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SUMMARY
Dehydroepiandrosterone (DHEA) is a peroxisome proliferating
agent when administered in pharmacological dosages, but it
has not been shown to function through the peroxisome pro-
liferator-activated receptor in cell-based assays. Because
members of the thyroid hormone/vitamins A and D nuclear
receptor subfamily, including PPAR, are known to modulate
each other’s function in gene expression by heterodimerization,
we sought to establish whether DHEA and thyroid hormone
interact to regulate several of the hepatic and renal enzymes
associated with peroxisome proliferation, i.e., peroxisomal
p-oxidation and microsomal NADPH:cytochrome P450 oxi-
doreductase and the cytochromes P450 4A. In rats adminis-
tered exogenous T3 to attain a hyperthyroid state, induction of
the three isozymes of CYP4A (4A 1 , 4A2, and 4A3) by DHEA
was suppressed >60-80% at the mRNA level, with induction
of CYP4A2 mRNA being completely inhibited. Nuclear run-on
transcription assays indicated that this inhibitory effect was
regulated at the level of transcription. Induction of hepatic
peroxisomal 3-oxidation by DHEA or the peroxisome prolifera-
tor nafenopin was in large part unaffected by treatment
of animals with T3 under any condition tested. Microsomal
NADPH:cytochrome P450 oxidoreductase activity was induced
by either DHEA or T3; cotreatment resulted in an additive in-
duction. When animals were treated with a lower dose of ex-
ogenous T3 that rendered the animals slightly hyperthyroid,
only induction of hepatic CYP4A2 mRNA by DHEA or nafenopin
was significantly inhibited (>80%) compared with euthyroid
control animals. Animals that had been rendered hypothyroid
through removal of the thyroid gland showed normal induction

of CYP4A genes by DHEA in liver, suggesting that their induc-
tion by DHEA was not dependent on the presence of thyroid
hormone. The administration of exogenous T3 to thyroidecto-
mized rats in the presence of DHEA potently suppressed he-
patic induction of all three genes at the mRNA and protein level.
In experiments with cultured rat hepatocytes, physiological
concentrations of T3 potently inhibited the induction of CYP4A2
mRNA levels by nafenopin but had little effect on induction of
CYP4A1 or 4A3 mRNA. At higher T3 concentrations, the induc-
tion of CYP4A1/4A3 mRNA and protein was also inhibited.
These results suggest that T3 modulates the expression of
CYP4A2 at the level of transcription in physiologically relevant
concentrations but that hyperthyroid conditions are required to
suppress expression of CYP4A1/4A3 genes. In euthyroid ro-
dent kidney, which only expresses CYP4A2 under either basal
or DHEA-induced conditions, near-physiological levels of T3
caused potent suppression of peroxisome proliferator-depen-
dent induction of CYP4A2 mRNA levels by either DHEA or
nafenopin. In thyroidectomized rats, basal expression of
CYP4A2 mRNA was decreased relative to euthyroid controls,
but DHEA was as effective an inducer of this mRNA as it is in
euthyroid rats. As seen in euthyroid rats, T3 administration
potently suppressed DHEA induction of CYP4A2 mRNA levels
under either basal or induced conditions. Although CYP4A
expression was not derepressed in liver or kidneys of hypothy-
roid animals, our results indicated that the thyroid status of the
animal did affect basal expression of CYP4A2, suggesting in-
volvement of thyroid hormone or some other factor regulated
by the thyroid gland on its constitutive expression.

In rat, three isozymes of the cytochrome P450 4A (CYP4A)’

gene family have been identified and characterized; they are

designated CYP4AJ, CYP4A2, and CYP4A3 (1-3). The CYP4A

isozymes catalyze the o- and o.-1 hydroxylation of fatty acids,

including arachidonic acid and the #{252}-hydroxylation of prosta-

glandins in liver and kidney (4-6). These isozymes and their

This work was supported in part by National Institutes of Health Grant
CA43839.

I The gene/isoform designations used for cytochrome P450 adhere to the

systematic nomenclature recommended by Nelson et at. (1).

hydroxylated products may be important in hepatic lipid me-

tabolism and detoxification of foreign chemicals, as well as in

normal and pathological renal function. Induced expression of

the CYP4A isozymes has been associated with peroxisome pro-

liferation, a pathophysiological condition characterized by hep-

atomegaly, proliferation of peroxisomes, and increased peroxi-

somal �3-oxidation of fatty acids (7-9). Peroxisome proliferation

and increased microsomal and peroxisomal oxidation of fatty

acids occurs in response to the administration to rodents of a

diverse class of chemicals, including fatty acids, hypolipidemic

agents, phthalate plasticizers, and phenoxyacid herbicides. Per-

ABBREVIATIONS: ADIOL, 5-ene-androsten-3p,i 7frdiol; DHEA, GAPDH, glyceraldehyde-3-phosphate-dehydroge-
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oxisome proliferation in rodent liver has also been correlated

with certain nutritional states, i.e., high-fat diets (10), vitamin

E-deficient diets (11), and cold adaption (12).

We have previously reported that the administration of
supraphysiological dosages of the adrenal steroids DHEA

and ADIOL to rats results in the induction ofexpression of all

three CYP4A genes in liver and CYP4A2 in kidney (13, 14).

Other steroid hormones did not affect the expression of these

CYP4A genes. In liver, all three CYP4A isozymes are nor-
mally expressed at very low basal levels in male Sprague-

Dawley rats, and DHEA administration results in a 3-10-

fold increase in the hepatic and renal levels of mRNA for the

three CYP4A isozymes in a developmental and tissue-specific

manner. Microsomal NADPH:cytochrome P450 oxidoreduc-

tase and peroxisomal catalase and �3-oxidation are also in-

duced by DHEA and ADIOL in rodent liver (14). In kidney,

CYP4A2 is expressed constitutively, and the mRNA levels for

this isozyme are induced 2-3-fold on administration of

DHEA; CYP4A1 and CYP4A3 are not expressed in kidney at

significant levels constitutively or during peroxisome prolif-

eration.

Our previous work demonstrated that induction of hepatic

mRNAs of the CYP4A genes by DHEA occurs as a result of

increased rates of transcription, comparable to the rate ob-

served with induction by clofibrate, a potent peroxisome pro-

liferator ( 14). Many peroxisome proliferators have been

shown to increase the rate of transcription of genes induced

in peroxisome proliferation by activation of the PPAR, a

member of the steroid/thyroid hormone receptor superfamily

(15-19). However, DHEA does not function as an inducing

chemical in a variety of cell-based assays that use PPAR-

expression plasmids and PPAR-responsive reporter genes

(15, 20). In the present study, we sought to further charac-

terize the regulation of the CYP4A isozymes by DHEA and

nafenopin and the mechanism by which this adrenal steroid

activates peroxisome proliferation.

DHEA induces the transcription of other genes involved in

lipid metabolism, i.e., malic enzyme and sn-glycerol-3-phos-

phate dehydrogenase, both of which are transcriptionally

regulated by thyroid hormone (21, 22). Interestingly, the

regulation of these enzymes by DHEA is affected by the

thyroid hormone status of the animal. Song et al. demon-

strated that the induction of malic enzyme by DHEA re-

quired circulating thyroid hormone (22). Su and Lardy (21)

did not observe an absolute requirement of T3 for DHEA

induction of malic enzyme or sn-glycerol-3-phosphate dehy-

drogenase but showed that DHEA induction of these en-

zymes was significantly decreased in hypothyroid animals.

Thus, it was of interest to determine whether DHEA induc-

tion ofthe CYP4A isozymes and peroxisome proliferation also

required thyroid hormone or was affected by the thyroid

status of the animal.

Our findings demonstrate that the thyroid status of the
animal affects DHEA regulation of the CYP4A isozymes but

does so in an inhibitory fashion. Although DHEA induction
did not absolutely require the presence of thyroid hormone,
induction of CYP4A2 mRNA was considerably decreased in
the livers of thyroidectomized animals, suggesting that thy-

roid hormone may in some part contribute to the action of

DHEA. Furthermore, the normally high level ofbasal expres-

sion of CYP4A2 in kidney was also inhibited by thyroid

hormone in a dose-dependent manner. Recent studies have

demonstrated the importance of CYP4A-catalyzed hydroxy-

lation of arachidonic acid in renal hemodynamics; thus, thy-

roid hormone inhibition of GYP4A2 expression may signifi-

cantly influence normal renal function (23-25). Taken

together, our results demonstrate that the CYP4A genes are

regulated independently ofother gene markers of peroxisome
proliferation, such as microsomal NA.DPH:cytochrome P450

oxidoreductase and peroxisomal a-oxidation enzymes.

Experimental Procedures

Materials. DHEA and T3 were purchased from the Sigma Chem-

ical Co. (St. Louis, MO). Nafenopin was a gift from CIBA-GEIGY Co.
(Ardsley, NY). Laboratory chow (AIN-76A) was obtained from ICN

Biomedicals (Cleveland, OH); a separate portion of this chow was
prepared to contain 0.45% (w/w) DHEA. Radiolabeled nucleotide
triphosphates were obtained from DuPont-NEN Research Products
(Boston, MA). The cDNAs for GAPDH, rabbit cytochrome P450 4A4,

and rat NADPH:cytochrome P450 oxidoreductase cDNA (pOR7)
were kindly provided by J. M. Blanchard [University des Sciences et
Techniques du Languedoc, Montpellier, France (26)1, E. F. Johnson
[Scripps Institute and Clinic, La Jolla, CA (27)1, and C. Kasper
[McArdle Institute, University of Wisconsin, Madison, WI (28)], re-

spectively. The CYP4A isozyme-specific oligonucleotides were syn-

thesized according to the method ofSundseth and Waxman (29). The

polyclonal anti-w-hydroxylase immunoglobulin was graciously pro-
vided by Richard Okita (Washington State University, Pullman,
WA). All other reagents were of high purity and were obtained from

commercial sources.

Animal treatment. Male Sprague-Dawley rats (100 g) and sham-

operated or thyroidectomized rats used for the hypothyroid studies
were obtained from Harlan Sprague-Dawley (Indianapolis, IN). The
sham-operated and thyroidectomized rats were obtained 1 week

after surgery and ranged in weight from 130 to 150 g at the onset of

treatment. They were maintained on 4% calcium lactate in their

drinking water for the duration of treatment to prevent calcium

depletion resulting from removal ofthe parathyroid gland during the
thyroidectomy. DHEA (80 mg/kg body weight in corn oil) or
nafenopin (40 mg/kg body weight) were administered by daily IP
injections. Alternatively, DHEA was administered P0 in a synthetic

AIN-76A diet containing 0.45% (w/w) DHEA. T3 (a near-physiologi-

cal dose of 10 jig/l00 g body weight or a hyperthyroid dose of 50

jig/lOO g body weight) was administered daily by IP injection. The
thyroid hormone stock solution was prepared by 1:10 dilution in

saline ofa 3.75 mg/mI solution in 0.1 N NaOH (22). The animals were

anesthetized with CO2 before being killed by decapitation.
Quantification of thyroid hormone levels. Free and total T3

serum concentrations were determined in plasma by radioimmuno-

assay using the l-FT3 MAGIC and T3 MAGIC kits, respectively

(CIBA-Corning, Medfleld, MA).

Preparation of subeellular fractions. Subcellular fraction-
ation of liver tissue was performed by differential centrifugation

according to the method of Remmer et al. (30). Livers perfused with
saline were excised and either immediately frozen in liquid N2 or
used fresh for the preparation of supernatant or microsomal frac-

tions that had been prepared by centrifugation at 5,000 X g. For

peroxisomal palmitoyl-CoA oxidase activity measurements, superna-

tant fractions of liver homogenates (also prepared by 5,000 x g or

108,000 x g centrifugation) were prepared in 50 mM potassium
phosphate buffer, pH 7.4, containing 0.25 M sucrose. For microsomal

preparations, liver sections were pooled according to treatment

groups and homogenized in 4 volumes (mllg tissue) of 50 mM potas-

sium phosphate buffer, pH 7.4, containing 0.25 M sucrose. The final
microsomal pellet was resuspended in 0.5 volume (ml/g of original

tissue) of a 50 mM potassium phosphate buffer, pH 7.4, containing

0.25 M sucrose and 1 mM EDTA. The various tissues and protein

fractions were stored at - 70#{176}.Protein concentrations of liver micro-
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somal fractions were determined using the Pierce BCA Protein As-

say Reagent (Pierce, Rockford, IL) (31). Bovine serum albumin was
used as a standard.

Enzyme assays. Microsomal NADPH:cytochrome P450 oxi-

doreductase activity was determined as described by Yasukochi and
Masters (32). KCN-insensitive peroxisomal (3-oxidation offatty acids

was determined with liver supernatants (prepared by 5000 X g

centrifugation) by measuring NADH produced from the oxidation of
the C3 hydroxyl group of palmitoyl-CoA catalyzed by 3-hydroxyacyl-
CoA dehydrogenase according to the method of Lazarow (33).

Western immunoblot analysis of protein fractions. Microso-
mal proteins were electrophoretically separated on 10% sodium
dodecyl sulfate-polyacrylamide gels according to the method of

Laemmli (34) as described by Towbin et al. (35). Protein/immuno-
globulin complex formation was detected with the use of enhanced

chemiluminescent light emission ofluminal oxidation with horserad-

ish peroxidase using Amersham ECL Western blotting detection
reagents (Amersham International, Arlington Heights, IL). The im-

mune complexes observed on autoradiograms were quantified with
the use of a Bio-Rad videodensitometer (model 620; La Jolla, CA).

Northern analysis ofRNA fractions. Total mRNA was isolated
as previously described by Prough et al. (14) according to the method

of Chomczynski and Sacchi (36). The RNA was stored at -70#{176}in
ethanol. Total RNA was enriched for poly(A)� mRNA using the
PolyATract mRNA isolation kit from Promega Corp. (Madison, WI)

as described by Prough et al. (14). Total or poly(A)�-enriched RNA

was electrophoretically separated in a 1% agarose/15% formaldehyde

gel, and the mRNA was transferred onto Zeta Probe nylon mem-

branes (BioRad) through capillary action in lOx standard saline
citrate. The RNA was immobilized onto the membrane through UV
irradiation for 10 mm on each side of the membrane. The cDNAs

used as probes for Northern hybridization were radiolabeled using
the Random Primed DNA labeling kit (Boehringer Mannheim, mdi-

anapolis, IN), and the mRNA/DNA hybrids were formed according to
the method optimized for Zeta Probe nylon membrane (Bio-Rad,
Hercules, CA). The oligonucleotides specific for the individual

CYP4A isozymes used for Northern hybridization were radiolabeled
at their 5’ ends using a T4 polynucleotide kinase reaction. The
hybridization complexes for specific mRNAs were measured with the
use of the Bio-Rad videodensitometer. Kidney or liver tissue (- 1 g)

was pooled from three animals to prepare total RNA for analysis.

Although the data presented represent a single preparation, each
experiment was performed in duplicate or triplicate and the densi-

tometer measurements varied no more than 15-20% between prep-

arations.

In vitro transcriptional analysis. To measure relative rates of
transcription, we performed in vitro transcriptional analysis with

isolated hepatic nuclei from treated animals as described previously

(37). Male Sprague-Dawley rats were treated by IP injection of

DHEA (80 mg/kg body weight in corn oil), T3 (50 jig/lOO g body

weight), or both for 1 day. The animals were killed 24 hr after

treatment, and livers were prepared for nuclei isolation as previously
described (38). The specific plasmids were linearized and applied

under vacuum to Schleicher and Schuell BA-85 nitrocelluose sheets
using a Schleicher and Schuell slot-blot apparatus. Newly tran-
scribed [32P1-UTP-labeled RNA samples were hybridized to the plas-
mids, CYP4A4, GAPDH, and pBS KS- (the parent vector for the
CYP4A4 cDNA). The relative rates oftranscription were determined
by densitometry using a Bio-Rad model 620 videodensitometer and
normalized to GAPDH as described previously by Prough et al. (14).

Primary hepatocyte cell culture. Hepatocytes were prepared
from male adult Sprague-Dawley rats (200-250 g) by in situ liver

collagenase perfusion (39, 40). Cell viability (�80-85%) was deter-
mined by Trypan blue exclusion. Hepatocytes were suspended (1 x

106 celllml) in arginine-free Eagle’s minimum essential medium sup-
plemented with L-ornithine and insulinltransferrinlsodium selenite

medium supplement. Cells (3.0 x 106/3.0 ml) were seeded onto 60 x
15-mm tissue culture dishes that had been precoated with Matrigel.

Once plated, the cells were maintained at 37#{176}in a humidified atmo-
sphere of95% air/5% CO2. The media were changed after 2 hours and
24 hr of culture. At 24 hr, 40 jiM nafenopin and/or T3 (1 nM to 1 jiM)

were added with fresh media. Equivalent amounts (�i.0% v/v) of

solvent added to control cells were found to not significantly alter cell
viability, enzyme activity, or total mRNA levels. At 72 hr, the media

were removed from the dishes by aspiration, the cells were washed
with Dulbecco’s phosphate-buffered saline (2 x 1 ml), and cellular

protein and mRNA were isolated as described by Xiao et al. (41). The
proteins were stable for up to 6 months at -70#{176}when analyzed with

the use of Western immunoblot analyses. The mRNA was isolated

and analyzed as described above.

Results

Effects of DHIEA on circulating thyroid hormone

levels. Experiments were designed to determine whether T3

affected the basal, DHEA-induced, or nafenopin-induced cx-

pression of the P450 4A isozymes. The comparison with

nafenopin was included to demonstrate that the responses to
thyroid hormone were the same regardless of the peroxisome

proliferator used. Male Sprague-Dawley rats (150 g) were

administered DHEA P0, T3 IP, or both daily for 7 days.

Measurement of serum free T3 and total T3 levels of the

animals on sacrifice confirmed whether the dosage of T3

administered indeed rendered the animals hyperthyroid (Ta-

ble 1). Administration of supraphysiological levels of T3 IP
(50 jig/lOO g body weight) daily for 7 days resulted in a large
increase in free T3 present in serum (from 5.2 ± 0.6 to 42.0 ±

8.7 pg/ml); total T3 also increased, from 1.7 ± 0.2 ng/ml in

normal animals to 13.8 ± 2.7 ng/ml in T3-treated animals.

Administration of DHEA resulted in a -30% decrease in free
and total T3 levels relative to control but did not significantly

affect free or total T3 when coadministered with T3 daily.
Administration of either DHEA or T3 decreased the average

daily weight gain of the animals by 27% and 67%, respec-

tively (Table 1). These results are consistent with the ther-

mogenic effects of these compounds that have been prey-

ously described (42). The animals that received both DHEA

and T3, however, not only failed to gain weight at the rate of
the control animals but also displayed a 23% decrease

in their initial weight observed at the onset of treatment.

Hepatomegaly was observed in all animals (euthyroid, hy-

perthyroid, and hypothyroid) that were administered DHEA,

with or without T3, except for thyroidectomized rats that

were treated with DHEA and T3.
The dose of T3 administered in the initial experiment was

supraphysiological and toxic to the animals, as demonstrated

by their drastic weight loss. Therefore, a lower, more physi-

ological dosage of T3 IP (10 jig/100 g body weight) was ad-
ministered daily to euthyroid animals alone or with DHEA or

nafenopin for 7 days. Measurement offree and total serum T3
levels confirmed that the dosage administered was near-

physiological (Table 1), i.e., levels of circulating T3 were

normal or lower at 24 hr after treatment. As was seen with

high T3 doses, DHEA feeding lowered both free and total T3
levels, as did the peroxisome proliferator nafenopin. Admin-

istration of T3 at a daily dosage of 10 jig/i00 g body weight

also decreased free and total T3 levels relative to the levels
observed in euthyroid control animals. The decrease in free

and total T3 levels observed with T3 administration may
reflect feedback inhibition to the hypothalamus and pitu-
itary, signaling a decrease in T4/T3 production.
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Treatment Free T3 T3RIA Average weight % gain/day Liver/body weight ratio

pg/mi ng/mI g

Experiment i : Euthyroid animals, supraphysiological dose, 50 jig Ta/i 00 g body weight
Control 5.2 ± 0.6 i .7 ± 0.2 6.2 5.2

DHEA� 3.6 ± 0#{149}5b i.4 ± 0.i� 4.5 7.8

T3 42.0 ± 8.7k’ i3.8 ± 2.7” 2.0 4.9
DHEA plus T3 45.0 ± i2.4 ii.4 ± 3.5 -5.7 7.2

Experiment 2: Euthyroid animals, near-physiological dose, 1 0 jig Ta/i 00 g body weight
Control 7.i ±0.7 1.8±0.2 7.6 5.8

DHEA 4.7 ± 0.6c 1.4 ± 0.2c 3.0 7.9
T3 4.0 ± 0.8c i .4 ± 0.2c 4.0 4.9
DHEA Plus T3 5.6 ± 0.7 1.3 ± 0.ic -2.0
Nafenopin” 3.4 ± 0#{149}3b � ± 0.ib 2.0

8.1
8.4

Nafenopin plus T3 4.2 ± 2.4’ i .3 ± 0.6c 3.0 9.2

Experiment 3: Hypothyroid animals, near-physiological dose, 1 0 jig Tdi 00 g body weight

Sham-operated animals

Control 5.3 ± 0.9 i .6 ± 0.3 7.8 5.5
DHEA 3.4 ± 0.4 0.i ± 0.i 0.2 6.5

Thyroidectomized animals

Control i .6 ± 0.7 0.7 ± 0.3 i .0 3.8
DHEA o.8e 0.4#{176} -i.0 4.9
T3 7.i ± i.9� 2.5 ± 0.6c 1.2

DHEA plus T3 2i .6 ± 47�) 6.6 ± 2ob -7.4

3.8

3.5

Northsrn An.Iys�.
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TABLE 1

Free and total T3 serum levels of euthyroid and thyroidectomized rats administered DHEA and/or T3

a Animals received DHEA P0 (0.45% DHEA in AIN-76A chow).
b Statistically different from control animals (four per group; p < 0.005).
C Statistically different from control animals (four per group; p < 0.05).

d Animals received nafenopin P (40 mg/i 00 g body weight).
e Below the levels of detection of the assays used.

In a third experiment, either sham-operated (euthyroid) or
thyroidectomized (hypothyroid) male Sprague-Dawley rats

were administered T3 IP (10 jig/l00 g body weight) daily for

6 days, which induces mild hyperthyroidism. The sham-op-

crated euthyroid and thyroidectomized hypothyroid rats

were either treated or not treated with DHEA P0 for 7 days.

Thyroidectomy itself significantly decreased the levels of free

and total serum T3 to levels just barely over the limits of

detection (Table 1). The low levels of T3 may reflect incom-

plete surgical removal of the thyroid gland or residual hor-

mone in the circulation. Administration of DHEA to thyroid-

ectomized animals decreased free and total serum T3 levels

below the limits ofdetection. Administration ofT3 (10 jig/lOO

g body weight) resulted in mild hyperthyroidism relative to

euthyroid controls. Coadministration of DHEA and T3 to the

thyroidectomized animals significantly increased free and

total serum T3 levels nearly 3-fold over the levels measured

in animals receiving T3 alone. This result is consistent with

a report by Lardy et al. that demonstrated synergism of

DHEA on T3 action in thyroidectomized animals that had

been administered T3 (42).

T3 and DHEA both induce hepatic NADPH:cyto-

chrome P450 oxidoreductase. NADPH-cytochrome P450

oxidoreductase has been shown to be induced by all peroxi-

some proliferators studied to date (7, 13). The rate of reduc-

tion of cytochrome c catalyzed by NADPH:cytochrome P450

oxidoreductase was measured in hepatic microsomal frac-

tions prepared from animals treated with DHEA P0, supra-

physiological doses of T3 IP (50 jig/iOO g body weight), or

both. Both DHEA and T3 induced the activity ofthis enzyme,

by 1.8- and 1.7-fold, respectively, consistent with previous

reports (15, 43). Coadmiistration of DHEA and T3 resulted

in an additive induction in enzyme activity (3.3-fold); these

values correlated well with the increases observed in oxi-

doreductase protein content with the use ofWestern analysis

and in m.RNA levels with the use of Northern analysis (Fig.

1).

T3 does not affect DHEA-induced peroxisome prolif-

eration. The effects of T3 and DHEA on peroxisomal �3-oxi-

dation of fatty acids were determined by measuring the ac-

tivity of palmitoyl-CoA oxidase, the rate-limiting enzyme in
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Fig. 1. Western immunoblot and Northern analysis of hepatic NADPH:

cytochrome P450 oxidoreductase from rats treated with DHEA and/or
high doses of T3. Male Sprague-Dawley rats were treated with DHEA
P0 (0.45% DHEA in AIN-76A chow), T3 IP (50 jig/iOO g body weight),
or both daily for 7 days. For the Western analysis, liver microsomal
fractions (20 jig of protein) were separated electrophoretically on i 0%
sodium dodecyl sulfate-polyacrylamide gels, transferred to nitrocellu-
lose membranes, and incubated with an anti-NADPH:cytochrome P450
oxidoreductase globulin. The immunoreactive complexes were visual-
ized by enhanced chemiluminescent techniques. For the Northern anal-
ysis, poIy(A)�-ennched mRNA was electrophoretically separated on
i % agarose/formaldehyde gels, transferred to nylon membranes, and
hybridized with a 32P-Iabeled cDNA specific for NADPH:cytochrome
P450 oxidoreductase. The hybridization complexes of the Northern
analysis were visualized by autoradiography and quantified by densi-
tometry; the optical density values were control, i .0; DHEA, i .9; T3, i .4,
and DHEA/T3, 4.6.
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the pathway. A previous report demonstrated that adminis-

tration of T3 had a slight inhibitory effect on hepatic palmi-

toyl-CoA oxidase activity in rats (44). As seen in Fig. 2, the
activity of peroxisomal palmitoyl-CoA oxidase was not signif-

icantly affected by administration of T3 alone (10 jig/100 g

body weight), but the activity of palmitoyl-CoA oxidase ac-
tivity was induced >7-fold by administration ofeither DHEA

or nafenopin. Furthermore, thyroid hormone had no effect on

the level of induction of hepatic palmitoyl-CoA oxidase activ-

ity by DHEA at either 10 (Fig. 2) or by 50 jig T3/100 g body

weight IP (data not shown). A small inhibitory effect of T3

was observed with nafenopin (Fig. 2). These results indicate

that T3 does not exert as significant an inhibitory effect on

induction of peroxisomal /3-oxidation and peroxisome prolif-

eration as it does on induction of CYP4A2.
T3 inhibits induction of the hepatic CYP4A mRNAs

by DHEA, Because T3 state apparently did not affect perox-

isomal �3-oxidation, initial experiments were designed to de-

termine whether T3 affected either the basal or DHEA-in-
duced expression of the P450 4A isozymes. In this study,

Sprague-Dawley rats (150 g) were administered DHEA P0,
T3 IP (50 �tg/100 g body weight, which causes a hyperthyroid
condition), or both daily for 7 days. Northern analysis was

performed to determine whether T3 affected DHEA-induced
expression of the CYP4A genes through a pretranslational

mechanism. Oligonucleotide probes specific for mRNA of the

individual CYP4A genes were used to identify which of the

isozymes were affected (29). Administration of high doses of

T3 (50 jig daily/100 g body weight for 7 days) inhibited the

induction of the CYP4A1 and CYP4A3 mRNA levels by

DHEA -60-70% (Fig. 3). However, the induction of CYP4A2

mRNA by DHEA was completely inhibited by T3.

A lower, more physiological dose of T3 (10 jtg/100 g body
weight) was administered to euthyroid animals alone or with

DHEA for 7 days. To determine whether T3 would inhibit the
induction of the P450 4A isozymes by other peroxisome pro-
liferators, T3 was also coadministered with nafenopin, a po-

tent peroxisome proliferator. Northern analysis of hepatic

total mRNA hybridized to the isozyme-specific oligonucleo-
tide probes is presented in Fig. 4. The lower dosage of T3
inhibited induction of GYP4A2 mRNA by DHEA by 80%.

Induction of CYP4A2 by nafenopin was also inhibited by T3

administration (by 65%). The lower dosage of T3, however,

apparently did not inhibit the induction of CYP4A1 and

CYP4A3 mRNA by DHEA but caused, at best, a slight in-

crease, 1.5- and 1.2-fold, respectively. The induction of

CYP4A1 and CYP4A3 mRNA by nafenopin was likewise only

slightly inhibited by T3 (Fig. 4). These results indicate that

T3 inhibits the induction of the CYP4A2 isozyme by peroxi-

some proliferators in a physiologically relevant, concentra-

tion-dependent manner. The inhibition of DHEA induction of

CYP4AJ and GYP4A3 by thyroid hormone, however, may be

more complex, requiring supraphysiological concentrations.

T3 inhibition of induction of hepatic CYP4A
isozymes by DHEA is mediated at the level of tran-

scription. DHEA induction of the GYP4A mRNAs was ob-

served to increase the rate of transcription of the CYP4A

genes ( 14). In vitro transcription run-on assays were per-

formed on isolated hepatic nuclei from untreated animals

and on animals treated with DHEA P0, T3 IP (50 jig/100 g

body weight), or both to determine whether the inhibition of

CYP4A mRNA levels by T3 occurred at the level of transcrip-

tion. The relative rates of transcription of CYP4A for the

different treatments were determined by densitometry and

normalized to GAPDH. The rate of transcription of hepatic

CYP4A 24 hr after a single dose of DHEA was increased

2.2-fold above control (Fig. 5). This value is lower than the

1 1-fold induction of CYP4A transcription observed when

DHEA was administered for 2 days (15) and may reflect a
need for bioaccumulation of DHEA or an active intermediate

of DHEA action as a peroxisome proliferator or synthesis of a

limiting cellular factor. T3 decreased the induction in CYP4A

transcription by DHEA �40%. This value is consistent with

the partial inhibition of CYP4A mRNA levels observed with

the use of Northern analysis when T3 was coadministered

with DHEA. However, the relative rate measured may rep-

resent a composite rate of all three CYP4A isozymes due to

the high degree of sequence similarity of the rat CYP4A

structural genes to the rabbit CYP4A4 gene (2, 3, 27).
CYP4A1 and CYP4A3 mRNA expression was only partially

inhibited by T3, whereas CYP4A2 expression was completely

inhibited. Therefore, only partial inhibition of the rate of

Fig. 2. Hepatic peroxisomal a-oxidation in rats treated
with DHEA, nafenopin, and/or near-physiological doses
of T3. Male Sprague-Dawley rats were treated with DHEA
P0 (0.45% DHEA in AIN-76A chow), T3 lP (10 jig daily/

1 00 g body weight), or both daily for 7 days. Peroxisomal

a-oxidation of palmitoyl-CoA was assayed spectrophoto-
metrically in hepatic supernatant fractions that had been
centrifuged at 3000 x g. The activity is reported as nmol
NADH produced/mm/mg protein (average ± standard de-

viation, four rats). *, Significantly different from nafenopin
treatment (p � 0.015).
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Fig. 3. Northern analysis of hepatic poly(A)�-enriched mRNA from
male rats treated with DHEA and/or high doses of T3. Male Sprague-
Dawley rats were administered DHEA P0 (0.45% DHEA in AIN-76A), T3
IP (50 jig/100 g body weight), or both daily for 7 days. Poly(A)�-
enriched mRNA was electrophoretically separated on 1 % agarose/
formaldehyde gels, transferred to nylon membranes, and hybridized to
32P-labeled oligonucleotides specific to the individual P450 4A
isozymes or the cDNA for GAPDH. The hybridization complexes were

visualized with autoradiography, measured with densitometry, and nor-
malized to GAPDH mRNA levels. Values represent the percentage
repression obtained by dividing the normalized optical densities of
DHEA/T3 groups by the value for the DHEA groups.

DHEA-induced transcription by T3 would be expected if the

rate measured is a composite of all three isozymes. The

results of the in vitro transcriptional analysis are consistent

with a transcriptional mechanism for inhibition of DHEA-

induced expression of the P450 4A family isozymes by T3.

Induction of the hepatic CYP4A mRNA levels by

DREA is affected by thyroid hormone state. The cx-

pression of genes that are negatively regulated by thyroid

hormone is believed to be derepressed when animals are

rendered hypothyroid by surgical thyroidectomy. Because

DHEA induction is altered in a hyperthyroid state, the ab-

sence of thyroid hormone may also affect its ability to induce

the CYP4A isozymes. Therefore, it was ofinterest to examine

both basal and DHEA-induced expression of the CYP4A

isozymes in animals of differing thyroid hormone status. In

this experiment, sham-operated (euthyroid) or thyroidecto-

mized (hypothyroid) male Sprague-Dawley rats were admin-
istered DHEA P0, T3 IP daily (10 jig/100 g body weight,

which induces hyperthyroidism), or both for 7 days.

Northern analysis of hepatic poly(AY-enriched mRNA hy-

bridized to the isozyme-specific oligonucleotide probes is pre-

sented in Fig. 6. There was no apparent derepression of

expression of any of the CYP4A isozymes in the hypothyroid

control animals. The absolute level of induced hepatic

CYP4A2 mRNA by DHEA was significantly diminished
(-90%) in the hypothyroid relative to the euthyroid animals.
This effect was not observed with CYP4A1 and CYP4A3
mRNA levels in liver; in fact, their induction was slightly

n.d. 0.8 nd. 1.2 1.3 0.9

n.d. 1.0 nd. 0.2 1.1 0.4

0.4 1.2 n.d. 1.4 1.6 1.1
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Fig. 4. Northern analysis of hepatic mRNA from male rats treated with
DHEA and/or a near-physiological dose of T3. Male Sprague-Dawley
rats were administered DHEA P0 (0.45% DHEA in AIN-76A chow), T3 IP
(1 0 jig/i 00 g body weight), nafenopin IP (50 mg/kg body weight), or
various combinations of those compounds daily for 7 days. Total RNA
was analyzed as described in legend to Fig. 3 using a 32P-labeled
oligonucleotide specific for the individual P450 4A isozymes or the
cDNA for GAPDH. Values are the actual optical densities of the hybrid-
ization complexes obtained from the autoradiograms, normalized to
GAPDH mRNA levels.

elevated in the hypothyroid animals. In striking contrast,

DHEA induction of mRNA for all three isozymes was inhib-
ited 50-75% when T3 was administered to thyroidectomized

animals. These results indicated that the low levels of CYP4A

isozyme basally expressed in liver are not the result of an

active repression by T3, as indicated by the absence of dere-

pression of expression of these hemoproteins in the hypothy-

roid animals. Furthermore, DHEA induction of the CYP4A1

and CYP4A3 isozymes was observed in both euthyroid and

hypothyroid animals, indicating that DHEA induction of

these proteins is not dependent on normal circulating levels

ofthyroid hormone. However, thyroid hormone status appar-

ently affects DHEA induction of hepatic CYP4A2 mRNA, as

the relative level of induced CYP4A mRNA in hypothyroid

animals was significantly diminished relative to the level of
induction observed in euthyroid animals. The transition from
a hypothyroid to a mild hyperthyroid state on the adminis-

tration of T3 (10 j.�g/100 g body weight) decreased the extent

of induction of all three CYP4A isozymes by DHEA, which is

consistent with previous observations in intact hyperthyroid

animals (Fig. 4).

T3 inhibits induction of P4504A isozymes by DREA.

Western immunoblot analysis of hepatic microsomal protein

with an anti-rat w-hydroxylase immunoglobulin is presented in

Fig. 7. There were no observed differences in the induction

(-5-fold) of the immunoreactive P450 proteins by DHEA with

regard to euthyroid or hypothyroid hormone state. DHEA in-
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Control

DHEA

DHEA+T3 �#. �,

Fig. 5. In vitro transcriptional analysis of hepatic nuclei from male rats

treated with DHEA and/or high doses of T3. Male Sprague-Dawley rats
(140-160 g) were treated with DHEA IP (80 mg/kg body weight), T3 IP
(50 jig/i 00 g body weight), or both. Nuclei were prepared from fresh

liver tissue and frozen at - 70#{176}.In vitro transcription was initiated in the
presence of 32P-labeled UTP. The newly transcribed RNA was isolated;
hybridized to pBS KS- , p4A4 (cDNA from rabbit CYP4A4), and pNUCS

(cDNA from GAPDH) immobilized onto nitrocellulose membranes; and
visualized with the use of autoradiography. The relative rates of tran-
scription are presented as the optical densities of the relevant bands

corresponding to the hybridization complexes normalized to the levels
of GAPDH mRNA. Data represent the fold induction by DHEA (2.2-fold)
or by DHEA’T3 (1 .5-fold).

duction of the proteins was inhibited by >75% when T3 (50

I.Lg/100 g body weight) was coadministered to the thyroidecto-
mized animals (Fig. 7). The results presented in Fig. 7 indicate

that the decrease in protein content of the CYP4et family that

was observed resulted from a decrease in the steady state

mRNA levels for the different isozymes in response to T3 ad-
ministration (Fig. 3). A second experiment with thyroidecto-

mized rats displayed a 90% inhibition (data not shown). Nearly

identical results (-50-60% inhibition) were observed in euthy-

roid animals that were treated with DHEA and 50 jig T3/100 g

body weight (data not shown). These results also demonstrated

that T:3 administration significantly decreased the content of an

immunochemically related protein not induced by DHEA (14)

that was constitutively expressed in the livers of control ani-

mals. The identity of this protein is not known. It may be

another isozyme of the GYP4A family, such as CYP4A5, which

is constitutively expressed in liver and kidneys ofrabbits but is

not induced by clofibrate (6). No corresponding orthologue has

been identified in rat liver. Administration of T3 inhibited the

DHEA-induced expression ofthe CYP4A family and possibly its

basal expression, which is in contrast to the apparent lack of

effect of T:3 on peroxisomal j3-oxidation and the additive induc-

tion ofNADPH:cytochrome P450 oxidoreductase in animals fed

DHEA.

T3 inhibits basal and peroxisome proliferator-in-

duced CYP4A2 expression in kidney. Cytochrome P4504

A2 is expressed constitutively in the kidneys of mature male

rats, and both DHEA and ADIOL are effective inducers of

renal CYP4A2 (14). We examined the effect of thyroid hor-

mone on the basal and DHEA-induced expression of CYP4A2
in kidney. Northern analyses of total RNA isolated from

P4504A1

P4504A2

P4504A3

GAPDH
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Fig. 6. Northern analysis of hepatic poly(A)� -enriched mRNA from

euthyroid and thyroidectomized male rats treated with DHEA and/or

near-physiological doses of T3. Sham-operated euthyroid, thyroidecto-

mized hypothyroid, and thyroidectomized hyperthyroid (administered

10 jig/i00 g body weight of T3 lP) rats were treated with DHEA P0
(0.45% DHEA in AIN-76A chow) daily for 6 days. Poly(A)�-enriched
mRNA was analyzed as described in legend to Fig. 3 using a
labeled oligonucleotide specific for the individual P450 4A isozymes or
the cDNA for GAPDH. Values are the actual optical densities of the
hybridization complexes obtained from the autoradiograms, normalized

to GAPDH mRNA levels.

kidneys of animals treated with DHEA P0, nafenopin IP,

near-physiological doses of T3 IP (10 jig/100 g body weight),

or combination of both peroxisome proliferator and hormone

are presented in Fig. 8. Expression of CYP4A2 in kidney is

induced -�3-fold by DHEA administration over the normal

basal level of expression. Thyroid hormone treatment inhib-

its both the basal and the DHEA-induced expression of

CYP4A2 by -�40-60%. Induction of renal CYP4A2 mRNA by

the peroxisome proliferator nafenopin was also inhibited

>60% by administration of the lower dosage of thyroid hor-

mone (Fig. 8). Administration ofhigher doses ofT3 (50 jig/100

g body weight) more effectively inhibited both the basal and

induced expression of renal CYP4A2 mRNA by -�80-90%

(data not shown).

Thyroid status differentially regulates renal

CYP4A2 expression. Basal and DHEA-induced mRNA cx-

pression of renal CYP4A2 was evaluated in animals of dif-

fering thyroid hormone states, i.e., when sham-operated (eu-

thyroid) or thyroidectomized (hypothyroid) rats were

administered a slightly greater than replacement dose ofT3

(10 jig IP/100 g body weight) and fed DHEA. Northern anal-

ysis of total mRNA from kidney hybridized to a CYP4A2-

specific oligonucleotide probe is presented in Fig. 9. In the
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2 X.-D. Lei and R. A. Prough, unpublished observations.

P4504A2 V
1.0 3.7 0.6 1.6 1.0 3.1 1.3

GAPDH �

Euthyrold Hypothyroid

Fig. 7. Western immunoblot analysis of hepatic microsomal cyto-
chrome P450 4A from euthyroid and hypothyroid male rats treated with
DHEA and/or near-physiological doses of T3. Sham-operated euthy-
roid, thyroidectomized hypothyroid, and thyroidectomized hyperthyroid
(administered 10 jig/i 00 g body weight of T3 IP) rats were treated with
DHEA P0 (0.45% DHEA in AIN-76A chow) daily for 6 days. Liver
microsomal fractions (20 jig protein) were analyzed using an anti-
CYP4A globulin as described in legend to Fig. 1 . The relative optical
densities of relevant bands on the autoradiogram corresponding to the
immune complexes were measured; these optical density values were
euthyroid control, 1 .0; euthyroid DHEA, 5.1 ; thyroidectomy control, 1.0;
thyroidectomy DHEA, 4.9; thyroidectomy T3, 0.3, and thyroidectomy,
DHEA/13, 1.3.

euthyroid, sham-operated animals, DHEA induced renal

CYP4A2 expression by 1.8-fold, which is comparable to the

2-fold induction observed in intact animals (14). DHEA

caused nearly identical levels of induction in thyroidecto-

mized rats. These data indicate that the induction of renal

CYP4A2 expression by DHEA is not dependent on the pres-

ence of T3 and that thyroidectomized rat kidney is as respon-

sive to DHEA treatment as those of euthyroid rats. However,

when the thyroidectomized animals were administered

DHEA along with a dosage of T3 that would render them
hyperthyroid, the level of induction by DHEA was strikingly

diminished (>80%).

The basal level of CYP4A2 mRNA expression in thyroidec-

tomized hypothyroid animals was considerably lower than

the basal level observed in the sham-operated euthyroid an-

imals. These findings indicate that thyroid hormone regula-

tion of renal CYP4A2 expression is complex and may involve

other hormonal factors. The decreased basal expression in

the hypothyroid animals suggests that normal function of the

thyroid gland is probably required for basal expression ob-

served in the euthyroid animals, yet hyperthyroid levels of T3

inhibited renal CYP4A2 expression. Due to the lower levels of

basal expression, the fold induction of CYP4A2 mRNA was

greater in thyroidectomized relative to sham-operated, eu-

thyroid rats (6.5- versus 1.6-fold).

T3 regulates induction of CYP4A by nafenopin in

cultured rat hepatocytes. To establish whether T3 acts

directly on the hepatocyte, we used primary cultures of rat

hepatocytes to determine the effect of graded concentrations

ofT3 on the expression ofCYP4A mRNA (41). We established

that nafenopin, a peroxisome proliferating agent, was capa-

ble of inducing P450 4A protein in adult rat hepatocytes at

the level of protein and mRNA (data not shown). We noted

that concentrations �50 p.M nafenopin caused increasing 1ev-

els of P450 4A protein and mRNA for the various isozymes of

CYP4A by 10-20-fold at 72 hr (data not shown); concentra-

tions higher than this were toxic to the cells, as measured
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Fig. 8. Northern analysis of renal mRNA of male rats treated with
DHEA, nafenopin and/or near-physiological doses ofT3. Male Sprague-
Dawley rats were treated with DHEA P0 (0.45% DHEA in AIN-76A
chow), nafenopin IP (40 mg/kg body weight), T3 IP (1 0 jig/i 00 g body
weight), or a combination of the compounds daily for 7 days. Renal total
RNA was analyzed as described in legend to Fig. 4 using a 32P-labeled
oligonucleotide specific for P4504 A2 or the cDNA for GAPDH. Values
are the actual optical densities of the hybridization complexes obtained
from the autoradiograms, normalized to GAPDH mRNA levels.

with Trypan blue exclusion and lactate dehydrogenase leak-

age. DHEA was not an effective inducer of CYP4A isozymes

in this culture system (45)#{149}2 We subsequently tested the
effect of increasing concentrations of T3 on nafenopin-depen-

dent induction of CYP4A mRNAs (Fig. 10). T3 specifically

suppressed the induction of mRNA specific for CYP4A2 by

nafenopin at concentrations as low as 1 X 10� M, whereas

concentrations as high as 1 j.tM T3 had no statistically signif-

icant effect on induction of CYP4A1 and CYP4A3 mRNA.

These results are nearly identical to the effect of T3 on in-

duction of CYP4A2 in vivo at the lower T3 dose, demonstrat-

ing that T3 apparently acts directly at the level of the hepa-

tocyte in regulating CYP4A2 expression and not by altering

other hormonal factors associated with the thyroid or para-

thyroid gland.

Discussion

DHEA has been described as thyromimetic (21, 42, 46).
That is, the administration of pharmacological levels of

DHEA to rodents elicits effects on intermediary metabolism

that are similar to those of supraphysiological levels of thy-

roid hormone. The administration of either DHEA or T3 to

rats significantly decreased body weight, fatty acid synthesis,

and mitochondrial respiration and increased total body oxy-

gen consumption. These effects have been suggested to be

mediated through the coordinate regulation of several en-

zymes involved in lipid homeostasis by DHEA and T3. The

regulation of malic enzyme by DHEA required the presence

of T3 in vivo (21). We have sought to determine whether the

CYP4A isoenzymes were similarly regulated by DHEA and

T3 and whether DHEA induction of these isozymes required

T3. In the present study, we report that DHEA and T3 do not
coordinately regulate the expression of the CYP4A family of
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Fig. 10. Effect of thyroid hormone on nafenopin induction of CYP4A
mRNAs in cultured rat hepatocytes. After being plated onto Matrigel-

-I -I coated dishes, the cells were cultured for 24 hr. Nafenopin (40 jiM) was
:.. then added to the media with increasing concentrations of T3. After 72

0 hr, the cells were collected, and the mRNA was isolated. Total mRNA
I was analyzed as described in legend to Fig. 4 using a 32P-labeled
III oligonucleotide specific for various CYP4A genes or the cDNA for
> GAPDH. Values presented are the actual optical densities of the hy-

bridization complexes obtained from the autoradiograms normalized to

GAPDH mRNA levels. The data shown represent a single experiment;
however, this experiment was performed three times with nearly iden-
tical results obtained at iOO nM T3 (±iS%). 0, CYP4A1; L�, CYP4A2;#{149},
CYP4A3.

Euthyroid Hypothyroid

Fig. 9. Northern analysis of renal mRNA from euthyroid, hypothyroid,
and hyperthyroid male rats treated with DHEA and/or near-physiolog-
ical doses of T3. Sham-operated euthyroid, thyroidectomized hypothy-
roid, and thyroidectomized hyperthyroid (administered iO jig/iOO g
body weight of T3 IP) rats were treated with DHEA P0 (0.45% DHEA in
AIN-76A chow) daily for 6 days. Total RNA isolated from kidney was
analyzed as described in legend to Fig. 3 using a 32P-labeled oligonu-
cleotide specific for P4504 A2 or the cDNA for GAPDH. Values are the
actual optical densities of the hybridization complexes obtained from
the autoradiograms normalized to GAPDH mRNA levels.

isozymes in rat but that supraphysiological levels of T3 op-

pose induction of the CYP4A family, strongly inhibiting the

expression of these isozymes when administered with DHEA

or nafenopin. Furthermore, we established that DHEA in-

duction of the CYP4A isozymes did not appear to absolutely

require the presence of circulating thyroid hormone.

In animals rendered hyperthyroid by the administration of
a supraphysiological dosage of T3 (50 �tg/100 g body weight),

the induction of hepatic GYP4A protein content and mRNA

levels by DHEA was significantly inhibited. Western analy-

sis of hepatic microsomal fractions prepared from animals

administered DHEA, T3, or both revealed that thyroid hor-

mone significantly inhibited the DHEA induction of CYP4A

protein content by >50%. When thyroid hormone was admin-

istered alone, an immunologically related, constitutively cx-

pressed protein, which was not induced by DHEA ( 14), was

also suppressed. The identity of this protein is not known;

however, it may be a rat orthologue to CYP4A5. Northern

analysis revealed that the steady state mRNA levels for

hepatic CYP4A1 and CYP4A3 were also decreased 60-70%

when T:1 was coadministered with DHEA, whereas the induc-

tion of CYP4A2 by DHEA was completely inhibited. Thyroid

hormone inhibition of DHEA-induced expression of CYP4A2

was also observed when a more physiological dose of T3 (10

I.Lg/100 g body weight) was administered. In addition, thyroid

hormone inhibited induction of the CYP4A2 isozymes by the

potent peroxisome proliferator nafenopin.

We also assessed DHEA induction of hepatic CYP4A

isozymes in animals rendered hypothyroid by surgical thy-

roidectomy. Because thyroid hormone inhibited peroxisome

proliferator-induced expression of CYP4A isozymes, it was

possible that thyroid hormone, under physiological condi-

tions, exerted a repressive effect on CYP4A expression and

that removal of the thyroid gland might result in a derepres-

sion of CYP4A expression. Negative regulation of other cyto-

chromes P450 by thyroid hormone has been demonstrated

(47, 48). However, CYP4A isozyme expression was not dere-

pressed in hypothyroid animals, although the thyroid status

of the animal was shown to have an effect on DHEA induc-

ibility of CYP4A2 (negative) and CYP4AJ CYP4A3 (slight

positive). Induction ofthe CYP4A isozymes by DHEA was not

absolutely dependent on the presence of thyroid hormone.

This is in contrast to the observation by Song et al. (22) that

DHEA required thyroid hormone to induce malic enzyme.
DHEA induction of CYP4A2 in the livers of hypothyroid rats

was significantly lower than that observed in euthyroid ani-

mals, suggesting involvement of thyroid hormone or some

other factor regulated by the gland in DHEA-regulated

CYP4A2 expression. DHEA induction of CYP4A1 and
CYP4A3 by DHEA was not diminished in the hypothyroid

animals.

Although thyroid hormone inhibited peroxisome prolifera-

tor-induced expression of the CYP4A isozymes, thyroid hor-

mone did not significantly inhibit the induction of hepatic

peroxisome proliferation by either DHEA or nafenopin. The

administration of T3 at near-physiological dosages had little

or no effect on DHEA- or nafenopin-induced palmitoyl-CoA

oxidase activity (data not shown). Induction of NA.DPH:cyto-

chrome P450 oxidoreductase by T3 plus DHEA was additive.

In addition, hepatomegaly, a characteristic of peroxisome

proliferation, was observed in all euthyroid and hyperthyroid

animals treated with the peroxisome proliferators DHEA and

nafenopin, except hypothyroid animals treated with both
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DHEA and T3. Thus, thyroid hormone inhibition of peroxi-

some proliferator-induced expression of the CYP4A isozymes

apparently is not seen for other enzymes induced by peroxi-

some proliferators.

Several studies have reported that induction of CYP4A
w-hydroxylase activity temporally precedes the induction of

peroxisomal enzymes and subsequent peroxisome prolifera-

tion (49). It has been proposed that the w-hydroxylated fatty

acids or other products formed may serve as substrates for

the peroxisomal a-oxidation pathway and that peroxisome

proliferation may be an adaptive response to increased levels

of these substrates. Our findings of significantly decreased

CYP4A expression in the presence of normal levels of perox-

isome proliferation do not support this model. Of course,

CYP4A2 and CYP4A3 expression was only partially inhibited

by T3, and thus there may be sufficient o-hydroxylase activ-

ity to induce peroxisome proliferation, if it is required. Al-

though T3 has been reported to be a weak peroxisome prolif-

erator when administered to rats at a dose of 20 pg/100 g

body weight (44), we did not observe appreciable hepatomeg-

aly or induction in peroxisomal �3-oxidation of fatty acids

when thyroid hormone was administered at a dose of either

10 or 50 jig/100 g body weight in our study.

Of particular interest was the effect of thyroid hormone on

CYP4A2 expression in kidney. Administration of both supra-

physiological and physiological dosages of thyroid hormone

whether alone or with DHEA resulted in significant diminu-

tion in the normally high levels of basal CYP4A2 expression

in kidney. Renal P450-dependent w- and o-1-hydroxylation of

arachidonic acid has been demonstrated in rabbit and rat

and is likely catalyzed by members of the CYP4A family (5,

6). The regulation of CYP4A isozymes in kidney by DHEA

and T3 and the subsequent effects on arachidonic acid me-

tabolism may, therefore, have a significant effect on normal

and pathological functions. Induction of CYP4A2 expression

in kidney has been observed in spontaneously hypertensive

rats, suggesting that the function of this enzyme may be

involved in hypertension (50, 51). Clearly, further investiga-

tion of the regulation of CYP4A2 by DHEA and thyroid hor-

mone in kidney and the potential effects on renal function

and disease is warranted.

In a previous report, we demonstrated that induction of

CYP4A1 expression by DHEA occurred at the level of tran-

scription ( 14), as has been shown for another peroxisome

proliferator, clofibrate. To establish whether thyroid hor-

mone inhibited DHEA induction of CYP4A expression

through inhibition of transcription, we performed in vivo

transcription run-on analysis of nuclei isolated from ani-

mals treated with DHEA, T3, or both. Coadministration of

thyroid hormone (50 �tg/100 g body weight) with DHEA

resulted in a 40% decrease in the rate of transcription of

the CYP4A1 gene relative to the level observed when

DHEA was administered alone. The level of inhibition of

transcriptional activity by T3 correlated strongly with the

decrease observed in the steady state mRNA levels of

hepatic CYP4A1 of rats receiving both DHEA and thyroid

hormone. The addition of thyroid hormone to primary cul-

tured rat hepatocytes resulted in a concentration-depen-

dent decrease in nafenopin-induced CYP4A2 expression

with a significant 60% decrease in CYP4A2 mRNA levels

when thyroid hormone was coadministered at 10_8 M. Thy-

roid hormone did not significantly decrease CYP4A1/

CYP4A3 mRNA levels in cultured rat hepatocytes, which is
similar to the result observed in vivo. The differences in

the degree ofinhibition ofthe different CYP4A isozymes by

thyroid hormone suggest the possibility of different mech-

anisms of inhibition at low and high concentrations rela-

tive to peroxisomal �3-oxidation and microsomal NADPH:

cytochrome P450 oxidoreductase.

Several mechanisms for thyroid hormone-mediated repres-

sion of gene transcription has been described. Carr et al. (52,

53) demonstrated thyroid hormone-dependent repression of

transcription of the gene for the �3 subunit of thyroid hor-

mone-stimulating hormone via thyroid receptor binding to a

negative thyroid hormone-responsive element located within

the 5’-upstream region of the gene. Our findings, at least for

CYP4A2, suggest that the inhibition ofexpression may be the

result of a direct receptor-mediated event, as proposed by

Carr et al. (53) and Piedrafita et al. (54), as thyroid hormone

inhibits basal expression of CYP4A2 in kidney as well as

peroxisome proliferator-induced expression in a dose-depen-

dent manner. These results along with our finding that

thyroid hormone inhibited CYP4A2 expression in vitro in

primary cultured hepatocytes at endocrinologically and phys-

iologically significant concentrations support direct receptor-
mediated regulation of this gene. The inhibition of peroxi-

some proliferator-induced expression of CYP4A1 and

CYP4A3 at high T3 levels, however, may be mediated

through a different mechanism because partial inhibition of

CYP4A1 and CYP4A3 peroxisome proliferator-induced cx-

pression occurred only when supraphysiological doses of T3

were administered. However, the observation that acyl-CoA
oxidase expression was largely unaltered by T3 would rule

out a common mechanism involving sequestration of retinoid

x receptor by liganded thyroid hormone receptor (55). Our
future studies will address possible mechanisms for thyroid

hormone-mediated inhibition of CYP4A isozyme expression,

including identification of regions within the genes responsi-

ble for inhibition.

Acknowledgments

We express our thanks to Marsha Guethe and Duncan Macmillan
(Division of Pediatric Endocrinology, Department of Pediatrics, Uni-
versity of Louisville, Louisville, KY) for their assistance in the thy-

roid hormone measurements. Radioimmunoassays using the 1-FT3
MAGIC and T3 MAGIC kits were performed by Marsha Guethe. We

also thank J. M. Blanchard, E. F. Johnson, and C. B. Kasper for
providing the cDNA probes for GAPDH, CYP4A4, and NADPH:

cytochrome P450 oxidoreductase and R. T. Okita for the antibody

against rat hepatic P450 4A.

References

1. Nelson, D. R., T. Kamataki, D. J. Waxman, F. P. Guengerich, R. W.
Estabrook, R. Feyereisen, F. J. Gonzalez, M. J. Coon, I. R. Gunsalus, 0.
Gotoh, A. Okuda, and D. W. Nebert. The P450 superfamily: update on new
sequences, gene mapping, accession numbers, early trivial names of en-

zyines, and nomenclature. DNA Cell. Biol. 12:1-51 (1993).
2. Kimura, S., J. P. Hardwick, C. A. Kozak, and F. J. Gonzalez. The rat

clofibrate-inducible CYP4A subfamily. II. cDNA sequence of IVA3, map-
ping of the cyp4a locus to mouse chromosome 4 and coordinate and tissue
specific regulation of the CYP4A genes. DNA 8:517-525 (1989).

3. Kimura, S., N. Hanioka, E. Matsunaga, and F. J. Gonzalez. The rat
clofibrate-inducible CYP4A gene subfamily. I. Complete intron and exon
sequences of the CYP4A1 and CYP4A2 genes, unique exon organization
and identification ofa conserved 16 bp upstream element. DNA 8:503-516
(1989).

4. Ellin, A., S. V. Jakobsson, J. B. Schenkman, and S. Orrenius. Cytochrome

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


286 Webb et a!.

P450K of rat kidney cortex microsomes: its involvement in fatty acid w-

and (w-1)-hydroxylation. Arch. Biochem. Biophys. 150:64-72 (1972).
5. Aoyama, T., J. P. Hardwick, S. Imaoka, Y. Funae, H. V. Gelboin, and F. J.

Gonzalez. Clofibrate-inducible rat hepatic P450s P/Al and WA3 catalyze

the us- and (w-1)-hydroxylation of fatty acids and the w-hydroxylation of
prostaglandin El and F2a. J. Lipid. Res. 31:1477-1482 (1990).

6. Roman, L. J., C. N. Palmer, J. E. Clark, A. S. Muerhoff, K. J. Griffin, E. F.
Johnson, and B. S. Masters. Expression of rabbit cytochromes P4504A
which catalyze the omega-hydroxylation of arachidonic acid, fatty acids,
and prostaglandins. Arch. Biochem. Biophys. 307:57-65 (1993).

7. Hawkins, J. M., W. E. Jones, F. W. Bonner, and G. G. Gibson. The effect of
peroxisome proliferators on microsomal, peroxisomal, and mitochondrial
enzyme activities in the liver and kidney. Drug Metab. Rev. 18:441-515

(1988).
8. Reddy, J. K., and M. S. Rao. Peroxisome proliferation and hepatocarcino-

genesis. IARC Sci. Pubi. 116:225-235(1992).
9. Bentley, P., L Calder, C. Elcombe, P. Grasso, D. Stringer, and H.-J.

Wiegand. Hepatic peroxisome proliferation in rodents and its significance

for humans. Food. Chem. Toxicol. 31:857-907 (1993).
10. Ishii, H., N. Fukumori, S. Hone, and T. Suga. Effects offat content in the

diet on hepatic peroxisomes of the rat. Biochim. Biophys. Ada 617:1-11
(1980).

11. Reddy, J. K., N. D. Lalwani, A. S. Dabholkar, M. K. Reddy, and S. A.
Qureshi. Increased peroxisomal activity in the liver of vitamin E deficient
rats. Biochem. list. 3:41-49 (1981).

12. Pollera, M., T. Locci Cubeddu, and E. Bergamini. Effect ofcold adaptation
on liver peroxisomes and peroxisomal oxidative activities ofrat: a morpho-
metric/stereologic and biochemical study. Arch. mt. Physiol. Biochim. 91:
35-42 (1983).

13. Wu, H.-Q., J. Masset-Brown, D. J. Tweedie, L. Milewich, R. A. Frenkel, C.
Martin.Wixtrom, R. W. Estabrook, and R. A. Prough. Induction of micro-
somal NADPH-cytochrome P-450 reductase and cytochrome P45OIVA1
(P-450�,..�) by dehydroepiandrosterone in rats: a possible peroxisomal pro-
liferator. Cancer Res. 49:2337-2343 (1989).

14. Prough, R. A., S. J. Webb, H.-Q. Wu, D. P. Lapenson, and D. J. Waxman.
Induction of microsomal and peroxisomal enzymes by dehydroepiandros-
terone and its reduced metabolite in rats. Cancer Res. 54:2878-2886
(1994).

15. Issemann, I., and S. Green. Activation ofa member ofthe steroid hormone
receptor superfamily by peroxisome proliferators. Nature (Lond.) 347645-

650 (1990).
16. Osumi, T., J. K Wen, and T. Hashimoto. Two cis-acting regulatory se-

quences in the peroxisome proliferator-responsive enhancer region of rat
acyl-CoA oxidase gene. Biochem. Biophys. Res. Commun. 175:866-871

(1991).
17. Tugwood, J. D., I. Issemann, R. G. Anderson, K R. Bundell, W. L.

McPheat, and S. Green. The mouse peroxisome proliferator activated
receptor recognizes a response element in the 5’ flanking sequence of the
rat acyl CoA oxidase gene. EMBO J. 11:433-439 (1992).

18. Muerhoff, A. S., K J. Griffin, and E. F. Johnson. The peroxisome prolif-
erator-activated receptor mediates the induction of CYP4A6, a cytochrome

P450 fatty acid omega-hydroxylase, by clofibric acid. J. Biol. C/sam. 267:

19051-19053 (1992).
19. Zhang, B., S. L. Marcus, K S. Miyata, S. Subrarnani, J. P. Capone, and R.

A. Rachubinski. Characterization of protein-DNA interactions within the
peroxisome proliferator-responsive element of the rat hydratase-
dehydrogenase gene. J. Riol. Chem. 268:12939-12945 (1993).

20. Boie, Y., M. Adam, T. H. Rushmore, and B. P. Kennedy. Enantioselective
activation ofthe peroxisome proliferator-activated receptor. J. Biol. Chem.
268:5530-5534 (1993).

21. Su, C. Y., and H. Lardy. Induction of hepatic mitochondrial glycerophos-
phate dehydrogenase in rats by dehydroepiandrosterone. J. Biochem. To.
kyo 110:207-213 (1991).

22. Song, M. K, D. Grieco, J. E. Rail, and V. M. Nikodem. Thyroid hormone-
mediated transcriptional activation of the rat liver malic enzyme gene by
dehydroepiandrosterone. J. Biol. Chem. 264:18981-18985 (1989).

23. Escalante, B., K Ornate, W. Sessa, S. G. Lee, J. R. Faick, and M. L.

Schwartzman. 20-Hydroxyeicosatetraenoic acid is an endothelium-
dependent vasoconstrictor in rabbit arteries. Eur. J. Pharmacol. 235:1-7
(1993).

24. Zou, A-P., Y.-H. Ma, Z.-H. Sni, P. R. Ortiz de Montellano, J. E. Clark, B.
S. S. Masters, and R. J. Roman. Effects of 17-octadecynoic acid, a suicide-
substrate inhibitor of cytochrome P450 fatty acid w-hydroxylase, on renal
function in rats. J. Pharmacol. Exp. Ther. 268:474-481 (1994).

25. Takahashi, K., J. H. Capdevila, A. Karara, J. R. Falck, H. R. Jacobson, and
K. F. Badr. Cytochrome P-450 arachidonate metabolites in rat kidney:
characterization and hemodynamic responses. Am. J. Physiol. 258:F781-
F789 (1990).

26. Fort, P., L. Marty, M. Piechaczyk, S. el Sabrouty, C. Dani, P. Jeanteur, and
J. M. Blanchard. Various rat adult tissues express only one major mRNA
species from the glyceraldehyde-3-phosphate-dehydrogenase multigenic
family. Nucleic Acids Res. 13:1431-1442 (1985).

27. Johnson, E. F., D. L. Walker, K J. Griffin, J. E. Clark, R. T. Okita, A. S.

Muerhoff, and B. S. Masters. Cloning and expression of three rabbit

kidney cDNAs encoding lauric acid w-hydroxylases. Biochemistry 29:873-
879 (1990).

28. Gonzalez, F. J., and C. B. Kasper. Cloning of DNA complementary to rat
liver NADPH-cytochrome c (P450) oxidoreductase and cytochrome P450b
mRNAs: evidence that phenobarbital augments transcription of specific
genes. J. Biol. Chem. 257:5962-5968 (1982).

29. Sundseth, S. S., J. A. Alberta, and D. J. Waxman. Sex-specific growth

hormone-regulated transcription of the cytochrome P450 2C11 and 2C12.
J. Biol. Chem. 267:3907-3914 (1992).

30. Rammer, H., H. Greim, J. B. Schenkman, and R. W. Estabrook. Methods
for the elevation of hepatic microsomal mixed function oxidase levels and
cytochrome P450. Methods Enzymol. 10:703-708 (1967).

31. Smith, P. K, R. I. Krohn, G. T. Hermanson, A. K Mallia, F. H. Gartner, M.
D. Provenzano, E. K Fujimoto, N. M. Goeke, B. J. Olson, and D. C. Klenk.
Measurement of protein using bicinchoninic acid. Anal. Biochem. 150:
76-85 (1985).

32. Yasukochi, Y., and B. S. S. Masters. Some properties of a detergent-
solubilized NADPH-cytochrome c (cytochrome P-450) reductase purified
by biospecific affinity chromatography. J. Biol. Chem. 251:5337-5344

(1976).
33. Lazarow, P. B. Assay of peroxisomal �3.-oxidation of fatty acids. Methods

Enzymol. 72.315-319 (1981).

34. Laemmli, U. K Cleavage ofstructural proteins during the assembly of the
head of bacteriophage T4. Nature (Lond.) 227:680-685 (1970).

35. Towbin, H., T. Staehelin, and J. Gordon. Electrophoretic transfer of pro-
teins from polyacrylamide gels to mtrocellulose sheets:procedure and some
applications. Proc. Natl. Acad. Sci. USA 76:4350-4354 (1979).

36. Chomczynski, P., and N. Sacchi. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-

chem. 162:156-159 (1987).
37. Lee, K.-L., K R. Isham, A. Johnson, A., and F. T. Keene. Insulin enhances

transcription of the tyrosine aminotransferase gene in rat liver. Arch.

Biochem. Biophys. 24&679-683 (1986).
38. Greenberg, ME. and T. P. Bender. Identification of newly transcribed

RNA, in Current Protocols (F. M. Ausubel, R. Brent, R. E. Kingston, D. D.
Moore, J. D. Seidman, J. A. Smith, and K Stuhl, eds.). John Wiley and

Sons, New York, 4:10.1-4:11 (1994).
39. Bissell, D. M., and P. 5. Guzelian. Phenotypic stability of adult rat hepa-

tocytes in monolayer culture. Ann. N. Y. Acad. Sci. 349:85-98 (1980).
40. Schuetz, E. G., S. A. Wrighton, J. L. Barwick, and P. S. Guzelian. Induction

of cytochrome P-450 by glucocorticoids in rat liver. I. Evidence that glu-
cocorticoids and pregnenolone 16a-carbonitrile regulate de novo synthesis
of a common form of cytochrome P-450 in cultures of adult rat hepatocytes
and in the liver in vivo. J. Biol. Chem. 259:1999-2006 (1984).

41. Xiao, G.-H., J. A. Pinaire, A. D. Rodrigues, and R. A. Prough. Regulation
of the Ah gene battery via Ah receptor-dependent and independent
processes in cultured adult rat hepatocytes. Drug Metab. Dispos. 23:
642-650 (1995).

42. Lardy, H., C.-Y. Su, N. Kneer, and S. Wielgus. Dehydroepiandrosterone
induces enzymes that permit thermogenesis and decrease metabolic effi-
ciency, in Hormones, Thermogenesis, and Obesity (H. Lardy and F. Strat-
man, eds.). Elsevier Science, New York, 415-426 (1989).

43. Waxman, D. J., J. J. Morrissey, and G. A. LeBlanc. Hypophysectomy
differentially alters P-450 protein levels and enzyme activities in rat liver:
pituitary control of hepatic NADPH cytochrome P450 reductase. Mol.
Pharmacol. 35:519-525 (1989).

44. Pacot, C., M. Charmoillaux, H. Goudonnet, R. C. Truchot, and N. Latruffe.
Role of thyroid state on induction by ciprofibrate of laurate hydroxylase
and peroxisomal enzymes in rat liver microsomes. Biochem. Pharmacol.
45:1437-1446 (1993).

45. Ram, P. A., and Waxman, D. J. Dehydroepiandrosterone 3-a-sulphate is
an endogenous activator of the peroxisome-proliferation pathway: induc-
tion ofcytochrome P-450 4A and acyl-CoA oxidase mRNAs in primary rat
hepatocyte culture and inhibitory effects of Ca2�-channel blockers. Bio.
chem. J. 301:753-758 (1994).

46. Hertz, R., R. Aurbach, T. Hashimoto, and J. Bar-Tana. Tyromimetic effect
of peroxisomal proliferators in rat liver. Biochem. J. 274:745-751 (1991).

47. Ram, P. A., and D. J. Waxinan. Pretranslational control by thyroid hor-
mone of rat liver steroid 5a-reductase and comparison to the thyroid
dependence of two growth hormone-regulated CYP2C mRNAs. J. Biol.
Chem. 265:19223-19229 (1990).

48. Murayansa, N., M. Shimada, Y. Yamazoe, and R. Kate. Difference in the
susceptibility of two phenobarbital-inducible forms, P45OIIB1 and
P45011B2, to thyroid hormone and growth hormone-induced suppression
in rat liver: phenobarbital-inducible P4501IB2 suppression by thyroid
hormone acting directly, but not through the pituitary system. Mol. Phar-
macol. 39:811-817 (1991).

49. Kaikaus, R. M., W. K. Chan, N. Lysenko, R. Ray, P. R. Ortiz de Montellano,
and N. M. Bass. Induction of peroxisomal fatty acid �3-oxidation and liver
fatty acid-binding protein by peroxisome proliferators. J. Biol. Chem.
26&9593-9603 (1993).

50. Escalante, B., D. Erlij, J. R. Faick, and J. C. McGiff. Effect of cytochrome
P450 arachidonate metabolites on ion transport in rabbit kidney loop of
Henle. Science (Washington D. C.) 251:799-802 (1991).

51. Laniado-Schwartzman, M., N. G. Abraham, D. Sacerdoti, B. Escalante,

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Regulation of CYP4A by DHEA and T3 287

and J. C. NcGiff. Effect of acute and chronic treatment of tin on blood 54. Piedrafita, F. J., I. Bendik, M. A. Ortiz, and M. Pfahl. Thyroid hormone
pressure in spontaneously hypertensive rats. Tohoku J. Exp. Med 166: receptor homodimers can function as ligand-sensitive repressors. Mol.

85-91 (1992). Endocrinol. 9:563-578 (1995).
52. Carr, F. E., L. L. Kaseem, and N. C. Wong. Thyroid hormone inhibits 55. Green, S., and W. Wahli. Peroxisome proliferator-activated receptors: find-

thyrotropin gene expression via a position-independent negative L- ing the orphan a home. Mol. Cell. Endocrinol. 100:149-153 (1994).
triiodothyronine-responsive element. J. Biol. Chem. 267:18689-18694 ____________________________________________________________
(1992). Send reprint requests to: RussellA. Prough, Ph.D., Department of Biochem-

53. Carr, F. E., and N. C. W. Wong. Characteristics of a negative thyroid � School of Medicine, University of Louisville, Louisville, KY 40292.
hormone response element. J. Biol. Chem. 269:4175-4179 (1994). ______________________________________________________________

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



