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Microsomal oxidative stress induced by NADPH is inhibited by
nitrofurantoin redox biotranformation
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M. E. Letelier!
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Universidad Catélica de la Santisima Concepcion, Concepcion, Chile, 3Instituto ladet Ltda, Santiago, Chile,

and *Facultad de Medicina, Centro de Estudios Biomédicos, Universidad Diego Portales, Santiago, Chile

Abstract

Nitrofurantoin is used in the antibacterial therapy of the urinary tract. This therapy is associated with various adverse effects whose
mechanisms remain unclear. Diverse studies show that the nitro reductive metabolism of nitrofurantoin leads to ROS generation. This
reaction can be catalyzed by several reductases, including the cytochrome P450 (CYP450) reductase. Oxidative stress arising from this
nitro reductive metabolism has been proposed as the mechanism underlying the adverse effects associated with nitrofurantoin. There is,
however, an apparent paradox between these findings and the ability of nitrofurantoin to inhibit lipid peroxidation provoked by NADPH
in rat liver microsomes. This work was aimed to show the potential contribution of different enzymatic systems to the metabolism of
this drug in rat liver microsomes. Our results show that microsomal lipid peroxidation promoted by NADPH is inhibited by nitrofuran-
toin in a concentration-dependent manner. This suggests that the consumption of NADPH in microsomes can be competitively pro-
moted by lipid peroxidation and nitrofurantoin metabolism. The incubation of microsomes with NADPH and nitrofurantoin generated
1-aminohidantoin. In addition, the biotransformation of a classical substrate of CYP450 oxidative system was competitively inhibited
by nitrofurantoin. These results suggest that nitrofurantoin is metabolized through CYP450 system. Data are discussed in terms of the in

vitro redox metabolism of nitrofurantoin.

Keywords: nitrofurantoin biotransformation, lipid peroxidation, oxidative stress

Introduction

Nitrofuran drugs are a family of nitro heterocyclic
compounds that include nifurtimox and nitrofurantoin
[1,2]. These drugs, used in antimicrobial therapies, are
often associated to multiple adverse effects [3-5]. Two-
electron reductases occurring in bacteria and parasites can
catalyze the reduction of the nitro group in nitrofurans to
the corresponding hydroxylamine, through generation of
a nitroso intermediate [6—9]. The hydroxylamine deriva-
tive of nitrofuran drugs is an electrophilic agent that
can bind to biomolecules, altering their function [10].
This phenomenon seems to represent the antimicrobial
mechanism of these drugs.

In contrast to bacteria and parasites, mammalian cells
display a high abundance of one-electron reductases
[11,12]. Early enzymatic studies have shown that several
of these reductases can catalyze the reduction of nitro-
furantoin, including the NADPH-cytochrome P450
(CYP450) reductase [13—17]. This reduction generates
a reaction intermediate corresponding to a nitro anion
radical. This intermediate can react, in a futile cycle,

with molecular oxygen producing superoxide anion and
regenerating the nitro drug [13,14,17-20]. A great deal
of research can be found regarding nitrofurantoin nitro
reduction by liver microsomes [13,14,18-20]. In fact, all
these studies have detected the production of ROS or
oxidative consequences of ROS production, such as
lipid peroxidation [19-22]. It has been proposed that
oxidative stress arising from the one-electron reductive
metabolism of nitrofuran drugs would explain the
adverse effects observed with these drugs in the human
population [3-5].

Nitrofurantoin is widely used in the treatment and
prophylaxis of lower urinary tract infections (lower UTIs)
[23]. Although the mechanism of action of nitrofurantoin
is not yet clear, it has been postulated that it acts by
inhibiting several bacterial enzymes [10]. This hypoth-
esis presumes that nitro reductases occurring in sensitive
bacteria transform nitrofurantoin in highly reactive elec-
trophiles, which would target ribosomes, effectively
inhibiting bacterial protein synthesis [10]. Unfortunately,
nitrofurantoin can cause problems associated with its
prolonged use: respiratory dysfunction [24-26], hepatic
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damage [27,28], peripheral polyneuropathy [29], and
hematologic disorders [30]. In humans, lung and liver
toxicity has been attributed to the reactive intermediates
generated through nitro reduction of nitrofurantoin
[14,15,31-34]. Even short-term treatment with nitrofuran-
toin can cause gastrointestinal adverse reactions, with
nausea and abdominal pain being the most reported side
effects.

NADPH is known to provoke microsomal lipid per-
oxidation [35,36] and, paradoxically, nitrofuran drugs
inhibit this phenomenon [21,22]. Given that nitro reduc-
tion of nitrofuran drugs and NADPH provokes microsomal
lipid peroxidation, an additional mechanism must exist to
explain this apparent contradiction. The CYP450 system
catalyzes the oxidation of lipophilic molecules, including
drugs, in the presence of molecular oxygen and NADPH
[37-40]. Therefore, a competition for NADPH between
NADPH-elicited microsomal lipid peroxidation and the
oxidation of a CYP450 system substrate would be expected
when microsomes are incubated with NADPH and that
substrate. Noteworthy, if the oxidative reaction catalyzed
by CYP450 does not generate ROS, it should not lead
to microsomal lipid peroxidation. Accordingly, drugs
undergoing oxidative demethylation through the CYP450
system have been shown to inhibit microsomal lipid per-
oxidation elicited by NADPH [36].

In this work, we evaluated reductive and oxidative
biotransformation pathways of nitrofurantoin. To this end,
we incubated rat liver microsomes with nitrofurantoin
under conditions leading to its biotransformation through
the CYP450 oxidative system [19]. We found evidences
supporting the idea that nitrofurantoin can bind to the
substrate-binding site of the CYP450 monooxygenase.
Also, nitrofurantoin inhibited the O-demethylation of
p-nitroanisole and the hydroxylation of naphthalene, hall-
mark activities of the CYP450 oxidative system [37—40].
Given the chemistry of nitrofurantoin, this drug might
be oxidized by CYP450 system to l-aminohydantoin.
The finding of this metabolite in the meat and milk from
animals treated with this antimicrobial [41,42] supported
our postulate. To this end, we developed a fluorescence-
based HPLC detection for 1-aminohydantoin. Using this
method, we identified this metabolite in the supernatant
of microsomes incubated with nitrofurantoin and NADPH,
specific cofactor of the CYP450 system. Oxidative stress
arising from enzymatic nitro reduction of nitrofurantoin
has been proposed as the mechanism underlying the
adverse effects associated with this drug. Nitrofurantoin
however inhibited microsomal lipid peroxidation elicited
by NADPH, in a biphasic and concentration-dependent
manner. These findings are an apparent paradox: nitro-
furantoin may be reduced and generate oxidative stress; in
addition, it may suffer oxidation, phenomenon that con-
sumes NADPH, causal agent of lipid peroxidation in rat
liver microsomes. We discuss these results in regards to
the contribution of different enzymatic systems to the
redox metabolism of nitrofurantoin and the oxidative
stress proposed as responsible mechanism of its adverse
reactions.

Materials and methods
Chemicals

I-aminohydantoin (HPLC standard), apocynin, bovine
serum albumin (BSA, fraction I'V), Folin-Ciocalteu’s reagent,
glucose-6-phosphate, glucose-6-phosphate dehydrogenase,
B-NADP, naphthalene, o-naphthol, aminopyrine (4-dimeth-
ylaminoantipyrine), p-nitrophenol, p-nitroanisole, N-(5-
nitro-2-furfurylidene)-1-aminohydantoin  (nitrofurantoin),
and SKF-525A (proadifen) were obtained from Sigma-
Aldrich Quimica Limitada (Santiago, Chile). Naphthalene,
thiobarbituric acid (TBA) and trichloroacetic acid (TCA)
were purchased in Merck (Santiago, Chile). AccQ-Fluor™
reagent kit was obtained from Waters (Massachusetts, USA).
All other chemicals used were of analytical grade.

Animals

Adult male Sprague Dawley rats (200-250 g), maintained
at the vivarium of the Facultad de Ciencias Quimicas y
Farmacéuticas (Universidad de Chile, Santiago, Chile)
were used. The rats were allowed free access to pellet
food, maintained with controlled temperature (22°C) and
photoperiod (lights on from 07:00 to 19:00 h). All proce-
dures were performed using protocols approved by
the Institutional Ethical Committee of the Facultad de
Ciencias Quimicas y Farmacéuticas, Universidad de Chile,
and according to the guidelines of the Guide for the Care
and Use of Laboratory Animals (NRC, USA).

Liver microsomal fraction

Microsomal fractions were prepared as previously reported
[19]. Microsomes were stored at — 80°C until use. Total
microsomal protein was determined according to Lowry
et al. [43], using BSA as standard.

Microsomal lipid peroxidation

Assay of thiobarbituric acid reactive substances (TBARS)
is an economic and rapid method to evaluate lipid per-
oxidation that has been often characterized as ancient and/
or unspecific due to certain interferents. For this reason
we have standardized our assay conditions for the method
to be in linear dependence with the concentration of
biological membranes and incubation time. Microsomes
(1 mg/mL) were incubated with a NADPH-generating sys-
tem comprising 6 mM glucose-6-phosphate, 0.6 mM
NADP, and 0.15 U/mL glucose-6-phosphate dehydroge-
nase in 50 mM phosphate buffer (pH 7.4) for 30 min at
37°C. Increasing concentrations of nitrofurantoin (up to
3 mM), and/or different concentrations of selected inhibi-
tors, as detailed in the text and table legends were tested.
The extent of microsomal lipid peroxidation was estimated
assaying TBARS as previously described by Letelier et al.
[19]. In brief, lipoperoxidation reaction was stopped with
0.5 mL of 20% TCA and then supernatant was separated
by centrifugation. The samples were then incubated with
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TBA 1% for 1 h and absorbance was read at 532 nm. The
results are expressed as nmol of TBARS per minute per
mg of microsomal protein.

In addition, we determined malondialdehyde concen-
tration by high-performance liquid chromatography. In
this case, the reaction was stopped adding 20 uL/mL of a
tert-butyl-hydroxytoluene solution containing 2.2 mg/mL.
MDA quantification was developed through fluorimetric
detection as described by Young and Trimble [44]. The
results are expressed as wmol of MDA per mg of
microsomal protein.

CYP450 monooxygenase spectrum

CYP450 monooxygenase spectrum was obtained as
previously described [45]. Microsomes (1 mg protein/mL)
were exposed to increasing concentrations (up to 15 uM)
of nitrofurantoin in 4 mM MgCl, and 50 mM phosphate
buffer at pH 7.4 during 5 min at 25°C. Afterwards, reac-
tion mixture was supplemented with 5 mM sodium dithi-
onite and then carbon monoxide was bubbled to the
sample and 390-500 nm spectrums were generated in a
UV3 Unicam UV-VIS spectrophotometer, using the mix-
ture without carbon monoxide as blank.

On the other hand, microsomes (1 mg protein/mL) were
treated with 5 mM sodium dithionite. Then, the mixture
was exposed to increasing concentrations (up to 15 uM)
of nitrofurantoin in 4 mM MgCl, and 50 mM phosphate
buffer at pH 7.4 during 5 min at 25°C. Afterwards, carbon
monoxide was bubbled to aliquots of this mixture (sample)
and 390-500 nm spectrums were using the mixture with-
out carbon monoxide as blank.

p-Nitroanisole O-demethylation

The O-demethylating microsomal activity of the CYP450
system was determined as previously reported [46]. In order
to evaluate the inhibitory effect of nitrofurantoin, this activity
was assayed in the presence of 3 mM of this compound.

Naphthalene hydroxylation

The hydroxylating activity of the CYP450 system was
determined as previously described [47]. In order to
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evaluate the inhibitory effect of nitrofurantoin, this activity
was assayed in the presence of 3 mM of this compound.

Determination of 1-aminohydantoin by a reverse
HPLC method

Microsomes (5 mg protein/mL) were incubated with buf-
fer (control), 1 mM nitrofurantoin alone, or 1 mM nitro-
furantoin and the NADPH-generating system, in the
absence or presence of 50 UM SKF-525A, for 30 min at
37°C. Then, samples were deproteinized by addition of 2
volumes of acetonitrile and centrifuged for 15 min at
10,000 g. Twenty microliters of each supernatant were
incubated with the AccQ-Fluor™ reagent in a final 0.1 mL
volume, at 55°C for 20 min to ensure formation of the
1-aminohydantoin biderivative. Then, 5 uL of each sam-
ple were injected in a Cg column (150X 3.9 mm) in a
Waters 2695 Alliance System with a 2475 Fluorescence
Detector. Reverse phase HPLC was run for 10 min in 13%
acetonitrile/87% acetate buffer (65 mM sodium acetate,
1 mM Ca Titriplex and 0.11% triethylamine pH 5.45), then
5 min for a linear gradient up to 60% acetonitrile 40%
buffer, 1 min isocratically with 60% acetonitrile/40%
water, and finally reached the initial condition 13%
acetonitrile/87% buffer in 1 min and equilibrated for 9 min
before the next injection. Columns were washed with 60%
acetonitrile/40% water between runs. All separation pro-
cedures were performed at 37°C. The AccQ-Fluor™ tag
was detected at 238 nm excitation wavelength and 368 nm
emission wavelength. The signal for 1-aminohydantoin
AccQ-Fluor™ biderivative was consistently found at a
retention time of 9.7-9.95 min. Calibration curve was
obtained, with a linear range for quantification from 0.5
to 10 pmol of 1-aminohydantoin. To evaluate oxidative
metabolism of nitrofurantoin, supernatants from ace-
tonitrile-treated microsomes incubated in different condi-
tions were derivatized and quantification of the
1-aminohydantoin biderivative was performed.

Statistical analyses

Data are presented as the mean of at least four independent
experiments (using different microsomal preparations) =
SD. Analyses of the significance of the differences in
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Figure 1. NADPH-elicited microsomal lipid peroxidation in the presence of nitrofurantoin. NADPH-elicited microsomal lipid peroxidation
was estimated by TBARS (A) or HPLC (B) in the presence or absence of increasing concentrations of nitrofurantoin, as detailed in Materials
and Methods. Data represent the mean of four independent experiments = SD and lines correspond to linear regression of the data.
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Figure 2. Effect of nitrofurantoin on the detection of the microsomal CYP450 monooxygenase spectrum. (A) Spectra of the CYP450
monooxygenase obtained in the absence or presence of nitrofurantoin—15 uM—before or after adding sodium dithionite. (B) Effect of
increasing concentrations of nitrofurantoin on CYP450 monooxygenase content, before or after adding sodium dithionite as detailed in
Materials and Methods. Data represent the mean of four independent experiments = SD.

means were performed using Student’s t-test. Data were
considered significantly different when p < 0.05. All sta-
tistical analyses were performed using GraphPad Prism,
version 5.0.

Results

NADPH-elicited microsomal lipid peroxidation:
effect of nitrofurantoin

Ourresults showed that nitrofurantoin inhibited microsomal
lipid peroxidation provoked by NADPH-generating sys-
tem. This phenomenon was concentration dependent and
showed a biphasic behavior (Figure 1). Thus, two linear
regressions with different slopes were observed. The slope
values were similar when TBARS or MDA conjugates
were quantified (Figure 1A and B).

Effect of nitrofurantoin on the catalytic activity
of the CYP450 system

Few data exist on the in vivo metabolism of nitrofurantoin.
Lipophilic drugs are biotransformed mainly through
CYP450 system. These drugs bind to the CYP450
monooxygenase only in its Fe3* form, in the first and rate-
limiting step of the CYP450 system catalytic cycle [38,48].
The CYP450 monooxygenase in its Fe*>" form can bind

(A)

O-demethylating activity,
nmol formed product/min/mg protein

]

—_—
o)
S

nmol formed product/min/mg protein

Control + Nitrofurantoin

carbon monoxide, forming a complex with a characteristic
absorbance peak at 450 nm [45]. The addition of nitro-
furantoin to the mixture decreased the absorbance of this
complex in a concentration-dependent manner (Figure 2).
When nitrofurantoin is added before sodium dithionite
(closed circles) led to a more significant decrease of this
absorbance than after the reducing agent (open circles).
(Figure 2A and B).

The above experiments show that nitrofurantoin has
affinity for CYP450 monooxygenases. Therefore, it is
reasonable to expect that the drug is metabolized at least
partly through this biotransformation system. Thus, we
also evaluated the effect of nitrofurantoin on p-nitroanisole
O-demethylation and naphthalene hydroxylation, reac-
tions catalyzed by the CYP450 system. Both reactions,
carried out under similar conditions, were inhibited by
3 mM of nitrofurantoin to different extents (Figure 3).
Nitrofurantoin  inhibited 83% the p-nitroanisole
O-demethylation (Figure 3A) and 48% the naphthalene
hydroxylation (Figure 3B). Inhibition of naphthalene
hydroxylation was further characterized in terms of
changes in the “apparent kinetic constants”. Nitrofuran-
toin significantly increased the apparent K for naphtha-
lene in about 2.7-fold, while eliciting no significant
changes in the apparent V,_  values of this activity
(Table I). Nitrofurantoin also decreased in about 64% the
catalytic efficiency (V,_ /K ) of naphthalene hydroxyla-
tion reaction (Table I).
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Figure 3. Effect of nitrofurantoin on microsomal p-nitroanisole O-demethylation and naphthalene hydroxylation. Microsomal
protein: 2 mg/mL, p-nitroanisole: 1 mM, naphthalene: 2.5 mM. Activities were assayed in the absence or presence of 3 mM nitrofurantoin,
as detailed in Materials and Methods. Data represent the mean of four independent experiments = SD. *p <0.05 compared with

the control.
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Table 1. Apparent kinetic constants for microsomal naphthalene
hydroxylation: effect of nitrofurantoin.

Condltlon Vmax Km Vmux/Km
Control 0.87+0.03  39+03 0.22

+ 3 mM nitrofurantoin ~ 0.85+0.05  10.6 = 0.6* 0.08

Hydroxylation of naphthalene was assayed in the presence or absence of
nitrofurantoin, as described in Materials and Methods. Values of Viax (nmol
o-naphthol/min/mg protein) and K for naphthalene (mM) were calculated
from Lineweaver—Burk analyses of each saturation curve. Data represent
the mean of four independent experiments = SD. *p < 0.05 compared with
the control.

Nitrofurantoin redox biotransformation 133

Generation of 1-aminohydantoin by rat liver microsomes
incubated with nitrofurantoin in the presence of NADPH

Figure 4 shows the standardization of our HPLC based
method to quantify 1-aminohydantoin generation. Incu-
bation of microsomes with nitrofurantoin in the pres-
ence of the NADPH-generating system led to the
formation of the biderivative of 1-aminohydantoin a
similar quantity to the standard (100 pmol; Figure 5).
Addition of the general inhibitor of the CYP450
monooxygenase SKF-525A decrease the presence of
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Figure 4. HPLC detection of 1-aminohydantoin by derivatization of AccQ Fluor. 1-Aminohydantoin standards were derivatized with the
AccQ-Fluor™ reagent and detected by HPLC as detailed in Materials and Methods. (A) Top and bottom panels depict representative
chromatograms from at least five determinations of derivatized blanks and 100 pmole of 1-aminohydantoin standard, respectively.
(B) Calibration curve of the biderivative of 1-aminohydantoin. Data represent the mean of three independent experiments = SD.
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Figure 5. Quantification of l-aminohydantoin in microsomes
incubated with nitrofurantoin. Microsomes were incubated
under different conditions prior to deprotenization and
derivatization with AccQ-Fluor™, as detailed in Materials and
Methods. (A) Representative chromatograms of 100 pmole of
l-aminohydantoin standard (top panel), supernatant from
microsomes incubated with nitrofurantoin and the NADPH-
generating system in the absence (middle panel) or presence
of SKF525-A (bottom panel). (B) Quantification of
l-aminohydantoin generation under different conditions, as
indicated under each column. Data represent the mean of three
independent experiments = SD.

this biderivative in the reaction mixture (Figure 5, bot-
tom). CYP450 monooxygenase content in the rat liver
microsomes used in this study was 1.02 nmol/mg of
microsomal protein. Considering this data, the specific
activity of CYP450 system to catalyze the generation
of l-aminohydatoin is 1.71 nmol/30 min/nmol of
monooxygenase.

Discussion

Nitrofurantoin is a drug widely used in the treatment of
urinary infections [23,49]. This drug is associated with
several adverse reactions in the human population, includ-
ing gastrointestinal, hepatic, and pulmonary side effects
[5,24-27,30,50]. Most of the evidence regarding in vitro
toxicological effects of nitrofurantoin is focused in its
nitro reductive metabolism, which leads to the generation
of ROS and oxidative stress [14]. This drug, however,
inhibits microsomal lipid peroxidation elicited by NADPH
[21,22]. As for other lipophilic drugs, nitrofurantoin
could be a substrate of the CYP450 oxidative system
[38,48]. In fact, some evidence of hydroxylation has been
reported for nitrofuran drugs [51,52]. Both nitroreduction
and putative oxidation of these drugs require NADPH.
Our results seem to indicate that only the former reaction
leads to ROS generation promoting microsomal lipid
peroxidation. If this is correct, inhibition by nitrofuran-
toin of microsomal lipid peroxidation provoked by
NADPH may be explained in terms of the biotransforma-
tion of this drug by the CYP450 system. This inhibitory
phenomenon was biphasic and concentration dependent,
and one order of magnitude was the difference between
the two slopes obtained. Such behavior suggests that at
least two mechanisms underlie the inhibition by nitro-
furantoin of microsomal lipid peroxidation promoted by
NADPH. One of these mechanisms may be the oxidative
biotransformation of the drug and the other, the nitro
reduction of the drug that may compete with NADPH to
generate ROS since it is a futile cycle. We are actively
testing this postulate. Previous reports postulated that the
nitrofurantoin in the presence of NADPH leads to
microsomal lipid peroxidation [19]. These results contra-
dict those obtained in this work. This inconsistency seem
to be due to experimental differences: the control condi-
tion in those experiments contained all reagents except
NADPH, whereas the experiments used in this study
lacked nitrofurantoin. Lipid peroxidation from the reduc-
tive metabolism of nitrofurantoin in the presence of
NADPH must be distinguished from that caused by the
interaction between NADPH and possible NADPH oxi-
dases present in liver microsomes. The absence of
NADPH in the control does not allow us to separate both
lipid peroxidation processes.

Very little information is available on the possible
catalysis of nitrofurantoin oxidation by the CYP450
system. In this regard, we have previously shown that
this drug may bind to the CYP450 monooxygenase and
inhibit p-nitroanisole O-demethylation, an oxidative
reaction catalyzed by the CYP450 system [19]. Catalysis
of the oxidative biotransformation of drugs by the
CYP450 system requires binding of the drug to the sub-
strate-binding site on the CYP450 monooxygenase.
Therefore, binding of nitrofurantoin to this monooxyge-
nase could indicate that this drug could be oxidized
through the CYP450 system. Nitrofurantoin altered the
CYP450 monooxygenase spectrum to a higher extent
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when it was added to microsomes before reducing agents.
This condition maintains the heme iron in its oxidized
state (Fe3"), necessary requirement for the binding of
substrates to the enzyme. Thus, these results seem to
indicate that specific binding to the monooxygenase
occurs. Furthermore, this drug behaved as an inhibitor of
p-nitroanisole O-demethylation and naphthalene hydroxy-
lation. Changes on the “apparent kinetic” for naphthalene
hydroxylation elicited by nitrofurantoin are also in agree-
ment with a classic competitive inhibition by the drug.

It should be noted that CYP450 monooxygenases are
not specific enzymes, although the extent of the affinity
for lipophilic substrates widely differ. Therefore, using
liver preparations enriched in endoplasmic reticulum
(microsomes) to test CYP450 system activity (including
all the isoforms of CYP450 monooxygenases), compared
with reconstituted systems using purified enzymes seems
to be closer to what would occur in vivo. Altogether, our
results suggest that 1) inhibition of NADPH-elicited
microsomal lipid peroxidation by nitrofurantoin is likely
the consequence of its biotransformation through the
CYP450 oxidative system, and 2) nitrofurantoin is a likely
substrate of the CYP450 oxidative system. In agreement
with this hypothesis, hydroxylation metabolites of nitro-
furantoin have been identified [52,53]. In addition, 1-
aminohydantoin has been identified as a nitrofurantoin
metabolite in meat and milk products from animals treated
with nitrofurantoin [41,42]. Here, we show that 1-amin-
ohydantoin is specifically produced in vitro when rat liver
microsomes are incubated with nitrofurantoin under con-
ditions that allow its oxidative biotransformation through
the CYP450 system. These data strongly suggest that
nitrofurantoin can undergo oxidative biotransformation in
liver tissue. In light of these findings; several issues need
to be addressed to clearly understand oxidative stress asso-
ciated to the metabolism of nitrofurantoin in humans.
These include the actual contribution of the CYP450
reductase to oxidative stress arising from nitrofurantoin
nitro reduction. We are actively evaluating these issues.
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