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Abstract. The effects of neuropeptide Y (NPY) on adrenal
glucocorticoid secretion are controversial, and we have
investigated this issue in guinea pigs, where, like in humans
and cows, the main glucocorticoid hormone is cortisol. In vivo
experiments showed that prolonged NPY administration
markedly lowered cortisol plasma concentration not only in
normal guinea pigs, but also in animals whose hypothalamic-
pituitary-adrenal axis and renin-angiotensin system had
been pharmacologically interrupted by the simultaneous
administration of dexamethasone and captopril. In vitro
experiments ruled out the possibility that in vivo gluco-
corticoid anti-secretagogue action of NPY can ensue from a
direct effect on the adrenal gland. In fact, NPY did not affect
cortisol secretion from dispersed guinea pig inner adreno-
cortical cells. In contrast, NPY raised cortisol production
from adrenal slices containing medullary tissue, and this
effect was blocked by the B-adrenoceptor antagonist
[-alprenolol. This finding, coupled with the demonstration
that NPY enhanced catecholamine release from guinea pig
adrenomedullary tissue, strongly suggests that NPY may
stimulate glucocorticoid secretion in this species through an
indirect mechanism involving catecholamines, that in a
paracrine manner promote the secretion of inner adrenocortical
cells. In light of these observations, the conclusion is drawn
that the in vivo effects of NPY are mediated by mechanism(s)
independent of either the suppression of the main adrenal
agonists ACTH and angiotensin-II or the direct inhibition of
adrenal secretion. The possibility merits an investigation into
whether NPY enhances the production of peptides, which,
like leptin, inhibit adrenal glucocorticoid secretion acting as
circulating hormones.
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Introduction

Neuropeptide Y (NPY) is a 36-amino acid peptide, which is
widely distributed in the central nervous system, where it
exerts various relevant physiological functions, among which
is the control of food intake (reviewed in refs. 1,2). Like
other orexinergic and anti-orexinergic peptides (3-6 and refs.
therein), NPY has been found to control the hypothalamic-
pituitary-adrenal axis, especially acting on its peripheral
branch (2,7-10).

The action of NPY on the adrenal gland seems to be
mainly concerned with zona glomerulosa (ZG) and mineralo-
corticoid secretion. The bolus administration of NPY was
found to raise the aldosterone blood level in rats (11,12).
Although previous in vitro studies reported an inhibitory
action of NPY on basal aldosterone secretion (13), subsequent
investigations demonstrated that this peptide magnified the
aldosterone response of dispersed ZG cells to their main
agonists [ACTH, angiotensin-II (Ang-II) and potassium]
(14,15). Moreover, evidence has been provided that NPY is
also able to affect ZG indirectly, via a mechanism involving
the local release of catecholamines, that in turn enhance
aldosterone secretion acting in a paracrine manner (16-19).

In contrast, the effects of NPY on zona fasciculata-
reticularis (inner) adrenocortical cells are doubtful. In vivo
studies revealed no acute effect of NPY on glucocorticoid
blood levels (11,12). A clearcut inhibitory action of NPY on
basal and ACTH-stimulated corticosterone secretion from
dispersed inner adrenocortical cells has been described (20),
but further studies have not confirmed this finding (13-15).

All the above mentioned studies were carried out in
rodents. Hence, it seemed worthwhile to investigate the in vivo
and in vitro effects of NPY on glucocorticoid and catechola-
mine secretion from the guinea pig adrenal gland. In fact,
guinea pig adrenals, like those of humans, possess 17a-
hydroxylase activity, and therefore the main glucocorticoid
hormone secreted is cortisol.

Materials and methods

Animals and reagents. Adult male guinea pigs, either bred in
our laboratory facilities (in vivo experiments) or purchased
from Charles-River (Como, Italy) (in vitro experiments),
were kept under a 12:12 h light/dark cycle (illumination
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onset at 8:00 a.m.) at 23°C, and maintained on a standard diet
and tap water ad libitum. The study protocol was approved
by the local Ethics Committee for Animal Studies. The
angiotensin-converting enzyme inhibitor captopril (Aceten)
and dexamethasone (Dexona) were obtained from Worckhardt
India and Cadilla India (New Delhi, India), respectively.
NPY (human, rat, mouse), ACTH, angiotensin-II (Ang-II),
[-alprenolol, bovine serum albumin (BSA), phosphate-
buffered saline (PBS), and all other chemicals and laboratory
reagents were purchased from Sigma-Aldrich Corp. (St.
Louis, MO).

In vivo experiments. Animals were divided into 2 groups
(n=24). One group was subcutaneously injected for 14 days
with dexamethasone (2.5 mg/kg) and captopril (8.3 mg/kg).
The other group was given daily injections of 0.9% NaCl. On
the 7th day, half the animals in each group received NPY
(0.1 mg/kg) for the next 7 days. At the end of the treatment,
blood samples were collected from the retro-orbital vein (21),
and stored at -20°C until cortisol assay.

In vitro experiments. Dispersed guinea pig inner adreno-
cortical cells, adrenal slices (containing both cortical and
medullary tissue) and medullary tissue fragments were
obtained as previously described (22). Dispersed cells and
tissue fragments (10* cells and 5-6 mg of tissue) were put in
Krebs-Ringer bicarbonate buffer with 3% glucose and 0.2%
BSA and incubated with NPY (107 M) alone and in the
presence of ACTH (10° M) or Ang-II (10-® M). Tissue slices
were also incubated with /-alprenolol (10-° M) alone or in the
presence of NPY (107 M). These concentrations of peptides
were chosen because they were previously found to be the
maximal effective ones in the rat adrenal gland (2). The
incubation was carried out in a shaking bath at 37°C for
60 min (cortisol secretion) or 20 min (catecholamine
secretion) in an atmosphere of 95% air-5% CO,. Supernatants
were stored at -80°C until hormonal assays, and the protein
concentration of dispersed cells and tissue fragments was
measured by the Sigma-Aldrich BCA protein assay kit.

Hormonal assays. Cortisol blood concentration was
measured by enzyme immunoassay (EIA), as previously
detailed (21). Cortisol was extracted from supernatants and
purified by HPLC (23,24), and its concentration was estimated
by radioimmunoassay (RIA), using a commercial kit purchased
from IRE-Sorin (Vercelli, Italy). The catecholamine
(epinephrine, E; nor-epinephrine, NE) concentrations in the
supernatants were measured by HPLC, using a reverse phase
column and a glassy carbon electrochemical detector (23,25).

Statistics. Data were expressed as means + SD or SEM, and
their statistical comparison was performed by the paired
sample t-test (cortisol blood concentration) or by ANOVA,
followed by Duncan's multiple range test.

Results
The prolonged dexamethasone/captopril administration

lowered the blood concentration of cortisol in guinea pigs by
~60%. NPY treatment for 7 days strikingly decreased the
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Figure 1. Effect of the prolonged administration of NPY on the blood
concentration of cortisol in normal (baseline) and dexamethasone
(dx)/captopril(cpt)-treated guinea pigs. Bars are the means + SD (n=12).
“P<0.05 and “P<0.01.
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Figure 2. Lack of effects of NPY (107 M) on basal and agonist-stimulated
cortisol secretion from dispersed guinea pig inner adrenocortical cells. Bars
are the means = SEM (n=6). “‘P<0.01 from the respective baseline value.

plasma level of cortisol in both normal guinea pigs
(approximately -90%) and dexamethasone/captopril-
administered animals (approximately -80%) (Fig. 1).

NPY (107 M) did not affect either basal or ACTH (10 M)-
and Ang-II (10-* M)-stimulated cortisol secretion from
dispersed guinea pig inner adrenocortical cells (Fig. 2). In
contrast, NPY evoked a small but significant rise (~45%) in
the basal cortisol production from guinea pig adrenal slices,
without changing the agonist-stimulated one (Fig. 3). NPY
also enhanced basal E and NE release from adrenomedullary
tissue (by ~50 and 35%, respectively) (Fig. 4), and its
secretagogue effect on basal cortisol production from adrenal
slices was abrogated by 10 M [-alprenolol (Fig. 5).
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Figure 3. Effects of NPY (107 M) on basal and agonist-stimulated cortisol
secretion from guinea pig adrenal slices containing medullary chromaffin
tissue. Bars are the means + SEM (n=6). “P<0.05 from the respective control
value; *P<0.01 from the respective baseline value.

Discussion

Our present in vivo experiments clearly showed that NPY
inhibits cortisol secretion in guinea pigs. There is indication
that NPY, when systemically administered, exerts an inhibitory
effect on both pituitary ACTH secretion (7,26,27) and renin
release (28-30). However, this mechanism does not positively
underlie the in vivo glucocorticoid anti-secretagogue action
of NPY because it occured also in guinea pigs where cortisol
production was dampened by the simultaneous pharmaco-
logical blockade of the hypothalamic-pituitary-adrenal axis
and renin-angiotensin system.

A direct inhibitory effect of NPY on inner adrenocortical
zones can be ruled out. In fact, this neuropeptide did not alter
cortisol production from dispersed guinea-pig inner adreno-
cortical cells, nor did it suppress agonist-stimulated secretion
from adrenal slices. Moreover, NPY enhanced basal cortisol
yield from adrenal slices containing medullary tissue.

This last observation requires further discussion. As
mentioned in the Introduction, NPY is included in that group
of regulatory peptides (VIP and PACAP, tachykinins,
endothelins, adrenomedullin and atrial natriuretic peptides)
(22,31-34) which are able to enhance steroid secretion by
eliciting the release of catecholamines, that in turn stimulate
adrenocortical cells in a paracrine manner. The following
evidence indicates that this mechanism may be involved in
the mild in vitro glucocorticoid secretagogue action of NPY
on guinea pig adrenal slices: 1) in keeping with previous
findings (19,22,35-37), NPY enhanced E and NE release
from guinea pig adrenomedullary tissue; and ii) /-alprenolol,
a specific Bi-receptor antagonist, completely abolished
cortisol response of guinea pig adrenal slices to NPY,
without per se altering basal cortisol secretion. The majority
of studies point out that such a catecholamine-mediated
paracrine mechanism mainly concerns zona glomerulosa and
aldosterone secretion (reviewed in ref. 16). However, it may
be stressed that investigations were mainly carried out in the

347

catecholamine [pmol/mg protein - 10 min]
15 20 25 30 35 40 45 50 55 60

| [Jcontrols

g =Iney

I_¢
[T

NE

Figure 4. Effects of NPY (107 M) on basal catecholamine secretion from
guinea pig adrenomedullary fragments. Bars are the means + SEM (n=60).
“P<0.05 from the respective control value. E, epinephrine; NE, nor-
epinephrine.
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Figure 5. Effects of [-alprenolol (10 M) on basal (bsl) and NPY (107 M)-
stimulated cortisol secretion from guinea pig adrenal slices containing
medullary chromaffin tissue. Bars are the means + SEM (n=6). “P<0.01
from the respective control value; “P<0.01 from the respective baseline
value.

rat, so that it is reasonable to conceive that, at variance with
this species, guinea pigs possess not only zona glomerulosa,
but also inner adrenocortical cells provided with B-
adrenoceptors. Moreover, guinea pig inner adrenocortical
cells, like those of cows and pigs, secrete cortisol, and
catecholamines have been shown to raise steroid secretion
from bovine and pig zona fasciculata cells cultured in vitro
(38-41).

In light of the herein discussed evidence, it seems
legitimate to conceive that the mechanism(s) underlying the
in vivo glucocorticoid anti-secretagogue action of NPY
involve(s) some indirect effect(s) of this peptide. Such
effect(s) is (are) still unknown and thus only hypotheses can
be advanced on this matter. However, we want to stress that
NPY plays a role in the central control of food intake (1,42),
and that to accomplish this function it interacts with other
central regulatory peptides such as orexins and leptin
exerting anti-orexinergic or orexinergic actions (43-45).
While orexins stimulate the hypothalamic-pituitary-adrenal
axis (4), the body of findings suggest that leptin, acting as a
circulating hormone, inhibits glucocorticoid secretion in
humans and cows (6,46-49). Hence, the possibility that the
in vitro adrenocortical inhibitory effects of NPY in the
guinea pig are mediated by leptin merits further investigative
effort.



348

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Cerda-Reverter JM and Larhammar D: Neuropeptide Y family
of peptides: structure, anatomical expression, function, and
molecular evolution. Biochem Cell Biol 78: 371-392, 2000.

. Spinazzi R, Andreis PG and Nussdorfer GG: Neuropeptide-Y

and Y-receptors in the autocrine-paracrine regulation of adrenal
gland under physiological and pathophysiological conditions
(Review). Int J Mol Med 15: 3-13, 2005.

. Nussdorfer GG, Spinazzi R and Mazzocchi G: Cholecystokinin

(CCK) and adrenal-cortex secretion. Vitam Horm 71: 433-453,
2005.

. Spinazzi R, Andreis PG, Rossi GP and Nussdorfer GG: Orexins

in the regulation of the hypothalamic-pituitary-adrenal axis.
Pharmacol Rev 58: 46-57, 2006.

. Tortorella C, Neri G and Nussdorfer GG: Galanin in the

regulation of the hypothalamic-pituitary-adrenal axis (Review).
Int J Mol Med 19: 639-647,2007.

. Malendowicz LK, Rucinski M, Belloni AS, Ziolkowska A and

Nussdorfer GG: Leptin in the regulation of the hypothalamic-
pituitary-adrenal axis. Int Rev Cytol (In press).

. Malendowicz LK, Markowska A and Zabel M: Neuropeptide-

Y-related peptides and hypothalamo-pituitary-adrenal axis
function. Histol Histopathol 11: 485-494, 1996.

. Krysiak R, Obuchowicz E and Herman ZS: Interactions

between the neuropeptide Y system and the hypothalamic-
pituitary-adrenal axis. Eur J Endocrinol 140: 130-136, 1999.

. Renshaw D and Hinson JP: Neuropeptide Y and the adrenal

gland: a review. Peptides 22: 429-438, 2001.

Whitworth EJ, Kosti O, Renshaw D and Hinson JP: Adrenal
neuropeptides: regulation and interaction with ACTH and other
adrenal regulators. Microsc Res Tech 61: 259-267,2003.
Mazzocchi G and Nussdorfer GG: Neuropeptide-Y acutely
stimulates rat zona glomerulosa in vivo. Neuropeptides 9: 257-262,
1987.

Mazzocchi G, Malendowicz LK, Macchi C, Gottardo G and
Nussdorfer GG: Further investigations on the effects of neuro-
peptide Y (NPY) on the secretion and growth of rat adrenal
zona glomerulosa. Neuropeptides 30: 19-27, 1996.

Neri G, Andreis PG and Nussdorfer GG: Effects of neuro-
peptide-Y and substance-P on the secretory activity of dispersed
zona glomerulosa cells of rat adrenal gland. Neuropeptides 17:
121-125, 1990.

Hinson JP, Cameron LA and Kapas S: Neuropeptide Y
modulates the sensitivity of the rat adrenal cortex to stimulation
by ACTH. J Endocrinol 145: 283-289, 1995.

Hinson JP and Kapas S: Effect of sodium depletion on the
response of rat adrenal zona glomerulosa cells to stimulation by
neuropeptides: actions of vasoactive intestinal peptide,
enkephalin, substance P, neuropeptide Y and corticotrophin-
releasing hormone. J Endocrinol 146: 209-214, 1995.
Nussdorfer GG: Paracrine control of adrenal cortical function
by medullary chromaffin cells. Pharmacol Rev 48: 495-530,
1996.

Bernet F, Bernard J, Laborie C, Montel V, Maubert E and
Dupouy JP: Neuropeptide Y (NPY)- and vasoactive intestinal
peptide (VIP)-induced aldosterone secretion by rat capsule/
glomerulosa zone could be mediated by catecholamines via 1
adrenergic receptors. Neurosci Lett 166: 109-112, 1994.

Bernet F, Maubert E, Bernard J, Montel V and Dupouy JP:
In vitro steroidogenic effects of neuropeptide Y (NPY, 54), Y1
and Y2 receptor agonists (Leu®!, Pro** NPY, NPY 4 5¢) and
peptide YY (PYY) on rat adrenal capsule/zona glomerulosa.
Regul Pept 52: 187-194, 1994.

Renshaw D, Thomson LM, Carrol M, Kapas S and Hinson JP:
Actions of neuropeptide Y on the rat adrenal cortex.
Endocrinology 141: 169-173, 2000.

Malendowicz LK, Lesniewska B and Miskowiak B: Neuro-
peptide Y inhibits corticosterone secretion by isolated rat
adrenocortical cells. Experientia 46: 721-722, 1990.

Appa Rao NV, Sen NS, Sinha PD and Ahmad MF: Effect of
Met-enkephalin on the cortisol profile of palm squirrel
(Funambulus pennanti, Wroughton). Eur Arch Biol 105: 7-11,
1994.

Raha D, Tortorella C, Neri G, Prasad A, Raza B, Raskar R,
Dubey R, Sen NS, Macchi C, Malendowicz LK, Ahmad MF
and Nussdorfer GG: Atrial natriuretic peptide enhances cortisol
secretion from guinea-pig adrenal gland: evidence for an indirect
paracrine mechanism probably involving the local release of
medullary catecholamines. Int J Mol Med 17: 633-636, 2006.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

RAO et al: NPY AND THE ADRENAL GLAND

Neri G, Andreis PG, Prayer-Galetti T, Rossi GP, Malendowicz LK
and Nussdorfer GG: Pituitary adenylate-cyclase activating
peptide (PACAP) enhances aldosterone secretion of human
adrenal gland: evidence for an indirect mechanism probably
involving the local release of catecholamines. J Clin Endocrinol
Metab 81: 169-173, 1996.

Spinazzi R, Petrelli L, Guidolin D, Carraro G, Casale V,
Tortorella C, Neri G, Albertin G, Andreis PG and Nussdorfer GG:
In vitro culture on Matrigel favors the long-term maintenance of
rat zona glomerulosa-cell differentiated phenotype. Int J Mol
Med 17: 1101-1110, 2006.

Rucinski M, Andreis PG, Ziolkowska A, Nussdorfer GG and
Malendowicz LK: Differential expression and function of
beacon in the rat adrenal cortex and medulla. Int ] Mol Med 16:
35-40, 2005.

Lesniewska B, Nowak M, Miskowiak B, Nussdorfer GG and
Malendowicz LK: Long-term effects of neuropeptide-Y on the
rat adrenal cortex. Neuropeptides 16: 9-13, 1990.

Colmers WF and Wahlested C (eds): The Biology of
Neuropeptide Y and Related Peptides. Humana Press, Totowa,
NJ, pp1-564, 1993.

Hackenthal E, Aktories K, Jakobs KH and Lang RE:
Neuropeptide Y inhibits renin release by a pertussis toxin-
sensitive mechanism. Am J Physiol 252: F543-F550, 1987.
Corder R, Vallotton MB, Lowry PJ and Ramage AG: Neuro-
peptide Y lowers plasma renin activity in the anaesthetised cat.
Neuropeptides 14: 111-114, 1989.

Aubert JF, Walker P, Grouzmann E, Nussberger J, Brunner HR
and Waeber B: Inhibitory effect of neuropeptide Y on stimulated
renin secretion of awake rats. Clin Exp Pharmacol Physiol 19:
223-228,1992.

Nussdorfer GG and Malendowicz LK: Role of tachykinins in
the regulation of the hypothalamo-pituitary-adrenal axis.
Peptides 19: 949-968, 1998.

Nussdorfer GG, Rossi GP, Malendowicz LK and Mazzocchi G:
Autocrine-paracrine endothelin system in the physiology and
pathology of steroid secreting tissues. Pharmacol Rev 51:
403-438, 1999.

Nussdorfer GG: Proadrenomedullin-derived peptides in the
paracrine control of the hypothalamo-pituitary-adrenal axis. Int
Rev Cytol 206: 249-284,2001.

Conconi MT, Spinazzi R and Nussdorfer GG: The endogenous
ligands of PACAP/VIP receptors in the autocrine-paracrine
regulation of the adrenal gland. Int Rev Cytol 249: 1-51,
2006.

Grouzmann E, Cressier F, Walker P, Hofbauer K, Waeber B
and Brunner HR: Interactions between NPY and its receptor:
assessment using anti-NPY antibodies. Regul Pept 54: 439-444,
1994.

Hong N, Li S, Fournier A, Saint-Pierre S and Pelletier G: Role
of neuropeptide Y in the regulation of tyrosine hydroxylase
gene expression in rat adrenal glands. Neuroendocrinology 61:
85-88,1995.

Cavadas C, Silva AP, Mosimann F, Cotrim MD, Fontes-Ribeiro CA,
Brunner HR and Grouzmann E: NPY regulates catecholamine
secretion from human adrenal chromaffin cells. J Clin
Endocrinol Metab 86: 5956-5963, 2001.

Lightly ERT, Walker SW, Bird IM and Williams BC: Sub-
classification of B-adrenoceptors responsible for steroido-
genesis in primary cultures of bovine adrenocortical zona
fasciculata-reticularis cells. Br J Pharmacol 99: 706-712, 1990.
Ehrhart-Bornstein M, Bornstein SR, Trzeciak WH, Usadel H,
Giise-Behling H, Waterman MR and Scherbaum WA:
Adrenaline stimulates cholesterol side-chain cleavage cyto-
chrome P450 mRNA accumulation in bovine adrenocortical
cells. J Endocrinol 131: R5-R8, 1991.

Giise-Behling H, Ehrhart-Bornstein M, Bornstein SR,
Waterman M, Scherbaum WA and Adler G: Regulation of
adrenal steroidogenesis by adrenaline: expression of cytochrome
P450 gene. J Endocrinol 135: 229-237, 1992.
Ehrhart-Bornstein M, Bornstein SR, Giise-Behling H,
Stromeyer HG, Rasmussen TN, Scherbaum WA, Adler G and
Holst JJ: Sympathoadrenal regulation of adrenal andro-
stenedione release. Neuroendocrinology 59: 406-412, 1994.
Balasubramaniam A: Neuropeptide Y family of hormones:
receptor subtypes and antagonists. Peptides 18: 445-457,1997.
Wolf G: Orexins: a newly discovered family of hypothalamic
regulators of food intake. Nutr Rev 56: 172-189, 1998.

Sakurai T: Orexin and orexin receptors: implication in feeding
behaviour. Regul Pept 85: 25-30, 1999.



45.
46.

47.

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 20: 345-349, 2007 349

Ahima RS and Flier JS: Leptin. Annu Rev Physiol 62: 413-437,
2000.

Bornstein SR, Uhlmann K, Haidan A, Ehrhart-Bornstein M and
Scherbaum WA: Evidence for a novel peripheral action of leptin
as a metabolic signal to the adrenal gland. Leptin inhibits
cortisol release directly. Diabetes 46: 1235-1238, 1997.

Glasow A, Haidan A, Hilbers U, Breidert M, Gillespie J,
Scherbaum WA, Chrousos GP and Bornstein SR: Expression of
Ob receptor in normal human adrenals: differential regulation of
adrenocortical and adrenomedullary function by leptin. J Clin
Endocrinol Metab 83: 4459-4466, 1998.

48. Pralong FP, Roduit R, Waeber G, Castillo E, Mosimann F,
Thorens B and Gaillard RC: Leptin inhibits directly gluco-
corticoid secretion by normal human and rat adrenal gland.
Endocrinology 139: 4264-4268, 1998.

49. Glasow A and Bornstein SR: Leptin and the adrenal gland. Eur
J Clin Invest 30: 39-45, 2000.



