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BESTERVELT, L. L., Y. CAI, D. W. PIPER, C. J. NOLAN, J. A. PITT AND W. N. PIPER. TCDD aiters pitu-
itary-adrenal function I: Adrenal responsiveness to exogenous ACTH. NEUROTOXICOL TERATOL 15(6) 365-370,
1993. —Plasma ACTH concentrations in 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD)-treated rats (50 ug/kg; single, oral
dose) were 2.1-, 2.1-, 2.9-, 1.7-, 1.5-, 2.0- and 3.0-fold greater than control values, respectively, at days 1, 3, 5, 7, 10, and 14.
At days 1 and 5 plasma corticosterone concentrations were increased 5.1- and 8.0-fold, respectively; whereas, at days 10 and
14 they were depressed to values of 50% and 39% of controls, respectively. Adrenal glands were exised from rats treated with
TCDD and corticosterone production was assessed. Basal corticosterone concentrations produced by treated adrenals were
depressed to 81%, 72%, and 71% of control values at days 5, 7, and 14, respectively. Corticosterone secretion by ACTH
stimulated adrenals was equivalent to controls. These findings suggest that TCDD exposure decreases the bioactivity of the

ACTH secreted by the anterior pituitary.
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HALOGENATED aromatic hydrocarbons (HAHs) represent
a chemical family of highly toxic environmental contaminants
that include the polychlorinated and polybrominated biphe-
nyls, the polychlorinated dibenzofurans, and the polychlori-
nated dibenzo-p-dioxins. The prototypical HAH is 2, 3, 7,
8-tetrachlorodibenzo-p-dioxin (TCDD). TCDD has been stud-
ied more extensively than any other HAH because it is consid-
ered to be the most toxic and biologically potent congener
(24,26). TCDD is lipophilic, stable and resistant to chemical
and biological degradation. As a consequence of these physio-
chemical properties it has a propensity to persist in the envi-
ronment and to bioaccumulate in the food chain, posing a
potential risk to human health (16). TCDD is a contaminant
formed as a by-product in the manufacture of products from
chlorinated compounds (22,27), during the combustion of
chlorinated materials (5,7,13), and in the process of bleaching
paper pulp (2,30).

TCDD induced hirsutism, alopecia, and chloracne reported
in various mammalian species suggest that adverse effects of
TCDD may be mediated through alterations in endocrine
function (1,17,18). Anorexia, progressive weight loss, and hy-
poglycemia have been reported both in humans and animals
after TCDD exposure (9,11,15,16). These adverse effects are
symptoms of adrenocortical insufficiency (Addison’s disease),
suggesting that TCDD exposure may compromise adrenocor-

tical function. This suggestion is supported by the observa-
tions that [“C]TCDD accumulates in the adrenal gland (8,
23,25) and that pathologic lesions occur in this organ follow-
ing TCDD exposure (18,19).

Limited and conflicting data are available on the effects
of TCDD intoxication on the pituitary-adrenal axis. Serum
corticosterone concentrations in rats exposed to TCDD have
been reported to be both depressed (3,6,14,21) or elevated (6,
10). Depressed serum corticosterone concentrations have been
reported at days 4, 7, 13, 14, and 21 following a single, oral
dose of 50 ug/kg (3,21) or 100 ug/kg (6,14). This decrease has
been proposed to be the result of altered circadian corticoste-
rone secretion (14). However, insufficient time points were
presented to determine the actual effect on circadian secretion
of corticosterone. Other studies have reported elevated corti-
costerone concentrations in TCDD-treated rats (6,10). The
elevation in corticosterone due to TCDD treatment may be
related to the light cycle because the samples were obtained
from rats during the late afternoon (6) or from rats subjected
to a reverse light cycle (10). Although these reports differ in
the nature and timing of the changes, they all suggest that
TCDD alters serum corticosterone concentrations.

Synthesis and secretion of corticosterone is dependent
upon the anterior pituitary hormone adrenocorticotropin
(ACTH). In the adrenal cortex, corticosterone is synthesized
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from cholesterol with the participation of several monooxy-
genase reactions catalyzed by different species of mitochon-
drial and microsomal cytochrome P-450-dependent enzymes.
The rate limiting and first step is the conversion of cholesterol
to pregnenolone (29), which is catalyzed by mitochondrial P-
450cscc- Pregnenolone, the steroid produced, is converted to
progesterone. Progesterone then undergoes hydroxylation at
the C21 position by microsomal cytochrome P-450 21-hydrox-
ylase (P-450;,) to produce deoxycorticosterone (DOC). In the
final step, DOC is converted to corticosterone by mitochon-
drial cytochrome P-450 11-8 hydroxylase (P-450;,3). The con-
version of cholesterol to corticosterone, the major glucocorti-
coid in the rat is dependent upon the trophic effect of ACTH
(29,31). ACTH regulates the synthesis of the cytochrome P-
450 enzymes in the adrenal cortex by increasing the levels of
translatable mRNA that encodes these enzymes (29). Thus,
ACTH is necessary in maintaining optimal levels of these ste-
roidogenic enzymes.

Because the synthesis and secretion of corticosterone is de-
pendent upon ACTH, alteration of ACTH may compromise
corticosterone biosynthesis. There are a number of potential
reactions of corticosteroid biosynthesis that are regulated by
ACTH (P-450cscc, P-450c,,, P-450,,8) that could be disrupted
if ACTH synthesis/secretion was altered by TCDD intoxica-
tion. It has been shown that microsomal P-450,, activity is
decreased 7 days after TCDD exposure (50 ug/kg; single, oral
dose) (20). Because P-450,, is known to be regulated by
ACTH, the decreased P-450,, activity may be a result of
decreased ACTH concentrations.

Because the anterior pituitary hormone ACTH regulates
corticosterone synthesis and secretion, it is possible that the
depressed rat adrenal steroidogenesis reported after TCDD
treatment may be from decreased anterior pituitary secretion
of ACTH. Thus, it would be important to determine whether
TCDD could alter circulating plasma ACTH concentrations.
This study was designed to assess the ability of TCDD to
affect: a) circulating plasma ACTH concentrations, b) circu-
lating plasma corticosterone concentrations, and c) activity of
the rate-limiting enzyme, mitochondrial P-450cscc. A depres-
sion in these parameters could account for the decreased blood
concentrations of corticosterone and the proposed decrease of
corticosterone biosynthesis that has been suggested to occur
after TCDD treatment. It is possible that any depression of
corticosterone biosynthesis caused by TCDD exposure could
be due to a decreased adrenal responsiveness to ACTH. There-
fore, a second study was conducted to assess the ability of
adrenal glands exised from rats treated with TCDD in vivo to
respond to a maximally stimulating dose of ACTH in vitro.

METHOD

Animals

TCDD (50 ug/kg) was administered in a single, oral dose
to adult, male Sprague-Dawley rats (200-220 g). Sprague-
Dawley rats were chosen for their suseptibility to TCDD (3
week LDs, of 60 pg/kg). All animals remained alive for the
duration of the exposure period and exhibited TCDD-
associated weight loss. Acetone-corn oil (1:2; 3.8 ml/kg)
served as the control vehicle. Rats were handled daily for 7
days prior to TCDD treatment to acclimate the animals to
human contact. The animals were housed singly, permitted
food and water ad lib, and maintained on a controlled lighting
cycle (0600 lights on; 1800 lights off). All experiments were
conducted in a controlled, restricted access environment to
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minimize environmental disturbances for the duration of the
experiment. Rats were killed (0900 h) by decapitation, blood
was collected in chilled glass tubes containing dry EDTA, and
centrifuged. Plasma was separated and frozen at —70°C until
hormone assay. The adrenal glands were removed, trimmed
of adhering fat, and weighed. Adrenal glands from two ani-
mals were pooled and homogenized in 1 ml of 0.1 M sodium
phosphate (pH 7.4) containing 0.25 M sucrose using a motor-
driven glass Potter-Elvehjem homogenizer and a Teflon pestle
(0.15 mm clearance). The homogenate was centrifuged at 600
x g for 10 min. The supernatant was centrifuged at 10,000
x g for 15 min, and the resulting mitochondrial pellet was
resuspended in 2 ml of homogenization buffer and recentri-
fuged at 10,000 X g for 15 min. The pellet was resuspended
in 0.5 ml of homogenization buffer and protein content was
measured (4).

Measurement of P-450 Cholesterol Side Chain Cleavage
Activity

The activity of rat adrenal mitochondrial P-450cscc was
determined by measuring the conversion of [1,2,6,7-"H] cho-
lesterol to pregnenolone (12). The assay system contained (fi-
nal concentrations) 30 uM cholesterol (2 uCi) of [1, 2, 6, 7-*H)
cholesterol) and 2.5 mM NADPH in a final volume of 400 ul.
The reaction was initiated by the addition of adrenal mito-
chondrial protein (250 ug). The reaction mixture was incu-
bated at 37°C for 25 min in a shaking water bath. The reaction
was terminated by the addition of 0.6 ml of methanol at 5°C.
An aliquot (25 pl) of the resulting mixture was subjected to
thin-layer chromatography (TLC) (Silica Gel 60, Merck, 20
x 20 cm, 25 mm, without fluorescent indicator) using ethyl
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FIG. 1. Effect of TCDD on plasma ACTH concentrations. TCDD
(50 ug/kg) was administered in a single, oral dose at day 0. Rats were
killed at 0900 h at days 1, 3, 5, 7, 10, and 14 following TCDD treat-
ment. Plasma ACTH concentrations were determined by RIA. Values
represent the mean + SEM for 14 animals at days 1, 3, 5, 10, and
14. Day 7 values represent the mean + SEM for 24 animals. An
asterisk denotes that the difference between TCDD-treated and con-
trol values was statistically significant (p < 0.05).
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FIG. 2. Effect of TCDD on plasma corticosterone concentrations.
TCDD (50 ug/kg) was administered in a single, oral dose at day 0.
Rats were killed at 0900 h at days 1, 3, 5, 7, 10, and 14 following
TCDD treatment. Plasma corticosterone concentrations were deter-
mined by RIA. Values represent the mean + SEM for 14 animals at
days 1, 3, 5, 10, and 14. Day 7 values represent the mean + SEM for
24 animals. An asterisk denotes that the difference between TCDD-
treated and control values was statistically significant (p < 0.05).

acetate : toluene (3 : 2, v/v) as the solvent system. A pregneno-
lone standard was chromatographed along with the unknowns
and the area representing ["Hlpregnenolone was scraped from
the TLC plate and added to 15 mi of Scintiverse BD scintilla-
tion fluid (Fisher Scientific; Springfield, NJ). The radioactiv-
ity was determined by counting each sample in a Beckman
LS8000 liquid scintillation counter. Approximately 90% of
the applied radioactivity of standard [*H]pregnenolone was
recovered from the TLC plate.

Measurement of Plasma ACTH and Corticosterone
Concentrations

Corticosterone was purified to avoid comeasurement of
any closely related steroid derivatives (3). An aliquot of
plasma (1 ml ) was extracted using Bond Elut C-18 columns
(Analytichem International; Harbor City, CA). Corticoste-
rone was eluted from the columns with 1 ml of dichlorometh-
ane and evaporated to dryness under a gentle stream of nitro-
gen. The residue was reconstituted in dichloromethane (80 ul)
and corticosterone was purified from each sample using TLC
(Silica Gel 60, Merck, 20 x 20 cm, 25 mm, without fluor-
escent indicator; benzene : acetone, 75 : 25, v/v). A corticos-
terone standard was chromatographed along the unknowns.
Using UV light, the bands corresponding to plasma corticoste-
rone samples were scraped from the plate, extracted with 1 mi
absolute ethanol, and dried under nitrogen gas. The residue
was reconstituted in 0 .1 M sodium phosphate buffered saline,
pH 7.4, and stored at — 70°C until assayed.

ACTH and corticosterone concentrations were quantitated
utilizing commercial radioimmunoassay (RIA) kits (Diagnos-
tic Products Corporation, Los Angeles, CA, and ICN Bio-
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FIG. 3. Effect of TCDD on adrenal mitochondrial P-450.gcc activ-
ity. TCDD (50 ug/kg) was administered in a single, oral dose at day
0. Rats were killed at 0900 h on days 1, 3, 5, and 7 following TCDD
treatment. P-450qgcc activity was measured as described in the
Method section. Values represent the mean + SEM for three determi-
nations. Mean control values were 92 + 26 pmol pregnenolone/mg/
min, 67 + 14, 71 + 11 and 64 + 3 for days 1, 3, 5, and 7, respec-
tively.

chemicals Inc., Costa Mesa, CA, respectively). Intra- and in-
terassay coefficients of variation for ACTH were 6% and 9%,
respectively. The sensitivity of the assay was 10 pg/ml. Intra-
and interassay coefficients of variation for corticosterone were
7% and 8%, respectively. The sensitivity of the assay was 8
ng/ml.

B CONTROL BASAL
TCDD BASAL

w
o
J

[
o
1

-t
[}
L

Corticosterone (ng/ml) /mg adrenal tissue

V%
/
/
Z

o
[

1 3 5 7 14
Day After TCDD Treatment

FIG. 4. Basal corticosterone concentrations for control and TCDD-
treated quartered adrenals. TCDD (50 ug/kg) was administered in a
single, oral dose at day 0. Rats were killed at 0900 h at days 1, 3, 5,
7, and 14. Corticosterone concentrations were measured by RIA as
described in the Method section. Values represent the mean + SEM
for 11 determinations. An asterisk denotes that the difference between
TCDD-treated and control values was statistically significant (p <
0.05).
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Measurement of Corticosterone Formation by Quartered
Adrenal Glands

Adrenal glands were removed from control or TCDD-
treated rats, trimmed of adhering fat, and weighed. Single
glands were placed into a petri dish containing medium 199
(M199, pH 7.4) (Gibco BRL; Grand Island, NY) and quar-
tered (28). Quartered adrenal glands were placed into 10 ml
Erlenmeyer flasks containing 1.5 ml of M199 and were incu-
bated for 60 min in a shaking water bath at 37°C that was
flushed with a slow stream of 5% CO,:95% O,. At the end
of the incubation period, 1.5 ml medium samples were re-
moved and corticosterone content in the medium was quanti-
fied by RIA. This was considered basal corticosterone secre-
tion by quartered adrenal glands. Fresh M199 (1.4 ml)
containing 100 ul ACTH (100 nM) was then added to each
incubation flask. The quartered adrenal glands were stimu-
lated with ACTH (100 nM) for 60 min. Medium samples from
the ACTH stimulated adrenal gland (1.5 ml) were removed
and corticosterone content was quantified by RIA. Results
represent the mean of the values from the adrenal glands of
each rat. Corticosterone content in the basal and ACTH stim-
ulated medium samples were measured by utilizing a commer-
cial RIA kit (ICN Biochemicals Inc., Costa Mesa, CA). Sensi-
tivity of the corticosterone RIA was 8 ng/ml plasma and the
intra- and interassay coefficients of variation were 7 and 8%,
respectively.

Statistical Analysis

Serum ACTH and corticosterone concentrations were ana-
lyzed by analysis of variance to test the effects of TCDD,
the day following TCDD exposure (day) and the interaction
between TCDD and day. The level of significance was set at
p < 0.05. The statistical differences between means for activ-
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FIG. 5. Corticosterone concentrations for control and TCDD-treated
quartered adrenals stimulated with ACTH. TCDD (50 ug/kg) was ad-
ministered in a single, oral dose at day 0. Rats were killed at 0900 h at
days 1, 3, 5, 7, and 14. Corticosterone concentrations were measured
by RIA as described in the Method section. Values represent the
mean = SEM for 11 determinations.
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FIG. 6. Secretion pattern of ACTH and corticosterone for control
and TCDD-treated rats for days 1 through day 14. TCDD (50 ug/kg)
was administered in a single, oral dose at day 0. Rats were killed at
0900 h at days 1, 3, 5, 7, 10, and 14 following TCDD treatment.
Plasma ACTH and corticosterone concentrations were determined by
RIA. Values represent the mean + SEM for 14 animals at days 1,
3, 5, 10, and 14. Day 7 values represent the mean + SEM for 24
animals.

ity of mitochondrial P-450.5. were analyzed by Student’s ¢
test (p < 0.05). Significance of differences between mean val-
ues for corticosterone formation by quartered adrenal glands
were evaluated by one-way analysis of variance (p < 0.05).

RESULTS
Rat Plasma ACTH Concentrations

Plasma ACTH concentrations were affected by TCDD
treatment, day and the TCDD by day interaction (p < 0.05).
As shown in Fig. 1, exposure to a single oral dose of TCDD
resulted in elevated concentrations of plasma ACTH com-
pared to control rats at days 1, 3, 5, 7, 10, and 14 following
treatment. Plasma ACTH concentrations were 2.1-, 2.9-, 1.7-,
1.5-, 2.0-, and 3.0-fold greater than controls for these days,
respectively.
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Rat Plasma Corticosterone Concentrations

Plasma corticosterone concentrations were affected by
both TCDD and the TCDD by day interaction (p < 0.05,
Fig. 2). Plasma corticosterone concentrations were elevated at
1 and 5 days and were depressed at 10 and 14 days following
TCDD exposure. At days 1 and 5 plasma corticosterone con-
centrations in TCDD-treated rats were 5.1- and 8.0-fold
greater than control values, respectively. At days 10 and 14
plasma corticosterone concentrations in TCDD-treated rats
were depressed to values of 50% and 39% of controls, respec-
tively. At days 2, 3, and 7 plasma corticosterone concentra-
tions were similar in treated and control rats. Plasma cortico-
sterone concentrations were not affected by day (p > 0.05).

Activity of Rat Adrenal Mitochondrial Cytochrome
P-45005cc

TCDD treatment did not change the activity of the rate-
limiting enzyme mitochondrial cytochrome P-450csc at days
1to 7 (p > 0.05, Fig. 3).

Corticosterone Secretion by Quartered Adrenal Glands

As shown in Fig. 4, basal medium corticosterone secretion
was significantly decreased in adrenal glands from TCDD-
treated rats at days 5, 7, and 14. Basal corticosterone concen-
trations from TCDD-treated rat adrenals were depressed to
81%, 72%, and 71% of control values at days 5, 7, and 14,
respectively. Corticosterone secretion by quartered adrenal
glands from TCDD-treated rats stimulated with ACTH was
equivalent to controls (Fig. 5).

DISCUSSION

Administration of TCDD to adult male rats increased
plasma ACTH concentrations as early as 1 day and continued
to elevate plasma ACTH concentrations through day 14. This
result was not expected based on prior laboratory findings
of depressed adrenal microsomal cytochrome P-450 content,
decreased microsomal 21-hydroxylase activity, and decreased
plasma corticosterone concentrations (20,21). It was hypothe-
sized that TCDD would decrease ACTH concentrations, and
that this decrease might, in part, be responsible for the de-
pressed adrenal microsomal cytochrome P-450, decreased mi-
crosomal 21-hydroxylase activity, and decreased plasma cor-
ticosterone concentrations. In this study, plasma ACTH
concentrations were found to be elevated at the same time
corticosterone concentrations were found to be depressed
(Fig. 6). The secretory pattern of plasma ACTH and cortico-
sterone (CS) by control rats for days 1 through 14 is shown in
Fig. 6. Corticosterone secretion appears to be closely regulated
by ACTH, with plasma corticosterone levels paralleling those
of ACTH. However, Fig. 6 shows a very different pattern for
the TCDD-treated rats. Plasma corticosterone concentrations
no longer parallel those of ACTH. Quite noticeably, at days
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3, 5, 10, and 14, ACTH and corticosterone concentrations
appear to be out of phase with each other. ACTH and cortico-
sterone concentrations appear to be totally uncoupled from
each other at days 10 and 14. It is possible that TCDD exerts
a minor direct effect on the adrenal gland. However, a direct
effect of TCDD on the adrenal gland does not appear to be
the primary cause of decreased serum corticosterone for the
reasons discussed below.

It appears that ACTH is inappropriately regulating cortico-
sterone secretion in rats treated with TCDD. Under normal
regulation, elevated plasma ACTH concentrations would re-
sult in concordantly elevated plasma corticosterone concentra-
tions. Activity of the rate-limiting enzyme for adrenal ste-
roidogenesis, mitochondrial cytochrome P-450 cholesterol
side-chain cleavage (CSCC), was not altered by TCDD-
treatment. It has been reported that TCDD-treatment (100
ug/kg; single, oral dose) did not change the activity of rat
cytochrome P-450.5cc at day 13 after treatment (6). Cyto-
chrome P-450cs5cc activity is normally induced by ACTH.
However, the increased plasma ACTH produced by TCDD
failed to increase adrenal mitochondrial cytochrome P-450gcc
activity.

These observations (the lack of a consistent increase in
plasma corticosterone in response to elevated plasma ACTH
and the lack of induction of cytochrome P-450s. in response
to elevated plasma ACTH) suggest that the adrenal gland may
have lost its capacity to respond to ACTH stimulation after
TCDD treatment. The second study explored this possibility.
Basal corticosterone concentrations secreted into the medium
by quartered adrenal glands from TCDD-treated rats were
significantly decreased at days 5, 7, and 14, indicating that
TCDD-exposure decreases the capacity of the adrenal gland
to secrete and/or synthesize corticosterone. However, the abil-
ity of quartered adrenal glands from TCDD-treated rats to
respond to ACTH stimulation was not altered at any day
when compared to controls. These findings indicate that as
long as appropriate ACTH is available, TCDD does not seem
to interfere with the capacity of the adrenal gland to secrete
corticosterone. Thus, it appears as if the decrease in adrenal
steroidogenesis that has been suggested to occur after TCDD
treatment is not solely because of a decrease in adrenal respon-
siveness to ACTH. The results reported herein suggest that
TCDD may be able to interfere with secretion or synthesis
of appropriate, bioactive ACTH from the anterior pituitary
gland, which could ultimately compromise adrenal steroido-
genesis. Therefore, further experiments are necessary to clar-
ify whether the ACTH secreted by the anterior pituitary has
been altered by TCDD treatment.
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