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This review discusses age-specific functional changes in different components of the endo-
crine system (pituitary, epiphysis, adrenals, and gonads), their role in aging and age-specific
diseases, and possible approaches to correction of endocrine disorders and prevention of ac-

celerated aging.

Key Words: aging,; endocrine functions; geroprotectors, monkeys

The endocrine system is an important regulatory sys-
tem of the organism participating in organization of
complex forms of behavior, adaptation to exo- and
endogenous extreme factors, regulation of reproduc-
tion, homeostasis, thermoregulation, immune status,
and higher nervous activity, i.e. the processes most
often disturbed during aging. It can be expected that
age-specific disorders in endocrine regulation caused
primarily by age-specific changes in the functioning
of the endocrine system underlie age-specific distur-
bances in various functions. Considerable rejuve-
nation of some age-related diseases in modern so-
ciety characterized by wide spectrum of stress fac-
tors indicates the important role of endocrine disorders
in the pathogenesis of accelerated aging.

Therefore the study of the basic regularities of
age-specific disorders of endocrine functions and their
role in aging and in the pathogenesis of age-associated
diseases acquires special importance, as well as the
search for approaches to correction of endocrine dis-
orders and prevention of accelerated aging. Species-
specific differences in the functioning of the endocrine
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system components make the choice of experimental
model for such studies a particularly important prob-
lem. By the physiology and biochemistry of endocrine
processes and the spectrum of pathological processes
monkeys seem to be the most perspective model [1,4,
38,42].

This review discusses the results of many-year
studies of the hypothalamic-pituitary-adrenal system
(HPAS), hypothalamic-pituitary-testicular system
(HPTS), and pineal gland functioning in the course of
aging and investigation of approaches to correction of
age-specific endocrine disorders in two monkey spe-
cies (Papio hamadryas and Macaca mulatta), carried
out at Institute of Medical Primatology and previously
at Institute of Experimental Pathology and Therapy of
the USSR Academy of Medical Sciences in Sukhumi.

Function of the Hypothalamic-Pituitary-
Adrenal System

The concentration of hydrocortisone, the main gluco-
corticoid hormone in primates, little varies with age
[1,4,5,13,15,27,28,30], while the content of its early
precursors (pregnenolone and 17-hudroxypregneno-
lone) and adrenal androgens (dehydroepiandrosterone,
DHEA, and dehydroepiandrosterone sulfate, DHEAS)
decreases with age reaching a minimum in monkeys

0007-4888/02/1345-0417$27.00 © 2002 Plenum Publishing Corporation



418

aged 20-27 years [1,3-5,13,15,27,28,30]. Similar pic-
ture age-specific changes in corticosteroid level were
observed in humans [1,4,5,43,44,52].

A pronounced decrease in plasma DHEA and
DHEAS levels during aging leads to a considerable
increase in hydrocortisone/DHEA and hydrocortisone/
DHEAS ratios, which can be physiologically signi-
ficant. It is known that hydrocortisone and DHEA
(DHEAS) act as antagonists in some physiological
systems, for example the immune and nervous systems
[19,22,39]. Therefore, the age-related increase in
hydrocortisone/DHEA (DHEAS) ratio can deter-
mine decreased HPAS sensitivity to glucocorticoid
regulation by the negative feedback mechanism. The
latter phenomenon was demonstrated in old female
macaques using dexamethasone tolerance test in mon-
keys of different age. In old monkeys (20-27 years),
suppression of hydrocortisone secretion in response to
both low and high doses of dexamethasone was less
pronounced than in young animals (6-8 years) [15,
27,30]. Relative resistance of HPAS to dexamethasone
was observed in old monkeys of other species [46],
in other animals [47], and in humans [26]. In old rats
similar disorders were induced by the toxic effect of
glucocorticoids on the hippocampal glucocorticoid-
sensitive neurons [47]. On the other hand, an inhi-
bitory tonic effect of the hippocampus on the pro-
duction of corticotropin releasing factor (CRF) by
specific hypothalamic nuclei not only in rats, but in
other animals, including monkeys, and in humans was
demonstrated [21,49]. According to some data, in-
jection of DHEA (DHEAS) prevents destructive ef-
fects of stress on the brain structures, specifically on
the hippocampus [23,39].

Pronounced age-specific changes were detected in
the adrenocortical reaction to specific stimuli (corti-
cotropin, ACTH, and CRF) [30]. The reaction of the
adrenal cortex of old rhesus macaques to a single
injection of short-acting ACTH and to CRF was more
pronounced than in young animals. The disorders were
observed mainly in normalization of plasma hydrocor-
tisone level after it reached the peak. In old monkeys
normalization of the glucocorticoid level was notably
slower than in young animals. For example, in old
females injected with ACTH 1-39 the concentration of
hydrocortisone in the blood remained maximal 1 h
after it reached the peak, while in young animals it
rapidly dropped. Age-associated changes in recovery
of HPAS function in response to specific stimuli in-
dicate impaired plasticity of this system. This can be
partially due to age-associated dysregulation of the
hypothalamic-pituitary component of HPAS by the
feedback mechanism [27,30]. More pronounced acti-
vation of hydrocortisone secretion in response to CRF
and ACTH was observed in old humans [20,44].
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Unlike hydrocortisone, the increase of DHEA
(DHEAS) concentration in response to CRF and ACTH
was less pronounced in old animals. On the other
hand, the increase in DHEA (DHEAS) level in com-
parison with its initial concentration in the older age
group was more pronounced than in the younger group
[30]. Presumably, in old monkeys increased intensity
of biosynthetic processes in adrenocorticocytes in re-
sponse to stimulation cannot compensate decreased
production of DHEA (DHEAS). Age-dependent loss
of adrenocortical reticular zone cells in monkeys can-
not be excluded [33]. It is also possible that a progres-
sive decrease of DHEA (DHEAS) secretion with age
is caused by decreased utilization of cholesterol and/or
pregnenolone production by adrenocortical cells in
aged monkeys. The latter hypothesis is confirmed by
simultaneous decrease of plasma concentrations of
DHEA, DHEAS, pregnenolone, and 17-hydoxypre-
gnenolone in old monkeys [1,4,5,13,15,27,28,30] and
by a pronounced decrease of lipid content in the reti-
cular and bundle zones of the adrenal cortex [30]. The
maintenance of hydrocortisone secretion at a high level
under these conditions is presumably due to switch
over of the biosynthetic processes from the production
of adrenal androgens to glucocorticoid production.
The results of functional test with long-acting ACTH
indicate that in old monkeys the adrenocortical reserve
is preserved for hydrocortisone and notably decreased
for DHEA and DHEAS [30].

Circadian Rhythms

Despite the absence of appreciable age-associated dif-
ferences in hydrocortisone concentrations at 9.00,
statistically significant differences in hormone se-
cretion in monkeys were detected at 21.00. In old ani-
mals hydrocortisone concentration at 21.00 was
80-90% of its level at 9.00, while in young animals
hydrocortisone level at 21.00 was 2-fold lower than at
9.00 [16,36]. Disorders in the circadian rhythm of
hydrocortisone secretion can have negative conse-
quences for some tissues, organs, systems, and the
organism, as daily rhythms of glucocorticoids largely
determine biological rhythms of the immune system
components, mitotic activity of bone marrow cells,
blood cells, etc.

Disorders in HPAS functioning observed during
aging indicate its dysfunction progressing with age.

Melatonin concentrations in the blood of old mon-
keys markedly decreased in comparison with young
animals. In both young and old animals melatonin
concentration was higher at 21.00 than at 9.00. It is
noteworthy that circadian changes in melatonin se-
cretion in monkeys are opposite to the circadian rhythm
of hydrocortisone, at least at 9.00 and 21.00. In young
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monkeys hydrocortisone concentration at 21.00 drops
in comparison with its basal level (at 9.00), while me-
latonin concentration increases at 21.00 [16,36]. Si-
milar picture was observed in humans [45,51].
Pineal gland is one of the main brain structures in-
volved in the organization of circadian rhythms of the
major systems (nervous, endocrine, cardiovascular,
immune, etc.) [45,51], which suggests the involve-
ment of the pineal gland in organization of the circa-
dian rhythm of glucocorticoid secretion as well. That
is why the detected disorders in hydrocortisone se-
cretion at 21.00 in old animals can be explained by
age-associated decrease of melatonin secretion.

Hypothalamo-Pituitary-Testicular
System Functioning

The concentration of bioactive fraction of luteinizing
hormone (LH) in old (20-26 years) male Papio hama-
dryas is higher than in the majority of young (6-8
years) and adult (10-15 years) male baboons. Testo-
sterone levels are slightly lower in the majority of
animals aged 20-26 years in comparison with the mean
concentrations in animals aged 6-9 and 10-15 years
[1,5,13,28,29].

The opposite age-specific changes in testosterone
and LH concentrations indicate the development of
degenerative changes in the gonads of aging monkeys.
This hypothesis is confirmed by decreased volume of
the testicles in old animals, oligo- and azoospermia or
the absence of ejaculatory response to electrostimu-
lation in old monkeys [1,28,29]. Histological findings
are in line with these data [38]. Similar endocrine and
morphological changes in the gonads were detected in
humans [40].

Pronounced age-associated differences in HPTS
function in response to LH releasing factor (LHRF)
and LHRF stimulatory analogs (LHRF agonists —
alLHRF) were detected. Like age-associated changes in
HPAS function in response to specific stimuli, the
normalization of LH and testosterone secretion after
their concentrations reached the peaks in response to
a single injection of LHRF was slow [1,5,13,28,29].
Decreased sensitivity of HPTS to inhibitory effect of a
prolonged course of aLHRF (busereline, Hoechst A. G.)
was observed in the oldest (26 years) male [1,5,13,28,
29]. Disorders in the adenohypophyseal and testicular
response to LHRF in old men were described [25,50].

Despite pronounced age-associated changes in
HPTS function, testicular reserves of testosterone
seem are preserved in old baboons, because the results
of functional test with human chorionic gonadotropin
(HCG) were similar in old and young animals [1,5,
13,28,29]. High concentrations of testosterone in old
males injected with HCG persist for a long time due
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to some adaptive mechanisms maintaining testoste-
rone concentration at the optimal level. A possible me-
chanism is stimulation of synthesis of sulfated testo-
sterone precursors and their transformation into te-
stosterone. In one of the oldest males (26 years) with
testicular hypotrophy and absence of ejaculatory re-
sponse to electrostimulation an increase of DHEAS
level in the blood correlated with activation of testo-
sterone secretion in response to LHRF, aLHRF, and
HCG [1,3,28,29]. The possibility of testosterone
biosynthesis from sulfated precursors, for example
DHEAS, and activation of this process after stimula-
tion with HCG were also described in humans [24,37].

Estradiol concentration did not essentially change
in old animals, but the estradiol/testosterone ratio in-
creased in comparison with that in young males [1].
A similar regularity was detected in humans [1].

Hence, function of endocrine components, prima-
rily HPAS, HPTS, and the pineal gland change with
age in monkeys, and these changes are similar to age-
associated endocrine disorders in humans. These chan-
ges lead to pronounced hormone imbalance in the pe-
ripheral blood: decreased concentrations of adrenal
and testicular androgens, precursors of steroid hor-
mones (pregnenolone, 17-hydroxypregnenolone), and
melatonin, the concentrations of hydrocortisone and
estradiol remaining unchanged and the levels of gona-
dotropic hormones increasing. This imbalance plays
an important role in impairment of the hormone re-
gulation of many body functions and in development
of age-associated diseases, for example neurodege-
nerative diseases, atherosclerosis, increased insulin
tolerance, reproductive dysfunctions, higher incidence
of tumors, etc.

A progressive decrease of DHEA and DHEAS
levels plays an important role in the realization of
negative aftereffects of hormone imbalance. Modern
demonstrated the role of DHEA (DHEAS) in the re-
gulation of immune status, lipid and carbohydrate
metabolism, cell growth, neuron activity, efc. [19,22,
23,39,41,48,52].

Age-associated changes in HPAS reaction to spe-
cific stimuli manifesting in deceleration of the pi-
tuitary-adrenal axis recovery and paralleled by in-
creased production of glucocorticoid hormones lead to
disorders in adaptation of the aging organism to chan-
ging environmental conditions and increase the risk of
cardiovascular and neurodegenerative diseases, dia-
betes mellitus, efc. [30,49].

The imbalance of androgenic and estrogenic frac-
tions of sex steroid hormones creates the pathophy-
siological base for age-associated diseases of the re-
productive system (hypogonadism, prostatic hypertro-
phy and cancer, efc.) and, presumably, for some other
disorders caused by dysfunctions of tissues and organs
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sensitive to testicular hormones (myasthenia, changes
in erythropoiesis, fatty metabolism disorders, etc.).
Experimental and clinical studies showed an important
role of increased estrogen/androgen ratio in the patho-
genesis of prostatic hypertrophy [32].

It should be emphasized that similar hormonal
disorders were observed in humans and monkeys under
conditions of chronic stress induced by hemoblastosis
[1,4,8,9]. More pronounced disorders in the adreno-
cortical and gonadal functions were observed in young
patients and animals with hemoblastosis [1,4,8,9].
Similar adrenocortical and gonadal dysfunctions were
observed in patients with non-oncological and other
than oncological chronic diseases and in monkeys
under conditions of prolonged stress exposure [9].

Decreased secretion of melatonin, one of the most
important components of the antioxidant defense sys-
tem involved in the organization of biological rhythms
of the body, during aging seems to be a pathogenetic
factor of many mental and somatic diseases, which is
confirmed by experimental and clinical findings. In-
jection of melatonin prevented the development of
symptoms of many neurodegenerative diseases simu-
lated in animals [45], and melatonin treatment of
elderly patients with insomnia improved the quality
and efficiency of sleeping [33].

Approaches to Correction
of Age-Associated Disorders

A possible was to correction of age-associated dis-
orders in HPAS, HPTS, and epiphyseal functions and
hence, to prevent accelerated aging, is an increase in
DHEA, DHEAS, testicular androgen, and melatonin
levels and normalization of circadian rhythm of hydro-
cortisone secretion. Our studies were aimed at the
search for agents increasing the level of natural mela-
tonin in the body (as exogenous melatonin is fraught
with the risk of neoplastic growth [35]) and restoring
the circadian rhythms of glucocorticoid hormone se-
cretion and increasing androgen production. One of
the most promising approaches to stimulation of
melatonin secretion is treatment with epiphyseal
peptide preparations developed at St. Petersburg
Institute of Bioregulation and Gerontology. The pro-
duction of physiologically active peptides in organs
and tissues decreases with age, and injection of pep-
tides originating from the corresponding organ as a
rule repaired tissue homeostasis primarily of the
maternal organ [17]. We therefore can expect that
peptide preparations of the pineal gland can produce
topical effects primarily on the epiphysis, and this
possibility was confirmed experimentally [2].

We investigated the effects of a pharmacopoeian
drug Epithalamin (bioactive peptide extract of cattle
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pineal gland) and a new synthetic peptide epithalone
(Ala-Glu-Asp-Gly, designed on the basis of analysis
of epithalamin amino acid composition) on the pro-
duction of melatonin. Epithalon (10 pg intramuscu-
larly daily for 10 days) 3-fold increased melatonin
level in the peripheral blood at 21.00 in old monkeys,
but did not change melatonin level in young monkeys
[16,36]. Similar results were observed for Epithalamin
injected in a daily dose of 5 mg for 10 days. The selec-
tive stimulatory effect of epithalone and epithalamine
on melatonin production in old animals can be due to
stimulatory effect of pineal peptides on the number
and/or affinity of B-adrenergic receptors to norepi-
nephrine on pinealocyte membranes. As we know,
adrenergic innervation of the pineal gland plays the
priority role in the regulation of melatonin secretion
[45,51], and the sensitivity of pineal B-adrenoreceptors
is reduced in aging rodents [31]. Along with the stimu-
lation of melatonin secretion, the pineal peptides re-
gulate hydrocortisone secretion in old animals, which
manifests in recovery of daily rhythm of hydrocorti-
sone secretion and its increase to the level characte-
ristic of young animals [16,36]. The normalizing ef-
fect of Epithalon and Epithalamin on circadian rhythms
of hydrocortisone secretion seems to be mediated by
normalization of melatonin production. It is confirmed
by the data on the negative correlation between hyd-
rocortisone and melatonin levels in the peripheral
blood in young monkeys at 9.00 and 21.00 [16,36].

One more trend of research is evaluation of the
possibility of using LHRF agonists for correction of
age-associated gonadal dysfunctions. A single intrave-
nous or intramuscular injection of a low dose of
aLHRF (busereline, Hoechst A. G.) or surfagone (Rus-
sia) in doses of 50-500 ng/kg to male Papio hama-
dryas induced a pronounced prolonged (8-24 h) acti-
vation of gonadotropin and androgen production [,
6,29]. Treatment with aLHRF for 1-2 weeks resulted,
in addition to activation of LH and testosterone pro-
duction, in stimulation of the germinative processes
(total concentration of spermatozoa and number of their
mobile forms) [1,6,7,10-12]. Therefore, injections
of aLHRF in low doses (e.g. surfagon) can be useful
in the treatment of hypogonadotropic hypogonadism
in some elderly patients or in patients with accelerated
aging. Clinical improvement in male patients with
hypogonadotropic hypogonadism after treatment with
some aLHRF confirms this conclusion [18].

In contrast to a short course of low-dose aLHRF,
prolonged treatment with busereline and surfagon in
high doses can inhibit gonadotropin and testicular an-
drogen production [1,7,10-12,14,29]. These effects of
aLHRF are used in the treatment of some age-asso-
ciated tumors of the reproductive system, for example
prostatic cancer and hypertrophy [42].
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Hence, aging involves pronounced changes in the
functions of HPAS, HPTS, and pineal gland. These
deviations can be pathophysiologically significant for
age-associated dysfunctions of hormone-competent
cells, tissues, and organs, and for the development of
age-associated diseases. Young individuals exposed to
chronic stress also can develop these hormonal dis-
turbances, therefore we hypothesize that prolonged
severe stress accelerates aging. Early correction of
endocrine disorders can become an important com-
ponent in therapy of age-associated diseases and in
prevention of rapid aging. Pineal peptides (Epithalon,
Epithalamin) and stimulatory LHRF analogs can be
used for this purpose.
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