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Abstract—The disposition of nitrofurazone was studied in the isolated perfused rat liver using a
recirculating system. The drug was administered as a bolus in two different doses (3.5 and 14 mg: initial
concentrations 0.35 and 1.4 mM respectively), and its disappearance was monitored by analyzing
perfusate samples at various times. Biliary excretion and bile flow were also measured. In all experiments
perfusate disappearance was monoexponential, and no significant difference was found between the two
doses (Tyz: 5.34 = 2.03 and 6.19 + 1.47 min for 14 and 3.5 mg respectively). Bile flow increased more
than 2-fold 5-10 min after administration of the drug and subsequently returned to control levels. The
increase in bile flow was dose-related and paralleled the excretion of the parent drug in the bile; however,
of the total dose administered, only 0.27 £ 0.04% was excreted unchanged in bile, thus ruling out an
osmotic choleresis due to the parent drug. Since nitrofurazone may be excreted in part as a glutathione
conjugate, this or other metabolites could have caused an osmotic choleresis. This hypothesis was tested
by administering diethylmaleate which causes glutathione depletion. Although the initial bile flow in
treated livers was not different from untreated livers, bile flow did not increase after administration of
nitrofurazone. In addition, the perfusate half-life of nitrofurazone was increased (18.18 = 1.30 min,
P < 0.005). These results suggest that nitrofurazone is cleared rapidly by the liver and that glutathione

plays an important role in its disposition.

The 5-nitrofuran, nitrofurazone, is used clinically as
an antibiotic in human and veterinary medicine. In
particular, nitrofurazone has proved useful for the
therapy of mixed infections of superficial wounds
and diseases of the skin, in the treatment of burns,
in the prophylaxis of nosocomial infections, in pro-
moting healing of donor skin graft sites, in the pre-
vention of peritoneal adhesions and as an antiseptic
lubricant for transurethral resection [1]. Nitro-
furazone is used also in the systemic treatment of
Gambian and Rodhesian sleeping sickness (African
Trypanosomiasis) [2]. Since it can keep animals
disease-free, it is used in animal feeds as a growth
promoter [1]. Nitrofurazone, however, is toxic, a
peripheral neuropathy being a relatively common
side effect. Also, it markedly affects liver function
and metabolism: nitrofurazone stimulates O, uptake
in rat liver mitochondria by interfering with the
function of the respiratory chain [3]; is a competitive
inhibitor of liver monoamine oxidases [4]; interferes
with the hepatic metabolism of essential amino acids
[5]; and, if given orally or subcutaneously to rats,
causes pathologic changes in the liver ranging from
swelling and cytoplasmic and nuclear degeneration
to severe toxic hepatitis [6]. Despite these pro-
nounced effects, little is known about the hepatic
transport and metabolism of this drug. We describe
in this paper the disposition of nitrofurazone by the
isolated perfused liver and its effects on bile flow.
Some speculations on the metabolic fate of nitro-
furazone are also given.

* Author to whom correspondence should be addressed:
926 Science, School of Pharmacy, University of California,
San Francisco, CA 94143.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (Bantin &
Kingman; 55- to 60-days-old, 200-250 g) with free
access to standard rat chow and water were used.

Materials. Nitrofurazone (2-[(5-nitro-2-
furanyl)methylene]lhydrazine carboxamide) and
nitrofurantoin  (1-[[(5-nitro-2-furanyl)methylene]-

amino]-2,4-imidazolidinedione) were gifts from
Norwich-Eaton (Norwich, NY). Dimethyl sul-
foxide was purchased from Burdick & Jackson
(Muskegon, MI), and Fluosol (FC-43 Emulsion)
from Alpha Therapeutics (Los Angeles, CA);
bovine serum albumin and diethylmaleate (DEM)
were from the Sigma Chemical Co. (St. Louis, MO).

Liver perfusion. After surgical excision from the
rat, livers were perfused in a humidified and ther-
moregulated cabinet where the perfusate is cir-
culated from the reservoir by a peristaltic pump
(LKB, Bromma, Sweden) through a membrane lung
(consisting of a polyethylene tubing, Clay Adams,
Parsipanny, NJ), a filter, a bubble trap-pressure
gauge and an in-line pH probe, before returning to
the liver and mixing reservoir. Liver viability was
judged on the basis of gross appearance, bile pro-
duction, perfusion pressure and oxygen consump-
tion. The pH of the perfusate was kept constant (7.35
to 7.45) throughout the experiment by modifying the
pCO; and pO, as necessary.

Nitrofurazone assay. Nitrofurazone concentra-
tions in perfusate and bile were determined by
HPLC, 100-ul aliquots of bile or perfusate were
mixed with 100 ul of internal standard, nitrofu-
rantoin, in acetonitrile, and protein and fluosol, if
present, were removed by centrifugation (15 min at
20,000 g). A standard curve was prepared for each
set of samples.
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Fig. 1. Concentration of nitrofurazone in the perfusate after administration of a bolus dose of 3.5 mg.
The data are plotted on a semilogarithmic scale.

HPLC analysis was performed using a Waters
HPLC instrument, with a 6000 A pump, a U6K
injector and a model 440 UV detector set at 280 and
365nm. An Alltech C18 column (10 um, 4.6 mm
i.d. x 25 cm) was used with methanol/water (30/70,
v/v; 2ml/min) as eluent.

Experimental design. The hepatic disposition of
nitrofurazone was studied using a recirculating
system. Livers were perfused with 50 m! of a 20%
emulsion of fluosol (a fluorocarbon oxygen carrier)
containing 1% bovine serum albumin at a flow rate
of approximately 3 ml-min~!-g~! of liver (range 2.7
to 3.4). After a 30-min equilibration period a bolus
dose of 14 or 3.5mg of nitrofurazone (in 100 ul
dimethyl sulfoxide) was added to the reservoir. Per-
fusate (100 ul) was collected every 2.5 min for 15 min
then every 5 min for the next 30 min. Bile was col-
lected in preweighed vials during the equilibration
period and after adding the drug. Bile volume was
calculated gravimetrically assuming a specific gravity
of 1. Bile volume was adjusted to 100 gl with addition
of double-distilled water. Bile and perfusate samples
were frozen at —20° until analysis by HPLC.

DEM treatment. DEM was given intraperitoneally
at a dose of 0.6 ml/kg body weight approximately
1 hr before starting surgery.

Pharmacokinetic calculations and statistical analy-
sis. An exponential function was fitted to perfusate
concentrations and biliary excretion rates using a
nonlinear least squares procedure. The T/, was cal-
culated as In2/k (k = slope of the curve); clearance as
dose/area under the curve; extraction as clearance/
flow rate; percent nitrofurazone excreted in bile as
cumulative  nitrofurazone  biliary  excretion/
dose X 100. Student’s unpaired #-test was used for
statistical comparisons.

RESULTS

Perfusate disposition of nitrofurazone. In all
experiments, nitrofurazone disappearance from the
perfusate conformed to a monoexponential decay
pattern (Fig. 1). At the doses tested, the removal of

nitrofurazone was virtually complete by 3545 min.
Values for T, clearance and extraction ratio are
given in Table 1. No statistical difference between
these parameters was found for the two doses
(P>0.1).

Biliary excretion. Nitrofurazone in bile was detect-
able 2.5 min after administration and reached maxi-
mum concentration at 7.5 min (Fig. 2, lower panel).
The decay phase of biliary excretion rate was
monoexponential with a half-life of about 10 min
(10.46 = 2.28 and 10.14 + 2.16 for 3.5 and 14 mg
doses respectively). The cumulative biliary excretion
of nitrofurazone averaged 0.28 = 0.04% (3.5 mg)
and 0.29 = 0.03% (14 mg) of the administered dose.
Again, there was no statistical difference between
values obtained at the two doses.

Effects on bile flow. Nitrofurazone administration
increased the bile flow rate markedly. During the
equilibration period the bile flow was similar to that
in control livers; however, 2.5 min after adminis-
tration of nitrofurazone it began to increase reaching
a peak at approximately 7.5 min. Thereafter, the bile
flow gradually returned to basal levels by about
45min. The basal bile flow in control livers was
constant for about 30min and then decreased
because of depletion of the bile acid pool.

The stimulatory effect of nitrofurazone on bile
flow was seen at both doses (Fig. 2, upper panel).
Figure 2 also shows that the nitrofurazone con-
centration in bile closely paralleled the behavior of
bile flow and that the increase in bile flow was dose
dependent.

Recent studies [7] indicate that nitrofurazone is
excreted in bile largely as a glutathione or cysteine-
glycine conjugate. To determine whether these
metabolites, rather than nitrofurazone itself could
be responsible for the marked dose-dependent stimu-
lation of the bile flow observed above, the effect of
the drug was also studied in rats pretreated with
diethylmaleate to deplete hepatic glutathione [8].

The data relative to bile flow and biliary excretion
of nitrofurazone in diethylmaleate-treated livers are
shown in Fig. 3. Although the bile flow did not differ
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Table 1. Perfusate disposition of nitrofurazone

Nitrofurazone
3.5 mg (0.35 mM) 14 mg (1.4 mM) P
Half-life (min) 6.19+ 147 534203 NS
Clearance (ml-min~-g™%) 0.55 £ 0.11 0.61 £ 0.07 NS
Extraction ratio 0.19+0.04 0.18 £0.02 NS

Data represent mean = SEM of four experiments for each dose. NS = not significant.
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Fig. 2. Upper panel: Bile flow before and after adminis-

tration (arrow) of nitrofurazone as a 3.5 mg (@) or a 14 mg

(O) bolus dose. The bile flow in control (O), nontreated

livers is also shown. Lower panel: Biliary concentration of

nitrofurazone following the 3.5 mg (A) or 14 mg (A) bolus
doses. Points are mean * SEM.

from controls during the equilibration period, it did
not increase significantly (a small peak is barely
appreciable between 2.5 and 7.5 min) after adminis-
tration of nitrofurazone. The biliary concentration
of nitrofurazone was higher than in untreated livers
given the same dose. Interestingly, the total amount
of drug excreted unchanged increased but the
increase was not statistically significant (0.36 = 0.10
vs 0.27 £ 0.03% for diethylmaleate and untreated
respectively). The parameters relative to perfusate
disposition are illustrated in Table 2. Half-life was
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Fig. 3. Upper panel: Bile flow before and after adminis-
tration (arrow) of a 14 mg (O) bolus dose of nitrofurazone
to DEM-pretreated livers. Control values () innontreated
livers are shown for reference. Lower panel: Biliary con-
centration of nitrofurazone after a 14 mg (A) bolus dose
to DEM-pretreated livers. All points are mean = SEM.

significantly greater in DEM-treated livers, whereas
clearance and extraction were reduced.

DISCUSSION

Before the present study the hepatic disposition
of nitrofurazone was unknown. These studies show
that nitrofurazone was readily taken up by the per-
fused liver, its half-life being approximately 6 min,
it was metabolized and excreted in bile mainly as
metabolites. At the two doses tested there were
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Table 2. Perfusate disposition of nitrofurazone by DEM-
treated liver™

DEM-treated

liver P
Half-life (min) 18.18 £ 1.30 < 0.005
Clearance (ml-min~!-g™1) 0.31 £ 0.01 <0.01
Extraction ratio 0.09 £0.01 < 0.02

* The dose of nitrofurazone given was 14 mg. DEM
(0.6 ml/kg body wt) was given i.p. 1hr before surgery.
Results are compared with untreated livers (Table 1) given
the same dose of nitrofurazone. Data represent
mean = SEM of four experiments.

no differences in half-life, clearance and extraction
ratio, suggesting that the removal process was oper-
ating well below its V,, at the concentration of
1.4 mM. Unexpectedly, nitrofurazone had a pro-
nounced choleretic effect. Although this effect was
dose dependent, it is unlikely that nitrofurazone
itself was responsible because of its low con-
centration in bile. In the rat, bile osmolarity averages
332 mOsm [9]. The maximal concentration of nitro-
furazone in bile approximated 1mM; thus, this
would represent a mere 0.3% increase in bile flow,
whereas the latter increased up to 2-fold. It has been
proposed recently that nitrofurazone is excreted in
bile as a glutathione or a glutathione metabolite
conjugate [7]. Our results using livers of animals
treated with diethylmaleate, a known depletor of the
glutathione pool [8], support this hypothesis and also
suggest that the increase in bile flow after nitro-
furazone administration is, at least partially, due to
an osmotic effect of its metabolites. Biliary efflux of
oxidized glutathione induced by the redox cycling of
the 5-nitro function which has been shown in the case
of nitrofurantoin, a chemically similar 5-nitrofuran
antibiotic, may also contribute to the choleretic effect
[10, 11]. In fact, in diethylmaleate-treated livers no
clear increase in bile flow was observable after nitro-
furazone administration and the fraction of the dose
excreted unchanged tended to increase (0.36 vs
0.27%). Although glutathione depletion causes
many derangements in liver function and homeo-
stasis and in the long term may be deleterious to
the hepatocyte [12], in our experiments a normal bile
flow and function were maintained. It is possible that
DEM, in addition to depleting glutathione by direct
conjugation, may directly alter the metabolism of
nitrofurazone. DEM is known to alter the cyto-
chrome P-450-mediated metabolism of some xeno-
biotics [13]. However, nitrofurazone is not metab-
olized by cytochrome P-450 [14]. Its reductive
metabolism in the intact organ is mediated by cyto-
chrome ¢ reductase [15, 16] which has been shown
to be unaffected by DEM [17]. The ring hydroxy-
lation of nitrofurantoin is not phenobarbital
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inducible in the isolated perfused rat liver [16]. Ring
hydroxylation occurs only after pretreatment with 3-
methylcholanthrene, but we found no evidence for
this metabolite in the bile or perfusate of our prep-
arations. Thus, we conclude that it is improbable
that DEM has a direct effect on the disposition of
nitrofurazone. One could then speculate that, when
challenged with nitrofurazone, the diethylmaleate-
treated liver is unable to use alternative pathways to
eliminate the drug. We conclude that nitrofurazone
is removed rapidly from the perfusate by the isolated
perfused rat liver. Although biliary excretion of
unmetabolized nitrofurazone is negligible, the drug
has a pronounced choleretic effect which is probably
caused by biliary excretion of oxidized glutathione
induced by the redox cycling of the 5-nitro function
together with nitrofurazone conjugates with glu-
tathione or glutathione derivatives.
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