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ABSTRACT
Zenser, Terry V., Michael B. Mattammal and Bernard B.
Davis: Cooxidation of benzidine by renal medullary prosta-
glandin cyclooxygenase. J. Pharmacol. Exp. Ther. 211: 460-
464, 1979.

Rabbit hepatic and renal microsomes were used to investigate
benzidine metabolism. Metabolism of ['“C]benzidine was ana-
lyzed in both organic soluble and aqueous fractions of reaction
mixtures. Metabolism of benzidine was observed in both outer
and inner medullary microsomes in the presence of arachidonic
acid, but not under control conditions or with 1.5 mM NADPH.
Hepatic and cortical microsomes did not metabolize benzidine
under control conditions, with arachidonic acid or with NADPH.
Evidence for medullary metabolism of benzidine was only ob-
served in the aqueous fraction. Greater than 95% of the radio-
activity recovered in organic extracts of reaction mixtures was
authentic benzidine. In the presence of 0.03 mM benzidine and
0.068 mM arachidonic acid, the rate of benzidine metabolism

by inner medullary microsomes was 335 pmol/mg of protein
per min. This resulted in metabolism of greater than 30% of
the benzidine present in the reaction mixture. Outer medullary
metabolism was 60% of that in inner medulla. Glutathione (1.0
mM) reduced benzidine metabolism by 30% but increased the
precentage of aqueous, non-trichloroacetic acid-precipitable
metabolism from approximately 25 to 75%. Formation of (ben-
zidine)-glutathione conjugates was demonstrated. While
ethoxyquin completely inhibited benzidine metabolism, ben-
zoate was not inhibitory. The fatty acid requirement for med-
ullary benzidine metabolism is the same as that for prostaglan-
din cyclooxygenase. In addition, inhibitors of arachidonic acid-
dependent benzidine metabolism are also inhibitors of prosta-
glandin cyclooxygenase. Therefore, specific fatty acid sub-
strate requirements and inhibitor data suggest that prostaglan-
din cyclooxygenase is mediating renal medullary benzidine
metabolism by a cooxidation process.

Benzidine elicits nephrotoxic efffects in certain species and
in man, dog and rabbit is a urinary bladder carcinogen (Haley,
1975; Case et al., 1954). Bladder carcinogens are thought to
acquire their carcinogenic potential by activation to more car-
cinogenic forms (Miller, 1978). Because some agents such as
B-naphthylamine exert their effects only when the bladder is
exposed to urine and because direct implantation of known
bladder carcinogens into the bladder may not induce bladder
carcinoma (McDonald and Lund, 1954), it has been proposed
that activation to more proximal or ultimate carcinogens pro-
ceeds before the passage of urine into the bladder. This acti-
vation has been postulated to occur in the liver (Miller, 1978).
However, definitive studies evaluating potential hepatic metab-
olism of benzidine have not been reported. In addition, no
reports have evaluated the potential renal metabolism of ben-
zidine (Clayson and Garner, 1976). Recent data suggest that the
kidney possesses the ability to convert compounds to metabo-
lites with nephrotoxic potential (Zenser et al., 1978, 1979). The
purpose of the present study was to investigate possible mech-
anisms by which benzidine might exert its adverse effects on
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the kidney and extrarenal collecting system by evaluating ben-
zidine metabolism by microsomes of rabbit liver and renal
cortex, outer and inner medulla.

Materials and Methods

Materials. ['“C(U)]benzidine (0.13 mCi/mg) was purchased from
New England Nuclear Corp., Boston, MA. [1-'*C]Arachidonic acid (56
mCi/mmol) and scintillation fluid (ACS) were purchased from Amer-
sham Searle, Arlington Heights, IL. Indomethacin, NADPH, asprin
(acetylsalicylic acid), benzidine dihydrochloride (lot no. 18C-0025-1),
sodium benzoate, glutathione, cysteine, 11,14,17-eicosatrienoic acid, and
9,12,15-octadecatrienoic acid were purchased from Sigma Chemical Co.,
St. Louis, MO. 5,8,11,14-Eicosatretaenoic acid and 8,11,14-eicosatrienoic
acid were purchased from Nu Check Prep, Inc., Elysian, MN. 5,8,11,14-
Eicosatraynoic acid was the generous gift of Dr. W. E. Scott, Hoffmann-
La Roche, Inc., Nutley, NJ; ethoxyquin of Dr. G. L. Romoser, Monsanto
Chemical Co., St. Louis, MO; and prostaglandin (PG) E; of Dr. John
Pike, The Upjohn Co., Kalamazoo, MI. Thin-layer chromatographic
plates (Silica Gel F-254) were obtained from EM Laboratories, Elms-
ford, NJ. All other chemicals were purchased in the highest possible
grade from standard sources. Male New Zealand rabbits weighing 2 to
3 kg were obtained from Eldridge Laboratory Animals, Barnhart, MO.

Preparation of microsomes. Rabbits were anesthetized with in-
travenous sodium thiopental (20 mg/kg i.v.). The kidneys were quickly



1979

removed and placed in ice-cold 0.9% NaCl. Renal inner medullary tissue
was isolated by careful dissection, minced, washed free of hemoglobin,
and homogenized for 15 sec with a Polytron homogenizer in 3 volumes
of 0.1 M phosphate buffer (pH 7.8) containing 20% glycerol and 10~ M
dithiothreitol. The homogenate was centrifuged at 10,000 X g for 15
min and the subsequent supernatant at 100,000 X g for 60 min. This
pellet was layered with 1.15% KCI and stored at —40°C. Under these
storage conditions there are not detectable changes in either cyto-
chrome P-450 spectra or mixed-function oxidase enzymatic activities
for up to 3 months (Zenser et al., 1978). Before use, the microsomal
pellets were resuspended in 1.15% KCI by hand homogenization and
recentrifuged for 30 min at 105,000 x g. Pellets were resuspended in 0.1
M phosphate buffer (pH 7.8) with a Potter Elvehjem Teflon glass
homogenizer to give a final concentration of about 10 mg of microsomal
protein per ml. Aliquots of these suspensions were either used imme-
diately or stored frozen at —40°C. Protein content was determined by
the method of Lowry et al. (1951), using bovine serum albumin as the
standard.

Incubation conditions, extraction and analysis of benzidine
metabolism. The reaction mixture contained 0.5 to 2 mg/ml of micro-
somal protein, 0.1 M phosphate buffer (pH 7.8), 0.03 mM ['*C]-benzi-
dine (0.25 uCi) and various test substances in a final volume of 0.25 ml
at 37°C for 15 min. The reaction was linear between 5 to 15 min
of incubation with 0.03 mM benzidine and 0.068 mM arachidonic acid.
Addition of fatty acids started the reaction. Inhibitiors were preincu-
bated with microsomes for 5 min at room temperature before the
addition of fatty acid. The reaction was stopped by addition of 0.75
mM unlabeled benzidine and 0.5 ml of ethyl acetate-diethyl ether (1:1,
v/v). The reaction mixture was extracted until the radioactivity in the
organic phase reached a constant value (approximately eight extrac-
tions per sample). Pooled organic phases from each individual sample
were dried with anhydrous Na,SO,, evaporated under N, gas and
applied to thin-layer chromatography plates. Chromatographic solvent
systems used were: methyl ethyl ketone-N,N-diisopropylethylamine
(85:5) or benzene-ethanol (70:30) with R, values for benzidine of 0.70
and 0.53, respectively. Authentic benzidine was identified with an
ultraviolet light. Each chromatographed sample was divided into 1-cm
sections from the origin to the solvent front, the sections were scraped
into scintillation vials, and the radioactivity was determined.

Following organic solvent extraction 0.6 M trichloroacetic acid
(TCA) was added to the aqueous phase which was then centrifuged at
2500 X g for 10 min. The resulting precipitates were washed with 1 ml
of 0.6 M TCA and repeated centrifugation was carried out until the
radioactivity of the supernatant was similar to background (approxi-
mately eight extractions per sample). Pellets were disolved in 0.2 ml of
1 N NaOH at 60°C for 30 min and diluted to 1 ml with distilled water,
aliquoted and analyzed for radioactivity. Radioactivity in the aqueous,
non-TCA-precipitable fraction was also determined. Metabolism of
benzidine was expressed as picomoles per milligram of protein per
minute.

Evidence for the formation of glutathione conjugates of ['‘C]benzi-
dine products was provided by thin-layer chromatographic analysis.
Pooled samples were lyophilized, washed with ether and dissolved in
dimethylformamide-dimethylsulfoxide (1:1). Samples were applied to
Silica Gel F-254 plates and developed with solvent system I [1-butanol-
1-propanol-0.1 N NH; (2:1:1)] or II [benzene-ethanol (60:40)]. Unla-
beled benzidine was run as a standard with R, 0.82 or 0.70 in solvent
systems I and II, respectively. Radioactivity was determined using a
Packard radiochromatogram scanner 7230 series.

Synthesis of prostaglandins. Reaction mixtures contained micro-
somal protein, 0.1 M phosphate buffer (pH 7.8), 0.03 mM benzidine and
various concentrations of ['“Clarachidonic acid in a final volume of 0.1
ml. Microsomes and reaction mixture were preincubated for 5 min at
room temperature before a 10-min incubation at 37°C. The reaction
was started by addition of arachidonic acid and stopped by addition of
HCIl. Heated microsomes served as blanks. All reported values have
the blank values substracted. Samples were adjusted to pH 3 to 3.5,
extracted with ethyl acetate and evaporated to dryness under N, gas as
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previously described (Mattammal et al., 1979). Samples were applied
to Silica Gel F-254 plates and developed with a solvent system contain-
ing chloroform-methanol-acetic acid (90:5:5). PGE;, PGF3., PGD; and
arachidonic acid standards were identified with iodine vapors and the
radioactivity was determined in corresponding zones.

Cooxidation of Benzidine

Results

Benzidine metabolism by hepatic and renal cortical, outer
and inner medullary microsomes is tabulated in table 1. Metab-
olism of benzidine (0.03 mM) was not detected in either hepatic
or cortical microsomes under control conditions (no addition)
or with 1.5 mM NADPH or 0.068 mM arachidonic acid. Neither
inner nor outer medullary microsomes metabolized benzidine
under control conditions or with NADPH. However, in the
presence of arachidonic acid, both inner and outer medullary
microsomes demonstrated evidence of significant metabolism
of benzidine in the TCA-precipitable and aqueous, non-TCA-
precipitable fractions of reaction mixtures. Greater than 95% of
the radioactivity recovered in organic extracts of reaction mix-
tures was authentic benzidine as judged by thin-layer chro-
matographic analysis whether microsomes were from liver or
kidney. In the inner medulla, the total rate of benzidine (me-
tabolism (TCA-precipitable plus non-T'CA-precipitable) with
0.068 mM arachidonic acid and 0.03 mM benzidine was 335
pmol/mg of protein per min. This represents metabolism of
greater than 30% of the benzidine present in the reaction
mixture during the 15-min incubation. In the outer medulla,
the total rate of benzidine metabolism was 60% of that observed
in the inner medulla.

Microsomal metabolism of benzidine by inner medulla re-
quired specific fatty acids (table 2). 5,8,11,14-Eicosatetraenoic
(arachidonic acid) and 8,11,14-eicosatrienoic acids (the precur-
sor of monoenic prostaglandins) both initiated dose-dependent
metabolism of benzidine while the unsaturated fatty acids,
11,14,17-eicosatrienoic and 9,12,15-octadecatrienoic did not ini-
tiate benzidine metabolism. PGE;, a major product of arachi-
donic acid-mediated prostaglandin synthesis in the inner me-
dulla, had no effect upon benzidine metabolism.

TABLE 1

Metabolism of ['*Clbenzidine by renal and hepatic microsomes

All reaction mixtures contained 0.5 to 2 mg of microsomal protein, 0.1 M
phosphate buffer (pH 7.8), 0.03 mM ['“C]benzidine, and where indicated 0.068
mM arachidonic acid or 1.5 mM NADPH. Values represent the mean + S.E.; n
= 9. N.D., not detected.

Aqueous, TCA- Aqueous, Non-TCA-
Tissue Precipitable Precipitable
pmol/mg protein/min
Liver
Control N.D. N.D.
NADPH N.D. N.D.
Arachidonic acid N.D. N.D.
Kidney
Inner medulla
Control N.D. N.D.
NADPH N.D. N.D.
Arachidonic acid 259 £ 10 76 £ 9
Outer medulla
Control N.D. N.D.
NADPH N.D. N.D.
Arachidonic acid 146 £+ 8 55+ 7
Cortex
Control N.D. N.D.
NADPH N.D. N.D.
Arachidonic acid N.D. N.D
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Inhibitors of prostaglandin cyclooxygenase inhibited arachi-
donic acid-dependent metabolism of benzidine (table 3). Aspirin
(1.0 mM), indomethacin (0.1 mM) and meclofenamic acid (0.1
mM ) all inhibited benzidine metabolism. 5,8,11,14-Eicosatetray-
noic acid (0.1 mM), an acetylene analog of arachidonic acid,
completely inhibited benzidine metabolism. The antioxidant
ethoxyquin (0.1 mM) completely inhibited benzidine metabo-
lism. Benzoate, a scavenger of hydroxyl radicals (Lai and Piette,
1978), had no effect. Glutathione reduced total benzidine me-
tabolism by 30% but increased the amount of product incorpo-
rated into the aqueous, non-TCA-precipitable material. Heated
microsomes (3 min at 100°C) did not metabolize benzidine
either in the presence or absence of arachidonic acid.

The dose-dependent effect of indomethacin on PGE; synthe-
sis and benzidine metabolism is illustrated in figure 1. Indo-
methacin inhibited the synthesis of PGE; and metabolism of
benzidine in a similar manner with IDs, values of 0.71 and 0.78
uM, respectively. Using the assay conditions in figure 1 (0.025
mM arachidonic acid and 0.03 mM benzidine), the ratio of
PGE; synthetized/benzidine metabolized was approximately 4:
1.

The effects of glutathione and cysteine, another sulfhydryl
agent, on arachidonic acid-dependent metabolism of benzidine
were further examined (table 4). Cysteine (1.0 mM), like glu-
tathione (1.0 mM), increased the amount of ['*C]benzidine
incorporated into aqueous, non-T'CA-precipitable material.
Concentrations of glutathione as low as 0.05 mM had a similar

TABLE 2

Fatty acid substrate requirements for the cooxygenation of
[*“C}benzidine by inner medullary microsomes

Reaction mixtures contained 0.5 mg of microsomal protein, 0.1 M phosphate
buffer (pH 7.8), 0.03 mM ['“C]benzidine and the indicated concentration of fatty
acid. Values represent the mean + S.E.; n = 6. N.D., not detected.

Aqueous, Non-
- Aqueous, TCA-
Additions Conc. Precipitabh TCA-G:;ciolw
mM pmol/mg protein/min
No addition N.D. N.D.
5,8,11,14-Eicosatetraenoic 0.034 130+ 6 45 £ 10
acid (arachidonic acid) 0.068 259 £ 5 76 £ 8
5,8,11,14-Eicosatetraynoic 0.068 N.D. N.D.
acid
Prostaglandin E; 0.068 N.D. N.D.
8,11,14-Eicosatrienoic acid 0.068 180+ 8 305
11,14,17-Eicosatrienoic acid 0.068 N.D. N.D.
9,12,15-Octadecatrienoic acid 0.068 N.D. N.D.

TABLE 3

Etfect of various compounds on arachidonic acid-dependent
[*“C}benzidine oxidation by inner medullary microsomes

All reaction mixtures contained 0.068 mM arachidonic acid, 0.03 mM ['“C}
benzidine, 0.1 M phosphate buffer (pH 7.8), 0.5 mg of protein and the indicated
concentration of test agents. Values represent the mean + S.E.; n = 6. N.D., not
detected.

Aqueous, TCA- ueous, Non-
Additions Conc. " precipitable T?::-Pndpnabb
mM pmol/mg protein/min
No addition 272 £ 11 91+ 8
Indomethacin 0.03 N.D. N.D.
Aspirin 1.0 N.D. N.D.
5,8,11,14-Eicosatetraynoic 0.1 N.D. N.D.
acid

Ethoxyquin 0.1 N.D. N.D.
Meclofenamic acid 0.1 N.D. N.D.
Benzoate 1.0 259 + 10 76 £ 8
Glutathione 1.0 56 + 4 180 = 10
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Fig. 1. Effect of indomethacin on PGE; synthesis and benzidine metab-
olism. Reaction mixtures contained 0.14 mg of microsomal protein, 0.1
M phosphate buffer (pH 7.8), 0.025 mM arachidonic acid and 0.03
mM benzidine in a final volume of 0.1 ml. Microsomes and reaction
mixture were preincubated for 2 min at room temperature before a 10-
min incubation at 37°C. For determination of PGE, synthesis, ['*C}-
arachidonic acid was used. For determination of benzidine metabolism,
['“Clbenzidine was used. Details of methods and analysis of PGE,
synthesis and benzidine metabolism are provided under ‘‘Materials and
Methods.’’ The rates of PGE; synthesis and total benzidine metabolism
(both TCA-precipitable and non-TCA-precipitable aqueous fractions)
were 0.64 and 0.15 nmol/mg/min, respectively. These rates each
correspond to 100% of their respective control activity. Values repre-
sent the mean of four determinations.

TABLE 4
Effect of glutathione and cysteine on arachidonicacid-mediated
covalent binding of ['*CJbenzidine to protein

Reaction conditions and method of analysis were the same as table 3. Values
represent the mean + S.E.;n = 6.

- Aqueous, TCA-  Aqueous, Non-
Additions Conc. " precipitable  TCA-Precipitable
mM pmol/mgq protein/min
Control 280 + 21 97 + 9
Glutathione 1.0 625 192 + 11
005 1054 135+ 9
Glutathione (added at the end of 1.0 305 + 23 105 + 4
incubation for 15 min)
Cysteine 1.0 58 + 4 186 £ 7

effect. Addition of glutathione (1.0 mM) at the end of the
incubation for 15 min did not affect the metabolism of benzidine
relative to the control. In separate experiments, the metabolism
of ["*Clarachidonic acid (0.068 mM) with 0.03 mM benzidine
present was examined using inner medullary microsomes. Glu-
tathione increased the amount of PGE; synthetized but did not
alter the total amount of arachidonic acid metabolized. The
percentages of [C]PGE;, [“C]PGF3, ["*C]JPGD; and ['‘C]-
arachidonic acid in the control were 4.5 + 0.3, 2.8 + 0.4, 3.0 +
0.3 and 83 + 2.8%, respectively, and with 1.0 mM glutathione
10.6 + 0.8,0.4 + 0.1, 0.4 + 0.1 and 82 + 4.1%, respectively.

Evidence for the formation of (['*C]benzidine)-glutathione
conjugates is illustrated in figure 2. Radioscans of control and
glutathione (1.0 mM)-treated samples are shown. In the pres-
ence of glutathione, a peak was observed which was distinct
from benzidine and not observed in the control.

The radioactivity incorporated into the TCA-precipitable
material was also investigated. Microsomes were incubated
with 0.068 mM arachidonic acid and 0.030 mM benzidine using
the standard incubation conditions. Following incubation, the
TCA-precipitable material was isolated as described under
“Materials and Methods”. This material was solubilized with
NaOH and then extracted at pH 3.0, 7.5 and 12.5 with the
following solvents 1) ethyl ether or 2) chloroform-ethyl ether
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3 %

Fig. 2. Effect of glutathione on ['“C}-benzidine metabolism. Aqueous,
non-TCA-precipitable samples from tables 3 and 4 were pooled, lyoph-
ilized, applied to thin-layer chromatographic plates and developed with
solvent system | as described under '‘Materials and Methods.'’ lllus-
trated is a radioscan of these plates where A represents control and B
represents 1.0 mM glutathione-treated samples.

(1:3, v/v). Following extraction, greater than 30% of the radio-
activity remained in the aqueous phase.

Discussion

These data indicate that the renal medulla possesses the
capacity to metabolize the urinary bladder carcinogen benzi-
dine. A similar capacity was not measurable in either renal
cortex or liver. Medullary metabolism of benzidine is not due to
either lipoxygenase enzymes or lipid peroxidation. The specific
fatty acid requirements and the inhibition by structurally di-
verse agents such as indomethacin and aspirin are not compat-
ible with lipid peroxidation. Benzoate, which is an effective
inhibitor of lipid peroxidation by hepatic microsomes (Lai and
Piette, 1978), had no effect upon benzidine metabolism. Fatty
acids such as 9,12,15-octadecatrienoic acid and 11,14,17-eicosa-
trienoic acid which are substrates for lipoxygenases did not
support benzidine metaolism (Hamberg and Samuelsson, 1967).
Furthermore, lipoxygenases are not inhibited by the nonsteroi-
dal anti-inflammatory agents as was the case for benzidine
metabolism in these experiments. Thin-layer chromatographic
analysis of [1-'*C)arachidonic acid metabolism by inner med-
ullary microsomes did not result in the identification of the
characteristic products of the lipoxygenease reaction.

Oxidation of benzidine appeared independent of mixed-func-
tion monooxygenases. The liver, which contains mixed-function
oxidases, did not metabolize benzidine. Qur previous results
indicate that the methods used to prepare these microsomes
results in hepatic mixed function oxidase activities comparable
to those observed by others. These microsomal preparations
also exhibit characteristic cytochrome P-450 optical (Zenser et
al., 1978) and electron paramagnetic resonance spectra (Arm-
brecht et al., 1979). Finally, the NADPH-dependent rate of 1,3-
diphenylisobenzofuran metabolism was routinely examined for
each batch of liver microsomes (Zenser et al., 1979). Therefore,
the lack of hepatic metabolism of benzidine is not related to
the lack of mixed-function oxidase activity. Inner medulla,
which metabolized benzidine, does not contain spectrally de-
tectable cytochrome P-450 (Zenser et al., 1978). NADPH, a
cofactor in mixed-function oxidase reactions, had no effect upon
benzidine metabolism in any of the tissues tested.

The data are all compatible with benzidine being metabolized
by a cooxidative process involving prostaglandin cyclooxygen-
ase. Fatty acids that initiated benzidine metabolism have in
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common the location of a triene system which terminates at
the sixth carbon from the alkyl terminus. Prostaglandin cy-
clooxygenase has this same substrate requirement (Andersen,
1971). The lack of effect of PGE; is consistent with a previous
study examining cooxidation of organic compounds by vesicular
gland prostaglandin cyclooxygenase (Marnett et al., 1975). The
latter study showed that arachidonic acid and the prostaglandin
intermediate PGG; could initiate cooxidation, but that PGH,
or PGE:; could not. In the present study, a variety of structurally
diverse inhibitors of prostaglandin cyclooxygenase inhibited
arachidonic acid-dependent benzidine metabolism. The close
similarity of the indomethacin IDs, values for PGE; synthesis
(0.71 uM) and benzidine metabolism (0.78 uM) suggests that
both processes are mediated by prostaglandin cyclooxygenase.
Previous studies with rabbit medullary homogenates have re-
ported an indomethacin IDs, value of 0.88 uM (Gafni et al.,
1978). Therefore, oxidation of benzidine appears to occur by
simultaneous oxidation of fatty acids via prostaglandin cycloox-
ygenase with the formation of reactive intermediates of benzi-
dine metabolism.

Glutathione and cysteine altered the pattern of cooxidative
metabolism of benzidine. Both compounds increased the
amount of aqueous, non-TCA-precipitable benzidine product(s)
formed at the expense of the TCA-precipitable product(s).
Since this effect of glutathione was not observed following its
addition at the end of the incubation, glutathione does not
appear to be involved in an exchange reaction with sulfhydryl
groups on proteins but rather glutathione appears to be com-
bining with a reactive product(s) formed during the cooxidative

Cooxidation of Benzidine

_process. Evidence for (benzidine)-glutathione conjugates was

also illustrated. The capacity of glutathione to inactivate toxic
compounds formed during drug metabolism is well documented
(Mitchell et al., 1973). These effects of glutathione and cysteine
appear independent of their effects on prostaglandin synthesis.
Both of these sulfhydryl compounds stabilize the enzyme pros-
taglandin E isomerase. Glutathione is also an essential cofactor
in the conversion of PGH to PGE by this isomerase enzyme
(Ogino et al., 1977). Glutathione is not required for the synthesis
of PGG or PGH (Miyamoto et al., 1976). Our results demon-
strating that 1.0 mM glutathione increased the amount of PGE;
synthetized while not altering the amount of arachidonic acid
metabolized are consistent with these previously published
results. The syntheses of PGF,, and PGD, were both signifi-
cantly reduced by the increase in prostaglandin E isomerase
activity caused by glutathione.

This demonstration of the involvement of prostaglandins in
the metabolism of a carcinogen such as benzidine is consistent
with other reports. Marnett et al. (1978) have demonstrated the
in vitro activation of a precarcinogenic metabolite of
benzo(a)pyrene to a mutagen by prostaglandin cyclooxygenase.
In addition, tumor-promoting phorbol-12,13-diesters and poly-
cyclic hydrocarbon carcinogens stimulate cultured dog kidney
cells to produce prostaglandins (Levine and Hassid, 1977; Has-
sid and Levine, 1977). A number of malignant tumors also
produce high levels of prostaglandins (Humes and Stausser,
1974); Tashjian et al., 1972). The antioxidants ethoxyquin and
butylated hydroxyanisole which inhibit prostaglandin cycloox-
ygenase (Vanderhoek and Lands, 1973) inhibit the carcinogenic
effect of dietary 7,12-dimethylbenz(a)anthracene on mouse
forestomach (Wattenberg, 1972). Antioxidant inhibition of the
cutaneous carcinogenic effect of 7,12-dimethylbenz(a)anthra-
cene did not correlate with inhibition of the mixed-function
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oxidase enzyme aryl hydrocarbon hydroxylase (Slaga and
Bracken, 1977). However, alternative enzyme systems were not
investigated.

There are marked species differences with respect to the
adverse tissue effects of benzidine (Weisburger et al., 1967).
However, carcinoma of the bladder is inducible in the rabbit by
administration of benzidine. Benzidine is thought to be trans-
formed to a more effective carcinogen by endogenous metabo-
lism. These data are consistent with the generation of the
carcinogenic form of benzidine by inner medullary metabolism.
It has been proposed that host differences in benzidine metab-
olism are a major factor in determining the response of a
particular species to benzidine.

In summary, these results are consistent with a previous
study demonstrating the relatively high cooxidative potential
of the inner medulla (Zenser et al., 1979). Concepts relating to
the metabolism of benzidine remain speculative at the present
time, but they do provide the opportunity to construct testable
hypotheses.
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