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Role of Glucocorticoids in Fasting-induced Changes in Hypothalamic
and Pituitary Components of the Growth Hormone (GH)-axis

Eunhee Kim, Sanghee Seo, Hyunju Chung, and Seungjoon Park

Department of Pharmacology and Medical Research Center for Bioreaction to ROS and Biomedical Science Institute, Kyunghee University
School of Medicine, Seoul 130-701, Korea

To directly test if elevated glucocorticoids are required for fasting-induced regulation of growth
hormone (GH)-releasing hormone (GHRH), GHRH receptors (GHRH-R) and ghrelin receptors (GHS-R)
expression, male rats were bilaterally adrenalectomized or sham operated. After 7 days, animals were
fed ad libitum or fasted for 48 h. Bilateral adrenalectomy increased hypothalamic GHRH to 146%
and decreased neuropeptide Y (NPY) mRNA to 54% of SHAM controls. Pituitary GHRH-R and GHS-R
mRNA levels were decreased by adrenalectomy to 30% and 80% of sham-operated controls. In sham-
operated rats, fasting suppressed hypothalamic GHRH (49%) and stimulated NPY (166%) mRNA levels,
while fasting increased pituitary GHRH-R (391%) and GHS-R (218%) mRNA levels. However, in
adrenalectomized rats, fasting failed to alter pituitary GHRH-R mRNA levels, while the fasting-induced
suppression of GHRH and elevation of NPY and GHS-R mRNA levels remained intact. In fasted
adrenalectomized rats, corticosterone replacement increased GHRH-R mRNA levels and intensified the
fasting-induced decrease in GHRH, but did not alter NPY or GHS-R response. These data suggest
that elevated glucocorticoids mediate the effects of fasting on hypothalamic GHRH and pituitary
GHRH-R expression, while glucocorticoids are likely not the major determinant in fasting-induced
increases in hypothalamic NPY and pituitary GHS-R expression.
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INTRODUCTION

Food deprivation affects growth hormone (GH) secretion
in all mammalian species studied to date (Tannenbaum et
al, 1979; Ho et al, 1988; Fairhall et al, 1990; Thomas et
al, 1990; Henricks et al, 1994; Stoving et al, 1999). How-
ever, the GH-secretory response to fasting is species depen-
dent. In humans, nutrient deprivation results in a rise in
circulating GH (Ho et al, 1988; Riedel et al, 1995; Stoving
et al, 1999) accompanied by a paradoxical decrease in
insulin-like growth factor-1 (IGF-1) due to GH resistance
of peripheral target tissues (Ho et al, 1992; Gianotti et al,
2000). The increase in GH release is associated with an
increase in pituitary sensitivity to GH-releasing hormone
(GHRH) and a decrease in pituitary sensitivity to soma-
tostatin (SRIH) (Gianotti et al, 1999). In contrast, in the
fasted male rat, pulsatile GH release is dramatically reduced
(Tannenbaum et al, 1979; Bruno et al, 1990; Janowski et
al, 1993). The fasting-induced fall in GH is thought to be
due to a decrease in hypothalamic GHRH expression (Bruno
et al, 1990; Ghigo et al, 1997; Vuagnat et al, 1998; Carro
et al, 1999) brought about by the inhibitory actions of
neuropeptide Y (NPY) (Minami et al, 1998; Korbonits et

al, 1999). Food deprivation in the rat leads to peripheral
GH resistance and reduced IGF-1 (Bornfeldt et al, 1989),
and increased pituitary sensitivity to GHRH (Sugihara et
al, 1996). The fasting-induced increases in GHRH sensitivity
is associated with an increase in pituitary GHRH receptor
(GHRH-R) mRNA (Park et al, 2004) and an increase in
pituitary GHRH binding (Sugihara et al, 1996), with a
concomitant decline in pituitary SRIH receptor expression
and ligand binding (Bruno et al, 1994; Park et al, 2004).
Fasting also results in an increase in stomach ghrelin
mRNA and pituitary ghrelin receptor (GHS-R) mRNA
(Toshinai et al, 2001a; Kim et al, 2003; Park et al, 2004).
Fasting-mediated increases in GH-stimulatory receptors
(GHRH-R and GHS-R) and decreases in GH-inhibitory
receptors (SRIH receptors) might be used as a mechanism
to drive enhances GH release.

The fall in hypothalamic GHRH mRNA and rise in pitui-
tary GHRH-R and GHS-R mRNA may be due to elevated
glucocorticoids since experimental elevation of circulating
glucocorticoids decreases hypothalamic GHRH mRNA (Sena-
ris et al, 1996; Fife et al, 1996; Lam and Srivastava, 1997),
while treatment of primary pituitary cell cultures with glu-
cocorticoids increases GHRH-R (Miller and Mayo, 1997)
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and GHS-R (Tamura et al, 2000) mRNA. In order to directly
test if the fasting-induced rise in glucocorticoids is respon-
sible for fasting-induced changes in hypothalamic GHRH,
pituitary GHRH-R and GHS-R mRNA, we compared the
hypothalamic/pituitary response to fasting in sham-operated
and adrenalectomized rats.

METHODS
Animals

Male Sprague-Dawley rats (7~8 weeks; 220~ 250 g) were
used in the present study. They were housed under
controlled environmental conditions (12-h light and 12-h
dark). Food and tap water were available ad Ilibitum.
Experiments were conducted according to the principles
and procedures outlined in the NIH Guide for the Care and
Use of Laboratory Animals. The in vivo study was approved
by the Kyunghee University School of Medicine Animal
Care Committee (Seoul, Korea).

Bilateral adrenalectomy and food deprivation

To study the effect of adrenalectomy, animals were
bilaterally adrenalectomized or sham-operated by the dorsal
approach under ketamine (100 mg/kg)/xylazine (15 mg/kg)
anesthesia between 10 : 00 and 12 : 00 h. After the surgery
they were individually housed. Adrenalectomized rats were
maintained on 0.9% NaCl in their drinking water to com-
pensate for the loss of mineralocorticoids. Animals were
killed after 7 days. To study the effect of adrenalectomy on
fasting-induced changes in hypothalamic and pituitary
components of GH-axis, sham-operated and adrenalecto-
mized animals were supplied food ad libitum or fasted for
24, 48 or 72h. All groups were allowed free access to water.
To study the effect of corticosterone replacement, adre-
nalectomized rats were provided with vehicle (0.5% ethanol
in saline) or corticosterone (40 1 g/ml in saline with 0.5%
ethanol) immediately after the operation. The corticosterone
was first dissolved in ethanol before being diluted to the
concentrations in saline. After 7 days, food was removed
from half of the vehicle-treated and half of the corticosterone-
treated animals for 48 h. All animals were sacrificed by
decapitation and anterior pituitaries, hypothalami, and
sera were collected. The hypothalamic block was cut in half
horizontally to produce a basal portion (medialbasal hypo-
thalamus, MBH) which contained the arcuate nucleus
(ARC), and a dorsal portion (dorsalmedial hypothalamus,
DMH) which contained the paraventricular nucleus (PVN)
as previously described (Hanson et al, 1997).

Measurement of glucose, GH, IGF-1 and corticosterone
concentrations

Glucose levels were measured by GlucoDr Blood Glucose
Meter (Allmedicus, Korea; maximal reading 600 mg/dl).
Serum GH concentrations were measured by rat GH RIA
kit (Amersham Biosciences Co., NJ, USA). Total serum
IGF-1 levels were assayed using a rat IGF-1 ELISA kit
(Amersham) after acid/ethanol extraction according to the
manufacturer's instructions. Serum corticosterone concen-
trations were assessed using the ELISA kit (Neogene CO.,
MI, USA). ADX animals with serum corticosterone levels
above 10 ng/ml were removed from the study.

RNA isolation

Total hypothalamic and pituitary RNA was recovered
using standard procedure previously reported (Kamegai et
al, 1998a; Kamegai et al, 1998b). RNA was then preci-
pitated with isopropanol, and the pellet was washed with
70% ethanol, air dried, and dissolved in sterile DEPC water.
The concentration and purity of RNA were determined by
NanoDrop spectrophotometer (NanoDrop Technologies,
Inc., DE, USA) at OD 260/280 nm.

Real-time reverse transcription (RT)-PCR of
hypothalamic GHRH, SRIH and NPY, pituitary
GHRH-R, GHS-R and GH mRNA

One microgram of total hypothalamic pituitary RNA was
used as a template to generate cDNA by RT with random
hexamer priming. The resultant cDNA was amplified using
the LightCycler (Roche Diagnosties Ltd. Lewes, UK). Real-
time PCR analysis was carried out with SYBR Green I and
primers (for SRIH, NPY, GH, GHRH-R and #-actin) or
hybridization probes and primers (for GHRH and GHS-R).
The sequences of primers and probes for GHRH (GenBank
Accession No. M73486) were as follows: GHRH, sense;
5'-CAA TTA TAT GCC CGC AAA CT-3', antisense; 5'-TGG
GTC TTT ATT GTA TTC ACA G-3', probel; 5'-GCA GGG
ATT CCC AAG GAT GAA G (Fluo)-3', probe2; 5'- (Red640)
TTC AGC GGA GGC TTG AGC (Phosphate)-3'. The se-
quences of primers for SRIH (M25890) and NPY (M15880)
were as follows: SRIH, sense; 5-AGC TGAGCAGGA CGA
GATGAG-3', antisense; 5'-GGG CTG GGA GTT AAG GAA
GAG-3', and NPY, sense; 5'-GCA GAG GAC ATG GCC AGA
TAC-3', antisense; 5-GGA CAG GCA GAC TGG TTT
CAC-3'. The PCR primer and hybridization probe sequences
used for determination of the GH, GHRH-R and GHS-R
mRNA levels have been previously described (Park et al,
2004; Kim et al, 2006). The level of expression of each
mRNA and their estimated crossing points (Cp) in each
sample were determined relative to the standard prepa-
ration using the LightCycler computer software (v. 3.5).
PCR amplification was performed with a series of standards
prepared by successive dilutions and a linear standard
curve was automatically generated. A standard curve was
constructed for each PCR run.

Statistical analysis

All data were expressed as meantS.E.M. All experiments
were repeated at least two times. Comparisons between
groups were made by student's t-test or one-way ANOVA
and Holm-Sidak method for multiple comparisons using
SigmaStat for Windows Version 3.10 (Systat Software, Inc.,
Point Richmond, CA), and p<0.05 was considered signi-
ficant. All comparisons were made between samples on the
same real-time PCR run.

RESULTS
Effect of adrenalectomy
The percent change of body weight gain (from presurgery

to the time the animals were sacrificed) was 19 (3% in
sham-operated vs. 6 (4% in adrenalectomized animals (p<



Role of Glucocorticoids in Fasting-induced Changes in GH-axis 219

A B = Sham
mm ADX

301 200 -
g =
2 £
P 150 -
S 20- <
> c
= 2100 4
ey ]
2 * 7]
L 10+ 8
= = 50
> 5
8 (@) *

0 0
—~ 200 7 200 1
1S Fig. 1. Comparison of the body weight
g (A) and plasma corticosterone levels (B)
N 150 = 150 1 of sham-operated (Sham) and adren-
— . .
° alectomized (ADX) animals and effect of
L adrenalectomy on hypothalamic (C) and
~ o d pituitary (D) gene expression. Body
% 100 100 . . x
< weight was displayed % of change be-
> tween immediately before operation and
3 i J immediately before sacrifice. Serum
< 50 50 corticosterone was measured by ELISA.
% Hypothalamic and pituitary gene expre-
= ssions were measured by real-time RT-

0 0 PCR. Data are mean+S.E.M., n=5

GHRH SRIH

0.05, n=5/group) (Fig. 1A). Plasma corticosterone levels
were significantly reduced in adrenalectomized rats (4+2
ng/ml, n=5) compared with sham-operated animals (123+
101 ng/ml, n=5, p<0.05) (Fig. 1B). Hypothalamic NPY
mRNA levels in adrenalectomized rats were 54+13% (p<
0.05) of sham-operated controls, whereas GHRH mRNA
levels increased to 146+8% (p<0.05) by adrenalectomy.
Hypothalamic SRIH mRNA levels were not changed by
adrenalectomy (Fig. 1C). Pituitary GHRH-R, GHS-R, and
GH mRNA levels were decreased to 30+3% (p<0.01), 80+8%
(p<0.05), and 50 (4% of sham-operated animals (Fig. 1D).

Effect of fasting in adrenalectomized or sham-operated
rats

As shown in Fig. 2, fasting resulted in a progressive and
comparable weight loss in sham-operated (n=5 animals/group)
and adrenalectomized rats (n=5 animals/group). This
reduction of body weight is associated with significant
elevation of serum corticosterone levels in sham-operated
animals, while corticosterone levels were not changed in
response to fasting in adrenalectomized rats. Regardless of
adrenal status, blood glucose, circulating GH and IGF-1
levels were significantly suppressed.

In sham-operated animals (n=5 animals/group), fasting
suppressed hypothalamic GHRH mRNA levels to 49(8% (48
h; p<0.05) and 32+4% (72 h; p<0.01) of fed controls,
whereas NPY mRNA levels increased in response to 48h
and 72h fasting to 166+18% (p<0.05) and 157+13% (p<
0.05), respectively (Fig. 3A). In the absence of endogenous
glucocorticoids (n=5 animals/group), fasting suppressed

GHRH-R

GHS-R animals/group. *p<0.05.

GHRH and increased NPY (Fig. 3B) as observed in sham-
operated rats suggesting fasting-induced changes in GHRH
and NPY are glucocorticoids-independent. SRIH mRNA
levels were not changed by fasting in both groups.

Fig. 4 represents the effect of fasting on pituitary
GHRH-R, GHS-R, and GH mRNA levels in sham-operated
(n=5 animals/group) and adrenalectomized rats (n=5 animals/
group). GHRH-R mRNA levels were significantly increased
in 48h fasted sham-operated animals to 391+76% (p<0.01)
of fed controls, whereas fasting failed to increase GHRH-R
in fasted adrenalectomized rats (Fig. 4A). In contrast, 48h
fasting significantly increased pituitary GHS-R mRNA
levels in sham-operated (218+33%, p<0.01) as well as
adrenalectomized (210+29%, p<0.01) animals (Fig. 4B).
Despite the decline in circulating GH, pituitary GH mRNA
levels did not differ between fed and fasted sham-operated
and adrenalectomized animals (Fig. 4C) consistent with our
previous report (Park et al, 2004).

Effect of corticosterone replacement in ad libitum fed
and fasted adrenalectomized rats

In order to examine the direct effect of glucocorticoids
in adrenalectomized rats, vehicle or corticosterone was
given to adrenalectomized animals for 7 days immediately
after the operation. Vehicle or corticosterone-replaced adre-
nalectomized rats (n=5 animals/group) were 48h fasted or
fed ad libitum. Fig. 5 represents the effect of corticosterone
replacement in fed and 48h fasted adrenalectomized rats.
Hypothalamic NPY mRNA levels were not changed by
corticosterone replacement in fed and fasted adrenalec-
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tomized rats. In contrast, GHRH mRNA Ilevels were
significantly decreased by corticosterone replacement in fed
adrenalectomized rats. Furthermore, corticosterone replace-
ment in fasted adrenalectomized animals augmented fasting-
induced suppressive effect of fasting (Fig. 5A). At the
pituitary levels, GHRH-R and GH mRNA levels were
significantly increased by corticosterone replacement in
both fed and fasted adrenalectomized animals whereas
corticosterone had no significant effect on fed and fasted
mRNA levels of GHS-R in adrenalectomized rats (Fig. 5B).

pective fed controls; *, p<
Sham ADX 0.05.
DISCUSSION

In the present study we examined the effects of adre-
nalectomy and fasting on hypothalamic neuropeptide expre-
ssion and found that fasting suppressed GHRH expression
regardless of adrenal status, however the effect of fasting
on GHRH was blunted in adrenalectomized rats, suggesting
a minor role of glucocorticoids in fasting-induced decrease
in GHRH. This observation appears to be contrast to the
previous reports (Senaris et al, 1996; Lam and Srivastava,
1997) that experimental elevation of glucocorticoids decreases
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Fig. 4. Effect of fasting on pituitary
growth hormone (GH)-releasing hormone
receptor (GHRH-R) (A), GH secretagogue
receptor (GHS-R) (B), and GH (C) mRNA
levels in adrenalectomized or sham-
operated animals. Animals were fasted
for 24 h, 48 h, 72 h or supplied food ad
libitum (fed). Both groups were allowed
free access to water or 0.9% NaCl solu-
tion (adrenalectomized group). GHRH-R,
GHS-R, and GH mRNA levels were
measured by real-time RT-PCR and
adjusted with B-actin. The graph is
expressed as a percentage of fed con-
trols. Data are mean+S.E.M., n=5 ani-
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hypothalamic GHRH mRNA levels. Therefore, we decided
to examine the direct effect of corticosterone on fasting-
induced changes in hypothalamic neuropeptide expression
in the absence of endogenous glucocorticoids. In the present
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Fig. 5. Effect of corticosterone (C) on pituitary
(A) and hypothalamic (B) gene expression in
adrenalectomized animals. Animals were fasted
for 48 h or supplied food ad libitum (fed). Sub-
sets of fed or 48 h fasted rats were provided
with 40z g/ml of corticosterone containing
water from immediately after operation to
immediately before sacrifice. Hypothalamic
and pituitary mRNAs were measured by
real-time RT-PCR. Data are mean+S.E.M.,
n=5 animals/group. *, indicates values differ
from respective fed controls; *, p<0.05, #, p<
0.05.

study, adrenalectomized rats were provided with 40 ¢ g/ml
of corticosterone in their drinking water. Providing adre-
nalectomized rats this corticosterone solution has been
reported to result in plasma corticosterone levels comparable
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to those of sham-operated controls (Wilkinson et al, 1981).
Indeed, corticosterone replacement did suppress GHRH
expression in the ad libitum fed adrenalectomized rats,
supporting the tonic inhibitory role of glucocorticoids on
GHRH. Interestingly, corticosterone intensified the fasting-
induced decline in GHRH expression. Taken together, our
results suggest that elevated glucocorticoids mediate the
effects of fasting on hypothalamic GHRH expression, and
other factors, which are increased by food deprivation, are
involved in fasting-induced suppression of GHRH.

In contrast to the changes in GHRH, NPY expression was
not changed by corticosterone replacement in both fed and
fasted adrenalectomized animals. Given the observation
that NPY expression was increased in the absence of
endogenous glucocorticoids, we suggest that glucocorticoids
are likely not the major determinant in the rise of NPY
by fasting. The question remains; what is responsible for
fasting-induced upregulation of hypothalamic NPY expre-
ssion? A plausible candidate is ghrelin. Circulating ghrelin
levels are increased during fasting and refeeding decreases
circulating ghrelin levels (Ariyasu et al, 2001; Toshinai et
al, 2001b; Kim et al, 2003). NPY neurons express the GHS-R
(Willesen et al, 1999) and central administration of ghrelin
increases NPY (Shintani et al, 2001; Kamegai et al, 2001).
We might speculate that ghrelin is, at least in part,
responsible for the upregulation of NPY expression during
fasting. Given the fact that NPY suppresses GHRH expre-
ssion (Bruno et al, 1990; Ghigo et al, 1997; Vuagnat et al,
1998; Carro et al, 1999), fasting-induced increase in ghrelin
might play a role in the downregulation of GHRH expression
in adrenalectomized rats during food deprivation. The role
of free fatty acids, which are also increased with fasting,
in the changes of neuropeptide expression during food
deprivation remains to be determined. However, it is
unlikely responsible for the upregulation of NPY during
fasting in that experimental elevation of circulating free
fatty acids suppress GH release (Casaneuva et al, 1987;
Alvarez et al, 1991; Maccario et al, 1994) and central
administration of oleic acid inhibits food intake via the
suppression of hypothalamic NPY expression (Obici et al,
2002).

In the present study, we observed that pituitary GHRH-R
expression was decreased by adrenalectomy and fasting
clearly increased GHRH-R mRNA levels in the sham-
operated animals consistent with previous reports (Lam et
al, 1996; Sugihara et al, 1996; Miller and Mayo, 1997;
Ohyama et al, 1998; Park et al, 2004). However, in this
report, the fasting-induced rise in GHRH-R expression was
completely blocked in the adrenalectomized rats and
corticosterone replacement dramatically increased GHRH-R
in both fed and fasted groups. Other investigators also have
reported that glucocorticoid treatment increases GHRH-R
expression in sham-operated and adrenalectomized animals
(Lam et al, 1996; Miller and Mayo, 1997). Taken together,
our data clearly demonstrate that the rise in glucocorticoid
levels in the fasted state is absolutely required for the
up-regulation of pituitary GHRH-R expression in response
to fasting.

In agreement with previous reports (Tamura et al, 2000;
Thomas et al, 2000), adrenalectomy decreased pituitary
GHS-R mRNA levels but failed to alter the fasting-induced
rise in GHS-R expression. Furthermore, corticosterone
replacement in fed and fasted adrenalectomized rats had
no significant effect on GHS-R mRNA levels indicating that
glucocorticoids are likely not the major determinant in

fasting-induced increase in GHS-R expression. Our results
appear to be in opposition to the hypothesis that the fasting-
induced rise in glucocorticoids is responsible for the increase
in GHS-R. In fact, it has been reported that dexamethasone
treatment increases GHS-R mRNA levels in vivo and in
vitro (Tamura et al, 2000; Thomas et al, 2000). However,
it should be noted that the methods used to replace
glucocorticoids differed. In this study, corticosterone was
added in drinking water.

In conclusion, our data suggest that elevated glucocorticoid
levels in the fasted state are absolutely required for the
increase in pituitary GHRH-R expression and may play a
modulatory role in regulating hypothalamic GHRH. The
results of the current study also suggest that glucocorticoids
are not the major determinant in fasting-induced rises in
hypothalamic and pituitary GHS-R expression.
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