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ABSTRACT

Dehydroepiandrosterone (DHEA) given to rodents in pharmacological
doses induces several hepatic enzymes including cytochromes P4504A,
NADPH:P450 oxidoreductase, palmitoyl coenzyme A oxidase, and other
enzymes associated with the peroxisomal fl-oxidation pathway, leading to
peroxisome proliferation and development of hepatocellular carcinoma in
rodents. Comparison of the inductive potency of DHEA and other inter

mediates of the steroid biosynthetic path demonstrated that only DHEA,
5-ene-androstene-3@,i7@J-diol(ADIOL), and to a lesser extent, i7a-hy
droxypregnenolone, a precursor of DHEA, induce cytochromes P4504A
protein and other enzymes associated with the peroxisome proliferative

response in vivo. ADIOL exerted its inductive response at a somewhat
lower dosage than DHEA, whereas ADIOL and DHEA both induced the
microsomal enzymes (P4504A and Its oxidoreductase) at somewhat lower
dosages than those required to induce peroxisomal enzymes.

Northern analysis demonstrated increases in the mRNAs encoding the
cytochromes P4504A (>20-fold) and NADPH:P450 oxidoreductase (>10-
fold) in the livers of DHEA- and ADJOL-treated rats. Run-on transcrip
tion analysis demonstrated that DHEA induces CYP4A gene expression
li-fold at the level of transcription initiation. Comparison of the respon
siveness ofindividual rat CYP4A genes (4A1, 4A2, and 4A3) to DHEA and
ADIOL in immature versus mature male rats revealed 2-3-fold higher
levels of induced CYP4AJ and 4A3 mRNAs in immature rat livers. In
contrast, hepatic CYP4A2 mRNA was induced to 6â€”10-fold higher levels
in mature rats. No basal or significant inducible expression of mRNA for
CYP4AI and 4A3 was noted in rat kidney. Significant basal levels of
kidney CYP4A2 mRNA were observed only in mature animals, where they

were inducible by ADIOL and DHEA to a 3â€”5-foldgreater extent than in
the kidneys of immature rats. These studies demonstrate developmental
differences in the responsiveness of CYP4A mRNA levels to DHEA and

ADIOL in rat kidney and liver. Moreover, the striking inducibility of
CYP4A protein and mRNAs, together with the increased rates of synthesis
of nascent CYP4A mRNA transcripts in hepatic nuclei from DHEA
treated rats, establish that DHEA increases the expression of these micro
somal enzymes at the transcriptional level.

INTRODUCTION

DHEA4 is a C19 steroid synthesized in the adrenal cortex of humans
and serves as a precursor for the production of testosterone and
estradiol-17@3 (1). DHEA, which circulates principally as its 3@3-

sulfate conjugate in vivo, possesses weak activity as an androgen.
Both DHEA and ADIOL sulfates serve as important circulating an
drogen precursors in humans. In the early 1970s, Bulbrook et aL (2)
observed that low circulating levels of DHEA in blood apparently
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correlated with the increased incidence of breast cancer in older
women. Subsequent epidemiological studies have not supported this
hypothesis (3). As a result of Bulbrook's hypothesis, however, several
groups investigated the unique action of pharmacological dosages of
DHEA on various pathophysiological states in rodent models, includ
ing inhibition of spontaneous breast cancer or chemically induced
cancer in colon, lung, and skin (4â€”7),the marked reduction in weight
gain without appetite suppression in animals with genetic disposition
toward obesity (8, 9), and the amelioration of diabetes (10), lupus
(1 1), and hemolytic anemia (12). DHEA is also an inhibitor of glucose
6-phosphate dehydrogenase activity in vitro (13) and appears to serve
as an inhibitor of cell growth and proliferation in vivo (14, 15). DHEA
administration does not affect cytosolic levels of NADPH in liver
cells in vivo but does decrease the levels of ribulose 5-phosphate by at
least 50%. Feeding of DHEA can also inhibit the formation of
preneoplastic foci after treatment of animals with N,N-diethylnitro
samine and 2-acetylaminofluorene (15). This inhibitory effect of
DHEA is reversed by i.p. injection of ribonucleosides, leading to
renewed development of foci. DHEA may therefore protect against
chemical carcinogenesis, in part by decreasing the levels of ribonucle
otides, thereby preventing promotional events and subsequent prolif
eration in carcinogenesis. However, the level of DHEA (>10 @.tM)
required to inhibit cell growth and glucose 6-phosphate dehydroge
nase in culture (14) are possibly higher than the levels of DHEA or
ADIOL (2â€”5 @.LM)attained in the livers of rodents fed the 0.45%
dietary DHEA used in those studies.5

Some of the effects of DHEA feeding on obesity have been sug
gested to relate to its ability to serve as a peroxisome proliferator
when administered at pharmacological doses (16). Peroxisome pro
liferation by exogenous chemicals is characterized by an increase in
volume and number of hepatic peroxisomes and their associated
enzymes (17). Several microsomal and mitochondrial enzymes are
also increased by these agents, especially the hemoproteins of the
cytochrome P4504A subfamily (18). Wu et a!. (19) demonstrated that
feeding of DHEA results in induction of hepatic levels of microsomal
cytochrome P4504A and its flavoprotein reductase, as well as the
peroxisomal enzymes, catalase and fatty acyl coenzyme A oxidase.
Since DHEA is only effective as an inducer of P4504As at pharma
cological dosages, we sought to establish whether other intermediates
of the steroid biosynthetic pathway might serve as more potent endog
enous regulators of peroxisome proliferation. In the present study, we
demonstrate that of the natural steroids tested, only DHEA and its
reduced metabolite, 5-ene-androstene-3@3,17f3-diol, increase expres
sion of three CYP4A genes (20, 21), the NADPH:cytochrome P450-
oxidoreductase gene (19), and palmitoyl CoA oxidase activity (22) in
the livers of rats. The underlying mechanism of this inductive re
sponse is shown to be, at least in part, at the level of gene transcrip
tion, as indicated by the increased transcription activation of the
CYP4A genes in livers of DHEA-treated rats.

5 P. C. MacDonald, R. A. Prough, and L. C. Casey, unpublished results.
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protein (29) were kindly provided by R. T. Okita, College of Pharmacy,
Washington State University, Pullman, WA.

Northern Analysis of poly(A)@Enriched and Total RNA. Total hepatic
RNA was isolated by a modification of the method of Chomczynski and Sacchi
and Waxman (30, 31). The RNA was stored in ethanol at â€”20Â°C.Poly(A)@
mRNA was isolated using the Promega PolyATract mRNA Isolation Sys
tem III (Madison, WI). Total RNA or poly(A)@ mRNA was separated
electrophoretically using a 1% agarose gel containing 17.8% formaldehyde.
The mRNA was transferred to either Gene Screen membranes (NEN
Research Products, Boston, MA) or Zeta probe nytran membranes (Bio
Rad, Hercules, CA) by capillary transfer. The RNA was immobilized by
UV irradiation for 10â€”15mm. The Northern analyses of mRNA from
immature and mature rat kidney and liver were performed simultaneously
to compare directly the basal and induced expression of mRNAs. Hybrid
ization by exposure to 32P-labeled cDNA probes was carried out overnight
at 43Â°Cin 50% formamide, and 0.25 M sodium phosphate buffer (pH 7.2)
containing 0.25 M NaC1, 7% sodium dodecyl sulfate, 10% (w/v) polyeth
ylene glycol 8000, and 4 mM EDTA. The filters were washed at a level of
stringency which resulted in unique hybridization signals on a Northern
blot. The filters were exposed to Kodak X-Omat AR film in the presence
of an intensifying screen, and the hybridization of mRNA to specific
cDNAs was measured with a Bio-Rad model 620 videodensitometer.

Specific cDNA probes used in the hybridizations were plasmids containing
NADPH:cytochrome P450 oxidoreductase cDNA (plasmid pOR7 generously
provided by C. Kasper, McArdle Institute, University of Wisconsin; Ref. 32),
rabbit lung P4504A6 cDNA (plasmid pBSSM265 generously provided by Eric
Johnson, Scripps Institute and Clinic; Ref. 33), and rat liver P4504A1 cDNA
(plasmid pRCYP4A1 generously provided by James Hardwick, Northeastern
Ohio University College of Medicine, Ref. 34). As a control, rat glyceralde
hyde 3-phosphate dehydrogenase mRNA levels were measured using the
cDNA containing plasmid pucN5GAPDH-13 generously donated by J. M.
Blanchard, Laboratoire de Biologic Moleculaire, University des Sciences et
Techniques du Languedoc, Montpellier Cedex, France (35). Glutathione S
transferase Ya mRNA was measured using a PstI/BglII cDNA fragment of the

plasmid pGTB38 (generously provided by C. B. Pickett, Merck Frosst Canada,
Montreal, Canada; Ref. 36). These nucleic acid probes were labeled with
[32PJdCTP using the random primer labeling procedure. Gene-specific oligo
nucleotide probes for rat P4504A1 (probe ON-29), 4A2 (probe ON-30), 4A3
(probe ON-31), and a-tubulin (probe ON-50) mRNAs were prepared by
oligonucleotide synthesis, 32P end-labeled, and hybridized as described by
Sundseth and Waxman (37).

Nuclear Run-on Transcription Assays. Liver nuclei were isolated from
male Sprague-Dawley rats (90â€”100g) by the method of Lee et aL (38) 24 h
after the second daily i.p. injection with either vehicle, DHEA, or clofibrate (80
mg/kg body weight). Nuclei prepared from 16 g of liver (4 g each from 4 rats)
were resuspended in storage buffer [50 miiiTris buffer (pH 8.0) containing 0.5
mM MgCl2, 0.1 mM EDTA, 0.5 mM dithiothreitol, and 40% glycerol] to give
a concentration of approximately 1 X l0@nuclei per ml. The nuclei were stored
at â€”80Â°Cfor less than 2 weeks prior to assay. Run-on transcription assays
were performed as described (39) using 0.25 ml of nuclei. The newly
synthesized mRNA (equal amounts of radioactivity for each set of tran
scripts; 3â€”5X 106 dpm) was hybridized for 42 h at 65Â°C to plasmids
containing cDNA inserts for GAPDH (pucN5GAPDH.13; Ref. 35) or
P4504A (pRCYP4A1; Ref. 34) cDNA that had been linearized, heat
denatured, and applied to S&S BA85 nitrocellulose filters. Plasmid pB
SKS DNA was used as a negative control (Promega, Madison, WI). The
filters were then exposed to Kodak X-Omat AR film in the presence of an
intensifying screen, and the mRNA hybridization signals were quantitated
using a Bio-Rad model 620 videodensitometer.

RESULTS

Induction of Hepatic Microsomal NADPH:Cytochrome P450
Oxidoreductase, Peroxisomal Catalase, and Palmitoyl CoA Oxi
dase Activities by DHEA and Related Steroids. In order to assess
the ability of steroids related to DFIEA(Fig. 1) to serve as peroxisome
proliferators, rats were treated i.p. with pharmacological dosages of

various intermediates of the steroid biosynthetic pathway (four daily
2879

MATERIALS AND METHODS

Chemicals. 4-Androstene-3,17-dione, 5-androstene-3f3,17f3-diol,dehydro
epiandrosterone, estradiol-17@3, 17a-hydroxypregnenolone, phenobarbital, and
testosterone were purchased from the Sigma Chemical Co. (St. Louis, MO).
5-Androstene-3,17-dione was purchased from Steraloids, Inc. (Wilton,

NH). Ciprofibric acid was a gift from Sterling-Winthrop Research Institute

(Rensselaer, NY). Laboratory chow (AIN-76A) was obtained from ICN
Biomedicals, Inc. (Cleveland, OH); a separate portion of this chow was
prepared containing 0.45% (w/w) dehydroepiandrosterone. The reagents
for randomprimerlabelingof plasmidDNAwas obtainedfrom Boehringer
Mannheim Corporation (Indianapolis, IN). T4 polynucleotide kinase was
obtained from Promega (Madison, WI), and the reagents used for mRNA
isolation, measurement of mRNA levels, and nuclear run-on transcription
assays were all molecular biology grade. Nitrocellulose and Zeta-Probe
blotting membranes were obtained from Bio-Rad Laboratories (Hercules,
CA). RadiolabelednucleotidetriphosphateswerepurchasedfromDuPont
NEN Research Products (Boston, MA), and 1@I-protein A was purchased
from ICN Biomedicals, Inc., Radiochemicals Division (Irvine, CA). En
hanced chemoluminescence Western blotting detection reagents were ob
tamed from Amersham Corp. (Arlington Heights, IL). All other reagents
were obtained in high purity from commercial sources.

Animals and Method ofTreatment. Male Sprague-Dawley rats (75-80 g

or 175â€”190g) were obtained from the Harlan Co. (Indianapolis, IN) and were
maintained on water and AIN-76A chow ad libitum until their body weight
was approximately 90â€”100and 190â€”200g, respectively (19). The animals
were then separated into their respective treatment groups. The DHEA-treated
animals were either fed AIN-76A diet containing 0.45% DHEA for 7 days or
were injectedLp.daily with DHEA in cornoil for 4 days while on the normal
AIN-76A diet. ADIOL and other steroids in corn oil were administered by i.p.
injection daily for 4 consecutive days at a dosage of 80â€”100mg/kg body
weight unless otherwise indicated. To induce cytochmme P4504A protein in
rat liver, di(2-ethylhexyl)phthalate (2% in diet) was fed to the rats for 14 days,
and ciprofibric acid was administered i.p. at 80 mg/kg body weight daily for 4
days. Untreated animals were either fed AIN-76A diet alone or injected i.p.
with corn oil alone while on the AIN-76A diet.

Rats were anesthetized with CO2 and killed by decapitation 24 h after the

fourth daily i.p. injection or after feeding for 7 days. Tissues were removed
immediately, and liver peroxisomal (5,000 X g supematants) and microsomal
fractions were prepared as described by Lazarow (22) and Remmer et aL (23),
respectively. Tissues for isolation of mRNA were stored at â€”80Â°Cafter rapid
freezing in liquid N2. Subcellular fractions prepared in 0.25 M sucrose con
taming o.i M pota@is@mphosphate buffer (pH 7.4) and 50 @.&Mphenylmethyl

sulfonyl fluoride were frozen at â€”80Â°C.Protein concentration was determined
relative to bovine serum albumin by the method of Smith et a!. (24).

Assay of Enzyme Activity. Microsomal NADPH:cytochrome c oxi

doreductase activity was determined as described by Yasukochi and Masters

(25). Catalase activity was determined by measuring the evolution of molec

ular oxygen using 0.75 mM H2O2 with a Clark oxygen electrode (19, 26) and
palmitoyl coenzyme A oxidase activity was measured spectrophotometrically
(22). The NADPH:cytochrome c oxidoreductase and palmitoyl coenzyme A

oxidase enzyme activities of the protein fractions used in this study were stable
when stored at â€”80Â°Cfor at least 1 month. Glutathione S-transferase activity
toward 5-androsten-3,17-dione as substrate (27) was measured in hepatic
cytosol prepared from rats treated with DHEA or ADIOL; no significant
differences in either cytosolic activity between control and steroid-treated rats
were noted (data not shown).

Western Immunoblot Analysis. Western immunoblot analysis was per
formed as described by Towbin et a!. (28) using @â€˜I-proteinA (ICN
Biomedicals,Inc., Cleveland,OH). Microsomalproteins (20â€”50@gpro
tein) were resolved by sodium dodecyl sulfate-polyacrylamide gel electro
phoresis (10% or 15% polyacrylamide) and were transferred electrophoreti
cally onto nitrocellulose sheets using a wet transfer system as described
previously (19). 1@I-Protein A was used to detect immune complexes.
Alternatively, a chemiluminescent method was used in some experiments
to detect the immune complexes (Amersham Corp., Arlington Heights, IL).
Liver microsomal fractions from di(2-ethylhexyl)phthalate-treated rats and
a polyclonal antibody against a purified rat hepatic cytochrome P4504A1
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Fig. 1. Biosynthetic pathway for steroid hormones. The reactions shown are catalyzed by (1) cytochrome P4505CC (side chain cleavage); (2) 3f3-steroldehydrogenase/isomerase;

(3) cytochrome P450 17a-hydroxylase; (4) cytochrome P450 17/20 lyase (2C side chain cleavage); and (5) 17g3-sterol dehydrogenase/isomerase.

i.p. injections in corn oil at 100 mg/kg body weight), and the activity
of several liver microsomal and peroxisomal enzymes typically in
duced by clofibric acid and other peroxisome proliferators was mea
sured. The steroids chosen for study were those which are either
converted to DHEA or are formed from DHEA in the human steroid
biosynthetic pathway leading to testosterone and estradiol-17@3. The
compounds studied were DHEA, 4- and 5-androstene-3,17-dione,
ADIOL, 17a-hydroxypregnenolone, testosterone, and estradiol
17f3. Of the steroids tested (Fig. 2), only DHEA and ADIOL
increased hepatic NADPH:cytochrome c (P450) oxidoreductase
activity (1.7â€”2.0-fold). This level of induction of the microsomal
oxidoreductase is similar to that seen in rats treated with either
phenobarbital or the peroxisome proliferator, ciprofibric acid (17).
5-Androsten-3,17-dione, the intermediate between DHEA and
4-androstene-3,17-dione, was also tested but did not serve as an

inducing agent for the oxidoreductase (data not shown). This
steroid is chemically unstable and yields 4-androstene-3,17-dione
at appreciable rates of conversion in aqueous solutions. Only
administration of DHEA and ADIOL caused significant changes in
liver:body weight ratios in rats (data not shown).

The effects of these steroids on hepatic peroxisomal catalase activ
ity were more varied with DHEA, ADIOL, and estradiol-17@3causing
a 1.9â€”2.1-fold increase in activity, whereas 4-ene-androsten-3,17-
dione, 17a-hydroxypregnenolone, and testosterone had little or no
effect (Fig. 2). In contrast, DHEA and ADIOL, and to a lesser extent,
17a-hydroxypregnenolone, significantly increased hepatic peroxiso
mal palmitoyl coenzyme A oxidase activity (12â€”16-foldincrease
relative to corn oil) as seen in Fig. 2. By contrast, 4-androstene-3,17-
dione, testosterone, estradiol (Fig. 2), and 5-androstene-3,17-dione

(data not shown) were inactive as inducing agents for peroxisomal
oxidase activity. Except for the effect of estradiol-17@3on catalase
activity, DHEA and ADIOL, and to a lesser extent the DHEA pre

@Ht UH

2.20 19

1@ 16
C@ -

.2 : 13
â€”
0

:@1.60 10
@D

;@1.30@
1.00 - - _______ â€”. . _________ . @â€”1

I7OHP DHEA DIONE ADIOL T EDIOL

@:JReductase@:::@CatalaseE1 Oxidase
Fig. 2. Induction of hepatic microsomal and peroxisomal enzymes by various steroid

intermediates. Steroids were administered to 80â€”100g male rats in corn oil i.p. at a dosage
of 100 mg/kg body weight daily for 4 days, and liver microsomal protein fractions from
the pooled livers of three rats were prepared for enzyme assay as described in â€œMaterials
and Methods.â€•Bars, fold-induction of specific enzyme activities for NADPH:cytochrome
c (P450) oxidoreductase (hatche4 left ordinate); catalase (stipple4 left ordinate); and
KCN-insensitive palmitoyl coenzyme A oxidase (clear, right ordinate). SDs were less
than 10% of the mean values in all cases. The steroid pretreatment regimens were:
J7OHP, 17a-hydroxypregnenolone; DHEA, dehydroepiandrosterone; DIONE, 4-ene-an
drostene-3,17-dione; ADIOL, 5-ene-androsten-3@,17@-diol;T, testosterone; and EDJOL,
estradiol-17@3.
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linked in a causal relationship with the induction of the peroxisomal
enzymes (40).

Effect of Various Inducers on Cytochrome P4504A Protein
Content in Rat Hepatic Microsomes. The effect of DHEA and other
steroids on the induction of hepatic microsomal cytochromes P4504A
was determined using immunoanalysis (Western blot) with a poly
clonal antibody which does not discriminate between individual mem
bers of the rat cytochrome P4504A family (29). Fig. 5 shows that
DHEAandADIOLsignificantlyincreasedthelevelsofP4504A
proteins in liver, whereas the other steroids were less effective induc

ers. This agrees with our previous results demonstrating that the
increase of P4504A protein species correlates with a 17-fold induction
of laurate w-hydroxylase activity (19). At least three induced hepatic
protein species of the P4504A subfamily were observed; a finding that
is consistent with earlier studies at the protein and mRNA level in
clofibric acid-treated rats (20, 21, 34, 37). Densitometric scanning of
these immunoblots indicated a >20-fold increase in hepatic P4504A
protein in liver microsomes of DHEA- and ADIOL-treated rats.
17a-Hydroxypregnenolone, the immediate precursor of DHEA,
caused a small but significant level of induction of P4504A proteins
(Fig. 5). As seen on a 10% gel (Fig. 5, far right), ciprofibrate also
significantly induced P4504A protein species as previously demon

strated by others (20, 29, 34). These results correlate well with the
relative effectiveness of the different steroids to induce microso
mal NADPH:cytochrome P450 oxidoreductase and peroxisomal
catalase and palmitoyl coenzyme A oxidase activities (Fig. 2).
There was another immunoreactive protein observed which mi
grated faster than CYP4A at a position expected for a protein of M1
â€”34,000 (see bottom of gel).

1.80

1.60

1.40

I@

0 30 60 90 120 150 180

Dosage (mg/kg x 4d)
Fig. 3. Dose-response of hepatic microsomal and peroxisomal enzyme activities to

DHEA and ADIOL administration. DHEA or ADIOL were administered to 80â€”I00-g
male rats in corn oil by i.p. injection at the dosages shown daily for 4 days and liver
microsomal or peroxisomal protein fractions prepared for enzyme assay as described in
â€œMaterialsand Methods.â€•Points mean for three different preparations of each protein
fraction (n = 3 rats per preparation); bars, SD. A, NADPH:cytochrome P450 (c)
oxidoreductase activity; B, KCN-sensitive palmitoyl coenzyme A oxidase activity. @,
ADIOL 0, DHEA. @,ADIOL-induced activity statistically different (P 0.05) from
DHEA-induced activity at the dosage tested.

cursor, 17a-hydroxypregnenolone, induced all three activities in par
allel (Fig. 2). These results suggest that DHEA, ADIOL, and/or a
common metabolite serve as peroxisome proliferators at pharmaco
logical doses in vivo. The small but significant increase in these
microsomal and peroxisomal enzyme activities in rats treated with
17a-hydroxypregnenolone is presumably due to conversion of this
intermediate to DHEA or its 17@3-reducedproduct, ADIOL.

Dose-Response for Induction of Microsomal and Peroxisomal
Enzymes by DHEA and ADIOL Since there is a product-precursor
relationship between DHEA and ADIOL, we used graded dosages of
ADIOL and DHEA in an attempt to define the dose-response of
hepatic peroxisome proliferation by these two compounds in vivo. Fig.
3A shows the dose-response for induction of hepatic microsomal
NADPH:cytochrome P450 oxidoreductase activity. The level of max
imal induction was somewhat higher for ADIOL, and ADIOL dis
played a slightly lower ED50 (18 mg/kg body weight) value relative to
DHEA (30 mg/kg body weight) to attain maximal induction. ADIOL
likewise effected a higher maximal level of induction and exhibited a
lower ED50 value for induction of peroxisomal palmitoyl coenzyme A
oxidase activity as compared to DHEA (20 versus 36 mg/kg body
weight; Fig. 3B).

When normalized dose-response relationships were compared be
tween the hepatic microsomal and peroxisomal enzymes, NADPH:

cytochrome c (P450) oxidoreductase activity demonstrated a lower
ED50value relative to catalase and palmitoyl coenzyme A oxidase for
both DHEA (Fig. 4A) and ADIOL (Fig. 4B). These results suggest
that there may be differences in the mechanism of induction for the
enzymes of the microsomal compartment relative to the peroxisomal
compartment (17) or that induction of microsomal enzymes may be

I .20
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0 1.20
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Dosage (mg/kg x 4d)
Fig. 4. Comparison of the dose-response relationships for induction of hepatic micro

somal and peroxisomal enzymes by ADIOL and DHEA. DHEA (A) and ADIOL (B) were
administered to 80â€”100-gmale rats in corn oil by i.p. injection at the dosages shown daily
for 4 days, and liver microsomal and peroxisomal protein fractions were prepared for
enzyme assay as described in â€œMaterialsand Methods.â€•The induced enzyme activities
from three preparations (n = 3 rats per preparation) were normalized from 0 (basal) to 1.0
(maximal induction) and plotted as a function of dose. The enzyme activities compared are
NADPH:cytochrome P450 (c) oxidoreductase (â€¢);KCN-sensitive palmitoyl CoA oxidase
(0); and catalase (A). A, DHEA; B, ADIOL. , microsomal enzyme activity (relative
induction) statistically different (P@ 0.05) from peroxisomal enzyme activity at the
dosage tested.
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When the microsomal proteins were resolved on a 15% gel (Fig.
6@t), a protein band with slightly faster mobility than the major
induced P4504A protein species was detected in liver microsomes
isolated from untreated rats. This cross-reactive protein was induced
approximately 1.5- to 2.0-fold by the barbiturate phenobarbital but
was decreased in content upon treatment with DHEA or ADIOL.
Immunoblot analysis of liver microsomal protein from immature
(80â€”100g) and mature male rats (180â€”200g) treated with DHEA and
ADIOL(Fig. 6B) revealed no significant age-dependent differences in
the content of induced hepatic P4504A proteins. Two-fold higher
levels of a constitutive immunoreactive protein were seen in the
mature rats.

Tissue-specific Induction of P4504A and NADPH-Cytochrome
P450 Reductase by DHEA and ADIOL Because P4504A proteins
are expressed in a tissue- (20, 21) and sex-dependent manner (37) and

@n O@@>>-lm C)
@ O@@DD D

2@ 3
)â€˜@ zr r@

0 m
I-

Fig. 5. Induction of hepatic microsomal cytochrome P4504A protein content by
varioussteroidintermediates.Malerats(80-100g)weregiventhesteroidsincomoil @p.
at a dosage of 100 mg/kg body weight daily for 4 days, and liver microsomal protein
fractions were prepared for Western blot analysis on 10% polyacrylamide gels containing
sodium dodecyl sulfate as described in â€œMaterialsand Methods.â€•The steroid pretreatment
regimens were: CONTROL, corn oil; CIPRO, ciprofibrate; 170H-P, 17a-hydroxypreg
nenolone; DHEA, dehydroepiandrosterone; ADIONE, 4-ene-androstene-3,17-dione;
ADIOL, 5-ene-androsten-3@,17@-diol; T, testosterone; and EDIOL, estradiol-17@. Au
thenticP4504Astandardsand hepaticmicrosomesfromciprofibrate-treatedrats were
separated on the 10% gels (far left lane andfar right lane, respectively).

Fig. 8. Northern analysis of poly(A)@ enriched mRNA from livers of DHEA- or
ADIOL-treated rats. Male rats (80-100 g) were given DHEA or ADIOL in corn oil ip.
at a dosage of 80 mg/kg body weight daily for 4 days, and mRNA was isolated from the
pooledlivers(n = 3 rats per group)as describedin â€œMaterialsand Methods.â€•Total
poly(A)@enrichedmRNAwas separatedelectrophoreticailyusing a 1% agarosegel
containing 17.8% formamide, transferred to Gene Screen membranes, and hybridized by
exposure to 32P-labeled cDNA probes for NADPH:cytochrome P450 oxidoreductase,
rabbit kidney 4A5, or glutathione S-transferase Yal subunit. The filters were exposed to
KOdakX-Omat AR film in the presence of an intensifying screen. Lane 1, mRNA from
rats treated with corn oil; Lane 2, mRNA from rats treated with DHEA Lane 3, mRNA
from rats treated with ADIOL The same blots for NADPH:cytochrome P450 oxidoreduc
tsar (A) and cytochrome P4504A (B) mRNA were stripped and probed for GSH
transferase Ya subunit mRNA (C and D) as shown below the respective blot for the
oxidoreductase or hemoprotein. The analysis of freshly isolated poly(A)@mRNA was
performed three times with the same result.

Fig. 7. Tissue-specific induction of cytochrome P4504A protein content in hepatic
microsomal protein fractions from rats treated with DREA or ADIOL Male rats (80-
100 g) were given the steroids in corn oil @p.at a dosage of 80 mg/kg body weight daily
for 4 days, and microsomal protein fractions were prepared from liver, lung, and kidney
of the same groups of animals (n = 3 rats) for Western blot analysis on 10% polyacryl
amidegels containingsodiumdodecylsulfateas describedin Fig. 5. Contro4protein
fractions from corn oil treated rats; DEHP, protein fractions from di(2-cthylhexyl)phtha
late-treated rats; DHEA, protein fractions from DHEA-treated rats; and ADIOL, protein
fractions from ADIOL-treated rats. The exposure time for liver protein (20 gig) was 4-5
daysandfor kidneyandlungprotein(50 @&g)was 14days.

A. P450 Reductase B. P4504A

0â€”â€˜N

1.4 7@ 7.3 â€¢.@ 1.5 7.1

123 123

can be induced by certain chemicals and pathophysiological condi

tions (17, 19), we sought to determine whether DHEA and ADIOL
increased the content of cytochromes P4504A protein in other tissues
such as kidney and lung of immature rats. As seen in Fig. 7, DHEA
effected only a modest induction of P4504A protein in kidney,
whereas ADIOL was without effect. However, in rat lung micro
somes, DFIEA apparently did not increase the levels of P4504A
immunoreactive protein, but ADIOL caused a measurable increase.
The levels of P4504A immunoreactive protein in kidney and lung
were only on the order of 5â€”10%of that seen in liver, as indicated by
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Fig. 6. Western analysis of hepatic cytochromes P4504A protein in microsomes from

immature and mature male Sprague-Dawley rats. Immature (80â€”100g) and mature
(180-200 g) male rats were given DHEA and ADIOL in corn oil or phenobarbital in
saline i.p. at a dosage of 80 mg/kg body weight daily for 4 days, and liver microsomal
protein fractions were prepared from each treatment group (n = 3 rats) for Western blot
analysis on 15 or 7.5% polyacrylamide gels containing sodium dodecyl sulfate as
described in â€œMaterialsand Methods.â€•The immune complexes were incubated using the
enhanced chemoluminescence Western blotting method (Amersham Corp., Arlington
Heights, IL) and visualized by autoradiography with X-ray film. A, 15% gel of liver
microsomes from immature rats treated with phenobathital, DHEA, or ADIOL B, 7.5%
gel of livermicrosomesfromimmatureand maturerats treatedwithcornoil (control),
DHEA, or ADIOL The numbers shown are relative absorbance units of the respective
protein bands determined by densitometry.
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AGE- AND TISSUE-sPECIFIC INDUCtiON BY DIIEA

Studies from one of our laboratories have shown that the basal
expression and the inducibility of P4504A genes expressed in liver are
sex dependent and subject to hormonal control (37). Since other
sex-specific P450s exhibit postnatal development-dependent patterns
of gene expression, we compared the inducibility of CYP4A mRNAs
in immature and mature rats. Immature male rats (80â€”100g; approx
imately 4 weeks of age) and mature male rats (180â€”200g; approxi
mately 7 weeks of age) were treated with DHEA or ADIOL in corn oil
(80 mg/kg body weight) daily for 4 days or with an equivalent amount
of corn oil. Four-week-old male rats were chosen because rats at this
age are prepubertal and developmental changes in CYP2C1 1 expres
sion begin to occur by approximately 5 weeks of age (41). Northern
blot analysis (Fig. 9) demonstrated the DHEA- and ADIOL-inducible
expression of mRNA specific for CYP4AJ, 4A2, and 4A3 in immature
and mature male rat liver. Reprobing these Northern blots for tubulin
mRNA (37) followed by densitometric analysis gave the normalized
data shown in Table 1. As seen in Fig. 9, there were low levels of
basal expression of mRNA specific for CYP4AJ in livers of both
immature and mature rats. The levels were highly induced by treat
ment with DHEA and ADIOL in both immature (â€”70-fold increase)
and mature (â€”25-foldincrease) rat liver, resulting in approximately
2-fold higher levels of liver CYP4AJ mRNA in immature rats (Table
1). Basal levels of CYP4A1 mRNA expression could not be detected
in kidney, and there was no detectable increase in CYP4AI-specific
mRNA in kidney after treatment with ADIOL or DHEA (data not
shown). CYP4A3-specific mRNA was also significantly induced
(-.-15â€”20-fold)byDHEAandADIOL(Fig.9;Table1).Asin thecase
of CYP4AJ, the induced CYP4A3 mRNA levels were 2-fold higher
in the immature rat as compared to mature rats. Basal mRNA expres
sion was not significantly different between immature and mature rats
for either P4504A1 or 4A3 (Fig. 9; Table 1).

CYP4A2 is known to be constitutively expressed in rat kidney in a

CVP4A1

CVP4A3

ABCD ABCD ABC ABCD ABCD ABCD

Control DHEA ADIOL Control DHEA ADIOL
Fig. 9. Northern analysis of total mRNA from livers of DHEA- or ADIOL-treated

immature and mature male rats. Immature (80-100 g) and mature (180-200 g) male rats
were given DHEA or ADIOL in corn oil i.p. at a dosage of 80 mg/kg body weight daily
for 4 days, and total mRNA was isolated from the individual kidneys of 3 or 4 rats (A, B,
C, and D) as described in â€œMaterialsand Methods.â€•Total mRNA was separated electro
phoretically using 1% agarose gels, transferred to Gene-Screen nylon membranes, and
hybridizedbyexposureto32P-labeledoligonucleotideprobesspecificforP4504A1,4A2,
and 4A3. The filters were exposed to Kodak X-Omat AR film in the presence of an
intensifying screen.

Table I Effect of DHEA and ADIOL on induction of mRNAspecific for the
cytochrome CYP4A gene subfamily in liver and kidney of

immature and mature male rats

a Immature rats (80â€”100 g) and mature rats (180â€”200 g) were treated with DHEA or

ADIOL at 80 mg/kg body weight for 4 days prior to sacrifice.
b Data presented in arbitrary optical density units normalized to tubulin mRNA levels.

The results shown are the average densities of 4 samples Â±S.D.
CStatistically different from mRNA from control rats (j < 0.05).
d Statistically different from mRNA immature rats (p < 0.05).

e No hybridization signals were noted for CYP4AJ mRNA from kidneys of untreated

or treated rats. Although no hybridization complexes were noted for renal CYP4A3 in
untreated rats, extremely low but variable amounts were noted for kidneys of DHEA and
ADIOL treated rats.

2883

IMMATURE MALES MATURE MALES

UI,',. .4,.@
CYP4A2 . . . Oiu,

TUBULIN

Iâ€”,.

the significantly longer exposure times and higher amounts of protein
that were required for detection of the protein immunocomplexes (see
legend to Fig. 7). There was no apparent induction of NADPH:
cytochrome P450 oxidoreductase in kidney and lung microsomes
(data not shown). These results suggest that, although small in mag
mtude, there may be important differences in the actions of DHEA
and ADIOL in induction of P4504A immunoreactive proteins in the
extrahepatic tissues, kidney, and lung.

Changes in mRNA Levels Caused by Treatment with DHEA or
ADIOL In order to establish the mechanism by which DHEA and
ADIOL increases the content of NADPH:cytochrome c (P450) oxido
reductase and P4504A protein in liver microsomes, we measured the
levels of specific mRNAs [total and poly(A)@ enriched] in livers of
rats injected i.p. with either DHEA or ADIOL at a dosage of 80 mg/kg
body weight. When the partial cDNA probe pOR7 (32) was used to
measure NADPH:cytochrome P450 oxidoreductase mRNA levels, we
observed a >10-fold increase in this message in the poly(A)@ enriched
mRNA fraction from livers of DHEA- or ADIOL-treated rats (Fig.
8e1). The levels ofcytochrome P4504A mRNA were determined using
a partial cDNA probe for the rabbit lung prostaglandin w-hydroxylase
(P4504A6) which has a high sequence similarity (>90%) with known
rabbit and rat P4504A genes (pBSSM265; Ref. 33). As seen in Fig.
88, treatment of animals with DHEA or ADIOL resulted in a large
increase (20â€”30 fold) in mRNA specific for this CYP4A probe in poly

(A)@ enriched mRNA; we could not detect appreciable levels of
po1y(A)@ enriched CYP4A or oxidoreductase message in livers of
untreated rats. Parallel analysis of glutathione S-transferase Ya mRNA
(36) levels in these same liver samples (Fig. 8, C and D) showed less

than a 2-fold change in this specific mRNA in response to DHEA and
ADIOL treatment. The enzyme activity toward 5-androstene-3,17-
dione associated with this gene product (27) did not significantly
differ in the hepatic cytosols of control and DHEA-treated animals
(data not shown). Subsequent experiments using a glyceraldehyde
3-phosphate dehydrogenase cDNA probe (35) to control for RNA
loading verified these findings (data not shown). This demonstrates
that increases in P4504A and NADPH:P450 oxidoreductase
mRNA underlie the associated increases in the protein content of
these enzymes and indicates that DHEA and ADIOL induce the
expression of these proteins by a pretranslational mechanism.
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AGE- AND i@ssua-s@ncmc INDUCI1ON BY DHEA

expression of P4504A1 and 4A3 in liver is slightly greater in imma
ture rats relative to mature rats. In addition, these results are consistent
with the conclusion that cytochrome P4504A1 and 4A3 are major
hepatic proteins induced by DHEA and ADIOL.

Measurement of de Novo Rates of Synthesis of Specific mRNA
Transcripts. Run-on transcription assays were performed using

nuclei isolated from livers of immature male rats treated with
either corn oil, DHEA, or clofibrate. Levels of hepatic microsomal
P4504A were increased approximately 20-fold in the livers of rats
treated with DHEA and ciprofibrate used to prepare nuclei (data
not shown). As seen in Fig. 11, DHEA and clofibrate both caused
an 11â€”12-foldincrease in the amount of newly synthesized CYP4A
transcripts relative to controls compared to GAPDH. These results
indicate that DHEA induces P4504A by a transcriptional activation
mechanism as seen for other peroxisomal proliferators such as
clofibric acid (34, 42).

DISCUSSION

Many synthetic organic compounds administered in high dosage
induce hepatic microsomal and peroxisomal enzymes and increase the
number and size of peroxisomal organelles in rodent liver. For exam
plc, hypolipidemic agents such as clofibric acid and nafenopin, agents
like aspirin and mcotinic acid, phthalate ester plasticizers, and phe
noxyacid herbicides serve as peroxisome proliferators in rodents (43).
Peroxisome proliferation has also been associated with certain nutri
tional states, i.e., high-fat diets (44) and vitamin E-deflcient diets (45).
In addition, most peroxisome proliferating agents are carcinogenic in
mice and rats (17, 43). Although DHEA is a naturally occurring
steroid, animals administered this compound display proliferation of
hepatic peroxisomes (19, 46) and also eventually display hepatocar
cinogenesis (47). Although the molecular mechanism(s) for peroxi
some proliferation is not known, transcriptional activation does occur
for genes encoding CYP4A (>5-fold), fatty acyl-coenzyme A oxidase
(8â€”10-fold),and malic enzyme (2â€”4-fold;Refs. 34, 42, 43, and 48).
The activity of other peroxisomal enzymes, such as catalase, appear to
be enhanced by other mechanisms (17, 43, 45). Since DHEA is a
naturally occurring steroid with peroxisomal proliferation activity, we
sought to compare other steroids for their potential as peroxisome
proliferating agents and their ability to induce the hepatic enzymes
considered to be markers of peroxisome proliferation.

Issemann and Green (49) have identified a novel member of the
steroid hormone receptor superfamily which shares sequence homol
ogy with thyroid hormone, retinoic acid, and vitamin D receptors.
Since this transcription factor is activated by structurally diverse
peroxisome proliferators, it has been denoted the PPAR. Several
genes, fatty acyl coenzyme A oxidase (50â€”52),enoyl-coenzyme A
hydratase/3-hydroxyacyl-coenzyme A dehydrogenase (42, 53), and
cytochrome P4504A6 (54) have been identified which have response
elements in their 5'-flanking regions sufficient for transactivation by
PPAR. Certain long chain fatty acids in near physiological concen
trations also serve as activators for the PPAR (55, 56). However,
neither DHEA nor ADIOL activates this receptor at concentrations up
to 200 @LM(56)6, concentrations which far exceed those expected in
tissues due to feeding rodents with 0.45% DHEA in the diet or i.p.
injection of 80 mg/kg DHEA. The dichotomy between DHEA serving
as a peroxisomal proliferator in vivo but not apparently activating the
in vitro murine PPAR system described by Issemann and Green (49)
requires further analysis of this complex receptor family; for example,
multiple forms of PPAR may exist in mammals as has been demon
strated in Xenopus (50, 55).

I I@â€”@wu@@wu

Relative4A
Transcription

rat.

Fig. 11. Nuclear run-on transcription analysis ofmRNA transcripts obtained from liver
nuclei of male rats treated with either corn oil, DHEA, or clofibrate. Male rats (80-100
g) were given DHEA or clofibrate in corn oil @p.at a dosage of 80 mg/kg body weight
daily for 2 days, and nuclei were isolated from the livers of 4 rats per treatment group as
described in â€œMaterialsand Methods.â€•Nuclear run-on assays were performed as outlined
in â€œMaterialsand Methodsâ€•by hybridizing nascent 32P-radiolabeled RNA transcripts
formed by the liver nuclei with immobilized plasmid DNA for pBSKS@vector or cDNA
for CYP4AJ and GAPDH. Densitometric values are shown under each hybridization
signal. The relative transcription rates (last column) were calculated by dividing the
valuesfor the CYP4Ahybridizationsignalby thatfor GAPDH.

sex- and hormone-dependent fashion (37). As seen in Fig. 9 and Table
1, the basal expression of CYP4A2-specific mRNA in liver was
somewhat higher in mature rats relative to immature rats. Both DHEA
and ADIOL increased the amount of CYP4A2-specific mRNA in
immature and mature rat liver, but the induced levels in mature rats
were 5â€”10-foldhigher than those of immature rat liver (Table 1). In
rat kidney, there was a striking age-dependent difference in the basal
expression of CYP4A2-specific mRNA; immature rats displayed
much lower basal CYP4A2 mRNA levels than mature rats (Fig. 10;
see relative density of 0.17 versus 2.6, Table 1). Although DHEA and
ADIOL affected a somewhat greater fold-induction of CYP4A2
mRNA in immature relative to mature rat kidney, the absolute levels
of mRNA for P4504A2 were greater in mature rat kidney (relative
density 6â€”7versus 1.1â€”2.2for immature male rat kidney, Table 1).

These results (Figs. 9 and 10; Table 1) clearly demonstrate that not
only is the basal expression significantly lower for P4504A2 in
kidneys of immature relative to mature rats, but the increases in
mRNA for this hemoprotein resulting from DHEA and ADIOL treat
ment are also dependent on the developmental stage in both kidney
and liver. This is less apparent for the P4504A1/4A3 mRNAs, which
are not expressed or inducible in the kidney, and the basal and induced
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6 â€˜r.H. Rushmore and R. A. Prough, unpublished results.
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Fig. 10. Northern analysis of total mRNA from kidneys of DHEA- or ADIOL-trcated

immature and mature male rats Immature (80-100 g) and mature (180-200 g) male rats
were given DHEA or ADIOL in corn oil @p.at a dosage of 80 mg/kg body weight daily
for 4 days, and total mRNA was isolated from the kidneys as described in â€œMaterialsand
Methods.â€•Total mRNA was separated and analyzed as described in Fig. 9.
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AGE- AND TIssUE-SPECIFIC INDUCtiON BY DHEA

In humans, DHEA can be synthesized by the @5-steroidpathway
(Fig. 1) involving synthesis of the precursor to DHEA, 17a-hy
droxypregnenolone, from pregnenolone and its subsequent conversion
to DHEA in adrenal tissue (1). DFIEA can either be reduced to form
ADIOL or can be oxidized at the 3(3-ol position and isomerized at the
double bond at carbons 5 and 6 to form 4-androsten-3,17-dione. In the
fetal-placental unit, DHEA and ADIOL form sulfate conjugates in the
fetus which are transported to the placenta for estrogen synthesis
essential for placental development and parturition. Circulating levels
of DHEA, ADIOL, or their sulfate conjugates peak at puberty and
adolescence; thereafter, they gradually decrease with age in humans
(57). ADIOL can be converted to testosterone by a 17a-hydroxy
steroid oxidoreductase. No physiological functions for DHEA and
ADIOL have been noted other than their roles as a major circulating
androgen precursor in humans, except for its weak androgen activity.
Although little evidence exists that DHEA is made in appreciable
amounts in the rat (58), recent reports suggest that DHEA may serve
as precursors to putative neurosteroids in rats and possibly humans
(59). The reactions converting DFIEA and ADIOL to 4-androsten
3,17-dione and testosterone are essentially irreversible in vivo due to
the ratio of NADH/NAD@ in most tissue cytosolic compartments
(57). The unidirectional reactions leading to 4-androsten-3,17-dione
and testosterone strongly suggests that only DHEA, ADIOL, and
17a-hydroxypregnenolone or some unknown metabolite of DHEA
may serve as active peroxisome proliferators.

Our results demonstrate a difference in the response of the micro
somal and peroxisomal enzymes to DHEA and ADIOL, as indicated
by the lower apparent dose dependence for induction of NADPH:
cytochrome P450 oxidoreductase than that for the peroxisomal en
zymes. Recently, Kaikaus et al. (40) demonstrated that induction of
P4504A1 by clofibrate occurs earlier in time and to a greater extent
than for induction of peroxisomal a-oxidation. They have also pro
vided evidence in cultured rat hepatocytes, suggesting that metabolic
action of P4504A enzymes may be required to allow induction of
peroxisomal enzymes; inhibitors of P4504A blunted the induction of
two peroxisomal enzymes induced by peroxisome proliferators. In
addition, Gibson et a!. (60) have demonstrated that the induction of
cytochromes P4504A mRNA was not affected by treatment of rats
with the protein synthesis inhibitor, cycloheximide (60). However,
cycloheximide did ablate induction of palmitoyl coenzyme A oxidase
mRNA. Further studies are necessary to substantiate the possible
mechanisms related to intracellular fatty acid fluxes or the possibility

of multiple receptors.
Our transcriptional assays with liver nuclei of DHEA-fed rats

demonstrate that induction of cytochromes P4504A isozymes by
DHEA is the result of transcriptional activation of CYP4A genes.
Other peroxisome proliferators, such as clofibric acid, have also been
shown to cause 4â€”8-fold increases in the transcriptional activation of
the cytosolic (48), microsomal (34), and peroxisomal marker enzymes
(42). This mechanism apparently accounts for the increases in mRNA
for the CYP4A genes in rat liver. The CYP4A genes are expressed at
very low basal levels in the livers of untreated immature and mature
rats but apparently are transcriptionally activated in rat liver by DHEA
treatment. There were small, age-dependent differences in expres
sion and induction of the CYP4A1 and 4A3 genes in livers of
immature rats relative to mature rats. No detectable levels of
P4504A1- and 4A3-specific mRNA were observed in rat kidney,
nor were they induced by DHEA or ADIOL administration. How
ever, there was a striking age difference in basal expression of
CYP4A2 in kidney; the levels of mRNA were much lower in
untreated immature rat kidney relative to those of mature rats.
DHEA or ADIOL administration did result in measurable induc
tion of P4504A2 mRNA in kidneys and liver of immature and

mature rats, but the absolute levels were much greater in kidneys
of mature rats. These results demonstrate that the peroxisome
proliferators, DHEA and ADIOL, cause age- and tissue-specific
expression of CYP4A2 in the male rat kidney. This pattern of
expression is not seen with CYP4A1 and 4A3. In conclusion,
DHEA and ADIOL are the only natural intermediates of the human
steroid biosynthetic pathway which when administered to male rats
in pharmacological dosages lead to transcriptional activation of
CYP4A genes and presumably other marker enzymes for peroxi
some proliferation. The chemical form(s) of these steroids which
are the active agent(s) in induction of peroxisome proliferation is
not known at present.
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