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Abstract-Nitrofu~ntoin, nifurtimox, nifuroxime, nitrofurazone, misonidazole. benznidazole. ron- 
idazole, and omidazole were reduced to their respective nitro radical anions by intact rat hepatocytcs 
at pH 7.4. The nitrofurantoin radical anion and other nitro anion radicals generated inside these cells 
were detected with ESR spectroscopy. Broadening of the signals from nitrofurantoin anion radicals was 
accomplished with paramagnetic transition metals, implying that the radicals were outside the cell in 
the medium. Rat hepatocytes are well suited for in situ dectron spin resonance investigations of free 
radical metabolites and represent a model for the as yet unobtained direct detection of free radical 
metabolites in liver. 

About a decade ago we showed that nitro aromatic 
compounds can be reduced to nitro radical anions 
by rat liver mitochondria and rat liver microsomes 
[l]. Later it was shown that nitrohetero~yclic drugs 
which are used as antimicrobial agents and radiation 
sensitizers also form nitro radical anions by one- 
electron reduction [2-41. 

Nitro radical anion is produced in vitro by cyto- 
chrome P-450 reductase, xanthine oxidase, aldehyde 
oxidase, ascorbate, and catecholamines [5-X]. Nitro 
radical anions thus produced can be further reduced 
under hypoxic conditions to form their corre- 
sponding nitroso, hydronitroxide, and amine com- 
pounds [2,3]. In the presence of oxygen, the nitro 
radical anion reduces oxygen to superoxide radical 
anion [l, 21. 

The one-electron reduction of nitro compounds 
has been studied with protozoan parasites [8,9], but 
not with intact mammalian cells. In this investigation 
we have presented evidence for the formation of 
nitro radical anions of some clinically used .5-nitro- 
furans, and 2- and S-nitroimidazoles by intact rat 
hepatocytes. We have shown for the first time that 
the nitrofurantoin (NIT) radical anion formed inside 
the cell can be observed by ESR spectroscopy when 
paramagnetic reagents are used to selectively 
broaden the signals from the NFT radical present 
outside the cell. These results represent a model for 
the direct detection of free radical metabolites of 
nitro compounds in liver. 

MATERIALS AND METHODS 

Xanthine oxidase (EC 1.1.3.22), nitrofurantoin, 
and nifuroxime were obtained from the Sigma 

* Address correspondence to: Dr. D. N. Ramakrishna 
Rao, Laboratory of Molecular Biophysics, Mail Drop 10- 
02, NIEHS, P.O. Box 12233, Research Triangle Park, NC 
27709. 

Chemical Co., St. Louis, MO. Misonidazole, benzni- 
dazole, nitrofurazone, ronidazole, and ornidazole 
were gifts from Hoffmann-La Roche Inc., Nutley, 
NJ. Chromium(III)(oxaIate)~ (chromium oxalate) 
was prepared as described by Bailar and Jones 
[lo]. Gadoliniumdiethylenet~aminepentaacetic acid 
(Gd-DTPA) and lanthanum-diethylenetriamine- 
pentaacetic acid (La-DTPA) were prepared by 
mixing Gd(II1) chloride or La(II1) chloride and 
DTPA in equimolar concentrations. 

Hepatocytes were isolated from CD male rats by 
the procedures of Mold&s et nl. [ll] and Fry 1121. 
In some preparations the population of viable cells 
was increased by iso-density percoll centrifugation 
[13]. The viability of hepatocytes was determined by 
the trypan-blue exclusion test. In all our studies, 
hepatocytes were at least 85% viable unless other- 
wise stated. Cells suspended in Fry’s buffer (pH 7.4) 
were used in all experiments. 

Hepatocyte preparations containing 80% viable 
cells (population 1.5 X 107 cells/ml) were diluted 1: 1 
(v/v) with Fry’s buffer (total vol. 4ml) and centri- 
fuged at 5Og for 2 min. The sediment was a&a 
diluted and centrifuged. The supernatant tit each 
centrifugation was then assayed for the production 
of NFT radical by ESR spectroscopy. Rat liver micro- 
somes were isolated by the method described pre- 
viously [ 141. 

Hepatocytes (1.5 to 3 x lo7 cells/ml) were incu- 
bated with a nitro drug (usually 1-5 mM) at pH 7.4 
to generate nitro radical anions. The NFT radical 
was also generated by xanthine oxidase (0.1 unit/ml~ 
in a system containing hypoxanthine (I mM) and 
NFT (5 mM) in N-2-hydroxyethylpiperazine-N’-2- 
ethanesulfonic acid (HEPES) buffer (0.1 M) at 
pH 7.4. The NFT radical was also generated by xan- 
thine oxidase in solutions containing glycerol (lO- 
80%) in HEPES buffer (0.1 M) at pH 7.4. Hepa- 
tocytes treated with paramagnetic line-broadening 
reagents were incubated for 5 min in an ice-bath 
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before NFT was added. The incubation mixture was 
then transferred into an ESR flat cell, and ESR 
measurements were performed at 23” using a Varian 
E-109 ESR spectrometer equipped with a TM,1, 
cavity. The instrumental conditions employed for 
ESR measurements are given in the figure legends. 
Computer simulations of the experimental spectra 
were carried out by the correlation technique [15]. 
Electron microscopic observations of hepatocytes 
treated with nitro drugs were made using a Phillips 
400 electron microscope. Protein was assayed by the 
method of Lowry et al. [16]. 

02N 

RESULTS R 

Figure 1 shows the structures of substituted nitro- 
furan and nitroimidazole drugs used in this study. 
All four nitrofurans (NFT, nifuroxime, nifurtimox, 
and nitrofurazone) were reduced to nitro radical 
anions by intact rat hepatocytes. These radicals were 
characterized by computer simulations of exper- 
imental spectra using coupling constants for these 
radicals [6,7]. Figure 2 shows the ESR spectrum of 
the NFT radical anion generated by hepatocytes. 
The NFT anion radical was not observed if either 
NFT (Fig. 2B) or hepatocytes (Fig. 2C) were omitted 
from the incubation mixture. Nitroimidazoles such 
as benznidazole, misonidazole, ronidazole, and orni- 

0,N 
R 

dazole were also reduced to their respective nitro 
radicals in the presence of hepatocytes (data not 
shown). The hyperfine coupling constants for tbe 
nitro radicals of nitroimidazoles used for computer 
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Fig. 1. Nitroheterocyclic drugs. 

Fig. 2. ESR spectrum of NFT radical anion generated in a system of NFT (2 mM) and rat hepatocytes 
in Fry’s buffer, pH 7.4. The instrumental conditions were: 20 mW microwave power, 0.4 G modulation 
amplitude, 2 set time constant, and 6.25 G/min scan rate. (B) Same as in A except no NFT. (C) Same 

as in A except no hepatocytes. 
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simulation of the experimental spectra have been 
reported recently [6,7]. 

Hepatocytes incubated with NFT in air lost less 
than 10% viability. Transmission electron micro- 
scopic studies showed no observable change in the 
structure of hepatocytes treated with a nitro drug for 
30 min. 

The amplitude of the ESR spectrum of the NFT 
radical decreased steadily over a period of 60min 
after the addition of the parent molecule. In the 
presence of isolated microsomes and NADPH under 
similar experimental conditions, the ESR spectrum 
of the NFT radical disappeared within ca. 10 min. 

We used the inhibitors of some of the reductases 
to see if they had any effect on the formation of nitro 
radical anion. Hepatocytes treated with metyrapone 
(inhibitor of cytochrome P-450), allopurinol (inhibi- 
tor of xanthine oxidase), and dicumarol (inhibitor of 
DT-diaphorase) did not diminish significantly the 
amplitude of the ESR spectrum of NFT radical. The 
competitive electron acceptor menadione (2 mM) 
diminished the amplitude of the ESR spectrum of 
NET radical by ca. 40%. At a higher concentration 
of menadione (2.5 mM) the ESR spectrum due to 
the semiquinone of menadione radical was observed 
with a total loss of the NFT radical spectrum (data 
not shown). 

Supernatant of hepatocytes obtained by cen- 
trifugation reduced NFT (2mM) to the corre- 
sponding nitro radical anion in the presence of 
NADPH (1 mM). In the absence of added NADPH, 
NFT was not reduced by the supernatant of hepa- 
tocytes (data not shown). 

Paramagnetic line-broadening reagents such as 
chromium(II1) (oxalate)3 and Gd-DTPA broadened 
the ESR signals of the nitro radical anion of NFT 
generated by the hypoxanthine-xanthine oxidase 
system (data shown for Gd-DTPA in Fig. 3). It is 
clear from Fig. 3 that increasing the concentration 
of Gd-DTPA progressively broadens the ESR spec- 
tra of NFT radical. Line-broadening resulted in an 
undectable spectrum at a concentration of 17.5 mM 
Gd-DTPA. Similarly, complete line-broadening of 
NFT radical spectra was also achieved in the presence 
of 20 mM chromium oxalate in the hypoxanthine- 
xanthine oxidase system (data not shown). Rat liver 
microsomal incubations also showed increased line- 
broadening of the NFT radical spectra with increas- 
ing concentrations of chromium oxalate in the system 
(Fig. 4). Similar line-broadening of the NFT radical 
spectra were observed in the presence of chro- 
mium(II1) (oxalate)3 and rat hepatocytes. This 
clearly shows that the majority of the NFT radical 
anions are present outside the cell, because it is 
known that these line-broadening reagents do not 
cross the plasma membrane [9, 17,181. At 20 mM 
chromium(III) (oxalate)3, hepatocytes (Fig. 4E), but 
not microsomes (Fig. 4J), showed a weak, but still 
detectable ESR spectrum, which may be due to the 
NFT radicals inside the hepatocytes. The observed 
line-broadening effect of chromium oxalate on the 
NFT radical spectra in the presence of the hypo- 
xanthine-xanthine oxidase system, rat liver micro- 
somes, and intact hepatocytes clearly demonstrates 
the paramagnetic line-broadening effect with a sol- 
nhle enzvme, a sub-cellular membrane system and 
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Fig. 3. (A) ESR spectrum of NFT radical anion generated 
in a system of NFT (2.5 mM). hvpoxanthine (2 mM), and 

xanthke oxidase (0.i unit/k) &‘HEPES (0.i M) duffer, 
pH 7.4. The instrumental conditions were: 20 mW micro- 
wave power, 0.4 G modulation amplitude, 1 set time con- 
stant, and 6.25 G/min scan rate. In B-E, Gd-DTPA was 
added to the above system before the addition of xanthine 
oxidase. (B) Same as in A, but in the presence of Gd- 
DTPA (2:5 AM). (C) Same as in A, but in the presence of 
Gd-DTPA (5 mM). (D) Same as in A, but in the presence 
of Gd-DTPA (1OmM). (E) Same as in A, but in the the 

presence of Gd-DTPA (17.5 mM). 

in intact cells. In Fig. 5, the effects of La-DTPA 
(Fig. 5B), Gd-DTPA (Fig. 5C), and nickel acetate 
(Fig. 5D) on the NFT radical spectra generated by 
hepatocytes are shown. Nickel acetate and Gd- 
DTPA broadened the ESR spectrum of NFT radical, 
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Fig. 4, (A) ESR spectrum of NFI’radical anion generated in a system of NFT (5 mM) and rat hepatocytes 
in Fry’s buffer at pH 7.4. The instrumental conditions were: 20 mW microwave power. 0.4 G modulation 
amplitude. 1 set time constant, and 6.25 G/ min scan rate. In B-E, chromium oxalate was added to 
hepatocytes and incubated for 5 min in an ice-bath and then treated with NFT. (B) Same as in A, but 
in the presence of chromium oxalate (2.5 mM). (C) S, dme as in A, but in the presence of chromium 
oxalate (5 mM). (D) Same as in A, but in the presence of chromium oxalate (10 mM). (E) Same as in 
A, but in the presence of chromium oxalate (20 mM). (F) ESR spectrum of the NFT radical anion 
generated in a system of NFT (5 mM). rat liver microsomes (protein; 6 mg/ml), and NADPH (2 mM) 
in Fry’s buffer, pH 7.4. In G-J, chromium oxalate was treated with microsomes and incubated for 5 min 
in an ice-bath and then treated with NFT. (G) Same as in F, but in the presence of chromium oxalate 
(2.5 mM). (H) Same as in F, but in the presence of chromium oxalate (5 mM). (I) Same as in F. hut in 
the presence of chromium oxalate (10 mM). (J) Same as in F, but in the presence of chromium oxalatc 

(10 mM). (J) Same as in F. but in the presence of chromium oxalate (20 mM). 

but La-DTPA, which is diamagnetic, had no line- 
broadening effect on the NFT radical spectrum. 

The NFT radical spectrum generated by the hypo- 
xanthine-xanthine oxidase system can also be 
broadened by increasing the viscosity of the solution. 
Increasing the percentage of glycerol in HEPES 
buffer-glycerol mixtures broadened the spectrum of 
the NFT radical, especially the high-field lines, as 
expected for increasing viscosity (Fig. 6). 

DISCUSSION 

Hepatocytes treated with NIT (1-2 mM) over an 
hour showed less than a 10% decrease in the popu- 
lation of viable cells, suggesting that ESR measure- 
ments were performed with viable hepatocytes. The 
results presented in this paper clearly show that NFT 
and related nitroheterocyclic drugs shown in Fig. 1 
can be reduced by rat hepatocytes. 

The following discussion addresses two main 
questions. First, is the nitro radical anion formed 
inside the hepatocytes or outside? Second, is the 
nitro anion radical observed with ESR spectroscopy 
inside the cell or outside the cell? 

In answer to the first question, in experiments with 
the supernatant of hepatocytes and NFT. the nitro 
radical anion was observed only when NADPH was 
added. In the absence of added NADPH, nitro rad- 
ical anion of NFT was not detected. This result 
clearly suggests that the supernatant of hepatocytes 
contains nitro reductase activity, apparently from 
broken cells. but generation of the radical requires 
addition of NADPH. We suggest that nitro radical 
observed in the presence of hepatocytes was formed 
inside the cell, but escaped through the plasma mem- 
brane into the medium as discussed below. 

In answer to the second question, a typical ESR 
spectrum of the NFT radical (Fig. 2A) in the presence 
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Fig. 5. Effect of paramagnetic line-broadening agents on the ESR spectra of NFT radical. (A) ESR 
spectrum of NFIY radical anion generated in a system of NFT (2 mM) and hepatocytes in Fry’s buffer, 
pH 7.4. The instrumental conditions were: 20 mW microwave power, 0.4 G modulation amplitude, 1 set 
time constant, and 6.25 G/min scan rate. In B-D, paramagnetic line-broadening agents were treated 
with hepatocytes and incubated for 5 min in an ice-bath and then treated with NFT. (B) Same as in A, 
but in the presence of La-DTPA (5 mM). (C) Same as in A, but in the presence of GQDTPA (5 mM). 

(D) Same as in A, but in the presence of nickel acetate (3 mM). 

of hepatocytes was mainly due to the radical present 
in the medium outside the cell. This is indicated by 
the narrow lines of the ESR spectrum of the NFT 
radical anion generated by hepatocytes, which have 
line widths identical to those of the Nfl radical 
spectrum generated in buffer by xanthine oxidase or 
rat liver microsomes. 

That the ESR spectra are predominantly due to 
NFT anion radicals outside the cell is demonstrated 
by the fact that the cytoplasmic viscosity of hepatoma 
cells (6.6 cP) is higher than that of buffer [19]. If we 

assume the cytoplasmic viscosity of hepatocytes is 
approximately in this range, then we can record the 
NFT radical spectrum at 6.6 cP, which is equivalent 
to approximateIy 55% glycerol solution [20]. It is 
clear from Fig. 6C that the ESR spectrum of NFT 
radical in cytoplasm would be much broader than 
that observed with hepatocytes. The line width of 
the spectrum from a free radical increases with its 
rotational correlation time, which is proportional to 
the viscosity of the medium by the Debye formula: 



2912 D. N. RAMAKRISHNARAO~~ al 

10 G 
I 

Fig. 6. (A) ESR spectrum of NFT radical anion generated in a system of NFT (2.5 mM). hyp(~xallthine 
(2mM), and xanthine oxidase (0.1 unti/ml) in HEPES (0.1 M) buffer, pH 7.4, glycerol (20%). The 
instrumental conditions were: 20mW microwave power, 0.4G modulation amplitude, 1 xc time 
constant, and 6.25 G/min scan rate. (B) Same as in A. but in the presence of 40% glycerol. (C) Same 

as in A. but in the presence of 60% glycerol. 

where z, = rotational correlation time, q = viscosity 
of the medium, VsE = average Stokes-Einstein vol- 
ume of the radical, k = Boltzman constant, and T = 
temperature in Kelvin. 

Rosen and Freeman have reported that nitro rad- 
ical anions do not cross the plasma membrane, but 
they have not provided any evidence in support of 
their statement [21]. Our data presented here clearly 
show that nitro radical anions can cross the plasma 
membrane. 

In a typical ESR spectrum of the NFT radical in 
the presence of hepatocytes, the spectrum is domi- 
nated by the radical present outside the cell. In order 
to observe any NFT radical present inside the cell, 
paramagnetic metal complexes have been used to 
broaden the ESR signals due to the NFT radical 
present outside the cell. Metal complexes such as 

potassium ferricyanide are used for measuring cell 
volume, and chromium oxalate and Gd”+ function 
as ESR line-broadening agents 19, 17, 18,221. Oxy- 
gen is also paramagnetic, and it broadens ESRsignals 
of spin-labels in a concentration-dependent manner. 
which has been used to measure intracellular oxygen 
concentration [23]. Cell plasma membrane is thought 
to be impermeable to chromium(II1) (oxalate)X and 
ferricyanide [9, 17, IS]. We have used chromium(II1) 
(oxalate)3, Gd-DTPA, and nickel acetate to broaden 
the ESR signals of the NFT radical present outside 
the cell. 

The paramagnetic interaction between nitroxyl 
radicals and paramagnetic transition metal ions, 
either with or without discrete coordination 
complexes, has been discussed in greater detail by 
Eaton and Eaton 1221. In the interaction between a 
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radical and a transition metal ion, the ESR line- 
broadening may be attributed to either exchange 
interaction or dipolar interaction, or both. In the 
case of Gd”+ ion and nitroxyl radical, dipolar inter- 
action has been invoked, whereas in the case of 
nickel or chromium complexes and nitroxyl radical 
both exchange and dipolar interactions have been 
used to account for line-broadening [22]. 

At higher concentrations of paramagnetic agents, 
complete line-broadening can be achieved. This is 
clearly shown for Gd-DTPA and chromium(III) 
(oxalate)3 in Figs. 3 and 4, where complete broad- 
ening was achieved at about a 20 mM concentration 
of the transition-metal broadening agent. The line- 
broadening effect of paramagnetic agents on the 
NFT radical spectrum in the rat liver microsomes or 
hypoxanthine-xanthine oxidase incubations is very 
similar to the line-broadening effect observed in the 
presence of hepatocytes. In Fig. 5, the effects of Gd- 
DTPA (paramagnetic) and La-DTPA (diamagnetic) 
on the NFT radical spectrum clearly demonstrate the 
paramagnetic line-broadening effect of Gd-DTPA. 
These two complexes have very similar chemical 
properties, and La3+ has been shown to be nontoxic 

to rat hepatocytes [24]. The very weak, but relatively 

narrow signals of the NFT radical from hepatocytes 

in the presence of 20 mM chromium oxalate (Fig. 
4E) is presumably due to the radical present inside 
the cell with higher cytoplasmic viscosity (Fig. 6C). 

We conclude that the vast majority of the detected 
NIT radicals were formed inside the cell, but then 
escaped through the plasma membrane into the 
medium. Our results with hepatocytes contrast with 
the results reported for Trichomonas vaginalis, 
where 30 mM Cr(III)(oxalate), did not affect the 
intensity of the metronidazole radical signal, indi- 
cating that the radical does not leave the organism 
[9]. Apparently the cell wall of this parasite is much 
less permeable to nitro anion radicals than the plasma 
membrane of hepatocytes. 

REFERENCES 

1. Mason RP and Holtzman JL, The mechanism of micro- 
somal and mitochondrial nitroreductase. Electron spin 
resonance evidence for nitroaromatic free radical inter- 
mediates. Biochemistry 14: 1626-1632. 1975. 

2. Breccia A and Fowler JF, New Chemo and Radiosen- 
sitizing Drugs. Edizioni Scientifiche, Bologona, 1985. 

3. Docampo R and Moreno SNJ, Free radical metabolism 
of antiparasitic agents. Fed Proc 45: 2471-2476. 1986. 

4. Biaglow JE, Varies ME, Roizen-Towle L, Clark EP, 
Epp ER, Astor MB and Hall ET. Biochemistrv of . . 
reduction of nitro heterocycles. Biochem Pharmacol 
35: 77-90, 1986. 

5. Mason RP and Chignell CF, Free radicals in phar- 

macology and toxicology-selected topics. Pharmacol 
Rev 33: 189-211, 1981. 

6. Rao DNR, Harman L, Motten A, Schreiber J and 
Mason RP, Generation of radical anions of nitro- 
furantoin, misonidazole, and metronidazole by 
ascorbate. Arch Biochem Biophys 255: 419-427, 1987. 

7. Rao DNR and Mason RP. Generation of nitro radical 
anions of some 5nitrofurans. 2- and 5nitroimidazoles 
by norepinephrine. dopamine. and serotonin. J Biol 
Chem 262: 11731-11736. 1987. 

8. Moreno SNJ. Mason RP, Muniz RPA. Cruz FS and 
Docampo R, Generation of free radicals from metron- 
idazole and other nitroimidazoles by Trilrichomonas 
foefus. J Biol Chem 2.58: 4051-4054, 1983. 

9. Lloyd D and Pedersen JZ, Metronidazole radical anion 
generation in uiuo in Trichomonas vaginalis: Oxvaen 
quenching is enhanced in a drug-resistant strain. J-Gen 
Microbial 131: 87-92. 1985. 

10. Bailar JC Jr and Jones EM, Trioxalato salts. (Trioxa- 
latoaluminiate, -ferriate, -chromiate, and -cobaltiate). 
Znorg Synth 1: 35-38, 1939. 

11. Mold&us P, Hogberg J and Orrenius S, Isolation and 
use of liver cells. Methods Enzymol 52: 60-71, 1978. 

12. Fry, JR, Preparation of mammalian hepatocytes. 
Methods Enzymol77: 130-136, 1981. 

13. Kreamer BL. Staecker JL. Sawada N, Sattler GL, Hsia 
MTS and Pitot HC, Use of a low-speed, iso-density 
percoll centrifugation method to increase the viability 
of isolated rat hepatocyte preparations. In Vitro Cell 
Dev BioI 22: 201-211, 1986. 

14. Moreno SNJ. Mason RP and Docampo R, Reduction 
of nifurtimox and nitrofurantoin to free radical metab- 
olites by rat liver mitochondria. J Biol Chem 259: 6298, 
6305. 1984. 

15. Motten A and Schreiber J. Correlation analysis of ESR 
spectra on a small computer. J Magn Reson 67,42-54, 
1986. 

16. Lowry OH, Rosebrough NJ. Farr AL and Randall RJ, 
Protein measurement with the folin phenol reagent. J 
Biol Chem 193: 265-275, 1951. 

17. Mehlhorn RJ, Candau P and Packer L, Measurements 
of volumes and electrochemical gradients with spin 
probes in membrane vesicles. Methods Enzymol 88: 
751-762, 1982. 

18. Berg SP and Nesbitt DM. Chromium oxalate: A new 
spin label broadening agent for use with thylakoids. 
Biochim Biophys Acfa 548: 608-615, 1979. 

19. Lang I, Scholz M and Peters R. Molecular mobility and 
nucleocytoplasmic flux in hepatoma cells. J Cell Biol 
102: 1183-l 190. 1986. 

20. Dean JA, Lange’s Handbook of Chemistry, p. 10-97. 
McGraw-Hill, New York, 1985. 

21. Rosen GM and Freeman BA. Detection of superoxide 
generated by endothelial cells. Proc Nat1 Acad Sci USA 
81: 7269-7273. 1984. 

22. Eaton SS and Eaton GR, Interaction of spin labels with 
transition metals. Coord Chem Reu 26: 207-262, 1978. 

23. Morse PD II and Swartz HM, Measurement of intra- 
cellular oxygen concentration using the spin label 
TEMPOL. Magn Reson Med 2: 114-127. 1985. 

24. Hughes BP. Milton SE and Barritt GJ. Effects of vaso- 
pressin and La’+ on plasma-membrane Ca’+ inflow and 
Ca” disposition in isolated hepatocytes. Biochem J 
238: 793-800, 1986. 


