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SUMMARY

BLUMER, JEFFREY L., RAYMOND F. NovaAk, SAMUEL V. Lucas, JANNEY M.
SmMPSON, AND LEsLIE T. WEBSTER, JR. Aerobic metabolism of niridazole by rat
livers microsomes. Mol. Pharmacol. 168, 1019-1030, (1979).

The metabolism of the anthelmintic nitroheterocyclic compound niridazole by rat liver
was studied under aerobic conditions in vitro. Metabolism was localized to the microsomal
fraction. Four metabolites of niridazole were isolated from these microsomal systems by
high pressure liquid chromatography. The metabolites were characterized by mass
spectrometry and 'H Fourier transform nuclear magnetic resonance spectroscopy as the
4-hydroxy, 5-hydroxy, 4,5-dihydroxy and the 4,5-dehydro derivatives of the imidazolidi-
none ring; the nitrothiazole portion of niridazole apparently was unaltered. The aerobic
metabolism was shown to require O; and exogenous reducing equivalents (NADPH was
more effective than NADH), and to be inhibited by CO, suggesting a cytochrome P-450
catalyzed reaction. Inducers of microsomal cytochrome P-450, phenobarbital and 3-
methylcholanthrene, were found to enhance niridazole metabolism. Metabolite profiles
varied quantitatively with different inducers. Experiments with individual aerobic metab-
olites showed precursor-product relationships that are consistent with formation of an
epoxide intermediate in the overall metabolic sequence.

INTRODUCTION used to treat helminth infections in more

Despite major advances in medical diag-
nostics and therapeutics, parasitic diseases
remain a major health problem. It is esti-
mated that almost half of the world’s pop-
ulation is infected with various helminthic
parasites. During the past two decades the
nitroheterocycle NDZ® (Fig. 1) has been
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than 200,000 people throughout the world.
Although the clinical effectiveness of the
drug has been established, very little is
known concerning its metabolism.

Early studies of NDZ biodisposition in
animals and man showed the drug to be
extensively metabolized (1). Following oral
administration of the '“C-labeled com-
pound, little unchanged drug appeared in
the blood or other tissues, whereas radio-
activity in the plasma ascribed to polar
NDZ metabolites reached levels up to 50

tal; MC, 3-methylcholanthrene; HPLC, high pressure
liquid chromatography; 'H FT NMR, 'H Fourier
transform nuclear magnetic resonance spectroscopy;
TMS, tetramethylsilane.
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times those of the parent compound (1).
These investigators also incubated various
animal tissue homogenates with NDZ un-
der both aerobic and anaerobic conditions.
Although no specific reaction products
were isolated, they concluded that NDZ
was metabolized primarily in the liver via
an O; inhibited reductive pathway (1). Gil-
lette proposed a nitroreductase pathway to
explain these observations and later he and
his co-workers characterized NDZ nitrore-
ductase activity in the microsomal and sol-
uble fractions of rat liver homogenates. Ni-
troreductase activity in microsomes was at-
tributed to NADPH-cytochrome c¢ reduc-
tase (2), while that in the soluble fraction
was found to be catalyzed by xanthine oxi-
dase (3). In both subcellular fractions the
reaction proceeded only under anaerobic
conditions and the only metabolite isolated
was shown by mass spectral analysis to be
the hydroxylamine. However, because this
metabolite readily autooxidized back to the
parent nitro compound upon exposure to
atmospheric oxygen (3), it is unlikely that
it contributed significantly to the polar me-
tabolites detected by Faigle and Keberle
(1).

The present study was designed to eval-
uate the metabolism of NDZ under aerobic
conditions. We report here the isolation and
identification of four NDZ metabolites
formed by rat liver microsomal systems
under aerobic conditions and describe the
role of liver microsomal cytochrome P-450
in their formation.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (80-
100 g) were obtained from Holtzman and
acclimated for at least one week prior to
use.

Chemicals. All solvents employed were
ACS reagent grade. Acetonitrile, ethyl ace-
tate, and 4 A molecular sieves were ob-
tained from Fischer Scientific, Co. NADPH
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(Type I), B-NADH and 3-methylcholan-
threne were purchased from Sigma Chem-
ical Co. Acetone-ds and H;0, both nomi-
nally 100% in isotopic purity, were obtained
from Aldrich; and TMS and DSS were sup-
plied by Stohler Isotope Chemicals.

We thank Ciba Geigy Corp. for donating .
niridazole (Ambilhar) and niridazole-4-‘C
(labeled in the 4 position of the imidazoli- -
dinone ring) 3.4 uCi/mg.

Treatment with inducers and prepara-
tion of liver microsomes. PB was dissolved
in normal saline and rats were mJected ip.
with 80 mg/kg/day for three days prior to
killing. MC was dissolved in corn oil and
rats received 80 mg/kg i.p. 24 hours prior
to preparation of microsomes. Rats were
killed between 6 and 8 a.m. and livers were
removed and placed immediately into ice
cold 0.25 M sucrose. Fractionation of rat
liver homogenate was performed as de-
scribed by Mazel (4). Microsomal fractions
for routine metabolic assays were prepared
as described previously (5). Protein concen-
trations were determined by the method of
Lowry et al. (6) with bovine serum albumin
used as the standard. The specific content
of microsomal cytochrome P-450 was deter-
mined with a DW-2 UV-Vis spectropho-
tometer by the method of Omura and Sato
(7).

Enzyme Assay. Unless otherwise speci-
fied, NDZ metabolism was assayed in a
total volume of 1 ml containing 20 umol K-
phosphate buffer, pH 7.4, 0.25 umol NDZ,
1 umol NADPH and 0.6 mg of microsomal
protein. After preincubation at 37° for 3
min, reactions were initiated by adding the
NADPH and were terminated at 10 min by
the addition of 2 ml ice cold ethyl acetate.
Samples were extracted twice with 2 vol-
umes of ethyl acetate for 1 min each time
and then centrifuged for 5 min at top speed
in a clinical centrifuge. The organic layers
were withdrawn and filtered (0.4 p teflon
filters, Millipore, FHLB-01300); the filters
were washed with 2 ml ethyl acetate and
the combined ethyl acetate extracts were
evaporated to dryness under reduced pres-
sure. Residues were dissolved in 200 ul of
HPLC column elution solvent and aliquots,
generally 25 ul were injected for HPLC. For
preparation of metabolites for 'H FT NMR
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and mass spectral analysis, reaction mix-
ture volumes were increased 10-20 fold but
the rest of the procedure was identical.
Chromatography and metabolite isola-
tion. HPLC was performed with a Waters
Associates model ALC/GPC 201 liquid
chromatograph. Detection of NDZ and its
metabolites was accomplished with a
Schoeffel model 770 spectrophotometric
detector set at 360 nm. All chromatography
was performed isocratically on a Waters
Associates p-Bondpack/Cis column (4 mm
ID X 30 cm) at a solvent flow rate of 1 ml

per min of an acetonitrile:water elution sol- .
vent ranging from 18 to 33% acetonitrile.’

Samples for UV spectroscopy, mass spec-
trometry and 'H FT NMR spectroscopy
were prepared from purified fractions col-
lected from the HPLC system. Samples for
analysis were rechromatographed to insure
purity.

NMR spectroscopy. 'H FT NMR spectra
of niridazole and metabolites were recorded
on a Varian CFT-20 spectrometer operating
at 80 MHz and ambient temperature. The
instrument was locked internally on the
deuterium signal of the acetone-ds or 2H,0
solvent. Molecular sieves (4 A) were utilized
for water removal from the samples and
acetone-ds solvent. Either 5 or 1.7 mm
NMR sample tubes were used and sample
concentrations ranged from 1 mm to 10
pM. Chemical shifts were measured relative
to TMS or DSS in the acetone-d® and ?H,0
solvents, respectively. Proton homonuclear
decoupling experiments were performed
with a Hewlett Packard model 3320 fre-
quency synthesizer interfaced to the Varian
CFT-20 computer.

Mass spectrometry. Mass spectra were
obtained with Finnigan quadripole mass
spectrometers: a model 3200E was used for
chemical ionization (methane reagent gas
at approximately 0.7 torr) and a model 3000
for electron impact ionization at an ionizing
energy of 70 eV. Samples were introduced
directly into the mass spectrometer ion
source via a variable temperature solid
sample insertion probe. Both instruments

_were interfaced to a Systems Industries
model System/150 mass spectrometer data
system.

Metabolite extinction coefficient. Be-
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cause none of the metabolites of NDZ were
isolated in sufficient quantity for accurate
gravimetric analysis, their extinction coef-
ficients were determined indirectly as fol-
lows: NDZ-4-“C was incubated with micro-
somal protein and the radioactive metabo-
lites were isolated by HPLC (see above).
Each metabolite was then mixed with an
amount of NDZ-4-"C such that both the
NDZ and metabolite peaks were on scale at
the same detector response attenuation.
Both the metabolite and NDZ fractions
were rechromatographed by HPLC, col-
lected, diluted to a reference volume, and
the optical densities at 360 nm determined
with a Gilford model 2400 spectrophotom-
eter. An aliquot of each fraction was also
counted on a Packard Tri Carb liquid scin-
tillation counter with an internal standard
used for quench correction. The calculation
was as follows:

Abs. (mtb)/DPM (mtb)
Abs. (NDZ)/DPM (NDZ)

where Abs. (mtb) and Abs. (NDZ) are the
absorbance at 360 nm of the metabolite and
NDZ, respectively, and DPM (mtb) and
DPM (NDZ) are “C disintegrations per
minute of equal aliquots of the metabolite
and NDZ fractions, respectively. The ab-
solute extinction, €ssonm, of niridazole was
easily determined by dry weight analysis.
Hence, the above relationship permitted
the indirect determination of the metabo-
lite extinction coefficients because the spe-
cific radioactivity of NDZ and all metabo-
lites retaining the '*C-labeled C-4 carbon
should be identical. The extinction coeffi-
cients, &M', employed for metabolite
quantitation were 14.0, 13.0, 12.3, 10.4 and
10.7 for NDZ, 4-OH NDZ, 5-OH NDZ, 4,5-
glycol and 4,5-dehydro NDZ respectively.

Metabolite quantitation. Metabolites of
niridazole were quantitated from HPLC
chromatograms monitored at 360 nm. Peak
areas of the metabolites were determined
by triangulation, and the quantity (pmol)
of metabolite corresponding to the chro-
matographic peak was determined by the
equation:

€ mtb./e NDZ =

Area 107°

pmol =
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where the area of the peak is expressed in
absorbance X ml units and €30 is the
molar extinction coefficient at 360 nm. With
this method as little as 5 pmol of NDZ or
NDZ metabolite were reproducibly meas-
ured.

RESULTS

HPLC separation and identification of
NDZ and its aerobic metabolites. Figure 2
shows a high pressure liquid chromato-
graphic analysis of the ethyl acetate extract
from a NDZ microsomal incubation. The
metabolites have been arbitrarily desig-
nated 1 through 4. With the extraction pro-
cedure described above, NDZ was routinely
recovered from microsomal reaction mix-
tures in yields of 92% or greater (i.e. no
more than 8% was metabolized), NDZ and
its metabolites were not detected in the
aqueous phase following two ethyl acetate
extractions.

HPLC purified metabolites were identi-
fied by combined mass spectra and 'H FT
NMR analysis. Chemical ionization mass
spectra of NDZ and the four metabolites
gave quasi-molecular ions with the correct
masses corresponding to the addition of one
oxygen atom for Metabolites 1 and 2, the
addition of two oxygen atoms for Metabo-
lite 3 and the loss of two hydrogen atoms
for Metabolite 4, relative to NDZ. In each
case the metabolic alteration occurred at
the C-4 and/or C-5 positions of the imida-
zolidinone ring (see corroborative 'H FT
NMR data below). Features of the mass
spectra which aided metabolite identifica-
tion are summarized in Table 1.

The electron impact mass spectrum of
NDZ shows a base peak at m/Z 158 (see
Table 1 for fragmentation scheme). Feller
et al. (2) have reported a partial mass spec-
trum of the monotrimethylsilyl derivative
of NDZ in which the analogue of the ion at
m/Z 158 was a prominent ion. The 70 eV
electron impact mass spectra of the nirida-
zole metabolites reported here (Table 1)
are in excellent agreement with what one
would expect for a fragmentation pathway
analogous to that proposed for NDZ, and

* A complete set of chemical ionization and electron
impact mass spectra and 80 MHz 'H FT NMR spectra
are available from the authors on request.
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they lend strong support to the structural -
assignments deduced from the 'H FT NMR
data (see below).

A representative '"H FT NMR spectrum
of NDZ in acetone-ds is shown in Figure 3.
The signal occurring § = 8.39 ppm down-
field from TMS (8 = 0.0 ppm) was readily
ascribable to the proton on the 4’ carbon of
the nitrothiazole ring because it occurred in
the region for aromatic protons (8) and
displayed no coupling. The broad signal at
& = 7.0 ppm (Fig. 3) may be assigned to the
amide proton (3-NH) in the imidazolidi-
none ring. The position of the NH signal
and linewidth at half-maximal intensity
may vary substantially however, depending
upon the NDZ concentration, solvent com-
position and the concentration of residual
water. The two sets of triplets centered at
4.27 and 3.75 ppm were assigned to the
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Fi1Gc. 2. HPLC chromatogram of an ethyl acetate
extract of a microsomal reaction mixture

Rat liver microsomes were incubated in 20 mM K
phosphate buffer, pH 7.4, with NDZ and NADPH,
extracted with ethyl acetate and extracts chromato-
graphed by HPLC, as described under MATERIALS AND
METHODS. Peaks designated 1-4 correspond to Metab-
olites 1-4; the peak due to NDZ is presented at an
attenuation of 1/50 compared to the metabolite peaks.
With an elution solvent composed of 18% acetonitrile,
k’ values were 6.2, 8.2, 9.4, 13.9 and 20.0 for Metabolite
3,2,1 NDZ and Metabolite 4, respectively. Peaks which
appeared before the solvent front (biphasic peak) were
variable in amplitude and were observed in micro-
somal extracts in the absence of NDZ; they were not
characterized further.
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TABLE 1
Relevant Ions in the Mass Spectra of Niridazole and its Metabolites

Niridazole and its metabolites were purified from microsomal systems by HPLC. Following rechromatography
of the individually isolated peaks, the samples were evaporated under reduced pressure onto a solid probe
cartridge. In most instances the samples were first analyzed by '"H FT NMR spectroscopy and then retrieved,
divided in half and evaporated for mass spectral analysis. The electron impact mass spectrum shows a base
peak at m/Z 158 which probably remlts from decomposition of the molecule ion by the scheme

H H

By H_ |
H—C \—H H ,n&J{—H \C
R

HH

\/

——R—N +\N

_N"\ﬁ/ y % o
\\
\\O 0
L - m/ Z 158
Demgnatlon Metabolic alteration Electron impact Chen;xni:i%lnloni-
Base Peak Molecule Ion Quasi-Mole-
cule Ion
(m/2) (m/2) (m/2)
NDZ None 158 214 215
MTB 1 4-Hydroxy 158 230 231
MTB 2 5-Hydroxy 174 230 231
MTB 3 4,5-Dihydroxy 174 246 247
MTB 4 4,5-Dehydro 94 212 213

methylene groups at the C-5 and C-4 posi-
tions, respectively, of the imidazolidinone
ring. These assignments are supported by
the work of Vail et al. (9) who reported a
chemical shift of 3.51 ppm for the methyl-
ene protons of 2-imidazolidinone in *H,0,
and the electron withdrawing influence of
the nitrothiazole ring of NDZ should result
in a greater deshielding of the C-5 protons
as compared to the C-4 protons. This con-
clusion is supported by spectral data for
other nitro-containing nitrogen heterocy-
cles (pyrazole, triazole, etc.) (9). In these
cases, the nitro-containing substituent pro-
duces a downfield shift in the signal of
protons adjacent to the N-atom to which
the substituent is attached.
. Characteristic changes in the 'H FT
NMR spectrum of NDZ (Fig. 3) resulting
from metabolic alteration of the molecule
are listed in the legend to Figure 3. In each
case the spectrum was in complete agree-
ment with that predicted by mass spectral
analysis (see above), and confirmed by se-
lective homonuclear decoupling experi-
ments.* Thus substitutions at the C-4, C-5
and C-4 and C-5 positions were found for
Metabolites 1, 2 and 3 respectively; char-

acteristic doublets easily ascribable to ole-
finic protons characterized the spectrum for
Metabolite 4. Recently, the structures of
Metabolites 1 and 4 have been confirmed
by mass spectral and high resolution 'H FT
NMR analysis of synthetic standards.®

Thus the combined analytical procedures
described above permit the identification of
Metabolites 1 through 4 as the 4-hydroxy,
5-hydroxy, 4,5-dihydroxy and the 4,5-de-
hydro metabolites respectively. Further in-
vestigations were directed toward the elu-
cidation of the biological basis for their
formation.

Subcellular distribution of aerobic NDZ
metabolism. The aerobic metabolism NDZ
was assessed in the presence of various
fractions of tissue homogenate prepared
from livers of untreated rats. More than
90% of the total activity was found in the
microsomal fraction. The specific oxidase
activity of the microsomal fraction was 3-
9-fold greater (depending on the metabolite
of interest) than in the whole liver homog-
enate. Apparent differences in the extent of
purification of the various metabolite spe-

5 Dr. E. M. Fairchild, personal communication.
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Fic. 3. '"H NMR spectrum of ~5 mM Niridazole in Acetone-ds

The spectrum was recorded at 80 MHz under ambient conditions. Sweep width was 1000 Hz, acquisition time
4.095 sec, number of transients 200, pulse width 200 usec and data words 8192. Chemical shift values were
measured with respect to TMS (§ = 0.0 ppm). Signal assignments were made as described in th text. The signals
designated a through d correspond to similarly labeled protons on the included structural formula. Alterations
in the various signals attributed to microsomal metabolism are summarized as follows:

Designation = Metabolic alteration Solvent Signal 6° (Multiplicity)
(o7 N-3-H C-5 C4
MTB1 4-Hydroxy Ab 8.32(s) N 3.91-4.47 (m) 5.60 (d)
MTB 2 5-Hydroxy B 8.42(s) N 6.19 (t) N
MTB3 4,5-Dihydroxy A, B 8.41(s) N 5.83 (8) 5.27(s)
(Broad) (Broad)
MTB 4 4,5-Dehydro B 8.40(s) N 7.23-7.19 (d) 6.84-6.80 (d)

2 Chemical shift, 8, in parts per million from TMS (acetone-ds) or DSS (*H:0).
® Abbreviations: A, acetone-ds; B, ?’H;0; N, not observed; s, singlet; d, doublet; t, triplet; m, multiplet.

cific activities might be related to differ-
ences in metabolite stability, differences in
the kinetics of their formation and/or dif-
ferences in the rates and extents of their
reutilization by microsomal enzyme sys-
tems (see below and DISCUSSION).

When NDZ-4*C was employed as a sub-
strate, either with whole liver homogenate
or with the microsomal fraction, about 98%
of the total radioactivity added could be
recovered as NDZ plus a mixture of the
four metabolites. HPLC chromatography
of ethyl acetate extractable radioactivity
revealed only those peaks which corre-
sponded to NDZ or one of the metabolites.
After a 10 min incubation, approximately
8% of the total radioactivity was extracted
as the NDZ metabolites identified in this
study.

Requirements of the microsomal NDZ
metabolizing system. Table 2 lists some of
the requirements for the microsomal NDZ
metabolizing system. When the complete
reaction mixture was incubated in an at-
mosphere of N,, virtually no metabolite
formation was detected, suggesting an ab-
solute requirement for molecular oxygen.
Similarly, the replacement of 90% of the O,
by CO resulted in essentially complete in-
hibition of aerobic product formation. In
the absence of NADPH no activity was
observed, and when NADH was quantita-
tively substituted for NADPH, the activity
was depressed 40 to 83%, depending on the
metabolite considered. The findings dem-
onstrated a requirement for exogenous re-
ducing equivalents, which was satisfied
preferentially by NADPH. Metabolite for-
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TABLE 2
Requirements of the microsomal niridazole
metabolizing system

The complete reaction mixture contained 0.25 umol
of NDZ, 20 umols of K phosphate buffer pH 7.4, 0.6
mg of microsomal protein and 1 pmol of NADPH in a
total volume of 1 m. Reactions were run for 10 min
after initiation by the addition of reduced pyridine
nucleotide. The rates of metabolite formation in the
complete system were 160 and 76 pmols/min/mg mi-
crosomal protein for the 4-OH and 5-OH metabolites
respectively and 74 and 271 pmol/min/ng microsomal
protein for the glycol and dehydro metabolites respec-
tively. Experimental values represent the average of
duplicate determinations.

System Glycol 5-OH 4-OH Dehydro
(% Activity)

Complete 100 100 100 100
—NADPH 3 8 8 ND*
+C0° ND 4 ND ND
+N2° ND 6 8 11
—NADPH +

NADH° 60 28 17 ND
Boiled® micro-

somes ND 3 ND ND

2 ND—Not detectable.

% Reactions in which the atmosphere was CO:0; (9:
1) or N, were carried out in Thunberg tubes. These
were alternatively evacuated and flushed with either
CO:0; or N, three times before the NADPH was
tipped in from the side arm to initiate the reaction.

° NADH was added to achieve a final concentration
of 1 mM.

4 Samples of microsomal protein were immersed in
boiling water for 5 min and then cooled to room
temperature.

mation appeared to be enzymatic because
no metabolism was observed when heat
inactivated microsomal protein was substi-
tuted in the complete system.

The time courses for the formation of the
four NDZ metabolites are depicted in Figs.
4A and 4B. Formation of the 4-OH and 5-
OH NDZ metabolites was linear with time
up to 10 min. The initial rate of formation
of the 4-OH metabolite was approximately
twice that of the 5-OH NDZ metabolite and
formation of both products continued to
increase with time for at least 45 min with-
out reaching a plateau.

In contrast, formation of the glycol and
dehydro metabolites was detectable only
after an apparent lag phase of about two
minutes (Fig. 4B). From 15 to 30 min the
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rates of formation of both glycol and de-
hydro metabolites appeared to be nearly
linear with time and at all times the amount
of dehydro NDZ exceeded the amount of
glycol.

The dependence of the rate of product
formation on pH is depicted in Figure 5 for
the 4-OH, 5-OH and glycol metabolites.
The rate of formation of the dehydro me-
tabolite varied little (~25%) over a pH
range of 6.2 to 9.4. The pH optimum for the
generation of either of the monohydroxyl-
ated metabolites was 7.5. In contrast, the
pH optimum for glycol formation was found
to be 8.3.

Effect of inducing agents. Since micro-
somal cytochrome P-450 appeared to be
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F1G. 4. Time course for niridazole metabolite for-
mation by rat liver microsomes
Liver microsomes were incubated with NDZ and
NADPH for various time intervals and metabolite
formation was assessed by HPLC. (A) Time course for
the formation of 4-OH (@) and 5-OH (A) NDZ; (B)
Time course for the formation of glycol () and 4,5-
dehydro (x) NDZ. Each point represents the mean of
duplicate determinations on each of three different
microsomal preparations. The standard deviation
never exceeded 15% of the mean.
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Fi1G. 5. pH Profile for niridazole metabolite for-
mation

Niridazole oxidation by rat liver microsomes was
measured in 20 mm K phosphate buffer at the pH
values shown. Each 1 ml reaction mixture contained
0.25 umol of NDZ and 0.6 mg of microsomal protein.
Rates are reported as percentages of the rate of prod-
uct formation at the pH optimum for the 4-OH (@), 5-
OH (A) and glycol (H). Maximal rates for the the 4-
OH and 5-OH at their pH optima (7.5) were 158 and
81 pmol/min/mg, respectively. The analogous rate of
glycol formation at pH 8.3 was 186 pmol/10 min/mg.
Each point represents the mean of triplicate determi-
nations. Values did not vary more than 13% from the
mean.

involved in NDZ metabolism, the metabo-
lism was investigated further in liver micro-
somes from rats treated with PB or MC,
prototypic inducers of the cytochrome P-
450 monoxygenase system. Table 3A shows
that the increase in the rate of formation of
both monohydroxylated metabolites after
PB pretreatment was approximately pro-
portional to the increase in microsomal cy-
tochrome P-450 specific content. In con-
trast, MC pretreatment resulted in a selec-
tive increase in the rate of formation of the
4-OH metabolite with little or no effect on
the rate of formation of the 5-OH metabo-
lite.

The amount of monohydroxylated prod-
uct formed was always greater than the
amount of glycol or 4,5-dehydro NDZ. PB
treatment resulted in an 80% increase in
the amount of dehydro NDZ formed, while
with MC pretreatment the increase was
only about 28%. Glycol formation in micro-

BLUMER ET AL.

somes from rats treated with either inducer
was enhanced by about 140% (Table 3B).

Preliminary evaluation of precursor-
product relationships. The apparent lag in
the formation of the dehydro and glycol
metabolites from NDZ and their small
quantities relative to the monohydroxyl-
ated metabolites suggested that the dehy-
dro and glycol compounds might be derived
from the other NDZ metabolites rather
than directly from the parent compound.
To evaluate this possibility 4-OH, 5-OH
and 4,5-dehydro NDZ, isolated from micro-
somal reaction mixtures and purified by
HPLC, were used as substrates in micro-
somal reaction mixtures (Table 4). When

TABLE 3

Effect of Microsomal Enzyme Inducers on
Niridazole Metabolism by Rat Liver Microsomes

Microsomes were prepared from untreated, PB-
treated or MC-treated rats as described under MATE-
RIALS AND METHODS. Cytochrome P-450 specific con-
tent was determined from the CO-reduced minus re-
duced difference spectrum of microsomes suspended
to 1 mg/ml in 0.1 M K phosphate buffer, pH 7.4, 0.6
mg of microsomal protein and 1 umol of NADPH is a
total volume of 1 ml. All values represent the mean
+ S.E. of triplicate determinations on a single micro-
somal isolate.

A. Treatment P-450 Niridazole metabo-
lism
4-OH 5-OH
(nmol/mg)  (pmol/min/mg)
Untreated 1.02 153+16 7911
Phenobarbital 1.84 202+ 32 182+ 10
Methylcholan- 1.63 256 £21 90t 12
threne
B. Treatment Niridazole metabo-
lism
Glycol Dehydro
(pmol/10 min/mg)
Untreated 1.02 82+ 19 262t21
Phenobarbital 1.84 195+ 15 472+ 18
Methylcholan- 1.63 197+ 24 335163
threne

2 The rates of glycol and dehydro NDZ formation
were determined as the amount formed within the
first 10 min following the addition of NADPH. These
determinations probably underestimate the maximal
rate of formation, but the time period was chosen to
permit the determination of all four metabolites in
single sample (See Fig. 4).
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TABLE 4
Metabolite Metabolism in Rat Liver Microsomes
The final substrate concentration in each reaction
mixture was 0.25 mM, 0.08 mM and 0.07 mM for the 4-
OH, 5-OH and 4,5-dehydro metabolites respectively.
Otherwise reaction conditions were identical to those

. described under Table 3. Each value represents the

i
|

mean of duplicate determinations.

Substrate  Glycol Product NDZ D;rl:)y-
5-OH 4-OH
(pmol/10 min/

mg)
Dehydro 1250 80 300 50 —_
4-OH NDZ 170 180 - 80 660
5-O0HNDZ ND° — 440 140 80

2 ND denotes none detected.

the 4-OH metabolite was employed as a
substrate, the primary product found was
the dehydro metabolite; smaller amounts
of glycol, 5-OH and NDZ were also de-
tected.® With the 5-OH metabolite the only
appreciable product formed was the 4-OH
metabolite.® Finally, use of the 4,5-dehydro
metabolite as substrate resulted in a strik-
ing formation of the glycol. These obser-
vations are consistent with the metabolic
scheme presented in Figure 6 where the
predominant pathway proposed is NDZ ox-
idation to the 4-OH derivative which then
is converted to the dehydro metabolite. The
dehydro compound in turn forms the glycol
via an epoxide intermediate.

DISCUSSION

Many toxic effects of NDZ may be re-
lated to its extensive and varied metabo-
lism. Examples include niridazole’s antipar-
asitic and antimicrobial actions as well as
its central nervous system toxicity, immu-
nosuppressive activity and putative muta-
genicity/carcinogenicity (10-13). Interest
in NDZ metabolism has focused on its nitro
group because this group is required for
antischistosomal activity (14); reduction of

¢ The mechanism of NDZ formation in these sys-
tems has not been elucidated. Chromatography of all
metabolite samples used as substrates showed that no
NDZ was present before addition to the reaction mix-
tures. The appearance of NDZ among the reaction
products suggests that certain of the reactions de-
picted in Figure 6 may be reversible. This prospect is
currently under investigation.
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the nitro group to reactive intermediates
has been postulated to account for much of
the toxicity of the parent molecule (3).
However only a single reductive metabolite
of NDZ has been isolated and that was
generated under anaerobic conditions (3).
In air, this hydroxylamine compound is rap-
idly oxidized back to NDZ. Hence it is
unlikely that it, either by itself or by reac-
tion with endogenous molecular species,
could account for the large unidentified me-
tabolite pool found in the tissues, plasma,
feces and urine of animals or patients
treated with NDZ (1).

During a search for NDZ-induced im-
munosuppressive factor (10), we found four
niridazole metabolites which were present
in significant quantities in both urine and
plasma. These compounds, which could
also be produced by mild permanganate
oxidation of NDZ, turned out to be identical
to the microsomal oxidation products de-
scribed herein.” Following extraction by
ethyl acetate, isolation by HPLC and anal-
ysis by a combination of 'H FT NMR and
mass spectroscopy, it was shown that all
four products resulted from metabolic al-
terations at the C-4, C-5 regions of the
imidazolidinone ring. The NMR and mass
spectral analyses complemented each other
in providing their unambiguous identifica-
tion as the 4-OH, 5-OH, 4,5-dehydro and
4,5-glycol derivatives of NDZ.

The primary localization of NDZ oxidase
activity to the microsomal fraction, along
with the requirements for atmospheric ox-
ygen and exogenous reducing equivalents,
especially from NADPH, are properties as-
cribable to the cytochrome P-450 monoxy-
genase system (15). That the increase in 4-
OH NDZ formation induced by PB pre-
treatment was directly proportional to the
increase in cytochrome P-450 specific con-
tent further supports this contention (15).

With rat liver microsomes hydroxylation
on the C-4 position of the imidazolidinone
ring was the predominant oxidative path-
way regardless of animal pretreatment with
inducers of drug metabolism; with micro-
somes from untreated rats the ratio of 4-

7J. L. Blumer, R. F. Novak, S. V. Lucas, J. M.
Simpson and L. T. Webster, Jr., unpublished obser-

vation.
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OH to 5-OH, the next most abundant me-
tabolite, was approximately 2:1.

Unlike PB, MC pretreatment produced
little or no change in microsomal C-5 hy-
droxylation as compared to untreated con-
trols while C-4 hydroxylation was increased
by 67%; the increase in C-4 hydroxylation
was again directly proportional to the in-
crease in cytochrome P-450 specific con-
tent. Similar selective increases in the for-
mation of a specific metabolite following
MC have been reported for rat and mouse
liver microsomes with respect to the hy-
droxylation of biphenyl (18). As with PB,
these selective alterations might be related
to the enrichment of microsomes with a
specific form of P-450.

The interpretation of the effects of PB
and MC on the formation of the glycol and
dehydro metabolites is more difficult. Both
the time course of their formation (Fig. 4)
and the observation that each apparently
derives from another metabolic product
(Table 4) suggest that different mecha-
nisms and/or different enzymes are respon-
sible for their formation.

Figure 6 depicts a proposed scheme for
microsomal NDZ metabolism. The two
monohydroxylated metabolites are shown
as products of cytochrome P-450 catalyzed
oxidations of NDZ with the 4-OH pathway

BLUMER ET AL.

predominating (Table 3). The dehydro me-
tabolite is most likely produced by subse-
quent dehydration of the 4-OH derivative.
This hypothesis is supported by the lag
phase seen in formation of the dehydro
metabolite from NDZ (Fig. 4) and by the
data in Table 4 showing that the 4-OH
derivative is a good precursor substrate for
the dehydro compound whereas the 5-OH
metabolite is not. Although some sponta-
neous reaction occurs, dehydration of the
4-OH compound to the dehydro derivative
is probably enzyme-catalyzed because in-
cubation of the 4-OH compound with mi-
crosomes and NADPH at 37° resulted in
1000-fold more dehydro NDZ than was
formed by heating an aqueous solution of
the 4-OH NDZ for a week under similar
conditions.® This reaction’s kinetics, pH op-
timum, dependence on reducing equiva-
lents and/or O; have yet to be determined.

Although the glycol product could be
produced either from a monohydroxy NDZ
metabolite or from the dehydro metabolite
as shown in Figure 6, the data of Table 4
support the dehydro metabolite as the ma-
jor substrate for glycol formation. The rate
of glycol formation was enhanced 2.4-fold
and 2.6-fold by PB and MC, respectively,
suggesting that cytochrome P-450 is in-
volved in this pathway, too.

%
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FI1G. 6. Proposed pathway for microsomal niridazole metabolism
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Production of the glycol from the dehy-
dro compound suggests the formation of an
epoxide intermediate (Fig. 6). Conversion
of this alkene oxide intermediate to the
glycol would be expected to be catalyzed by
another microsomal enzyme, epoxide hy-
drase (19). Although there are some exam-
ples of alkene oxide metabolites which are
stable enough for isolation (20-22), the
product usually observed following oxida-
tion of an olefinic substrate is the glycol
(23-25). Two additional observations favor
the involvement of an epoxide intermediate
in NDZ glycol formation. First, a fifth NDZ
metabolite, tentatively identified as the 4-
keto derivative,® has been isolated by
HPLC from the urine of NDZ-treated ani-
mals. By analogy to the arene oxide systems
(26), the 4-keto would be the expected spon-
taneous isomerization product of the NDZ

. epoxide. Second, the pH optimum of 8.3

observed for glycol formation (Fig. 5) is
similar to the optimum reported by various
investigators for solubilized forms of epox-
ide hydrase (27). Attempts to demonstrate
specific inhibition of the formation of NDZ
glycol from NDZ itself with either phenyl-
imidazole or 3,3,3-trichloroprophylene ox-
ide (“specific” epoxide hydrase inhibitors)
were unsuccessful because their addition
inhibited the formation of the monohydrox-
ylated metabolites as well;” similar results
have recently been reported with respect to
benzpyrene metabolism (28).

An important question is whether the

" putative NDZ epoxide could cause NDZ

toxicity. In toxicity studies related to met-
abolic activation, arene oxides have re-
ceived more attention than alkene oxides
such as would be formed from NDZ. How-
ever, an alkene oxide intermediate pro-
duced by microsomal cytochrome P-450

may be involved in hepatoxicity produced

by trichloroethylene (29).
The implication of an epoxide in the ox-

| idative metabolism of NDZ provides an

alternative mechanism for NDZ toxic acti-
vation which does not involve the nitro
group. The relative contribution of both
pathways to NDZ metabolism and toxicity

"I needs to be assessed under physiological

i conditions in both the host and parasite.
! For example, antiparasitic activity, muta-

i
!
i
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genicity and carcinogenicity, all probably
require the metabolic acivation of NDZ.
The oxidation products described in this
study all have modifications of the imida-
zolidinone portion of the NDZ molecule
which, unlike the nitro group, is relatively
insensitive to chemical modification for re-
tention of antiparasitic activity (13). If such
oxidative metabolites are shown to partici-
pate in the central nervous system, muta-
genic or carcinogenic sequellae of NDZ
treatment, it may be possible to design an
antihelminthic analogue of NDZ which
cannot be metabolized in like manner and
would therefore retain antiparasitic activity
and be less toxic to the host.
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