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SUMMARY
The pathways participating in the metabolism of the nitrofuran
antimicrobial drug N-[5-nitro-2-furfurylidene]-3-amino-2-ox-
azolidinone (furazolidone) in intact cells were investigated in the
human intestinal cell line Caco-2. One-electron reduction of
furazolidone led to the formation of a free radical intermediate
that could be monitored in dense cell suspensions by noninva-
sive electron spin resonance spectroscopy. The effects of en-
zyme inhibitors on the kinetics of radical production and decay
were used to estimate the relative contribution of different
enzymes to the reductive activation of the drug. Although many
enzymes are known to reduce nitrofurans in vitro (e.g., xanthine
oxidase, aldehyde oxidase, DT-diaphorase, mitochondrial re-
dox chain components), their contributions were insignificant in
living Caco-2 cells. The first reducing equivalent required for

the formation of the nitroanion derivative of furazolidone ap-
peared to be provided essentially by the microsomal cyto-
chrome P450 reductase. This was confirmed through studies of
the NADPH-dependent radical formation by microsomes. Dif-
ferentiated Caco-2 cells, an established enterocyte model,
showed only modestly increased radical formation and the
same enzyme-specificity pattern as undifferentiated cells. Con-
sistently, only a small increase in P450 reductase activity was
found in differentiated cells, in contrast to the 1 0-fold increase
seen for typical differentiation marker enzymes. With the elec-
tron spin resonance method that we describe, it is possible to
distinguish between sites of bioactivation of redox active drugs
in intact cells.

Many nitroheterocyclic compounds are known antimicro-

bial agents and potential radiosensitizers (1, 2), but their

therapeutic use is severely limited by toxic effects, including
mutagenicity and carcinogenicity (3-5). The toxicity of these
compounds has been explained on the basis of their intracel-
lular reduction to reactive intermediates. The first step of the

activation may produce a nitroanion free radical species that
is rapidly reoxidized by molecular oxygen to the parent com-

pound, with the concomitant formation of the superoxide
anion. This process is known as redox cycling and generates
a continuous flux of superoxide, leading to the formation of

other reactive oxygen intermediates such as hydrogen perox-

ide and hydroxyl radicals, which are strong oxidants that are

able to impair cellular functions (6-8). Furthermore, oxygen

consumption during redox cycling may result in hypoxic con-

ditions, which allow further reduction of the nitroanion rad-

ical to nitroso derivatives and a variety of other reactive

intermediates and stable end-products (1, 9, 10). Some of

these intermediates are strongly electrophilic and bind co-

valently to proteins and nucleic acids (1, 11-13). Cell injury

caused in this way is now considered to be the principal

reason for the antimicrobial effect, but damage produced by

redox cycling may be important for the general cytotoxicity of
nitroheterocyclic drugs.

Many possible routes of activation of these xenobiotics

have been outlined, mainly through initial reduction by fla-

voproteins, such as xanthine oxidase, aldehyde oxidase, and

cytochrome P4501 reductase; by components ofthe mitochon-
drial redox chain; or by DT-diaphorase (1, 7-10, 14). How-
ever, most studies have been carried out with purified en-
zymes or subcellular fractions, and therefore the main

pathway responsible for activation in vivo has not been sin-
gled out. There are few techniques available for the study of
metabolism in intact cells.

This work was supported in part by the CNR Special Projects FATMA and
ACRO and by the European Union Research Project AIR 2-CT93-0860.

1 Cytochrome P450 nomenclature in this work follows the convention of

Nebert et at. (44).
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The 5-nitrofuran drug furazolidone is commonly used

against gastrointestinal infections in humans and as a pro-

phylactic feed additive in animal husbandry. However, it is
known to cause cardiomyopathy in poultry (15) and possibly

also in humans, where several side effects have been de-

scribed (16, 17). Residues of both the parent compound and
its toxic metabolites in edible tissues of treated animals may

therefore represent a health hazard for the human consumer.
The gastrointestinal tract represents the first barrier

against ingested drugs and thus is a likely target for furazo-
lidone. A good model for this tissue is represented by the

Caco-2 cell line, a human colorectal carcinoma cell line that
has been used to study various functions of intestinal cells

(18-21). Despite its origin, this cell line differentiates spon-
taneously into cells that show morphological, functional, and

enzymatic characteristics of small intestine enterocytes, in-

cluding microvilli and polarized distribution of brush border
enzymes (18, 22). The use of this intestinal cell line for

toxicological studies is validated by the discovery that both

undifferentiated and differentiated Caco-2 cells possess
phase I and phase II biotransforming activities (23-26). In a
recent study, we showed that Caco-2 cells are susceptible to

furazolidone to a degree related to their state of differentia-

tion; fully differentiated cells are less sensitive, with an LD50

of 550 �tM compared with the value of 380 p.M found for

undifferentiated cells (27). The activities of antioxidant en-

zymes such as superoxide dismutase, glutathione reductase,
glutathione peroxidase, and catalase may increase on differ-

entiation (28, 29); for the latter two enzymes, even 5-10-fold
higher levels can be reached (28). However, it is not yet

known whether the lower sensitivity of differentiated cells is
a consequence of the induction of defense enzymes or is
caused by changes in the pathways of furazolidone metabo-
lism.

In the present report, we used a noninvasive analytical
technique, ESR spectroscopy, to monitor the formation of the
furazolidone nitroanion radical by intact Caco-2 cells. This

approach, rarely applied in studies of whole-cell metabolism,
allowed us to follow the intracellular activation of the drug
without perturbation ofcellular integrity. The contribution of
potential nitrofuran reducing enzymes to furazolidone acti-

vation has been determined through the effect of inhibitors

on the kinetics of radical formation and decay. Our results
point to the microsomal P450 reductase as the prevailing site

of furazolidone reduction in both undifferentiated and differ-
entiated Caco-2 cells.

Materials and Methods

Chemicals. Allopurinol, 3-amino-1,2,4-triazole, antimycin A, cy-
anamide, dicoumarol, disulfiram, furazolidone, metyrapone, and ro-

tenone were purchased from Sigma Chemical Co. (St. Louis, MO);
chloral hydrate and potassium cyanide were purchased from Fluka
(Buchs, Switzerland); and ID was purchased from Aldrich (Milwau-

kee, WI). SKF-525A was obtained from Research Biochemicals In-

ternational (Natick, MA), and DPI was obtained from Alexis
(Laufelfingen, Switzerland). Ficoll 400 was from Pharmacia (Sollen-
tuna, Sweden). Furazolidone stock solutions were prepared in dim-
ethylsulfoxide and protected from light.

Cell cultures. Caco-2 cells were cultured at 37#{176}under 5% CO2
atmosphere, essentially according to Pinto et al. (18). The cells were

seeded in 75-cm2 Falcon flasks (Becton-Dickinson, NJ) and grown in
monolayers in Dulbecco’s modified Eagle’s medium (GIBCO, Paisley,

UK) supplemented with 10% inactivated fetal calf serum, 4 mM
glutamine, 1% (w/v) nonessential amino acids, 3.7 g/l sodium bicar-

bonate, 100 .tg/ml streptomycin, and 100 lU/mi penicillin. After 7

days (undifferentiated cells) or 21 days (differentiated cells) of cul-

ture, the cells were detached by trypsinlEDTA treatment (0.2% tryp-

sin, 2 mM EDTA), washed twice in Chance buffer (6.2 mM KC1, 145

mM NaCI, 11 mM sodium phosphate, pH 7.4), and counted. Cells used

for the determination of enzyme activities were detached mechani-

cally and washed twice in 140 mM NaC), and 20 mM sodium phos-

phate, pH 7.4. The final cell pellet was resuspended in the same
buffer. Cell viability was routinely estimated with the Trypan blue

exclusion test.
Microsomal preparation. Rat liver microsomes were prepared

by a sucrose gradient method according to Dallner (30). The final

pellet was resuspended in 120 mM NaCl and 20 m�i sodium phos-

phate buffer, pH 7.4, at a concentration of 30 mg proteinlml and
stored under liquid nitrogen. Microsomes from undifferentiated

Caco-2 cells were prepared according to Boulenc et at. (26). Briefly,

the monolayer of a confluent culture in a 175-cm2 flask was washed

twice in 136 mM NaCI, 2.6 miss KCI, and 10 mM sodium phosphate, pH

7.4; mechanically detached; sonicated; and homogenized. The sus-

pension was centrifuged at 9000 x g for 20 mm, and the supernatant
was recentnfuged at 105,000 X g for 1 hr. Finally, the pellet was

resuspended in a small volume of phosphate buffer with 1 nus EDTA

and 20% glycerol. The microsomes were stored at - 80#{176}until use.

ESR measurements. Aliquots of 10-15 pJ pelleted cells (1-4 X

106 cells/sample) were mixed with 25 pA Chance buffer containing
20% (w/v) Ficoll 400. The presence ofFicoll prevented sedimentation

during the measurements and did not influence radical formation.

Furazolidone and inhibitors were added from stock solutions in dim-

ethylsulfoxide or water; a maximum of 4% dimethylsulfoxide was

added to the samples. The final volume was adjusted to 50 pJ by the
addition of Chance buffer. Control experiments were made with the

same addition of solvents. After the addition of furazolidone, the

sample was immediately drawn into capillary tubes and measured at

room temperature with a Bruker ESP300 spectrometer equipped

with a high sensitivity TM110-mode cavity. Spectra were normally

recorded with 20 mV microwave power, 1 G modulation, and a scan
time of42 sec; high resolution spectra were obtained with samples in

flat glass capillaries, 5 mW power, and a modulation of 100 mG.
Normally, 20 scans were accumulated to improve the signal-to-noise

ratio. For kinetics measurements, an overmodulation of 10 G was

applied to broaden the spectrum and eliminate signal changes due to

minor variations in the frequency. The time course of radical forma-

tion was determined by monitoring continuously the height of the

highest line in the spectrum; kinetics were normally followed over a

period of 20 mm.
Spectrophotometric measurements. Optical spectra were re-

corded with a Perkin Elmer Lambda-9 instrument. Measurements of
the metabolism of furazolidone in suspensions of Caco-2 cells were

made using flat glass capillaries of 0.30-mm light path (Camlab,

Cambridge, UK) placed inside a 1-mm-wide cuvette in the cell holder

of the spectrophotometer. Samples of 4 x 106 cells in Chance buffer

containing 10% Ficoll were prepared exactly as for the ESR mea-

surements, except that the final volume was 100 pl Spectra were

taken at 3-mm intervals. The extinction coefficient offurazolidone at

367 nm was measured to be 19.6 mM � cm ‘.

Oxygen uptake measurements. Oxygen consumption was mea-

sured at 25#{176}with a Clark-type oxygen electrode (Gilson Oxygraph

5/6 H). Cells from a single flask of confluent differentiated or undif-

ferentiated cells were detached with trypsin, washed, and counted,
and aliquots were diluted in Chance buffer to reach a final cell
concentration of 2.7 x 106 cells/ml in the oxygraph chamber (final

volume, 1.8 ml). After recording basal respiration for 5 mm, we

added mitochondrial electron transport inhibitors (1 m� KCN, 0.1

mM rotenone, or 0.1 mM antimycin A), followed by the addition of

furazolidone at a final concentration of 0.5 mM. Oxygen uptake was
expressed as nmol oxygen consumed/106 cells/mm.
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Catalase inactivation. Differentiated cells were treated with 27

mM aminotriazole for 6 hr at 37#{176}in the growth medium. The cells

were then washed twice with 136 mM NaCl, 2.6 mM KC1, and 10 mM

sodium phosphate, pH 7.4, and incubated under standard culture

conditions in growth medium containing 220 or 440 �.tM furazolidone.

Toxicity was determined after 24 and 48 hr with the Neutral Red

uptake test (31). Activity measurements consistently showed 92-

93% inhibition of catalase activity in treated cells.

Enzyme assays. Activities ofthe differentiation marker enzymes

alkaline phosphatase, sucrase-isomaltase, and catalase were deter-

mined as previously described (28). Cytochrome c (P450) reductase

was measured in samples of cell homogenates obtained by sonication

(3 x 10 sec, 4#{176})ofcell suspensions in 140 mr�i NaC1 and 20 mivi sodium
phosphate, pH 7.4. The activity was determined spectrophotometri-

cally after the addition of 1.2 mM KCN (32). Data were expressed as

nmol cytochrome C reduced/minJlO6 cells.

Results

Furazolidone radical formation. The addition of fura-

zolidone to dense suspensions ofundifferentiated Caco-2 cells
resulted in the formation of a radical species that could be

detected by ESR spectroscopy (Fig. la). The radical produced

Fig. I . ESR spectra of the furazolidone radical produced by Caco-2
cells or rat liver microsomes. Samples contained 1 mM furazolidone and
2 x 1 06 undifferentiated cells (a), 1 .6 mg/mI microsomal protein plus 1
mM NADPH (b), or 1 .6 mg/mI microsomal protein plus 5 mM NADPH (c).
Spectrum (c) was recorded under high resolution conditions to allow
comparison with the computer simulation (d), obtained with the follow-
ing hyperline constants: aNl = 10.17 (NO�), aN2 = 2.28 (N==CH), aN3 =

0.77 (>N-), aHl 5.27 (H4), aH2 2.00 (H3), aH3 0.88 (N=CH),
aH4 1 .03 (>N-CH2), and aH5 = 1 .1 1 (>N-CH2). Spectrum (e) shows
undifferentiated Caco-2 cells (2 x 1 06) in the absence of furazolidone.

by Caco-2 cells was identical to that formed by rat liver

microsomes in the presence offurazolidone and NADPH (Fig.

ib); the same spectrum could be obtained with the xanthine/

xanthine oxidase system (not shown). No radicals were de-
tected in the absence of furazolidone, cells, or microsomes

(Fig. le). The ESR spectrum produced by the microsomes was

sufficiently intense to be measured under high resolution

conditions to determine the characteristic coupling constants

(Fig. ic). Through computer simulation of the experimental

spectra, the radical was identified as the one-electron re-

duced furazolidone nitroanion species (Fig. ld).

The kinetics of furazolidone radical generation by Caco-2

cells were reflected in the characteristic time course of the

ESR signal (Fig. 2). The appearance ofthe radical signal was

preceded by a lag phase, representing the time required to

consume oxygen present in the sample. Once all oxygen was

consumed, as a result of both basal cell respiration and

furazolidone redox cycling, the radical accumulated and the
ESR signal appeared. A maximum level was reached in 1-3

mm, followed by a slow decay; almost-complete disappear-

ance was observed after - 1 hr. Both the amount of radical

formed and the duration of the lag phase depended on cell

concentration; an increased radical signal and a correspond-
ingly reduced lag phase were found when cell density was

changed from 1 to 4 x 106 cells/sample (Fig. 2, a-c). A similar
behavior was seen with increasing furazolidone concentra-

tions up to a saturating level of - 1 m� (Fig. 2, b, d, and e).

Reintroduction of air to the sample caused disappearance
of the radical signal, which returned after another lag phase

(Fig. 20. However, after complete decay of the signal, the

introduction of air did not result in renewed generation of the

radical, indicating that the product formed could not be oxi-

dized back to furazolidone. The decay was caused only to a
small extent by cell death because cell viability was >90%

Fig. 2. Kinetics of furazolidone radical formation by undifferentiated
Caco-2 cells. a, 4 x 106 cells, 1 m�i furazolidone. b, 2 x 106 cells, 1 m�i
furazolidone. c, 1 x 106 cells, 1 mr�i furazolidone. d, 2 x 106 cells, 0.5
mM furazolidone. e, 2 x 106 cells, 0.1 mrvi furazolidone. f, 1 x 106 cells,
1 mM furazolidone. Arrow, point of introduction of air into the system.
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TABLE 1

Effect of enzyme inhIbitors on the level of furazolidone radical
formation in Caco-2 cells
Samples for ESR measurements were prepared and measured, as descnbed in
Materials and Methods. The radical level was determined as the height of the ESA
signal relative to that of a control sample made with the same cell preparation and
at the same time of incubation. The values shown were obtained by summing
data from many different cell preparations; two to five experiments were made for
each inhibitor concentration. Preincubation of inhibitors for 20 mm at room
temperature did not after the resufts. Other than the effects of the iodonium
compounds, the variations caused by the inhibitors were not statistically signifi-
cant.

a Identical resufts were obtained with 10-fold lower concentrations.
b Identical results were obtained with 10-fold higher concentrations.
C carton monoxide-saturated samples.
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throughout the experiments. The rate of decay was initially

enhanced at high cell concentrations, suggesting that con-

sumption of furazolidone resulted in a lower steady state
level of the radical. Renewed addition of furazolidone at the
end of a time course consistently regenerated the radical

signal with similar intensity, although with slower kinetics
compared with the initial signal (not shown). In contrast, the

addition of5 mz�i glucose to the samples did not have an effect
on the kinetics, indicating that the decay ofthe radical signal

was not due to exhaustion of intracellular reductants.
Effects of inhibitors. To investigate which reducing en-

zymes were primarily involved in the initial reduction of
furazolidone by intact Caco-2 cells, we studied the effects of

various enzyme inhibitors on the kinetics of the ESR signal
(Table 1). The inhibition ofan enzyme that generates the free
radical would result in lower ESR signals and longer lag

times, whereas inhibition of an enzyme that reduces the

radical further to the nitroso derivative should give rise to
higher radical signals and possibly also change the rate of

signal decay. Inhibitors of the mitochondrial electron trans-
port chain (rotenone, antimycin A, and KCN) caused a
marked increase in the lag time before radical appearance

(Fig. 3b). Once all oxygen was consumed, however, the radi-

cal signal reached the same level as in control samples, with
the same rates of formation and decay. The longer lag phase
was therefore not indicative of decreased radical production

but rather was simply due to inhibition ofendogenous oxygen

consumption. Incubation with allopurinol, a specific inhibitor
of xanthine oxidase, or with the aldehyde oxidase inhibitors

disulfiram, cyanamide, and chloral hydrate did not alter the
rate of appearance or the stability of the signal. The same
result was found for dicoumarol, whether used at a low

concentration (10 �tM), where it acts as a DT-diaphorase

Treatment Radical level

%

Control 100 ± 11
KCN (2.5 mM)a 98 ± 7
Rotenone (4 �tM)L� 102 ± 10
Antimycin A (4 �tM)b 95 ± 13
Carbon monoxidec 89 ± 20
SKF-525A (200 ,.LM)a 97 ± 12
Metyrapone (400 �LMr 108 ± 5

ID (400 �.tM) 50 ± 8
lD(2mM) 20±3
DPI(4OO�.tM) 10±1
Disulfiram (200 ,.�M)a 95 ± 2
Chloral hydrate (1 mM)a 99 ± 10
Cyanamide (500 ,�M)a 92 ± 4
Dicoumarol (8 p.M) 101 ± 21
Dicoumarol (500 �.tM) 94 ± 9
Allopurinol (1 mM)a 109 ± 14

0.0 2.5 5.0 7.5

ReactionTime (mm)

Fig. 3. Effect of various inhibitors of nitroreductases on the kinetics of
furazolidone radical formation by undifferentiated Caco-2 cells. a, 2 x
1 06 cells plus 1 mM furazolidone. b, Same as a plus 4 �.tM rotenone, 4 �tM

antimycin or 2.5 mM KCN. c, Same as a saturated with carbon mon-
oxide. d, Same as a plus 2 m� ID. e, Same as a plus 1 mt�i DPI.

inhibitor, or at higher doses (0.5 mM), where it has been

shown to inhibit cytochrome b5 reductase activity (33).
The metabolism of most xenobiotics depends on microso-

mal cytochrome P450 activity, which is known to be present

in Caco-2 cells (26, 34). However, inhibition of cytochrome

P450 by either SKF-525A or metyrapone did not affect the

kinetics ofradical formation in the intact cells (Table 1). Also,

carbon monoxide treatment did not alter the rate of radical
formation or the amount of radical accumulated, except that

in this case the lag phase was eliminated, since all oxygen

was removed through flushing with carbon monoxide (Fig.

3c). Thus, cytochrome P450 apparently was not important
during the two initial steps of furazolidone reduction that

involve the free radical species. In contrast, the flavoprotein
inhibitors ID and DPI had drastic effects on the kinetics.

When furazolidone was added to samples of Caco-2 cells in

the presence of either ID or DPI, the appearance of the

radical was delayed and both the rate of formation and the
final steady state level were lower than in the absence of

inhibitors (Table 1 and Fig. 3). DPI proved to be much more
potent than ID; despite the addition of 2 mrvi ID, a residual
radical signal was still observed (Fig. 3d), whereas 1 mr� DPI

completely abolished the signal (Fig. 3e). Dose-dependence
measurements were made to characterize the inhibitory ef-

fect of DPI; an IC50 of 60 p.M was calculated (Fig. 4).

Activation by microsomes. The effects of ID and DPI

indicated radical formation by cytochrome P450 reductase,

which unfortunately cannot be inhibited specifically in intact
cells. To examine this possibility, small quantities of micro-
somes were isolated from Caco-2 cells and incubated with 1

mM furazolidone and 1 nmt NADPH. After consumption of the
oxygen, the typical furazolidone radical ESR spectrum was

observed; in contrast, no signal appeared when 1 mr�i DPI

was included (results not shown). However, due to the lim-

ited amount of material that was obtainable, these micro-

somes were not suitable for kinetics measurements. Reduc-

tion of furazolidone by cytochrome P450 reductase was

therefore studied with rat liver microsomes (Fig. 5). With the
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Fig. 5. Kinetics of furazolidone radical formation by rat liver micro-
somes. All samples contained 1 .6 mg/mI microsomal protein in phos-
phate buffer, with the following additions: a, 1 mr�i furazolidone plus 1
mM NADPH; b, 0.5 mM furazolidone plus 0.5 m�i NADPH; c, 1 mt�i
furazolidone, 1 mM NADPH, plus 0.2 mM DPI; and d, 1 m� furazolidone,
1 mM NADPH, plus 1 mM SKF-525A.
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Fig. 4. Dose-dependence curve of DPI inhibition of furazolidone radi-
cal formation in undifferentiated Caco-2 cells. Data are shown for a
single preparation of cells with samples of 50 �tl containing 2 x 106
cells, 1 mM furazolidone, and varying amounts of DPI. The maximum
height of the free radical ESR signal was measured in arbitrary units and
plotted as a function of inhibitor concentration.

use of furazolidone and NADPH concentrations in the milli-
molar range, radical formation was fast and the signal

reached high levels. The signal did not remain at a plateau,
however, but decayed slowly due to consumption of one of the

substrates, as shown by the reappearance ofthe radical when

more furazolidone or NADPH was added (not shown). These

results indicated that the enzyme was not saturated even at
high substrate concentrations. With lower NADPH and fura-

zolidone concentrations, radical formation became progres-

sively slower, the maximum level decreased, and decay of the

signal was faster. In the presence of 0.2 m�i DPI, generation

of the radical was completely suppressed, whereas the addi-

tion of 1 mM SKF-525A or metyrapone did not affect the
kinetics of signal formation and decay (Fig. 5).

Optical measurements of furazolidone reduction.

The metabolism offurazolidone by Caco-2 cells could be mon-

itored spectrophotometrically through the decrease in its

characteristic absorption at 367 nm (Fig. 6). These experi-
ments were carried out with the use of flat glass capillaries,
which allowed measurements on dense cell suspensions un-
der conditions identical to those for the samples studied with

ESR; thus, the kinetics of furazolidone metabolism were the
same for both spectroscopic approaches. In the presence of
Caco-2 cells, an almost linear decrease of the height of the

peak at 367 nm was observed; the rate of furazolidone reduc-
tion was 0.5 nmol/minJlO6 cells. The furazolidone spectrum

disappeared almost completely within 2 hr without the for-

mation of metabolites absorbing in the visible range. The

reduction of furazolidone was strongly inhibited when DPI

was introduced in the sample (Fig. 6b). Cell viability at the

end of the measurements was higher than 90%, which is in

agreement with the viability seen after ESR experiments.

Furazolidone metabolism in differentiated cells.

Caco-2 cells cultured for 7 days are known to still be in the
undifferentiated state. When the cells were cultured for 21

days, they differentiated and showed features resembling

small intestine enterocytes (18). Differentiated cells gener-

ated furazolidone radicals more efficiently than undifferen-
tiated cells (Fig. 7); the apparent differences in kinetics were

due to the intrinsic higher metabolic activity of differentiated

cells. Indeed, the time course of radical formation was very

similar when samples of these cells were compared with

samples containing approximately twice the number of un-

differentiated cells. Also, the pattern of enzyme inhibition
was similar for the two cell types: only the iodonium com-

pounds were able to prevent radical formation, whereas none

of the other inhibitors tested, including the specific cyto-

chrome P450 inhibitors, affected the radical steady state
level (data not shown).

The enhanced furazolidone metabolism capacity of differ-

entiated Caco-2 cells was confirmed by oxygen uptake mea-

surements. As shown in Table 2, furazolidone stimulated

oxygen consumption by Caco-2 cells after mitochondrial res-
piration had been blocked by inhibitors. For cells in the

differentiated state (21 days in culture), the rate of cyanide-

resistant oxygen uptake was twice the rate found for undif-

ferentiated cells, corresponding to a 2-fold higher free radical

production capacity. For both cell types, consumption of ox-
ygen due to furazolidone redox cycling was lower than the

basal respiration rate (Table 2), which is in agreement with

the previously reported observation that furazolidone in-

creased oxygen uptake in the absence of respiratory chain

inhibitors [79% and 87% for undifferentiated and differenti-

ated Caco-2 cells, respectively (27)].

Differentiation of Caco-2 cells is accompanied by drastic

changes in many enzyme activities that may increase to

5-100-fold the values of undifferentiated cells. The effect is

particularly evident for enzymes characteristic of enterocytic

development but is also seen for certain drug-metabolizing
enzymes (23, 26). Given the probable role ofcytochrome P450
reductase in furazolidone reduction, the activity of this en-

zyme in Caco-2 cells was examined. Only a 2-fold increase in
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Measurements were made in triplicate, as described in Materials and Methods.
Basal respiration was blocked with 1 m� KCN before the addition of 560 �M
furazolidone.
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idant enzyme catalase.

0.8

Wavelength (mi)

10 20 30

Time (mm)

I .0

Fig. 6. Disappearance of the furazoli-
done absorption spectrum as a result of
metabolism by undifferentiated Caco-2
cells. Samples of 100 pi cell suspensions

0.8 �“ containing 4 x 106 cells plus 1 mM fura-
zolidone were prepared in flat glass cap-
illaries, as described in Materials and

� Methods. No precipitation of cells oc-
� curred during the measurements due to

- the presence of 1 0% Ficoll in the buffer.

0.6 a, Spectra recorded at 3-mm intervals.
Bottom, absorbance remaining after 2 hr.
b, Time course of furazolidone reduction
in the absence (0) or presence (#{149})of 400
�M DPI. Manipulation of the sample and
alignment of the capillary in the spectro-

0.4 photometer were not sufficiently fast to
allow observation of an initial lag phase.

0 5 10 15 20

Reaction Time (mm)

Fig. 7. Comparison between the kinetics of furazolidone radical for-
mation seen with 2 x 106 differentiated Caco-2 cells (a), 1 x 106
differentiated cells (b), or 2 x 106 undifferentiated Caco-2 cells (c). All
samples were incubated with 1 m� furazolidone.

TABLE 2

Cell type Oxygen uptake

nmol (mm x 106 cells)

Undifferentiated (7 days) 2.37 ± 0.17
+KCN8 0
+ KCN� + furazolidone 1.19 ± 0.06

Differentiated (21 days) 3.45 ± 0.14
+KCNa 0

+ KCN� + furazolidone 2.42 ± 0.11
a Cyanide concentration was 1 mM; identical resufts were obtained with 0.1 j.�M

rotenone or 0.1 p.t�i antimycin.

activity was seen on differentiation (Fig. 8). This result was

in agreement with the above data from oxygen consumption

and ESR measurements; however, expression of the reduc-

tase was clearly not affected by differentiation to the same
extent as the typical differentiation marker enzymes su-

crase-isomaltase and alkaline phosphatase or as the antiox-

Fig. 8. Changes in enzyme activities of Caco-2 cells as a result of
differentiation. The activities of alkaline phosphatase (Alk. Phos.), su-
crase-isomaltase (Suc. -Isom.), catalase, and cytochrome P450 reduc-
tase (P450 Red.) were determined in undifferentiated cells (7-day cul-
ture) and differentiated cells (21 -day culture). The increase on
differentiation is shown relative to an activity of 1 for undifferentiated
cells. The absolute enzyme activities expressed per 106 undifferenti-
ated cells were as follows: sucrase-isomaltase, 1 .36 ± 0.33 nmol
min1; alkaline phosphatase, 69.1 ± 13.1 nmol min1; catalase, 15.0 ±
1 .0 �.tmol min1; and cytochrome c (P450) reductase, 5.01 ± 0.61 nmol
min1.

Differentiation of Caco-2 cells is known to lower their sen-
sitivity to furazolidone (27), so the large increase in catalase

activity observed in these cells suggested that cytotoxicity

could be due to H202 formation. However, irreversible mac-

tivation of the catalase by aminotriazole did not have an

effect on the toxicity of furazolidone in differentiated cell

cultures (Table 3), indicating that H202 production was not

directly responsible for cell death. The same result was ob-

tamed after prolonged incubation (48 hr) with furazolidone
(data not shown).

Discussion

The ESR method. The results of the current study dem-

onstrate how nomnvasive ESR measurements can be applied

to investigate the metabolism of radical-generating drugs in

intact cells. ESR spectroscopy has been used in a few prey-
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Fig. 9. Reductive metabolism of furazolidone.
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TABLE 3

Effect of catalase inactivation on furazolidone toxicity to
differentiated Caco-2 cells
Catalase activity was blocked by incubation with aminotriazole before the addi-
tion of furazolidone, as described in Materials and Methods. After 24-hr incuba-
tion with furazolidone, the cell viability (percent) was determined through the
uptake of Neutral Red, measured by its absorption at 540 nm. Measurements
were made in triplicate.

No inhibitor + Aminotriazole

(%) A540 (%)A540

Controla 0.95 ± 0.04 (1 00) 0.88 ± 0.06 (100)
+ 220 j�M Furazolidone 0.87 ± 0.05 (92) 0.80 ± 0.09 (91)
+ 440 �M Furazolidone 0.43 ± 0.09 (45) 0.38 ± 0.09 (43)

a Including the same concentration of dimethylsulfoxide as cells incubated

with furazolidone.

ous reports on the cellular metabolism of nitrocompounds

(35, 36) but not for systematic studies on the enzyme systems
responsible for radical formation. There are particular prob-
lems involved in applying this technique to intact cells. The
steady state concentration of furazolidone radicals is low, so

high concentrations of cells are necessary to observe the

signals. On the other hand, this elevated cell density may

better reflect the actual conditions in the tissue. The radical
can be detected at furazolidone concentrations of <50 p.M, but

the signal intensity and the rate offormation are low, making

it difficult to precisely determine the kinetics. Therefore,

saturating levels of furazolidone have been used to examine
the effects of enzyme inhibitors. It is noteworthy that cell

mortality during the experiments is quite low, considering
that the cells are exposed to high concentrations of furazoli-
done and various inhibitors for a prolonged period under
anaerobic conditions. Although furazolidone has been dem-
onstrated to be noxious to Caco-2 cells (12, 27, 28), toxicity

does not show up within the time of the ESR measurements.
The nitroanion free radical is an unstable intermediate,

the level of which depends on the rates of generation and

decay (Fig. 9). Formation takes place according to the follow-

ing simple equation:

R-N02 + Enz�’ -� R-NO2� + Enz0’�

In the absence of oxygen, the radical may either be reduced

further or disappear through disproportionation; in both
cases, the nitroso derivative is produced:

R-NO2� + Enz� -� R-NO + Enzox + H2O

2R-NO2� � R-NO2 + R-NO

Studies in vitro showed that radical decay can be ascribed
essentially to Eq. 3 (9). However, Eq. 2 might be competitive
at low radical levels because the rate of disproportionation is
proportional to the square root of the radical concentration.
The decrease in the radical steady state level is mainly due to
consumption of the parent compound, as shown by the reap-

pearance of the signal after the further addition of furazoli-

done. The results also demonstrate that the enzyme respon-

sible for nitroreduction is not damaged during the process

and that a sufficient supply of intracellular reducing equiv-
alents is maintained throughout the experiments.

The site of furazolidone reduction. Although many

different enzymes are able to reduce nitrofurans in vitro, the
results reported in this study suggest that initial reduction

by intact Caco-2 cells is almost exclusively due to cytochrome

P450 reductase activity. Of all of the inhibitors tested, only
the iodonium cations inhibit furazolidone radical formation.
These compounds are efficient inhibitors of neutrophil and
macrophage NADPH oxidases but have also been reported to

inactivate other flavoproteins, including cytochrome P450
reductase from bovine and rat liver (37-39). Consistently,
measurements of Caco-2 cytochrome c (P450) reductase ac-

tivity carried out in the presence of DPI demonstrated com-

plete inhibition of the enzyme (results not shown). For intact

cells, DPI was found to be five times more potent than ID;

this is in agreement with the pattern of inhibition previously

reported for cytochrome P450 reductase (37-39). However, it
should be kept in mind that the involvement of unknown

reductases cannot be excluded.
It is possible that cytochrome P450 reductase is also di-

(1) rectly involved in the formation of the two-electron reduced

metabolite, the nitroso derivative. Direct reduction to the

nitroso level does not take place with the isolated enzyme

(40), but it is known that the catalytic properties of the

enzyme are changed on purification. Isolated cytochrome

P450 reductases are inhibited by concentrations of NADPH
and nitrofuran substrates of >150 p.M (41), and the rat liver
enzyme is almost completely inactive in the presence of 1 mist
nitrofurantoin (40). In contrast, the enzyme in intact rat liver

microsomes is fully active at this nitrofurantoin concentra-

tion (40), which is in agreement with the results reported
here for furazolidone. Clearly, the role of cytochrome P450
reductase activity in vivo cannot be deduced from the prop-
erties of the purified enzyme.

Despite the fact that cytochrome P450 enzymes are major

activators of drugs, they do not appear to be involved in the
initial steps of furazolidone activation in Caco-2 cells, as

suggested by the failure of the inhibitors metyrapone, SKF-

525A, and carbon monoxide to affect furazolidone radical

formation. As these enzymes are known to mediate reduction
of other redox active drugs, the results at first seem surpris-

ing, but they indirectly confirm recent observations by Goep-
tar et al. (42, 43), who found that single-electron reduction of
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the quinone drugs adriamycin and mitomycin C by rat liver

cytochrome P450 involves only the CYP2B1 isozyme. Al-

though no direct evidence is available, it seems likely that

furazolidone also will be reduced only by the CYP2B1 iso-

form, and it has been reported that this isozyme is not found

in the Caco-2 cell line, which prevalently expresses the

CYP1A family (26, 34).

DT-diaphorase is a two-electron donor, so reduction of

furazolidone by this enzyme will not give rise to radical

formation (14). If a significant fraction of the reduction were

catalyzed in this way, inhibition by dicoumarol could be ex-

pected to shunt all furazolidone toward the cytochrome P450

reductase, resulting in increased radical formation. The lack
of effect seen for dicoumarol thus indicates that DT-diapho-

rase does not have an important role in furazolidone reduc-

tion. This can also be concluded from the inhibitory effect of

DPI shown in Fig. 6 because DT-diaphorase is not inhibited

by DPI (39).
It should be emphasized that the findings reported in the

current work refer only to the initial steps of furazolidone
metabolism under anaerobic or strongly hypoxic conditions.

It is possible that an enzyme like DT-diaphorase may be
important during aerobic metabolism. Moreover, in intact

cells the nitroso intermediate is reduced further to the hy-
droxylamine and other derivatives (10, 12), and different

enzymes may be involved in these equations.
The effect of differentiation. The results demonstrate

that furazolidone reduction by differentiated Caco-2 cells is

only twice as efficient as for undifferentiated cells. The effect

is probably due to the 2-fold higher cytochrome P450 reduc-
tase activity; thus, differentiation does not induce a second

pathway offurazolidone metabolism. In comparison with the

much larger increases in activity seen on differentiation for

the characteristic enterocytic enzymes (22) as well as for
other drug-metabolizing enzymes and for some antioxidant
enzymes (26, 28), the change in cytochrome P450 reductase
activity is rather modest, particularly when it is considered
that half of the increase can be ascribed to the fact that

differentiated cells have 50% more protein per cell than un-

differentiated cells (data not shown). Therefore, this enzyme

does not seem to be induced by differentiation. This could
mean that expression of CYP1A1 on differentiation may pro-

duce a protein that is not enzymatically active, due to a
shortage of cytochrome P450 reductase. In fact, the CYP1A1

activity of Caco-2 cells was reported to be only slightly de-
pendent on the degree of differentiation (26).

Although production of radicals is increased in differenti-
ated cells, they show decreased susceptibility to furazolidone

in aerobiosis (27). The reason for this apparent contradiction
is not known. Caco-2 cells have a very strong antioxidant

defense, as documented by the activities of enzymes such as

superoxide dismutase, glutathione peroxidase, and catalase
(28, 29); this is important because one-electron reduction of

furazolidone and similar drugs produces an increased intra-
cellular flux of reactive oxygen species under aerobic condi-

tions. Some antioxidative enzyme activities (notably, gluta-
thione peroxidase and catalase) increase dramatically during

the differentiation process (28, 29). However, the lack of

effect of catalase inhibition on furazolidone-induced toxicity
in differentiated cells indicates that the lower sensitivity of
these cells cannot be ascribed to more efficient scavenging of

H202. For furazolidone, as for the other nitroreductive drugs,

the exact mechanism ofcytotoxicity remains to be understood
(1, 2).

In conclusion, the results of the current study demonstrate
that noninvasive ESR spectroscopy used in combination with

specific enzyme inhibitors allows the analysis of drug activa-
tion by intact cells. Among the various known nitroreducta-

ses, only cytochrome P450 reductase appears to be important
for the initial activation offurazolidone in intact Caco-2 cells.
Differentiation of Caco-2 cells does not change the pattern of

activation, thus validating the use of undifferentiated cells
for studies on reductive metabolism of furazolidone and sim-
ilar drugs.
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