsome test was carried
out as described by Maron and Ames (1983} using strain TA 100.
Furazolidone and the mercapto-ethanol conjugate were tested dissolved
in DMSO in the absence of Sg-mix, using a preincubation of 1 hour.

RESULTS

1. Formation of a glutathione-conjugate derived from furazolidone:

IR

TIME (MIN)

Azsq

N

RADIGACTIVITY (DPMx 10D
g_ &

Figure 1: HPLC-analysis of the ultrafiltered aqueous phase after
microsomal incubation of [14C]—furazolidone
A) without the addition of glutathione (inj.vol.: 200 ul)
B) with the addition of 5 mM glutathione, immediately after
stopping the incubation (inj.vol.: 100 yul)
C) with the addition of 5 wM glutathione, 2 hours after
stopping the incubatlion (inj.vol.: 100.ul).

Upon conversion of [14C]furazolidone by swine liver microsomes under

aeroble conditions, HPLC~analysls of the ultrafiltered aqueocus phase

revealed at least five peaks (Figure la). When 5 oM glutathione was

added to the fncubation mixture, HPl.C-analysis of the ultrafiltered
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agqueous phase Immediately after stopping the incubation showed that
these peaks could not be detected and a new peak (G]) was observed:
retention time: 13.5-14.5 min (Figure 1b). Thie peak accounted for
64.2% of total radiocactivity in the ultrafiltered aqueous phase.
Ultrafiltration of the aqueous phase at 4°C immediately after extrac—
tion with ice-cold ethyl acetate, proved to be an essential step for
the stability of peak G (no change for at least 24 hours at 4°C).
Previously, instability was reported when this procedure was omitted
{Vroomen et al., in press a). The ultraviolet absorption maximum of
peak G) was 270 nm, indicating that the nitrofuran-ring was converted
into an open-chain moiety (Amax furazolidone: 366 nm, Agpax open—chain
cyano-derivative: 268 nm). When the ultrafilcrate (pH 7.4) was incu-
bated at 37°C for several hours before HPLC-analysis, peak Gy disap-
peared slowly and a number of new peaks could be observed (Figure lc).
Using [3H]glutathione and [1ﬁc]furazolidone, it was shown that peak Gj
corresponded to a double labeled [3H]/[14C] fraction (ratio 1:1) indi-
cating the formation of a labile glutathione-conjugate from furazoli-

done {results not shown; Vroomen et al., in press a).

2. Exchange of furazolidone residues between thiol groups at pH 7.4

A. Exchange from glutathicone to mercapto-ethanol. After addition of

the glutathione-conjugate t© 0.1 M KPi buffer pH 7.4 containing 10 mi
mercapto—ethanol and the usual workup procedures (within 24 hours),
HPLC-analysis (see materials and methods) revealed a peak with a
retention time of 12.4-12.8 min, accounting for 43% of fnitial radio-
activity and c¢o-eluting with the mercapte—ethanol conjugate formed from
the open—chain acrylonitrile derivative of furazolidone (M]} of which

the structure has been elucidated previously (Vroomen et al., in press a).
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After collection of this peak, evaporation to dryness under nitro-

gen and redissolving in acetonltrile/water (20/80, by vol.), the frac-
tion was chromatographed isocratically on the same column (acetoni-
trile/water: 20/80, by vol.) with a retention time of 5.5-6.3 min,
agaln co~eluting with M}. Furthermore, the ultraviolet absorption
spectra was superimposable with M (Apgx= 272 nm). The mercapto-
ethanol conjugate Mj can thus be formed from the glutathione-conjugate

derived from furazolidone.

A
r
<’
w
B
r
[}
<L G1
C
)
o4
T
|
0 " %
TIME (MIN

Figure 2: HPLC-analysis of a compound formed from M) after addition of
glutathione, inj.vol.: 200 ul (A); G1 obtained from microso-
mal incubation in the presence of glutathione, inj.vol.:

100 ul (B) and a combination of both compounds, Iinj.vol.:
200 pl = 100 ul (A) combined with 100 pl (B)(C).
For structures of M) and G] see Figure 5.
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B. Exchange from mercapto-ethancl to glutathlione. One hour after the

addition of 10 mM GSH to the radiolabeled mercapto-ethanol conjugate
M at pH 7.4, HPLC-analysis revealed a [l%#C]-labeled peak which co-
eluted with Gy (Figures 2a, 2b, 2c¢) and accounted for 37.5% of total

initial radioactivity. Residual unreacted M; (retention time:

17.7-19.0 min) was removed by ethyl acetate extraction. The dependeacy

of the formation of G; from Mj on the glutathione concentration after

an incubation period of 1 hour at room temperature and pH 7.4 is shown

in Figure 3. Maximum exchange {approximately 357) was observed at con—

centrations > 100 pM GSH. Approximately 50% of the mercapto-ethanol

conjugate is converted in yet unknown substances.

100%:-

50%4

ot

e

0% + —+

uM GSH ——

Figure 3: Influence of the glutathione concentration on the exchange
of the [140]acrylonitrile—derivative (I) from 10 yM of the
[l4C]mercapto-ethanol conjugate (M;; -%— —k-) to glutathione
resulting In the formation of the [l4C]glutathione-conjugate

(Gy; o— o) Yalues expressed as percentages of the total
radicactivity (= 10 uM Mj at t=0) in the mixture after an
incubation of 1 h.

For structures of I, M] and G] see figure 5.

130




C. Reversible exchange from glutathione or mercapto-ethanol to protein.

When microsomal protein was added to the glutathione-conjugate (pH 7.4),

0.44 nmol equivalents were covalently bound per mg of protein after an

incubation period of 2 hours at 37°C. As shown In table 1 this amount

of covalently hound material decreased after a prolonged incubation

time (42% disappearance within 24 hours).

Table 1: Percentage covalent binding of furazolidone residues to
microsomal protein after addition of the protein to the

mercapto—ethanclconjugate (M]) or glutathione-conjugate {(Gi)
formed form [14C] furazolidone.

Substrate Protein Incubation time# % covalent binding##*
(mg) (hours) to microsomal protein

8.1 nmol Mp - 2 0

8.1 nmol My 5.6 2 40.4

6.3 nmol G - 2 0

6.3 mmol Gy 5.2 2 39%.2

6.3 nmol Gp 5.2 8 25.4

6.3 nmel Gy 5.2 24 22.8

6.3 mmel G) 5.2 50 21.5

* Incubations were performed in a total volume of 2 ml 0.1 M KP; buffer
pd 7.4, 37°C. For working procedures see Methods and Materials.

** Data are the mean of 2 experiments. Experimental variation was within
10%.

in the case of the mercapto—ethancl conjugate covalent binding to

microsomal protein could similarly be detected: 0.63 nmol equivalents

per mg of protein. This reaction is reversible. After suspending 5 mg

of microsomal protein (to which 2 nmol equivalents of radicactivity

were covalently bound) in 2 ml 0.1 M KPi buffer (pH 7.4) containing

10 mM mercapto~ethancl, followed by precipitation of the protein after

1 hour at room temperature, HPLC-analysis of the supernatant showed

that 69.5%2 of total radicactivity had become conjugated to mercapto—

ethanol.

131




3. pH dependency of the exchange reactlion. In Figure 4 an experiment is

depicted in which 5.7 nmol of the mercapto-ethanol conjugate was incu-

bated at room temperature with or without microsomal protein at dif-

ferent pH values.

100%Fr b
a
500+
:
0% CHic E-hg.
1 2 3 4 5 6 7 8 9 1

I

i -

1 12 13 14

—_— pH

Figure 4: pH dependency of the stablility of the mercapto-ethanol cen—

jugate M) at room temperature
a) percentage unchanged M) after 1 hr
b} percentage unchanged M} after 24 hrs

¢) percentage of M1 covalently bound after incubation for
1 hr, in the presence of 5.6 mg microsomal protein.

For the structure of M} see figure 5.

At pH values lower than 2 the conjugate is stable and no protein

binding occurs. At higher pH values progressively more of the con-

jugate M) disappears (t],p at pH 4: 100 wk, t]/2 at pH 7.4: 3.7 hr),

with a concominant increase in covalent binding to protein. Optimum

conditions for protein binding are between pH 7 and 10. At higher pH

values the amount of protein binding decreases drastically. Also the

conjugate disappears rapidly at these high phl's.
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4. Mutagenicity tests with Salmonella typhimurium TA 100. The mercapto-

ethanol conjugate M; (unlabeled) was tested in the Salmonella/microsome
assay (without any added metabolizing system) using a preincubation
pericd of 1 hour. A strong positive response was found with a clear
dose-response relationship (Table 2).

Table 2: Mutagenic activity of the mercapto-ethanol conjugate {M;) of

furazelidone in Salmenella typhimurium TA 100 without any added
metabolizing system {n=3).

Compound vg/plate | revertants/plate
mean ¥ §.D.

1 pMSs0 113+ 5
Mercapto-ethanol (ul) 50 111 + 7
Furazolidone 0.1 957 + 35
My 0.05 107 + 15

0.5 251 + 11
5.0 1810 + 68

DISCUSSION

In earlier studies using swine liver microsomes it was shown that the
non—polar compounds 3}-(4—cyano-2-oxobutylidene-—amino)-2-oxazolidone
and 2,3 dihydro-3-cyano—methyl-2-hydroxyl-5-nitro-le,2-di(2-oxo-
oxazolldin-3-yl)iminomethyl—-furo[2,3~b] furan (Figure 5, metabolites B
and C) were minor metabolites formed via the open-chain acrylonitrile-
derivative of furazolidone (Figure 5, metabeolite 1). Most of the meta-
bolites formed (61%) could not be extracted with ethyl acetate
{(Vroomen et al., in press a). At least 5 polar metabolites were formed
by swine liver microsomes. When glutathione was added to the incuba-
tion wmixture, these metabolites as well as metabolites B and C disap-
peared in favour of a glutathione-conjugate of furazolidone (G}),
indicating that the polar metabolites were also formed via inter—

mediate I of furazolidone, which 1s also responsible for interaction
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with glutathione. Addition of mercapto-ethanol to the glutathione-

conjugate of furazolidone resulted in the formation of 3-(4-cyano-3-
B~hydroxyethylmercapto-2—-oxocbutylidene amino)-2-oxazolidone {metabo-
lite M;), a conjugate previously identified as formed from the open-
chain acrylonitrile~derivative of furazolldone (Figure 5, metabolite

I) with mercapto—ethanol (Vroomen et al., in press a).
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Figure 5: Proposed metabolic pathway of furazolideone by swine liver
microsomes.

Furthermore such a chemical exchange could alsc be observed when

glutathione was added to M), resulting in the formation of the gluta—

thione conjugate G) or when microsomal protein was added to the con-

jugates resulting in covalent binding to pretein. Covalent binding can
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thus be mediated by mercapto-ethancl- as well as glutathione-~conjugates.
Covalent binding to proteln decreased on prolonged incubation at pH
7.4, suggesting that at least part of the covalent binding of the
acrylonitrile derivative (I) to thiol groups of microsomal protein is
also reversible.

Indeed, an excess of mercapto—ethanol could remove covalently bound
radicactivity from microsomal protein resulting in the formation of
the mercapto—ethanol conjugate. The stability of the conjugate as well
as the extent of covalent binding observed are dependent on pH. In
addition to covalent binding the mercapto—ethanol conjugate of furazo-
lidone also exhibits mutagenic activity in Salmonella typhimurium TA
100, indicating that the released acrylonitrile derivative I can alsc
interact with DNA.

The open-chain acrylonitrile derivative (I) is clearly the central
reactive intermediate in the metabelism of furazolidone. The behaviour
of this intermediate in its reversible reaction with thicls is in
agreement with the cccurrence of Michael and "retro-Michael" reactions
as found by others for the reaction between thiols and a,B-unsaturated
ketones (Onkenhout et al, 1982; 1983).

Due to the fact that conjugation can be followed by deconjugation at
PH 7.4, glutathione may act as a carrier of the reactive acrylonitrile
derivative I of furazolidone. Whether this phenomenon also occurs 1n
the in vivo situation 1is unknown, but there are some indications. For
example, dosing [14C] furazolidone orally to piglets during 10 days,
results in interaction with DNA and in non-extrable radicactivity in
all tissues to approximately the same exteant (Vroomen et al., 1986).
Perhaps in vivo glutathione conjugates are formed from furazolidone in
the liver, excreted in the blood, and release reactive intermediates

at other sites in the organism.
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Recently an equilibrium of free reactive agents with the derived
glutathione-conjugates has also been recognized in the case of allyl
and benzyl isothiocyanate (Bruggeman et al., 1986). Furazolidone would
thus constitute the second example where such an equilibrium plays a
role in the toxic effects. Further studies are indicated to investi-
gate the occurrence of these processes In vive for furazolidone,
because a possible equilibrium reaction of reactive intermediates with
thiol groups of tissue—protein may have far-reaching consequences for
the risk—-evaluation of the consumption of meat contaminated with cova-

lently bound furazolidene residues.
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SUMMARY AND CONCLUDING REMARKS

The experiments described in this thesis were undertaken to get a
better understanding of the kinetics and biotransformation of the
nitrofuran furazolidone upon oral administration to swine. Such
information forme an essential prerequisite for making an appropriate
asgessment of the consumer hazards of edible products originating from
animals treated with this compound. The experiments were conducted
according to two different approaches:

- kinetic studies in the target animal to determine the elimination
kinetics of furazolidone and its metabolites from plasma and tissues
upon oral administration of furazolildone

= in vitro bilotransformation studies using swine and rat liver
microsomes to elucidate biotransformatiom routes and to identify
reactive intermediates responsible for the interaction with

biological macromolecules.

Part I of this thesis starts with a description of some developments
in animal husbandry during the last decades. This 1s followed by a
review of literature data on physical/chemical and antimicrobial
characteristics, toxicity, elimination kinetics and biotransformation

of furazolidone (chapter 1).

Part I1 of this thesis deals with the present study. In chapter 2
a fast, sensitive method has been described for the determination
of furazolidone in swine plasma, muscle, liver, kidney, fat and urine
based on high-performance liquid chromatographic separation after
solid-phase extractlon on ExtrelutR 1. The sensitivity of the method

was 1-2 ng/ml (g) for plasma 'and tissues and 25 ng/ml for urine.
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From the kinetic studies the conclusion can be drawn that no accumu-
lation of furazolidone occurs in blood after oral administration of
furazolidone to both piglets (chapter 3) and adult swine (chapter 4);
the half life time was respectively 45 and 60 minutes. Furazolidome
was rapidly and almost completely metabolized and urine proved to be
the major excretion pathway of formed metabolites: 61% of the radio—
active dose administered to piglets had been exreted via the urine

and 18% via faeces, while in urine of adult swine only traces of total
dosed furazolidone could be recoverad. In tissues of piglets and adult
swine no residues of furazolidone could be detected at all. However,
the experiments with piglets showed that relatively high levels of
radicactivity were present in all tissues studied. After a withdrawal
period of 14 days the concentrations varled from 0.9-4.3 ug-equivalents
per gram tissue. Up to 56% of the radioactivity detected in organs and
tissues appeared to be non-extractable and was partly assoclated with
DNA. This may either be indicative for endogenous fncorporation in
phyalclogically occurring compounds or for covalent binding of reac—
tive Intermediate metabolites of furazolidone to biological macro-

molecules (chapter 3).

Studies with the adult swine further revealed the formation of a
cyano—derivative from furazelidone, namely 3—-(4-cyano-2-oxobutylidene
amino)-2-oxazolidone. In studies in other animal species, it was
claimed that this cyano—derivative was a major metabolite in urine.
However, this compound proved to be a minor metabelite in plasma
(half life time: 4 hours) and tissues of adult swine. This may be
explained by specles differences in biotransformation of furazolidone,
by a very fast elimination of the cyano—derivative via urine or by an

effective trapping of reactive intermediate metabolites of furazolidone
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by biglogical macromoleculea or agents like glutathione (chapter 4).

Two major ethyl acetate extractable metabolites of furazolidone could
be observed upon incubation in rat liver microsomes: the cyano-
derivative referred to before and a reaction product of furazolidone
with its open-chain acrylonitrile derivative, namely 2,3-dihydro-3—
cyanomethyl-2-hydroxy—-5-nitro-iae,2~di-(2~oxo-oxazolidin-3-yl)imino—
wethylfuro[2,3-b] furan. Approximately 2-7% of the totally formed
metabolites proved to be covalently bound to microsomal protein. This
covalent binding could be inhibited by addition of glutathione, which
also. resulted in an almost complete shift from nen-polar to water—
soluble metabolites. No binding to DNA was detected when calf thymus
DNA was added to a microsomal incubation mixture with furazolidone in
contrast to the in vivo DNA interaction observed in the piglets. This

may be explained by differences between the in vitro and in vivo

situation Iin the availability of reactive intermediate metabolites of

furazolldone for reactlon with DNA (chapter 5).

The abhove mentioned ethyl acetate extractable metabolites of furazoli-
done proved to be only minor conversion products of furazolidone upon
incubation in swine liver microsomes, while the percentage of the
protein bound metabolites formed was much higher, namely 12-22%. The
site of attack on microsomal protein is probably formed by the thicl-
group of cysteine as indicated by results of experiments performed
with amino aclds.

Using mercapto-ethanol as a trapping ageﬁt for reactive intermediates,
a new metabolite could be isolated upon Incubation of furazolidone in

swine liver microsomes. This compound was identified as a conjugation
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product of the open-chain acrylonitrile derivative of furazolidone
with mercapto-ethanol, namely 3-(4-cyano—-3-p-hydroxyethyl-mercapto—
2-oxobutylidene amino)-2-oxazolidone. This conjugate accounted for
approximately 50% of total amount of metabolites formed. In addition,
neither the above mentioned ethyl acetate extractable metabolites nor
covalent binding to microsomal protein could be observed when mercapto-
ethanol was added to the incubation mixture, indicating that the open—
chain acrylonitrile derivative plays a central role in reductive bio~

transformation of furazolidone by swine liver microsomes (chapter 6}.

The open~chain acrylonitrile derivative of furazolidone binds rever-
sibly with thiolgroup containing agents such as glutathione and
mercapto~ethanol or with microsomal proteln.

The reversibility of the exchange reaction is dependent on pH as 1s
demonstrated for the mercapto-ethanol conjugate. Below pH 2 this con-—
jugate is stable; optimal exchange to microsomal protein is found
between pH 7 and 10. The mercapto-ethanol conjugate gives a distinct
direct positive response in the Salmonella/microsome test using tester
strain TA 100. This is probably due to an interaction of the acrylo-

nitrile moiety with DNA {chapter 7).

It can be concluded that furazolidone is rapidly and almost completely
metabolized upon oral administration to piglets. A major part of the
formed metabolites proved to be non—extractable from the tissues.

It can not be excluded that these non-extractable metabolites are the
result of covalent binding of a reactive intermediate metabolite of
furazolidone to biological macromolecules such as protein or DNA.

From in vitro studies using swine liver microsomes evidence has been
obtalned showlng that the open—-chain acrylonitrile derivative plays

a central role in the biotranseformation of fFurazolidone.
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It has been shown that this reactive intermedliate can bind reversibly
to microsomal protein. Whether this non-enzymatic reaction also occurs
in vivo is not yet known. As the possible presence of such covalently
bound residues in edible tissues could have serious consequences for
the acceptibility of the drug for massmedication of food producing
animals, the identity of the non—extractable radioactive material in
tissue of piglets should be further investigated, together with its
bicavailability and toxicity. Efforts should also be made to identify
the extractable radicactivity in tissues of piglets as only a small

part of this fraction as so far has been identified.
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CHAPTER 9: Samenvatting en slotbeschouwingen

149



SAMENVATTING EN SLOTBESCHOUWINGEN

Dit onderzoek had tot doel meer inzicht te krijgen in de omzetting en
verdwi jning van furazolidon ult weefsels en organen van varkens na
toediening via het voer. Dergelijke informatie is essentieel om op
adequate wijze de risico's voor de consupent te bepalen van eetbare
delen afkomstig van dieren behandeld met dit geneesmiddel. Hierblj is
gebruik gemaakt van twee verschillende benaderingen:
— kinetische studies in het doeldier om de verdwijning van furazolidon
en metabolieten ult plasma en weefsels te bepalen na orale toediening
- in vitro studies in levermicrosomen van varkens en ratten met als
doel biotransformatieroutes op te helderen en reactieve inter-
mediairen te identificeren dile verantwoordelijk zijn voor de

interactie met biologische macromoleculen.

In deel I van dit proefschrift wordt allereerst de ontwikkeling in de
intensieve veehouderij gedurende de laatste decennia beschreven. Dit
wordt gevolgd door een overzicht van literatuurgegevens van furazoli-
don betreffende fysiach/chemisch en antimicrobi#le eigenschappen, de
toxiciteit, residuen en het verdwljnen daarvan uit plasma, weefsels en

organen en tenslotte de hlotransformatie (hoofdstuk 1).

In deel 1II worden in een 6-tal hoofdstukken de resultaten van het

onderzoek beschreven.

Hoofdstuk 2 beschrijft een snelle en gevoelige methode voor de bepa—
ling van furazoliden in plasma, urine, spler, lever, nier of vet van
varkens gebaseerd op HPLC-scheiding na voorzulvering op een Extrelut-
kolom. De gevoeligheid van de methode werd bepaald op 1-2 ng/ml (g)

voor plasma en weefsels en op 25 ng/ml voor urine.
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Uit de resultaten van de kinetische studies kan geconcludeerd worden
dat geen accumulatie plaats vindt van furazolidon in bloed van biggen
(hoofdstuk 3) en volwassen varkens (hoofdstuk 4); de respectieveliljke
halfwaardetijden bedroegen 45 en 60 minuten. Furazolidon wordt snel en
bijna volledig omgezet. De gevormde metabolieten bliljken voornameli jk
via de nieren te worden ultgescheiden: 61% van de totaal toegediende
radicactiviteit aan jonge biggen werd uitgescheiden In de urine en

18% in de faeces, terwijl 1n de urine van volwassen varkens slechts
sporen van furazollidon konden worden aangetoond. In weefsels van zowel
biggen als volwassen varkens konden geen residuen van furazolidon
gemeten worden.

De resultaten van de biggemstudie geven echter aan, dat wel radio-
activiteit aantoonbaar was op relatief hoog niveau. Na een wacht-
perlode van 14 dagen varieerden de gehalten in de verschillende
weefsels tussen 0,9-4,3 ug-equivalenten per gram. Van de achterblij-
vende radioactivitelt bleek tot 56Z nlet extraheerbaar te zijn uit de
organen en weefsels. Deze radiocactivitelt was voor een gedeelte
geassocieerd met DNA. Deze bevindingen kunnen een indicatie zijn voor
6f endogene incorporatie in fysiologisch voorkomende bestanddelen 6f
covalente binding van reactieve intermediaire metabolieten aan biolo—

gische marcomoleculen (hoofdstuk 3).

Studies met het volwassen varken toonden de vorming aan van een cyano~
metaboliet, namelijk 3-(4-cyano-2-oxobutylidene amino)-2-oxazolidone.
In de literatuur wordt gesteld dat deze cyano~metaboliet een belang-
rijk omzettingsprodukt is in de urine van andere diersoorten. Deze
stof blijkt echter van minder belang te zljn in plasma (half-

waardetijd: 4 uur) en weefsels van volwassen varkens.
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Mogeli jke verklaringen zouden kunnen zijn speclesverschillen in
metabolisme van furazolidon, een zeer snelle eliminatie wvan de
cyano—metaboliet via de nieren of het effectief wegvangen van reac~
tieve intermediaire metabollieten van furazolidon door biologische

macromoleculen of stoffen zoals glutathion (hoofdstuk 4).

Gebleken is dat microsomen uit de lever van ratten furazolidon omzet-
ten. Twee belangrijke, ethylacetaat extraheerbare metabolieten konden
worden geidentificeerd: de reeds eerder gencemde cyano-metaholiet en
een reactieprodukt van furazolidon met zijn acrylonitrilderivaat
nameliik 2,3-dihydro-3-cyanomethyl-2-hydroxy-5-nitro~la,2-di-(2-oxo-
oxazolidin-3-y1) iminomethylfuro [2,3-b]furan. Van de totaal gevormde
hoeveelhelid metabolieten werd 2-7% covalent gebonden aan microsomaal
eiwit. De toevoeging van glutathion aan het incubatiemengsel vermin-—
derde deze covalente binding en veroorzaakte tevens een bijna complete
verschuiving van ethylacetaat extraheerbare metabolieten naar water-
oplosbare metabolieten. In tegenstelling tot de Iin vivo situatie bij
jonge biggen werd geen binding aan DNA waargenomen, nadat thymus DNA
afkomstig ult kalveren was toegevoegd aan een microsomaal incubatie-
mengsel met furazolidon. DAt kan wellicht verklaard worden door ver—

schillen tussen in vitro en in vivo betreffende de “"toegankelijkheid”

van het DNA voor reactieve verbindingen van furazolidon (hoofdstuk 5).

De bovengencemde met ethylacetaat extraheerhbare metabolieten bleken
slechts in mindere mate gevormd te worden in varkensmicrosomen terwijl
de covalente binding aan microsomzal eiwit aanzienlijk hoger was:
12-22% van totaal gevormde hoeveelheid metabolieten. De thiolgroep
van cysteine 1s hoogstwaarschijnlijk verantwoordelijk voor de
covalente binding aan microscmaal elwit zoals blijkt uit studies uit-

gevoerd met aminozuren.
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Na omzetting van furazolidon door varkemslever microsomen in aanwezig-
heid van mercapto-ethancl voor het wegvangen van reactlieve inter-
mediairen, kon een nieuwe metabaliet worden geilsoleerd. Deze stof werd
geldentificeerd als een conjugatieprodukt van het acrylonitrilderivaat
van furazolidon met mercapto—ethanol, namelijk 3-(4-cyano-3-f-hydroxy-
ethyl-mercapto—2-oxobutylidene amino)-2-oxazolidone. Dit conjugaat nam
ongeveer 50% van totaal gevormde metabolieten voor haar rekening.
Toevoeging van mercapto-ethanol aan het incubatiemengsel leldde er
bovendien toe dat noch de bovengenoemde ethylacetaat extraheerbare
metabolieten noch covalente binding aan microsomaal eiwit konden wor-
den waargenomen. Deze hevindingen duiden er op dat het acrylonitril
derivaat een centrale rol speelt in biotransformatie van furazelidon

door varkenslever microsomen (hoofdstuk 6).

Er kon een reversibele reactie worden waargenomen tussen het acrylo—
nitril derivaat van furazolidon enerzijds en glutathion, mercapto-
ethanol en microsomaal eiwit anderzijds. Het reversibel karakter van
deze uitwisseling blijkt afhankelijk te zijn van de pH, zoals wordt
aangetoond voor het mercapto—ethanol conjugaat. Beneden pH 2 is dit
conjugaat stabiel; een optimale uitwisseling naar microsomaal eiwit
vindt plaats tussen pH 7 en 10. Het mercapto—ethanol conjugaat ver-
oorzaakt een duidelijk direct positief effect in de Salmonella/wicro—
soom test (stam TA 100), hoogstwaarschijnlijk veroorzaakt door een

interactie van het acrylonitril gedeelte met DNA (hoofdstuk 7).

Concluderend kan gesteld worden dat furazolidon na orale toediening
aan biggen snel en bijna volledig omgezet wordt. Hierbi] ontstaan
produkten die voor een belangrijk deel niet extraheerbaar zijn uit

weefsels.
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Het kan niet uitgesloten worden dat deze niet extraheerbare metabo-
lieten het gevolg zijn van covalente binding van reactieve in-
termedialire omzettingsprodukten van furazolidon aan biclogische
macromoleculen zoals eiwit en DNA. Studies met varkenslever microsomen
laten zien dat het acrylonitril derivaat een centrale rol speelt in de
reductieve omzetting van furazolidon. Het is aangetoond dat dit
reactief intermediair reversibel kan binden aan microsomaal eiwit. Of
deze niet-enzymatische reactie ook plaats vindt in vivo is onbekend.
Omdat de mogelijke aanwezigheid van dergelijke covalent gebonden resi-
duen in eethbare weefsels ernstige gevolgen kan hebben voor de aan-
nemelijkheid van dit geneesmiddel voor massazmedicatle van voedsel-
producerende dieren, moet de identiteit van het niet—extraheerbare
materiaal in weefsels van biggen verder onderzocht worden samen met de
biologische beachikbaarheid en toxiciteit ervan. Ock moeten experimen—
ten gestart worden met als doel de extraheerbare radicactiviteit in
weefsels van biggen te identificeren omdat slechts een klein gedeelte

van deze fractie tot nu toe is opgehelderd.
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