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Abstract

Objective: Previous studies on the effects of altered thyroid function on the secretion and metabolism of
adrenocortical hormones suggest a degree of adrenocortical hyperactivity in hyperthyroidism. We
have previously shown that experimentally-induced hyperthyroidism is associated with significant
alterations in pituitary–adrenal responsiveness to synthetic ovine corticotropin-releasing hormone
(oCRH) that are contingent upon the duration of the altered thyroid function. The purpose of this
study was to assess the time-dependent effects of hyperthyroidism on the functional integrity of the
hypothalamic–pituitary–adrenal (HPA) axis by in vivo stimulation of the hypothalamic CRH
neuron and adrenal cortex.
Methods: The functional integrity of the HPA axis was examined in vivo in sham-thyroidectomized
male Sprague-Dawley rats given placebo or in thyroidectomized rats given 50mg of thyroxine
every day for 7 or 60 days. Responses to insulin-induced hypoglycemia and IL-1a stimulation were
used to assess the hypothalamic CRH neuron. Adrenocortical reserve was assessed in response to
low-dose adrenocorticotropic hormone (ACTH), following suppression of the HPA axis with dexa-
methasone. Adrenal and thymus tissue weight, in addition to basal plasma ACTH, corticosterone
and thyroid indices were also determined.
Results: Basal plasma corticosterone and corticosterone binding globulin (CBG) concentrations were
significantly increased in short- and long-term hyperthyroid rats, and by 60 days, cerebrospinal fluid
(CSF) corticosterone levels were significantly increased. Basal plasma ACTH levels were similar to con-
trols. Although plasma ACTH responses to hypoglycemic stress and IL-1a administration in both
short- and long-term hyperthyroidism were normal, corticosterone responses to the ACTH release
during the administration of these stimuli were significantly increased. The adrenal reserve was sig-
nificantly elevated in short-term hyperthyroidsim. Long-term hyperthyroidism, however, was associ-
ated with a significant reduction in adrenocortical reserve. A significant increase in adrenal weights
and a decrease in thymus weights were observed in both short- and long-term hyperthyroidism.
Conclusions: The available data confirms that hyperthyroidism is associated with hypercorticoster-
onemia, although the locus that is principally affected still remains unclear. Despite the sustained
hyperactivity of the HPA axis, long-term experimentally-induced hyperthyroidism is associated
with diminished adrenal functional reserve. The alterations in HPA function in states of disturbed
thyroid function were found to be somewhat more pronounced as the duration of thyroid dysfunc-
tion increased.
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Introduction

Thyrotoxicosis in humans and experimental animals is
thought to be associated with hyperactivity of the hypo-
thalamic–pituitary–adrenal (HPA) axis (1–6). This
conclusion is based on measurement of the concen-
trations of total plasma corticosteroids (7, 8), excretion
of urinary 17-hydroxysteroids, and assessment of the

adrenocortical response to the synthetic adrenocortico-
tropic hormone (ACTH)1–24 (9–11). None of these
measures, however, definitively establishes that thyro-
toxicosis is associated with true hyperfunction of the
HPA axis. Moreover, these studies do not identify the
specific site of the HPA axis that is most affected or
whether the duration of hyperthyroidism influences
the functional activity of the HPA axis.
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We have previously reported on the impact of altera-
tions in thyroid function on pituitary-adrenal responses
to corticotropin-releasing hormone (CRH). Our results
showed, as early as 7 days after experimentally-induced
hyperthyroidism, a slight attenuation in the ACTH
response to ovine (o)CRH, in association with a signifi-
cant augmentation of the corticosterone response to
the ACTH released during CRH stimulation (2). These
data were found most compatible with a subtle
hyperthyroidism-induced centrally mediated hypersti-
mulation of the adrenals in rats with short- and long-
term hyperthyroidism.
Previous studies have extensively examined the

effects of altered thyroid function on the secretion and
metabolism of adrenocortical hormones. Thus, in thyr-
otoxic states the degradation of cortisol is accelerated,
but its rate of production is also increased, so that cir-
culating levels of cortisol remain normal (5, 10, 12,
13). These observations indicate that a degree of adre-
nocortical hyperactivity would be sustained in
hyperthyroidism as a response to increased need.
Apart from data indicating accelerated disposal of cor-
tisol in hyperthyroidism and increased number of corti-
sol secretory episodes (6, 14), there are few studies
regarding the impact of hyperthyroidism on adrenal
functional reserve, most of which are conflicting.
The present study explores the impact of hyperthyr-

oidism on the overall organization and functional
activity of the HPA axis. We report the effects of exper-
imentally induced hyperthyroidism on the in vivo
responsiveness of the hypothalamic CRH neuron by
assessing the plasma immunoreactive (IR) ACTH and
IR-corticosterone responses to insulin-induced hypogly-
cemia and IL-1a stimulation. To assess the impact of
hyperthyroidism on adrenocortical reserve, we
measured the corticosterone responses to stimulation
with low-dose ACTH, after dexamethasone suppression.
To determine the potential effects of the duration of
altered thyroid status on HPA axis function, we con-
ducted studies at 7 and 60 days after experimentally-
induced hyperthyroidism. In addition, as estimates of
the impact of hyperthyroidism on the overall functional
activity of the HPA axis, we measured the cerebrospinal
fluid (CSF) corticosterone concentrations, as an esti-
mate of plasma free corticosterone concentrations,
plasma corticosteroid-binding globulin (CBG) and fol-
lowed changes in adrenal and thymus weight.

Materials and methods

In vivo studies

Experiments were performed on male Sprague-Dawley
rats weighing 350–400 g (Charles River, Wilmington,
MA, USA) and housed for 1–2 weeks under an artificial
12 light:12 h dark cycle with lights on from 0600h. The
room was kept at 24 8C with controlled humidity. Rat
chow (Ralston-Purina, St Louis, MO, USA) and water

were available ad libitum. Surgical thyroidectomy (Tx)
or sham Txwas carried out under methoxyflurane inha-
lation anesthesia (Metofane, Pitman-Moore, Washing-
ton Grossing, NJ, USA). After recovery, animals were
supplied with 1% calcium lactate solution as drinking
water to avoid hypocalcemia from possible excision of
the parathyroid glands. Experiments were performed 7
and 60 days after Tx or sham Tx and daily injections of
s.c. thyroxine (T4; 50mg) (Sigma) or placebo treatment,
respectively. Euthyroid and hyperthyroid animals were
defined by sham Tx þ placebo and Tx þ T4 treatments,
respectively. All procedures were approved by the NIH
Committee for the use and welfare of laboratory animals
and conformed to the International Ethical Standards
(86/609-EEC) for the care and use of laboratory animals.

Twenty-four hours before the acute experiments, the
animals were implanted with indwelling i.v. cannulae
as previously described (2). Briefly, cannulae were pre-
pared from a 35 cm length of polyethylene tubing
(0.965mm, od; 0.58mm id; PE-50, Clay Adams, Pasip-
pany, NJ, USA). A 3 cm length of silastic tubing
(1.85mm outside diameter (od); 0.98mm inside diam-
eter (id); Dow-Corning, Midland, MI, USA) was passed
0.4 cmover one end of the polyethylene tubing. The silas-
tic end of the catheter was inserted under light methoxy-
flurane inhalation anesthesia into the jugular vein and
advanced into the right atrium. The cannula was run
under the skin of the back, externalized at the nape of
the neck, and sheathed in a stainless steel spring coil
(Alice King Chatman, Los Angeles, CA, USA) that was
anchored to the nape of the neck by a suture. The can-
nula extended from the coil approximately 5 cm. Cannu-
lae were flushed with 0.3ml of sterile saline solution
containing 20U/ml heparin (Elkins-Sinn, Cherry Hill,
NJ, USA). After cannulation, the animals were allowed
to awaken from anesthesia and were caged individually
in plexiglass cages where they could move freely. The
rats were shielded from seeing movement outside the
cages and were kept in a quiet room during the stimu-
lation tests.

Basal hormonal levels

Basal plasma ACTH, corticosterone and thyroid indices
were determined at the time of killing. Basal plasma cor-
ticosteroid binding globulin (CBG) binding capacity was
measured in euthyroid and hyperthyroid animals as pre-
viously described (2). Briefly, endogenous corticosterone
was stripped and plasma was diluted 1:20 with 50mM
PBS. Diluted plasma was incubated with [3H]-corticos-
terone for 90min at 4 8C. Nonspecific binding was deter-
mined for each sample by adding non-radioactive
corticosterone to a duplicate sample and incubating
under the same conditions. The bound and unbound
[3H]-corticosterone was separated with dextran-coated
charcoal. CBGbinding capacitywas defined as total bind-
ing minus the nonspecific binding corrected to micro-
grams [3H]-corticosterone bound/dl rat plasma. Levels
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of IR-ACTH and IR-corticosterone were assessed in CSF
as we have previously described (2). Briefly, rats were
anesthetized [pentobarbital (55mg/kg body weight
(BW), i.p.) and ketamine (50mg/kg BW, i.p.)]
and placed in a stereotaxic apparatus. CSF samples
(100–200ml) were drawn from the cisterna magna
before and after thyroidectomy plus treatment
(placebo or T4).

Hypothalamic CRH neuron – insulin-induced
hypoglycemia and IL-1a stimulation

The day after the cannulation, regular insulin (3.0 U/kg
BW) or vehicle was injected as an i.v. bolus (over approxi-
mately 30 s) through the cannulae between 1200
and1500h. Blood samples (0.3ml) for plasma ACTH
and corticosterone, as well as for serum glucose determi-
nations were drawn from the cannulae immediately
before and 15, 30 and 60min after the insulin or vehicle
was administered. The blood volume was maintained by
the injection of an equal volume heparinized saline
immediately following the blood withdrawal.

IL-1a stimulation test was performed in overnight
fasted rats, 60 days after thyroidectomy plus T4 treat-
ment. The day after cannulation, recombinant IL-1a
(Hoffman–Lacrose) 10mg/kg BW or vehicle was
injected in a 0.3ml volume of 0.04M phosphate
buffer, pH 7.4 as an i.v. bolus through the cannulae.
There were five or six rats per treatment group. Blood
samples (0.3ml) for plasma ACTH and corticosterone
determination were drawn from the cannulae immedi-
ately before and 5, 15, 30, 60, 90 and 120min after
the IL-1a or vehicle were administered. The blood
volume was maintained with physiological saline.

Adrenal cortex – ACTH stimulation

On the day of the experiment and 3 h before the stimu-
lation test, all animals were injected i.m. with 200mg
dexamethasone to inhibit endogenous ACTH secretion.
Synthetic ACTH1–24 (25mg/kg BW) was given in i.v.
bolus through the cannulae in both eu- and hyperthyr-
oid groups at 7 and 60 days after treatment. Blood
samples for corticosterone determinations were drawn
from the cannulae immediately before and 15, 30, 60
and 90min after ACTH1–24 or vehicle administration.

In all in vivo experiments blood samples were col-
lected in tubes containing EDTA (20mg/ml) chilled
immediately in an ice bath, and processed as previously
described (15). Plasma was separated and stored at
220 8C until the assays were run. Each rat was used
in only one experiment.

Thymus and adrenal weights

Adrenals and thymuses were dissected out of animals
killed by decapitation. The right adrenal gland was
defatted and its wet weight measured immediately

after removal from the rat. The thymus was cleaned,
excess tissue was dissected away, patted dry and
immediately weighed.

Hormone and other determinations

ACTH was measured by RIA in extracted plasma.
ACTH was assayed as previously described (16) using
an anti-ACTH serum (IgG Corp., Nashville, TN, USA)
which is directed at the ACTH-(5–18) sequence. The
intraassay coefficient of variation (CV) for the ACTH
RIA was 4.6% and the corresponding interassay CV
was 8.6% at 60 pg/ml. Sensitivity was 5 pg/ml.
Immunoreactive (IR)-corticosterone was measured
directly in unextracted plasma by RIA using a [125I]-
corticosterone kit from Radioassay System Laboratory,
Inc. (Carson, CA, USA). Intraassay CV was 1.8% and
interassay CVs were 1.6% at 80 ng/ml and 1.9% at
475 ng/ml. Sensitivity was 4.5 ng/ml.

Plasma TSH concentrations were determined by RIA
using an anti-rat TSH serum and purified rat TSH refer-
ence preparation provided by the National Hormone and
Pituitary Program (Baltimore, MD, USA). Plasma total
T4 (TT4) and total T3 (TT3) concentrations were deter-
mined by RIA (Immunochem Corp., Carson CA, USA).

Statistical analyses

Results are expressed as the means^S.E.M. throughout
the study. The effects of insulin, IL-1a and ACTH on
ACTH and/or corticosterone release were analyzed
using two-way analysis of variance (ANOVA), followed
by the Fisher’s PLSD test. The total area under the
curve (AUC) of ACTH and corticosterone, after stimu-
lation, was calculated by integration of hormone levels
in conventional units and time of testing in minutes.
The AUC net from the baseline (net AUC) was calculated
as the difference between total AUC and basal AUC (base-
line times length of the testing). Delta peaks were calcu-
lated as the difference between the peak response and
baseline (mean of the two basal determinations). Ana-
lyses of peak, delta, total and net AUC of plasma ACTH
and corticosterone responses were performed using
one-way ANOVA followed by Fisher’s PLSD. Hormone
values below the detection limit of the assay were
assigned a value half that of the limit of detection.

Results

In vivo studies – basal hormonal levels

The mean basal TT4 levels were significantly increased
in rats given exogenous thyroid hormone adminis-
tration at both 7 and 60 days compared with euthyroid
rats (11.8^1.0 and 7.6^0.6mg/ml vs 3.9^0.2 and
3.5^0.2 ug/ml at 7 and 60 days respectively;
P , 0.0001, by ANOVA). TT3 levels were also signifi-
cantly elevated in hyperthyroid rats (121.8^7.9
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and 119.3^15.3 ng/ml at 7 and 60 days respectively)
compared with euthyroid animals (39.0^3.1 and
39.5^2.9 at 7 and 60 days respectively). This was
associated with a significant decrease in the concurrent
mean plasma thyroid-stimulating hormone (TSH) con-
centrations (0.8^0.06 and 0.7^0.06 ng/ml at 7 and
60 days respectively) compared with values in euthyr-
oid rats (4.2^0.4 and 2.8^0.4 ng/ml at 7 and 60
days respectively; P , 0.0001, by ANOVA).
Short-term hyperthyroid rats tended to have higher

plasma ACTH levels than euthyroid controls (123^6.2
and 90.3^4.6 pg/ml; P ¼ 0.06), while there was no
difference between long-term hyperthyroid rats and con-
trols (118.1^11.3 and 95.8^6.9 pg/ml). Mean basal
plasma corticosterone levels were significantly increased
in both short- and long-termhyperthyroid rats compared
with euthyroid (240.6^36.4 and 422.6^33.4 ng/ml vs
137.2^25.5 and 99.6^21.0 ng/ml at 7 and 60 days,

respectively; P , 0.05, ANOVA followed by Fisher
PLSD). Basal plasma CBG binding capacity was also
significantly elevated in short- and long-term hyperthyr-
oid animals compared with control (27.9^3.3 and
29.8^2.0mg/dl vs14.1^0.7 vs 13.2^0.6mg/dl
respectively; P # 0.05, ANOVA followed by Fisher
PLSD). CSF IR-corticosterone levels were significantly
increased at 60 days of hyperthyroidism compared
with euthyroid levels (P # 0.05, ANOVA followed by
Fisher PLSD).

Hypothalamic CRH neuron – responses to
insulin-induced hypoglycemia and IL-1a
stimulation

The plasma ACTH response to insulin-induced hypogly-
cemia was similar in euthyroid and short- and long-
term hyperthyroid animals (Fig. 1A). At 7 days,

Figure 1 Responses of
plasma IR-ACTH (panel A)
and IR-corticosterone (panel
B) to an i.v. bolus adminis-
tration of 3.0 U/kg BW regular
insulin in hyperthyroid or
euthyroid freely moving, adult
male rats 7 and 60 days after
thyroidectomy plus T4 or
sham-thyroidectomy plus pla-
cebo treatment. Inserts depict
serum glucose levels. Values
represent mean^S.E.M. of five
or six different rats. *P , 0.05
vs the response elicited by
insulin in euthyroid rats (by
ANOVA followed by Fisher’s
PLSD).
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hyperthyroid rats showed an increased corticosterone
response at each time point (P , 0.05, by ANOVA fol-
lowed by Fisher PLSD; Fig. 1), as well as a significant
increase in the peak response point (P , 0.05, by
ANOVA followed by Fisher PLSD; Fig. 2A). Because of
high basal corticosterone levels, the delta and net inte-
grated corticosterone responses were similar to those in
controls. By 60 days, hyperthyroid animals showed a
significantly increased corticosterone response during
hypoglycemic stress at each time point (P , 0.05;

ANOVA followed by Fisher PLSD; Fig. 1B). Mean peak,
delta and net integrated corticosterone response were
also greater than controls after long-term hyperthyr-
oidism (P , 0.05, by ANOVA followed by Fisher
PLSD; Fig. 2B).

Although plasma ACTH responses to IL-1a adminis-
tration were similar in long-term hyperthyroid rats and
controls, the corticosterone response was significantly
higher in hyperthyroid animals (P , 0.05, by ANOVA
followed by Fisher PLSD, Fig. 3). Although the peak

Figure 2 Peak, delta and net
IR-corticosterone responses
to an i.v. bolus administration
of 3.0 U/kg BW regular insu-
lin in hyperthyroid or euthyr-
oid freely moving, adult male
rats 7 (A) and 60 days (B)
after thyroidectomy plus T4
or sham-thyroidectomy plus
placebo treatment. *P , 0.05
vs the response elicited by
insulin in euthyroid rats (by
ANOVA followed by Fisher’s
PLSD).

Figure 3 Responses of plasma IR-ACTH (A) and IR-corticosterone (B) to an i.v. bolus administration of 10mg/kg BW recombinant IL-
1a in hyperthyroid or euthyroid freely moving, adult male rats 60 days after thyroidectomy plus T4 or sham-thyroidectomy plus placebo
treatment. Inserts depict peak plasma IR-ACTH and IR-corticosterone responses. Values represent means^S.E.M. of five or six different
rats. *P , 0.05 vs the response elicited by IL-1a in euthyroid rats (by ANOVA followed by Fisher’s PLSD).
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IR-corticosterone response was significantly greater in
the hyperthyroid animals (P , 0.05, Fig. 3B insert),
the delta and net integrated corticosterone responses
were similar in long-term hyperthyroid rats and
controls.

Adrenal cortex

Adrenal reserves, as indicated by the plasma corticoster-
one response to ACTH following dexamethasone sup-
pression, were significantly elevated after short-term
hyperthyroidism (Fig. 4A, P , 0.05; ANOVA followed
by Fisher PLSD). After short-term hyperthyroidism, the
mean peak, delta and net-integrated corticosterone
responses to exogenous ACTH administration were also
significantly increased (Fig. 5, P , 0.05; ANOVA fol-
lowed by Fisher PLSD). In contrast, the corticosterone
response at each time point was significantly lower in
long-term hyperthyroidism (Fig. 4B, P , 0.05; ANOVA
followed by Fisher PLSD) compared with controls. No
differences in the peak, delta and net-integrated corticos-
terone responses in long term hyperthyroidism were
observed (Fig. 5).

Thymus and adrenal weights

Compared with euthyroid rats, there was a significant
increase in the weights of the adrenals taken from
both 7 and 60 day hyperthyroid animals (P , 0.05;
ANOVA followed by Fisher PLSD; Fig. 6A). The magni-
tude of the increase was the same in both short- and
long-term treated animals. The weight of the thymus
gland was significantly reduced in short-term
hyperthyroid rats and was reduced to a much greater

extent in long-term animals (P , 0.05; ANOVA
followed by Fisher PLSD; Fig. 6B).

Discussion

The data indicate that experimentally-induced
hyperthyroidism is associated with sustained hypercor-
tisolism, with both short- and long-term hyperthyroid
rats showing significant elevations in total basal
plasma corticosterone levels. These increases in basal
corticosterone concentrations do not appear to be
simply artifacts of hyperthyroidism-induced increases
in basal CBG binding capacity, as the levels of corticos-
terone in the CSF are also increased in hyperthyroid
rats. In this regard, as an ultrafiltrate of plasma, the
CSF corticosterone concentration is thought to reflect
the plasma free corticosterone levels. Significant
increases in the corticosterone responses to the ACTH
released during hypoglycemic stress and IL-1a stimu-
lation are also compatible with a hyperthyroid-induced
hypercortisolism in the rat.

In addition to the significant increase in the CSF level
of corticosterone, the postulate of hypercortisolism is
further supported by our observation of a significant
increase in the weight of the adrenals. The latter is
almost never seen except in the context of enhanced
pituitary stimulation of the adrenal cortex producing
hypercortisolism (8, 17). Because a hyperthyroid-
mediated increase in the clearance of corticosterone
or an increase in the CBG binding capacity in
hyperthyroid rats would not be sufficient to influence
free corticosterone levels in the absence of a change
in the central or pituitary set-point for adrenocortical
regulation, changes in clearance or in CBG binding

Figure 4 Responses of plasma IR-corticosterone to an i.v. bolus administration of 25mg/kg BW synthetic ACTH1–24 in hyperthyroid or
euthyroid freely moving, adult male rats 7 and 60 days after thyroidectomy plus T4 or sham-thyroidectomy plus placebo treatment. Rats
were injected i.m. 3 h previously with 200mg dexamethasone to inhibit endogenous ACTH secretion. Values represent mean^S.E.M. of
five or six different rats. *P , 0.05 vs the response elicited by ACTH in euthyroid rats (by ANOVA followed by Fisher’s PLSD).
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capacity cannot be invoked to account for the hypercor-
tisolism seen in the hyperthyroid state.

Although we can not definitively document the site
of the dysregulation of the HPA axis that is principally
responsible for this hypercortisolism or the abnormal-
ities of the hormonal responses to hypoglycemia and
IL-1a in hyperthyroidism, the weight of available data

suggests that this hypercortisolism does not reflect a
primary change in the functional integrity of the
pituitary corticotroph cell. This is further supported
by our earlier report of a reduced ACTH response to
an acute bolus of oCRH in hyperthyroid rats (2). This
mediates against the idea of a hyper-responsive cortico-
troph cell as a cause of the hypercortisolism in
hyperthyroid rats. Rather, this blunted ACTH response
seems most compatible with the enhanced restraint of
the pituitary corticotroph cell by elevated levels of free
corticosterone.

We cannot rule out either a central or a primary adre-
nal locus as a principal site for hyperthyroid-mediated
hypercortisolism. However, symmetrical enlargement
of the adrenals in the context of hypercortisolism has
almost always been associated with physiological con-
texts in which there has been hyperstimulation of the
adrenal cortex with ACTH, rather than with the context
of a primary adrenal process (8, 18, 19). In light of our
previous oCRH stimulation studies, this would suggest
a central locus for the hyperthyroid-mediated
hypercortisolism.

The present study has shown that adrenocortical
reserve, as assessed by direct stimulation with a low
dose ACTH following dexamethasone pretreatment, is
attenuated in long-term hyperthyroidism. Previous
studies have examined the effects of altered thyroid
function on the secretion and metabolism of adrenocor-
tical hormones. In thyrotoxic states the degradation of
cortisol is accelerated, but its rate of production is also
increased (5, 10, 12, 13). These observations indicate
that a degree of adrenal cortical hypersensitivity
would be sustained in hyperthyroidism as a response
to increased need. We have shown in a previous
report that patients with severe thyrotoxicosis, cortisol
secretion in response to low-dose ACTH stimulation,
following dexamethasone suppression, was lower in
the hyperthyroid, than in the euthyroid state (1).
These findings suggest that thyrotoxicosis in humans
is associated with a subtle impairment of adrenocortical
reserve. This is compatible with our present findings in
long-term hyperthyroid animals, in which despite the
continuing hyperactivity of the HPA axis, the corticos-
terone response to direct stimulation with adreno-
corticotropin following dexamethasone suppression,
was lower than normal. These findings suggest that
in long-term hyperthyroidism adrenal functional
reserve might be compromised.

The findings that experimentally-induced hyperthyr-
oidism is associated with diminished adrenocortical
reserves in a time-dependent fashion has not only
theoretical implications, but clinical implications as
well. Thyroid storm has been associated with subclini-
cal hypoadrenocorticism (20). Also in thyroid storm,
cortisol levels, while within the normal range, have
been found to be lower than generally seen during
periods of stress, suggesting relative adrenal insuffi-
ciency (21). Indeed, in thyrotoxic crisis, treatment

Figure 5 Peak (A), delta (B) and net area under the curve (AUC;
C) plasma IR-corticosterone responses to an i.v. bolus adminis-
tration of 25mg/kg BW synthetic ACTH1–24 in hyperthyroid or
euthyroid freely moving, adult male rats 7 and 60 days after thy-
roidectomy plus T4 or sham-thyroidectomy plus placebo treat-
ment. Rats were injected i.m. 3 h previously with 200mg
dexamethasone to inhibit endogenous ACTH secretion. Values
represent means^S.E.M. of five or six different rats. *P , 0.05
vs the response elicited by ACTH in euthyroid rats (by ANOVA
followed by Fisher’s PLSD).
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with hydrocortisone is recommended because of the
likelihood of associated adrenal insufficiency (22, 23).
Despite the available clinical and experimental evi-

dence, there is disagreement as to whether adrenal
functional reserve is adequate in clinical hyperthyroid-
ism. In this regard, sensitive tests for assessing adrenal
functional reserve become of significant importance. In
recent years, stimulation with low dose ACTH has been
used as a sensitive test to detect subtle changes in adre-
nal function, which would be missed if the standard
ACTH test is used (24–26). The low dose ACTH test fol-
lowing dexamethasone suppresion of endogenous
ACTH, is a sensitive method to assess adrenocortical
reserve in vivo.
The mechanism for the attenuated adrenal reserve in

long-term hyperthyroidism is not clear considering that
many factors may influence serum glucocorticoid con-
centrations. It has been demonstrated that hyperthyr-
oidism increases the secretion rate of cortisol,
influences the rate of cortisol degradation and affects
its metabolism qualitatively (14). Previous experimen-
tal studies have also shown that adrenal steroidogenesis
is impaired by pharmacological doses of T4 (19).
It appears that the duration and severity of the
hyperthyroid state may be important factors determin-
ing the level of the functional capacity of the adrenals
and the HPA axis. It may be that, in sustained
hyperthyroidism, the adrenals secrete at their maximal
rate to keep up with the increased metabolic degra-
dation of cortisol and thus, their reserve in response
to further stimulation with ACTH is diminished. This
burden may be more severe in thyroid storm culminat-
ing in a relative adrenal insufficiency.

The possibility that the findings are the result of
increased clearance of ACTH and cortisol need further
consideration in the interpretation of the data. We
addressed this question in a previous study, which
showed that the clearance of ACTH1–24 from plasma
was not significantly affected in experimentally induced
hyperthyroidism (2). If the findings were simply the
result of the increased clearance of ACTH and/or corti-
costerone, it would be expected that not only the mag-
nitude of the glucocorticoid response in the
hyperthyroid state would be smaller, but also the dur-
ation of the response would be shorter, which was
not evident in our data. In addition, the prior suppres-
sion of endogenous ACTH and cortisol by dexametha-
sone pretreatment allowed only the de novo secretion
of cortisol in response to acute ACTH to be measured
and this would mainly reflect adrenal reserves.

In summary, our data indicate that experimentally-
induced hyperthyroidism is associated with significant
alterations in hypothalamic–pituitary–adrenal axis
function that are contingent upon the duration of the
alterations in thyroid function. Significant elevations
in basal plasma corticosterone levels, and significant
increases in the corticosterone response to the
ACTH released during hypoglycemic stress and IL-1a
stimulation, suggest hyperthyroid-induced hypercorti-
solism. Despite the sustained hyperactivity of the HPA
axis, long-term experimentally-induced hyperthyroid-
ism was associated with attenuated adrenal corticoster-
one responses to ACTH stimulation following prior
suppression with dexamethasone. These findings indi-
cate that sustained hyperthyroidism may be associated
with diminished adrenocortical reserve.

Figure 6 Effects of short- and long-duration hyperthyroid-
ism on thymus (A) and adrenal weights (B). Values rep-
resent means^S.E.M. Short- and long-duration
hyperthyroidism were associated with increased adrenal
weights. In contrast, short- and long-duration hyperthyr-
oidism resulted in a significant reduction in thymus
weights. *P , 0.05 vs tissue weight in euthyroid rats (by
Student’s t-test).
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