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ABSTRACT:

The capacity of the testis to metabolize xenobiotlcs has been pro-

posed to play a role In the susceptibility of different species to

testicular toxicity. Since species differences In testicular xenobiotic

metabolizing enzyme activities are not well documented, the primary

objective of the present study was to compare enzyme activities in

subcellular fractions prepared from rat, mouse, monkey, and human

testes. In microsomal fractions, enzyme activities measured were

pentoxyresorufin 0-dealkylase (PROD), ethoxyresorufin 0-deal-

kylase (EROD), and epoxide hydrolase (mEH). In cytosolic prepara-

tions, epoxide hydrolase (cEH) and glutathione S-transferase (cGST)

activities were measured. PROD activity was not detectable in any

of the species studied, while it was readily detected in liver micro-

somes used as a positive control. Although EROD activity was low,

it was measurable in testicular microsomes from rat and mouse, but

not monkey or human. No marked species differences in cEH activity

were found. In contrast, mEH activity was low In the monkey, inter-

mediate in the rat, and highest in the human and mouse. cGST

activity was significantly lower in the two primate species compared

with the rat and the mouse. The levels of activity of the xenobiotic

metabolizing enzymes studied were generally more than an order of

magnitude lower in the testis as compared to the liver. However, in

rat and mouse, the levels of mEH and CGST activities in testis were

relatively similar to hepatic levels. Overall, these data indicate that

species differences in capacity to metabolize xenobiotics may play

a role in differential sensitivity to testicular toxicants.

Numerous studies have documented the importance of meta-

bolic activation in chemically-induced organ damage. In the

testis, xenobiotic metabolism is of particular interest since reac-

tive metabolites may be formed in the immediate vicinity of the

germ cells. Other investigators have documented target organ

biotransformation of the testicular toxicants 7, l2-dimethyl-

benz(a)anthracene, benzo(a)pyrene, 1 ,3-dinitrobenzene, ethyl-

ene dibromide, and DBCP2 (1-5).

Many chemicals undergo metabolic activation via the cyto-

chrome P450 mixed function oxygenase system. The two major

classes of isozymes in this enzyme system have frequently been

classified as cytochromes P-450 (phenobarbital-inducible) and

cytochromes P.448 (3-methylcholanthrene-inducible). These two

isozyme classes were measured by Lake et al. (6) in rat testis

lO,000g supernatant using biphenyl as the substrate. They de-
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tected cytochrome P-450-type activity as indicated by formation

of 4-hydroxy biphenyl, but no cytochrome P-448-type activity

measured by the formation of 2-hydroxy biphenyl. In contrast,

several other authors have reported detection of cytochrome P-

448-type activity in rat testicular microsomes by measuring either

aryl hydrocarbon hydroxylase (2, 7) or ethoxycoumarin O-de-

alkylase (8).

Metabolism can also result in detoxification of testicular toxi-

cants, or their toxic metabolites, providing protection from toxic

insult. For example, epoxides, which are often mutagenic, car-

cinogenic, or cytotoxic, can be detoxified by epoxide hydrolases

or glutathione S-transferases. There have been several reports of

mEH, cEH, and CGST activities in rat or mouse testis (2, 8-12).

Therefore, in the testis, differential capacities for metabolic acti-

vation and detoxification may account for species differences in

sensitivity to testicular toxicants. For example, rats, humans, and

monkeys are sensitive to DBCP-induced testicular toxicity,

whereas mice are insensitive, and a metabolic basis has been

proposed to account for this difference (4, 5, 13-15).

In the present study, testicular xenobiotic metabolism was

compared using tissue from humans, rhesus monkeys, Fisher

344 rats, and CD-l mice. Metabolism via the cytochromes P-

450 and P-448 isozymes was measured by the activities of PROD

and EROD, respectively. Epoxide detoxification potential was

assessed by measuring microsomal and cytosolic activities of

epoxide hydrolase (mEH and cEH), and using an epoxide sub-

strate for CGST. In addition, hepatic enzyme activities were

measured as a positive control and to allow comparison to

testicular activities.

Materials and Methods

Chemicals. TSO, cis-stilbene, diethylmaleate, isooctane (99%), and
hexanol (98%) were purchased from Aldrich Chemical Co. (Milwaukee,
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WI). CSO was made from cis-stilbene (16). [3HJCSO and [3HJTSO were
prepared as previously described (16). Resorufin (sodium salt), EtR, and

PtR were purchased from Molecular Probes, Inc. (Eugene, OR). GSH,
glucose-6-phosphate, glucose-6-phosphate dehydrogenase, NADPH, and

DMSO were purchased from Sigma Chemical Co. (St. Louis, MO).
Fraction V BSA from Sigma was used in EROD assays. BSA (100%
purity) from Calbiochem (La Jolla, CA) was used as the standard in

protein determinations. Bio-Rad protein dye reagent was purchased from

Bio-Rad Laboratories (Richmond, CA). ACS scintillation fluid was pur-

chased from Amersham (Arlington Heights, IL).

Tissue Samples. Human and Monke.v. Human testes were obtained
from three adult male organ transplant donors (age 19-37 years) who
were maintained on life support systems after sustaining lethal traumatic

injuries. Within 30 mm after circulatory arrest, both testes were removed

from each donor and placed in saline on ice. The testes were frozen
within 1-2 h after collection and stored at -80CC. Tissues from three

adult male rhesus monkeys (age 6-10 years) were obtained at necropsy.

One testis from each monkey and liver from two of the monkeys were
immediately frozen and stored in liquid nitrogen. Both human and

monkey tissues were frozen prior to preparation of subcellular fractions
because transportation to our laboratory from the facility where tissues
were obtained was expected to require long time periods. This practice

has been used by numerous other laboratories (17-19), and the stability
of xenobiotic metabolizing enzyme activities in whole rat livers frozen
for up to 9’/2 months at -80C has been demonstrated by Danner-

Rabovsky and Groseclose (20). In addition, composite data from our
laboratories (unpublished) have indicated that freezing whole tissue is

preferable to freezing subcellular fractions. Moreover, we were concerned

about the stability of the enzymes over the uncertain length of time that
would be required to obtain all of the human and monkey tissues for

simultaneous analysis.
Rodent. Sexually mature male Fisher 344 rats and CD-I mice were

purchased from Charles River Laboratories (Kingston, NY or Wilming-
ton, MA), except rats used for mEH, cEH, and CGST measurements,
which were purchased from Bantin & Kingman (Fremont, CA). The

animals were allowed to acclimate, for at least 6 days after shipment, in

an animal facility approved by the American Association for the Accred-
itation of Laboratory Animal Care with 12 hr light/dark cycles. Food
and water were provided ad libitum. Rats ( 10- 12 weeks of age) and mice
(9- 1 1 weeks of age) were euthanized using either CO2 and cervical

dislocation, or cervical dislocation alone. Testes and livers were imme-
diately removed. Although pooling of organs was not necessary for rats,
mouse organs were pooled as described below. For PROD and EROD

activities, testes and livers were used from three rats and three pools of
mouse tissue ( 16 mice per pool). Testicular pools included testes from

all 16 mice and liver pools included livers from 4 of the 16 mice. Testes
and livers were used from all three rats. For measurement of mEH, cEH,

and CGST activities, testes and livers were used from four to five rats

and three to five mouse pools (five to six mice per pool).
Preparation of Subcellular Fractions. Microsomal and cytosolic frac-

tions were prepared using standard homogenization and centrifugation
techniques (2 1). Human tissues, which had been frozen in saline, were

thawed on ice. Monkey tissues were thawed in 150 mM KC1 on ice.
Human, monkey, and rat testes were decapsulated. Rodent livers were

flushed with ice-cold 150 mM KC1 to remove blood. Organs were placed
in ice-cold 20 mM Tris/l . 15% KC1, pH 7.4, and weighed. Additional

buffer was added to achieve 2x w/v prior to homogenization with a

Polytron. The homogenate was centrifuged at 12,000g for 25 mm at 4#{176}C,
then the supernatant was ultracentrifuged at l05,000g for 75 mm at 4#{176}C.
Cytosol ( 105,000g supernatant) was collected after the fatty layer was

drawn off. The microsomal pellet was resuspended in 0.39 M sucrose!
77 mM sodium pyrophosphate, pH 7.5 (liver, 10 ml; testes, 5 ml), by 5

sec of homogenization with a Polytron, then ultracentrifuged again as

described above to wash the microsomes. Microsomal pellets were resus-
pended at /2 X w/v, except rat and mouse microsomes for epoxide study

were at 1 x w/v, using either 150 mM KCI (rats and mice) or sodium

phosphate buffer, 0. 1 M, pH 7.8 (monkeys and humans), as specified

above. Microsomes and cytosol were stored at -80#{176}Cuntil use.

Protein Determination. Protein concentrations were determined using

a modification of the method of Bradford (22) as per Moody et a!. (23).
Enzyme Activities. PROD and EROD Assays. Dealkylation of PtR

was monitored using the method of Lubet et a!. (24). The procedure was
verified for protein linearity and all measurements were taken from

linear portions of the rate curves. The substrate solution was made by
weighing out PtR using a microbalance, then dissolving it in HPLC-

grade methanol. The reactions were carried out at room temperature

(23-24#{176}C)in 0.05 M Tris buffer, pH 7.5, with 0.025 M MgC12, and 10

MM PtR. Concentrations of microsomal protein used were 0.5 mg/ml
for rat and mouse liver and 2.0 mg/ml for monkey liver and all testicular
samples. Reactions were initiated by the addition of 125 �M NADPH,
and the formation of resorufin was monitored spectrofluorometrically

(excitation = 530 nm, emission = 577 nm) until a concentration of 10-
20 nM resorufin was formed. Resorufin (10 �zM in DMSO) was diluted
in Tris buffer for the standard curve (1.25 nM to 80 nM). Dealkylation

of EtR was measured using the method of Pohl and Fouts (25). Micro-

somes were incubated at 37#{176}Cin 0.1 M HEPES buffer, pH 7.8, 5 mM
glucose-6-phosphate, 1.5 units glucose-6-phosphate dehydrogenase, 5

mM MgSO4, BSA (I .6 mg/ml), and 1.5 �M EtR (in HPLC-grade meth-

anol, based on �47O 16 mM’cm’) in a total reaction volume of 1.25
ml. Amounts ofmicrosomal protein and times ofincubation were varied

to utilize linear ranges of time and protein dependency: human, testis
(2.0 mg, 60 mm); monkey, testis (2.0 mg, 60 mm), liver (0.025 mg, 4
mm); rat, testis (0.5 mg, 40 mm), liver (0.25 mg, 5 mm); mouse, testis

(1.0 mg, 80 mm), liver (0.125 mg, 2 mm). The reaction was initiated

with 6 nmol NADPH after preincubating for 5 mm. Boiled microsomes

were used for blanks rather than omitting NADPH, since NADPH

quenches the fluorescence (blanks with no NADPH have an increased
fluorescence, equivalent of 1 nM resorufin, as compared with boiled
microsomes). The reaction was terminated using 2.5 ml methanol and

precipitated protein was removed by centrifugation at 830g for 15 mm.

The supernatant was measured spectrofluorometrically for resorufin
formed. Resorufin (10 MM in DMSO)was diluted with HEPES/methanol
(1:2) for the standard curve, which ranged from 1.25 nM to 80 nM.

mEH, cEH, and CGST Assays. Activities of mEH, cEH, and COST
were assayed in triplicate using partition assays with radiolabeled CSO

or TSO as substrates (16). The cis isomer (CSO) was used to measure
EH activity in microsomes since it is a better substrate for mEH, whereas
the trans isomer (TSO), which is the better substrate for cEH, was used

to measure EH activity in the cytosolic fraction. All assays were run
under conditions of maximal velocity and reported values were corrected
for nonenzymatic reaction. Protein concentrations used for each assay

are shown in table 1 . mEH activity was measured by the formation of

the diol from CSO in 100 mM Tris-HCI at pH 9.0. All samples were
incubated for 20 mm at 37#{176}C,then the unreacted epoxide was partitioned

into isooctane and an aliquot of the aqueous layer was removed for

quantitation by LSC. cEH activity was measured by the formation of the
diol from TSO in 76 mM sodium phosphate buffer at pH 7.4. The cEH

assay was modified by adding diethylmaleate (9) to the cytosolic prepa-
rations from all testes and rat livers, since they were found to have
contaminating amounts ofGSH. Samples were incubated at 37#{176}Cfor 20
mm, after which the unreacted epoxide was partitioned into isooctane,

TABLE 1

Protein con cenirationsfor epoxide metabol: ‘Sm studies

Sample mEH Assay cEH Assay

mg/mi

CGST Assay

Testis

Human 0.05 0.5 0.1
Monkey 0.4 0.5 0.1
Rat 0.06 1.0 0.01
Mouse 0.03 0.8 0.04

Liver

Monkey 0.03 0.5 0.005

Rat 0.04 1.0 0.01
Mouse 0.02 0.03 0.015
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and LSC was used to quantify an aliquot of the aqueous layer. COST
activity was assayed by the formation of GSH conjugate from CSO in

76 mM phosphate buffer containing 5 mM GSH. Samples were incubated

at 37#{176}Cfor either 5 mm (mouse) or 10 mm (human, monkey, and rat),
then the epoxide and diol were partitioned into hexanol while the

conjugate remained in the aqueous layer. An aliquot ofthe aqueous layer
was then removed for quantitation by LSC.

Statistics. Data were log transformed to achieve equal variances. The
analysis of variance was then employed followed by post-hoc comparison
of means by Scheffe’s F test with p < 0.05 accepted as significant.

Results

PROD and EROD Activities. Enzyme activities in testicular

microsomes were very low in all species for both substrates (table

2). PROD activity could not be detected in testicular preparations

from any of the species, despite using protein concentrations of

up to 2.0 mg/ml. In contrast, liver levels of PROD activity were

readily detected in microsomes from rat and mouse. Although

activity was detected in monkey liver, it was not quantifiable�

that is, an increase in fluorescence was evident but it was not

quantifiable since it was far below the standard curve (less than

1 .25 pmol/min/mg protein). Human liver was not available for

comparison. EROD activity could be measured in testicular

microsomes from rodents, with the rat showing 3 times the

activity found in the mouse. However, both monkey and human

had levels that were not quantifiable (less than 0.08 pmol/min/

mg protein). In contrast, the activity ofthis enzyme in liver from

all species was high, with monkey levels approximately twice that

found in mouse, and the mouse approximately twice the level in

rat.

mEH, cEH, and COST Activities. The potential for testicular

detoxification ofepoxides by mEH, cEH, and COST is illustrated

in fig. 1 . Human and mouse had similar levels oftesticular mEH

activity. Monkey testis had significantly less mEH activity than

all other species, whereas the rat was in an intermediate range

that was statistically different from the other species. Testicular

cEH activity was comparable in all species, with mouse having

significantly less cEH activity than human or rat but not monkey.

TABLE 2

PROD and EROD activity in testicular and liver microsomesfro,n

different species

Data are expressed as mean ± SD. N = 3 for tissue from individual

animals or three pools of tissue as described in Materials and Methods.

Quantifiable enzyme activities in testis were significantly different ( p <

0.05) among all species studied. Enzyme activities in liver also were

significantly different (p < 0.05) among all species studied. _________

Activity Testis Liver

pPnoh/min/?ng mier esomal protc’itI

PROD
Mouse ND4 94.8 ± 9.7
Rat ND 61.5±8.1

Monkey ND <l.25h

Human ND

EROD

Mouse 0.523 ± 0.325 239 ± 20

Rat 1.520±0.070 110 ±4

Monkey <0.08k 476 ± 20

Human <O.O8h

a ND. not detectable, no change in fluorescence.

4 An increase in fluorescence was observed but was not quantifiable

since it fell far below the standard curve. The limits of quantitation for

the PROD and EROD assays were 1 .25 and 0.08 pmol/min/mg protein.
respectively.

Testicular mEH Activity

Human Monkey Rat Mouse

Testicular cEH Activity

Testicular cGST Activity

Human Monkey

FIG. I . Species differences in testicular mEH, cEll, and cGST activity.

Each value represents the mean and SD of N = 5 individual animals

or pools of tissue, except mouse testes in cEH and COST assays, where

N = 3 pools. No difference exists (p < 0.05) between species that have
the same alphabetical superscript for a given enzymatic activity.
a Significantly different (p < 0.05) from h or ‘. � Significantly different (p

< 0.05) from a or C ( Significantly different (p < 0.05) from a or h, U.h Not

significantly different (p < 0.05) from either � or
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The most marked species difference was seen in testicular cGST

activity. Very low levels of testicular cOST were measured in

human and monkey (less than 2 nmol/min/mg protein) in

contrast with high levels in rat and mouse (101 .6 and 58.6 nmol/

mm/mg protein, respectively).

For comparison, levels of hepatic enzyme activities are de-

picted in fig. 2. Comparisons to humans was not possible since

human liver was unavailable. Hepatic mEH activity was highest

in monkeys and significantly less in rats and mice. In contrast,

hepatic cEH activity was highest in the mouse, followed by

monkey, then rat, with all species showing statistically significant

differences. Hepatic cGST activity was similar in rats and mice
and significantly greater than in monkeys.

Discussion

In the present study, xenobiotic metabolizing enzyme activities

measured were those associated with the two major classes of

isozymes ofthe cytochrome P-450 mixed function monooxygen-

ase system, cytochromes P-450 (phenobarbital-inducible) and

cytochromes P-448 (3-methylcholanthrene-inducible), as well as

those of EH and GST. Previous attempts to measure enzymatic

activities of the cytochromes P-450 and/or P-448 isozymes in

testis revealed low to no detectable amounts of activity using

biphenyl (6), benzo(a)pyrene (2, 6-8), or ethoxycoumarin (8) as
substrates. In the present study, we employed PtR and EtR as

substrates, since the PROD and EROD assays are extremely

sensitive and highly specific for cytochromes P-450 and P-448

isozymes, respectively (24, 26, 27).

No one species studied was a good model for humans in terms

of the testicular xenobiotic metabolism of the substrates investi-

gated (table 2, fig. 1). However, the monkey was the most similar

to the human, with the exception of mEH, which was markedly

lower in the nonhuman primate. Although liver generally pos-
sessed much higher levels of activity than testis, the patterns of

xenobiotic metabolism in testis as compared to liver differed

among species (table 2, figs. I and 2).

The most marked species difference was observed for testicular

COST activity between rodents and primates. In addition, when

COST activity is expressed per testis, rather than per mg protein,

rats have significantly greater activity than do humans (1 292 vs.

520 nmol/min/testis, respectively), despite the rat testis weighing

20-fold less than the human. The significance of these findings
lies in the fact that metabolism oftoxicants via GSH conjugation

could play an important role in governing species susceptibility

to testicular toxicants.

The data presented here on species differences in xenobiotic

metabolism may be useful in explaining species differences in

sensitivity to testicular toxicants. For example, DBCP is a potent

testicular toxicant in humans, monkeys, rats, rabbits, and guinea
pigs, but produced little or no testicular damage in mice and

hamsters (5, 1 3- 1 5). A metabolic basis has been suggested as the

possible mechanism of species sensitivity (4, 5). Although the
ultimate form of the testicular toxicant is unknown, there are
data that indicate that DBCP may be metabolized in vito by

isozymes of cytochrome P-450 to a reactive epoxide that may

undergo epoxide hydrolysis and conjugation to GSH (28, 29).

Although the data presented here on species differences in activ-

ities of xenobiotic metabolizing enzymes in the testis do not

correlate with species sensitivity to DBCP-induced testicular

toxicity, the data do support the contention that differences in

metabolic capacity could play a role in species sensitivity to

DBCP-induced testicular toxicity. Greater potential for hepatic

Hepatic mEH Activity

Monkey Rat Mouse

Hepatic cEH Activity

Monkey Rat Mouse

Hepatic cGST Activity

b

I’_Jb

Rat Mouse

FIG. 2. Species dtfferences in hepatic mEH, cEH, and cGST activity.

Each value represents the mean and SD of N 5 individual animals

or pools of tissue, except rat liver in cEH and COST assays, where N = 4

individual animals. ah..d As for fig, 1 different alphabetical superscripts
indicate significant ( p < 0.05) differences between species for a given

enzymatic activity.

activation, as measured by PROD activity, and lower potential

for hepatic detoxification, as measured by cytosolic hydrolysis of

the epoxide CSO, were seen in the sensitive species. Therefore,
it is possible that the greater capacity for hepatic activation

relative to detoxification may be involved in species sensitivity

to DBCP-induced testicular toxicity.
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Mixed function monooxygenases are frequently involved in

the metabolic activation of xenobiotics. Although reactions in-

volving epoxide hydrolysis and GSH conjugation can in some

instances activate xenobiotics, these reactions generally produce

less reactive metabolites. To date, several monooxygenase en-

zyme activities have been measured in the testis, including bi-

phenyl 4-hydroxylase (6), aryl hydrocarbon hydroxylase (2, 6-

8), ethoxycoumarin O-dealkylase (8), and p-chloromethylaniline

N-demethylase (7). The testicular levels ofenzymatic activity are

very low (pmol/min/mg protein) both in the monooxygenases

previously investigated and those examined in the present study

(PROD and EROD). It is intriguing that testicular levels of

activity of EH and GST, enzymes that usually serve to detoxify

xenobiotics, are much higher, generally at least three orders of

magnitude higher, as substantiated by several authors (2, 8-10,

12). These quantitative differences in xenobiotic metabolizing

enzymes may be a protective mechanism against toxic insult to

the testis.

It should be noted that in the present study, enzyme activities

were measured in subcellular fractions obtained from whole

testis. The testis is composed ofmany cell types. The interstitium

contains Leydig cells, their major function being steroidogenesis.

Spermatogenesis takes place in the seminiferous tubules, which

contain the germ cells at various stages of spermatogenesis, as

well as Sertoli cells. Differential distribution of xenobiotic me-

tabolizing enzyme activities have been shown to exist in the

different testicular cell types. For example, rat spermatogenic

cells possess twice the activity of mEH and GST, but only half

the microsomal aryl hydrocarbon hydroxylase activity and cy-

tochrome P-450 content of interstitial cells (30), and 7, 12-di-

methylbenz(a)anthracene metabolism occurs primarily in Leydig

cells (1). Likewise, in humans, an isozyme of cytochrome P-450

has been shown to exist in Leydig cells, but not seminiferous

tubules, by immunocytochemical examination of whole testis

sections (3 1 ). Therefore, localized areas of high and/or low

enzyme activity in a specific cell population could have a major

influence on the potential toxic insult to the testis.

Although no one species studied here was a good model for

humans in terms of testicular xenobiotic metabolism, we are

gaining further insight as to the capabilities oftestis from various

species to metabolize xenobiotics. These data may be useful in

elucidating mechanisms of action of species-specific testicular

toxicants. Additional biochemical and immunocytochemical

studies are being conducted in rat and mouse to investigate the

effect of inducing agents on the low levels of activity associated

with the cytochromes P-450 and P-448 isozymes and to visualize

the cellular localization of cytochrome P-450 isozymes within

the testis.

Acknowledgments. We wish to thank Mr. Scott Wetzlich for

his technical assistance.

References

1. A. Georgellis and J. Rydstrom: Cell-specific metabolic activation of
7,l2-dimethylbenz[a]anthracene in rat testis. Chem. Biol. Interact.
72, 65-78 (1989).

2. I. P. Lee, K. Suzuki, J. Nagayama, H. Mukhtar, and J. R. Bend:
Hormonal regulation of cytochrome P-450 dependent monooxy-

genase activity and benzopyrene metabolism in rat testes. In
“Extrahepatic Drug Metabolism and Chemical Carcinogenesis”

(J. Rydstrom, J. Montelius, and M. Bengtsson, eds.), pp. 351-362.
Elsevier, New York, 1983.

3. P. M. D. Foster, S. C. Lloyd, and M. S. Prout: Toxicity and

metabolism of l,3-dinitrobenzene in rat testicular cell cultures.

Toxicol. In Vitro 1, 31-37 (1987).

4. R. T. MacFarland, A. J. Gandolfi, and I. G. Sipes: Extra-hepatic

GSH-dependent metabolism of 1,2-dibromoethane (DBE) and
l,2-dibromo-3-chloropropane (DBCP) in rat and mouse. Drug

Chem. Toxicol. 7, 213-227 (1984).

5. M. Lag, E. J. S#{248}derlund, 0. Brunborg, J. E. DahI, J. A. Holme, J.

0. Omichinski, S. D. Nelson, and E. Dybing: Species differences
in testicular necrosis and DNA damage, distribution and metab-

olism of l,2-dibromo-3-chloropropane (DBCP). Toxicology 58,
133-144 (1989).

6. B. G. Lake, R. Hopkins, J. Chakraborty, J. W. Bridges, and D. V.
W. Parke: The influence of some hepatic enzyme inducers and

inhibitors on extrahepatic drug metabolism. Drug Metab. Dispos.
1, 342-349 (1973).

7. W. M. Kiuwe and J. B. Hook: Comparative induction of xenobiotic
metabolism in rodent kidney, testis and liver by commercial
mixtures of polybrominated biphenyls and polychlorinated bi-
phenyls, phenobarbital and 3-methylcholanthrene: absolute and

temporal effects. Toxicology 20, 259-273 (1981).
8. A. Aitio and M. 0. Parkki: Organ specific induction of drug metab-

olizing enzymes by 2,3,7,8-tetrachlorodibenzo-p-dioxin in the rat.
Toxicol. AppI. Pharmacol. 44, 107-1 14 (1978).

9. D. E. Moody, M. H. Silva, and B. D. Hammock: Epoxide hydrolysis
in the cytosol of rat liver, kidney, and testis. Measurement in the

presence of glutathione and the effect of dietary clofibrate.

Biochem. Pharmacol. 35, 2073-2080 (1986).
10. D. N. Loury, D. E. Moody, B. W. Kim, and B. D. Hammock: Effect

of dietary clofibrate on epoxide hydrolase activity in tissues of

mice. Biochem. Pharmacol. 34, 1827-1833 (1985).

1 1. C. Guthenberg, P. AIm, and B. Mannervik: Glutathione transferase

from rat testis. Methods Enzymol. I 13, 507-5 10 (1985).

12. F. Oesch, H. Glatt, and H. Schmassmann: The apparent ubiquity of

epoxide hydratase in rat organs. Biochem. Pharmacol. 26, 603-
607 (1977).

1 3. D. M. Whorton, R. M. Krauss, S. Marshall, and T. H. Milby:

Infertility in male pesticide workers. Lancet 2, 1259-1261 (1977).

14. T. R. Torkelson, S. E. Sadek, V. K. Rowe, J. K. Kodama, H. H.
Anderson, G. S. Loquvam, and C. H. Hine: Toxicologic investi-

gations of l,2-dibromo-3-chloropropane. Toxicol. AppI. Pharma-

col.3, 545-559(1961).

15. E. F. Oakberg and C. C. Cummings: Lack ofeffect of dibromochlo-
ropropane on the mouse testis. Environ. Mutagen. 6, 621-625
(1984).

16. S. S. Gill, K. Ota, and B. D. Hammock: Radiometric assays for

mammalian epoxide hydrolases and glutathione S-transferase.

Anal. Biochem. 131, 273-282 (1983).

1 7. A. M. Benson, Y.-N. Cha, E. Bueding, H. S. Heine, and P. Talalay:
Elevation of extrahepatic glutathione S-transferase and epoxide

hydratase activities by 2(3)-tert-butyl-4-hydroxyanisole. Cancer

Res. 39, 2971-2977 (1979).

18. C. Birgersson, A. Blanck, K. Woodhouse, B. MellstrOm, and C. von

Bahr: Comparative metabolism of debrisoquine, 7-ethoxyresoru-
fin and benzo(a)pyrene in liver microsomes from humans, and
from rats treated with cytochrome P-450 inducers. Acta Pharma-
cot. Toxicol. 57, 1 17- 120 (1985).

19. J. Meijer, G. Lundqvist, and J. W. DePierre: Comparison ofthe sex

and subcellular distributions, catalytic and immunochemical reac-

tivities ofhepatic epoxide hydrolases in seven mammalian species.
Eur. I Biochem. 167, 269-279 (1987).

20. J. Danner-Rabovsky and R. D. Groseclose: Stability of rat lung and

liver microsomal cytochrome P-450 enzyme activities to storage:

purified microsomal fraction, postmitochondrial fraction, and
whole tissue. J. Toxicol. Environ. Health 10, 601-61 1 (1982).

21. L. R. Shull, M. R. Bleavins, B. A. Olson, and R. J. Aulerich:
Polychlorinated biphenyls (Aroclors� 1016 and 1242): effect on

hepatic microsomal mixed function oxidases in mink and ferrets.

Arch. Environ. Contam. Toxicol. 11, 313-321 (1982).



232 DIBIASIO ET AL.

22. M. M. Bradford: A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of pro-

tein-dye binding. Anal. Biochem. 72, 248-254 (1976).
23. D. E. Moody, D. N. Loury, and B. D. Hammock: Epoxide metab-

olism in the liver of mice treated with clofibrate (ethyl-a-(p-
chlorophenoxyisobutyrate)), a peroxisome proliferator. Toxicol.

Appl. Pharmacol. 78, 35 1-362 (1985).
24. R. A. Lubet, R. T. Mayer, J. W. Cameron, R. W. Nims, M. D.

Burke, T. Wolff, and F. P. Guengerich: Dealkylation of pentoxy-
resorufin: a rapid and sensitive assay for measuring induction of

cytochrome(s) P450 by phenobarbital and other xenobiotics in

the rat. Arch. Biochem. Biophys. 238, 43-48 (1985).

25. R. J. PohI and J. R. Fouts: A rapid method for assaying the

metabolism of 7-ethoxyresorufin by microsomal subcellular frac-

tions. Anal. Biochem. 107, 150-155 (1980).
26. C. E. Phillipson, P. M. M. Godden, P. Y. Lum, C. Ioannides, and

D. V. Parke: Determination of cytochrome P-448 activity in

biological tissues. Biochem. I 221, 81-88 (1984).
27. M. D. Burke, S. Thompson, C. R. Elcombe, J. Halpert, T. Haapar-

anta, and R. T. Mayer: Ethoxy-, pentoxy- and benzyloxyphenox-
azones and homologues: a series of substrates to distinguish be-
tween different induced cytochromes P-450. Biochem. Pharmacol.

34, 3337-3345 (1985).
28. A. R. Jones, G. Fakgouri, and P. Gadiel: The metabolism ofthe soil

fumigant l,2-dibromo-3-chloropropane in the rat. Experientia 35,
1432-1434 (1979).

29. Y. Kato, K. Sato, T. Harada, S. Maki, 0. Matano, and S. Goto:

Correlation between macromolecular binding of DBCP-metabo-
lite and pathogenicity of necrosis. J. Pest. Sd. 5, 81-88 (1980).

30. H. Mukhtar, I. P. Lee, 0. L. Foureman, and J. R. Bend: Epoxide

metabolizing enzyme activities in rat testes: postnatal development

and relative activity in interstitial and spermatogenic cell com-
partments. Chem. Biol. Interact. 22, 153-165 (1978).

31. 0. I. Murray, T. S. Barnes, H. F. Sewell, S. W. B. Ewen, W. T.

Melvin, and M. D. Burke: The immunocytochemical localisation

and distribution of cytochrome P-450 in normal human hepatic
and extrahepatic tissues with a monoclonal antibody to human

cytochrome P-450. Br. .1. Clin. Pharmacol. 25, 465-475 (1988).




