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Differential effects of nitrofurans on the production /release of steroid
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Abstract

Changes in the biogenesis of corticosteroids caused by nitrofurans were studied. The three nitrofurans used: furazolidone, furaltadone
and nitrofurantoin, altered the steroid production/release by porcine adrenocortical cells in vitro during 1 h incubations. With
pregnenolone as a substrate the nitrofurans inhibited aldosterone production/release. Although the nitrofurans differed in potency
(nitrofurantoin > furazolidone > furaltadone) maximum inhibition occurred at 100 wM. In this concentration the nitrofurans changed also
the release/production of other corticosteroids. The output of corticosterone and cortisol decreased by 50%. The production/release of
deoxycortisol stayed the same. In contrast the output of progesterone and 17«-hydroxyprogesterone increased to more than 200% of
control. The nitrofurans dlightly reduced the output of androstenedione. No significant increases of the production/release of other
steroids (testosterone, dehydroepiandrosterone, estradiol-178 and estrone) by the cell suspension could be observed. The profile of the
nitrofuran-induced changes lead to the conclusion that nitrofurans interfere with mitochondrial enzymes. These enzymes, presumably
cytochrome P450,, ;3 mediate the hydroxylation and the oxidation at C11 and C18, the final steps in the biogenesis of aldosterone,
corticosterone and cortisol. The rapid and reversible fall in the output of these steroids occurs in vitro at concentrations which are below
therapeutic blood concentrations seen in vivo. At higher concentrations the nitrofurans hinder the biogenesis of androgens. Thus
nitrofurans can also affect steps in the steroid biogenesis located in the endoplasmatic reticulum. © 1997 Elsevier Science B.V.
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1. Introduction

Nitrofurans are synthetic antibacterial drugs that in vitro
are active against a wide range of pathogens (Dodd and
Stillman, 1944). Although developed as disinfecting wound
dressing (Snyder et al., 1945), they are currently used
primarily to treat infections by Gram-negative pathogens.
Furthermore, they are also active against some Gram-posi-
tive bacteria, fungi and protozoa. Notwithstanding their
widespread use for half a century, bacterial or protozoal
resistance is rare.

The safety margin of these compounds, however, is
narrow. Nitrofurans are assumed to be carcinogenic and
mutagenic (Anon, 1991; Van Koten-Vermeulen et al.,
1993). Therefore, in human medicine now only nitrofuran-
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toin is licensed for the treatment of urinary tract infections.
In some countries nitrofurans are still authorized for the
treatment of eye infections and of some protozoal conta-
gious diseases.

Nitrofurans are widely used in animal husbandry as
antiprotozoal and antibacterial agents (Paul, 1956). In pig
farming, furazolidone is added to feed as a growth-promo-
ter and prophylactic medicine against bacterial enteritis. In
poultry and pig farming, furaltadone dissolved in drinking
water is used to treat various infections. In some small
farm animals, such as rabbits and mink, nitrofurans are
also given as prophylactic treatment. The use of nitrofu-
rans in veterinary praxis to treat food producing animals,
however, is being curbed by licensing authorities because
of the alleged carcinogenic and mutagenic nature of the
nitrofurans (Anon, 1991, 1993).

In animal husbandry symptoms of acute intoxication by
furazolidone and other nitrofurans can mostly be attributed
to inhibition of oxidative enzymes such as monoaminooxy-



326 L.P. Jager et al. / European Journal of Pharmacology 331 (1997) 325-331

dase-inhibition (Van Miert et al., 1984). Symptoms of
intoxication by carbadox and other quinoxalines are differ-
ent and include hypoaldosteronism (Van der Molen et 4.,
1986, 1989). Van der Kerk (1985) reported a toxic interac-
tion between furazolidone and carbadox in pigs, the symp-
toms of which indicated an acute quinoxaline intoxication,
without furazolidone symptoms.

In a study using a suspension of porcine adrenocortical
cells, we found that quinoxalines reduced the output of
aldosterone. This inhibition developed rather slowly and
was virtualy irreversible (Jager et al., 1994). In the same
study we found that nitrofurans rapidly and reversibly
reduced the output of aldosterone in vitro. This effect of
the nitrofurans occurs in concentrations well below blood
concentration found in vivo during treatment with nitrofu-
rans. The present study aims at characterizing this in vitro
effect. This mode of action might relate to the toxic
interaction between nitrofurans and quinoxalines and to the
carcinogenic activity of the nitrofurans in vivo. Furazoli-
done, furatadone, and nitrofurantoin were selected for
study because they are the most widely used nitrofurans in
veterinary and human medicine.

2. Materials and methods

Adrenals of pigs (life-weight 90—100 kg) were removed
at a slaughterhouse. Immediately after the abdomens were
opened, the adrenals were removed and stored in ice-cold
saline solution (0.9% NaCl). Within 2 h the surrounding
tissue, capsule and medulla of the adrenals were removed
and the remaining tissue was minced. Minced cortical
tissue suspended in Krebs solution (0.2 g/ml) was treated
with collagenase: 10 mg collagenase/g tissue at 37°C for
45 min in a shaking water-bath. Depending on the size of
the experiment, cells from up to 50 adrenals were pooled.
After being passed through a 100 pm sieve, the cells were
washed twice with Krebs solution, as follows. The cell
suspension was centrifuged (100 X g) for 10 min, the
supernatant was decanted and the cells in the pellet were
resuspended in fresh medium. Cells were kept suspended
overnight in RPMI-solution (about 10° cells/ml) at 4°C.
The next morning the cells were transferred to fresh
RPMI-solution. The cell suspension was usually prepared
on one day and the experiment was started the next
morning. The release of aldosterone by the cell suspension
and the number of viable cells decreased only dightly
during overnight storage (about 10%). Longer storage
resulted in unacceptable losses of cells and activity.

Just before each experiment cell viability was deter-
mined by trypan blue exclusion. The final suspension of
the cell pellet was made on the basis of the viability
results. Throughout the experiments cell suspensions of
1 X 10° cells/ml were used. All incubations were done at
37 + 0.5°C in a shaking water-bath. RPMI-solution with 1
M pregnenolone was used to preincubate the cell suspen-
sion for 30 min. Usually incubations of 1 h were used with

fresh RPMI-solution and substrate. Dose—response studies
were carried out with 2 ml samples of the adrenocortical
cell suspension with substrate and vehicle or with sub-
strate, vehicle and test compound. Incubation was stopped
by immersing the vials in boiling water for 10 min. The
vials were then centrifuged, and the supernatant was stored
at —20°C until the analysis by radioimmunoassay. All
steroids measured were stable during boiling and storage at
—20°C up to 1 year.

The survival of the cells was checked by measuring the
lactate-dehydrogenase activity (Bergmeyer et al., 1965) of
cells and supernatant before and after incubation with test
compounds (Legrand et al., 1992). The survival rate was
determined as the lactate-dehydrogenase activity of the
cells after incubation relative to that obtained before incu-
bation; this rate was generally more than 95%. L actate-de-
hydrogenase activity in the medium after incubation was
below detection level, and therefore less than 0.1% of the
lactate-dehydrogenase activity in the cells.

Steroid hormones released by the cell suspension into
the medium were measured by specific radioimmunoassay.
Results were expressed as ng steroid produced /released
by 10° cells per h. Aldosterone, cortisol, corticosterone,
testosterone, estrone, estradiol (estradiol-178), proges-
terone, 17a-hydroxyprogesterone, androstenedione and de-
hydroepiandrosterone were measured with radioimmunoas-
say-kits from D.P.C., deoxycortisol with radioimmunoas-
say-kits from ICN Biomedicals. See for the details of the
radioimmunoassay Table 1 in Jager et al. (1996).

The Krebs-solution used contained (mM): NaCl (118);
KCl (5.4); NaHPO, (1.6); NaHCO; (21.9); CaCl, (2.5);
MgSO, (1.2); glucose (11.1). The solution was equili-
brated with carbogen (5% CO, and 95% O,) and the pH
was 7.4 at 37+ 0.5°C. The RPMI-solution was prepared
according to the instructions from the supplier (#041-
02409, GIBCO). The pH was 7.4 at 37 + 0.5°C. Visible
color changes of the pH-indicator occurred at pH 8.0
(purple) and at pH 6.5 (yellow). The buffer capacity in
these experimental circumstances was 8.3 for OH -ions
and 5.6 for H*-ions.

All data are given as means + standard error of the
mean (m+ S.E.M.). In figures the S.E.M. is only pre-
sented if it exceeds the dimensions of the symbol. Statisti-
cal tests were made according to procedures given by
Diem (1980). Differences between the production/release
of steroids by control and drug-treated cell suspensions
were evaluated with the t-test. Differences were assumed
to be real when tests gave probability levels less than 5%;
n indicates the number of independent observations; N
indicates the number of different sets of experiments of
which the control responses were lumped. The effect of
drugs on steroid production/release by cell suspensions
are expressed as ratio (percentage) of the steroid produc-
tion /release measured after treatment and that after con-
current vehicle treatment. The term ‘release’ is used in this
paper to indicate production and/or release.
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The drugs used were: collagenase (type 1A; Sigma
C-9891), DMSO (Merck), furaltadone-HCI (Orphahell),
furazolidone (Orphahell), nitrofurantoin (Orphahell), preg-
nenolone (Sigma P-9129). All drugs were routinely added
dissolved in dimethyl sulfoxide (DMSO). DMSO in the
concentration used (176 mM) did not affect the release of
the steroids measured. After the drugs were added, the pH
of the solution was adjusted to 7.4, when necessary.

3. Reaults

The earlier account that nitrofurans inhibit the aldos
terone release was reproduced using this time preg-
nenolone as substrate. The dose—response curves shown in
Fig. 1 agree with those reported using deoxycorticosterone
as substrate (Jager et al., 1994). This in vitro system
reveals a small potency difference between the three nitro-
furans: nitrofurantoin > furazolidone > furaltadone. Nitro-
furantoin (10 wM), furazolidone (25 wM) and furaltadone
(50 wM) each induced a 50% reduction in the adosterone
release. Notwithstanding this potency difference maximal
inhibition occurred by al nitrofurans at 100 WM.

Using this maximal concentration and a submaximal
concentration (25 wM) we looked for possible effects on
the release of other steroids (Fig. 2). In the low concentra-
tion, nitrofurans hardly changed the release of cortisol and
corticosterone but 100 wM clearly reduced the release.
Another dose dependent action of nitrofurans was the
increase of the output of progesterone and its 17-hydroxy
derivative. Some changes were observed in the release of
androstenedione.

A subsequent, separate and more detailed study of the
influence of nitrofurans on the release of steroid hormones
confirmed the previous observation (Table 1). The nitrofu-
rans did not alter the release of deoxycortisol. Androstene-
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Fig. 1. Dose—inhibition curves of the nitrofurans furazolidone, nitrofuran-
toin, and furaltadone on the aldosterone release by the adrenocortical cell
suspension with pregnenolone (1 wM) as substrate. 100% = 2.27 + 0.08;
2.06+0.05 and 2.32+0.10 ng adosterone/10° cells per h (n=4) for
furazolidone, nitrofurantoin and furaltadone, respectively.
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Fig. 2. Effect of furazolidone, furaltadone and nitrofurantoin (25 and 100
wM) on the steroid hormones released by porcine adrenocortical cells in
vitro. Pregnenolone (1 wM) was used as substrate during the 1 h
incubation. 100% = 2.22+0.05 ng aldosterone/10° cells per h; 109+ 2
ng corticosterone,/10° cells per h; 27+1 ng cortisol /10° cells per h;
36+ 1 ng progesterone/10° cells per h; 18.4+ 0.4 ng 17a-hydroxypro-
gesterone,/10° cells per h; 2.3+ 0.1 ng androstenedione,/10° cells per h
(n=4).

dione release however, was reduced significantly by fura-
zolidone and the high and low concentration furaltadone,
but not the middle concentration, and unchanged in the
presence of nitrofurantoin. Furthermore, a dose dependent
increase in the release of progesterone and 17a-hydroxy-
progesterone was observed. The release of aldosterone,
corticosterone and cortisol was not equally susceptible to
the inhibiting actions of nitrofurans. The aldosterone out-
put was clearly the most sensitive, followed by that of
cortisol, whereas corticosterone, which is aso a substrate
in the aldosterone synthesis, was the least susceptible. The
potency order of the nitrofurans in reducing the output of
cortisol or corticosterone is not different from that ob-
served with aldosterone. The adrenocortical cell suspen-
sion can release testosterone in quantities well above de-
tection level in the presence of drugs like spironolactone
(Jager et al., 1996). Nevertheless the treatments summa-
rized in Table 1 were unable to increase the testosterone
output above detection level. The same holds for dehy-
droepiandrosterone, estradiol and estrone.

4, Discussion

The in vitro inhibition by ten different nitrofurans of the
aldosterone release (Jager et al., 1994) was characterized
using furazolidone, furaltadone, and nitrofurantoin. The
results clearly indicate that nitrofurans inhibit the mito-
chondrial enzymes involved in the final phase of the
biogenesis of adosterone, cortisol and corticosterone
(Ohnishi et al., 1988). In a previous study we found that
aldosterone synthesis is also inhibited when corticosterone,
deoxycorticosterone or progesterone are used as substrates



L.P. Jager et al. / European Journal of Pharmacology 331 (1997) 325-331

328

(15911 150°0 > d) %00T L0} 30UaIeHIp UedubiS |

"suoseiseboldAxoIpAy-0,T

“(WnnoiyeA pue suojousuBeid INT T yim uolegnoul Y T) 8sedjl [01U00 BU JO (ZT =N ‘87 =U 'IN'T'S Fuesw) abejueoied e se pessaidxe si juswies.) BuLnp ssesey |,
'SHWI| UONJ9IeP MO] PeUeR) [010R.ISS PUe SUDJISS ‘9U0JSIS0ISe] ‘SU0RIS0.pURIdeoIpAUsp Jo esesfel 8yl

£Fv6 p 6F96T p9F0CZ 8F6TT pEFGE p CFES pTF0C 00T
L+66 oT F¢€et p8¥ceT 9FTIT pLFLL €+96 pTFTE 14
Z+86 9+40T 2+90T 8+/8 pc¥.8 Z2+90T pTFOV ot ulojuelnjoniN
p9+28 pTT+OVC p 6F9€C ¥ +66 p9F95 pT+69 pT+9C 00T
9F16 p8F8LT p ETFOST OTF.TT pSF8L €F16 pTF 1P 0s
p2¥88 pGTF6IT p CTFSHT LFv6 GFag T1¥66 pTFE9 G2 auopelfend
pSF8L p LTF26T pTZF0S2 8Fv6 »SF09 p ¥ F6S pTF6T 00T
pVF18 oT 8T p VTFOLT 6+88 €+26 S+/8 pTFSY °14 auopljozeind
T0+0¢ ¥0+0.LT vF+Iv €0F¥6 TF+9¢ LFETT TT0+9TC (Y Rds|po oOH\mS 01U0D
(%) BUOIPSURISO.IPU Y (9%) suoseisabold-OH (9%) suoseIsabold (%) |0s1102AX0RQ (%) 10S10D (9%) BUOJBISOD 10D (%) SUOBISOP |V N Jueweal |

o SUosUBdsNS |82 feanooousIpe sulod Ag , SPIOISIS JO aseafel B} Ul SUOTIeiS}fe PSONPUI-URINJOIIN

TalgelL



L.P. Jager et al. / European Journal of Pharmacology 331 (1997) 325-331 329

instead of the presently used pregnenolone (Jager et al.,
1994). As the activity of the nitrofurans with these four
substrates was similar, the nitrofurans probably inhibited
the enzymes involved with the transformations at C-18;
these reactions use corticosterone as substrate. Also the
parallel pathway, which bypasses corticosterone seemed to
be blocked by nitrofurans. From the present results it has
to be concluded that also the hydroxylation at C-11 is
affected. Thus the nitrofurans rapidly and reversibly inhibit
all mitochondria transformations from deoxycorticos-
terone to corticosterone and aldosterone and from deoxy-
cortisol to cortisol.

It is now generaly (Orth et al., 1992) assumed that one
cytochrome enzyme, P-450,, ,5, mediates these mitochon-
dria transformations (Yanagibashi et al., 1986). Different
isomers of this enzyme seem to exist in the zona glomeru-
losa and in the zona fasciculata (Lauber et al., 1987;
Miller et d., 1991). An inhibition of this enzyme by
nitrofurans seems to explain our findings. The higher
susceptibility of the aldosterone release to the inhibitory
action of nitrofurans reflects the fact that corticosterone is
aso an intermediate in the biogenesis of adosterone
(Yanagibashi et al., 1988). A substrate reduction might
thus add to the enzyme inhibition.

Another explanation of our observations might be that
the nitrofurans inhibit the transport of the deoxysteroids
across the mitochondrial membranes. At present we have
no data to suggest in favor of either inhibition of the
biotransformation or inhibition of the substrate supply in
the mitochondria. Both explanations however, do not ex-
clude each other.

Surprisingly the release of deoxycortisol was not en-
hanced in the presence of nitrofurans. Assuming that the
same holds for deoxycorticosterone this might indicate a
product regulated feedback in the biogenesis of these
intermediate steroids. In an earlier study (Jager et al.,
1996) we found that in the 0.3—10 .M range with preg-
nenolone as substrate increasing concentrations increased
the release of corticosteroids, except for deoxycortisol and
cortisol. The release of these steroids reached a maximum
with 1-3 M pregnenolone and higher concentrations of
pregnenolone decreased the output. This bell-shaped
dose—response curve of deoxycortisol with pregnenolone
and the constant release of deoxycortisol with different
concentrations K also imply that the biogenesis of deoxy-
cortisol is cellularly regulated (Jager et al., 1996).

17a-Hydroxyprogesterone is not only substrate in the
biogenesis of deoxycortisol but also of androstenedione
(see Jager et al., 1996, Fig. 6). Again changes in the
release of androstenedione in the presence of nitrofurans
did not reflect those of 17«-hydroxyprogesterone. If signif-
icant changes are observed then the release of androstene-
dione is lower while 17a-hydroxyprogesterone is higher.
Changes in the release of androstenedione induced by
atered K* or substrate concentrations or with ACTH do
seem to follow changes in the release of 17a-hydroxypro-

gesterone (Jager et a., 1996). Therefore it is likely that
nitrofurans also inhibit the C17,C20-lyase side chain cleav-
age. This effect of nitrofurans is however, margina at
concentrations which induce an blockade of the mitochon-
drial biogenesis of aldosterone, corticosterone and cortisol.
Our observation that the middle concentration furaltadone
did not induce a significant change can be attributed to
variability in margina effects. It is remarkable that the
potency order of the three nitrofurans with regard to this
effect (furazolidone > furaltadone > nitrofurantoin) differs
from that of the inhibition of the mitochondrial steroids.
This might indicate that this effect is mediated via a
different mode of action and/or that it is not an attribute
of al nitrofurans. Another extrapolation is that the rela
tively small or insignificant changes in androstenedione
release, while concurrently a substrate is released at twice
the control levels, hides a 50% inhibition of the C17,C20-
lyase.

Quinoxalines such as carbadox and their major metabo-
lites induced a slowly developing but virtualy irreversible
inhibition of the C18 transformations from corticosterone
to aldosterone. But these compounds hardly affected the
alternative pathway from deoxycortisol (Jager et al., 1994).
As these drugs are given continuously, the biogenesis of
aldosterone in vivo is likely to be seriously impaired, even
when used in the advised dosages (Van der Molen et al.,
1989). The animals might compensate with enhanced pro-
duction via the dternative pathway and/or by enhanced
release of other corticosteroids with mineral ocorticosteroid
activity. The rapid shutdown of the mitochondrial biogene-
sis of corticosteroids by nitrofurans will then cause hypoal-
dosteronism, which is typical for a quinoxaline intoxica
tion.

The assumption that nitrofurans are carcinogenic drugs
is solely based on long term feeding experiments with
relatively high doses of nitrofurans to rodents. In these
experiments the incidence of mammary tumors and neopla-
sia in the ovaries and testes was significantly enhanced.
Also the onset of spontaneous mammary tumors in some
strains was months earlier during treatment with nitrofu-
rans (see Van Koten-Vermeulen et a., 1993). As most of
the enzymes involved in the biogenesis of adrenal steroids
are also present in other steroid hormone producing or-
gans, a comparable differential effect on the biogenesis
and release of steroid hormones is to be expected. A
decrease of the circulating concentration of corticosteroids
with an increase in the circulation of progestagens compa
rable to the extent observed in vitro might by itself bring
about the carcinogenic activity observed (Zumoff et 4.,
1981; Labrie et al., 1987; Gomes et al., 1988; Ngjid and
Habrioux, 1990). It seems that nitrofurans might not be
carcinogenic drugs, and that the carcinogenic activity found
must be attributed to experimental artifacts.

The presently reported effects of nitrofurans on the
steroid biogenesis in vitro were observed at concentrations
below or within the range of concentrations found in vivo
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during treatment (see Jager et al., 1994). Antibacterial
treatments are short and the side effects of nitrofurans
concerning steroid biogenesis are not only fast in onset,
but also reversible, as observed with aldosterone (Jager et
al., 1994). Prolonged administration of nitrofurans causes a
prolonged disturbance of the steroid balance, which is
likely to cause numerous side effects. It seems therefore
moot to weigh the benefits of relatively short antibacterial
or antiprotozoal treatments with nitrofurans against
carcinogenic risks. Nevertheless, treatment with nitrofu-
rans during periods in which the steroid hormones have a
critical role, such as during pregnancies, rapid growth and
weaning, does have the potency to cause serious bodily
and behavioral malformations and malfunctions (Roberts
et a., 1987; Vahl and Stappers, 1985; Zimmermann et a.,
1993).
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