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Abstract

Men show an age-related decline in the circulating levels of testosterone (T) and dehydroepiandrosterone
sulfate (DHEAS). Consequently, there is interest in developing androgen supplementation paradigms for old
men that replicate the hormone profiles of young adults. In the present study, we used old (21-26 years old)
male rhesus monkeys as a model to examine the efficacy of an androgen supplementation paradigm that
comprised oral T administration (12 mg/kg body weight, dissolved in sesame oil/chocolate) in the evening, and
two oral DHEA administrations, 3 hr apart (0.04 mg/kg body weight, dissolved in sesame oil/chocolate) in the
morning. After 5 days of repeated hormone supplementation, serial blood samples were remotely collected from
each animal hourly across the 24-hr day, and assayed for cortisol, DHEAS, T, 5x-dihydrotestosterone (DHT),
estrone (E,), and 17 f-estradiol (E,). Following androgen supplementation, T levels were significantly elevated
and this was associated with a more sustained nocturnal elevation of T’s primary bioactive metabolites, DHT
and E, and E,. Plasma DHEAS levels were also significantly elevated after androgen supplementation; DHEAS
levels rose in the early morning and gradually declined during the course of the day, closely mimicking the
profiles observed in young adults (7-12 years old); in contrast, cortisol levels were unaltered by the supple-
mentation. Together the data demonstrate a non-invasive androgen supplementation paradigm that restores
youthful circulating androgen levels in old male primates. Because this paradigm preserves the natural cir-
culating circadian hormone patterns, we predict that it will produce fewer adverse side effects, such as perturbed
sleep or cognitive impairment.

Introduction

THE CIRCULATING LEVELS OF MANY STEROID hormones
show a marked decrease during aging, and this is thought
to contribute to several age-associated pathologies, including
cognitive decline, immune senescence, and skeleto-muscular
changes."? These hormonal changes are especially pro-
nounced in post-menopausal women, who show a precipitous
decrease in the synthesis and release of 17f-estradiol (E,) and
progesterone from the ovaries, as well as a marked decrease
in dehydroepiandrosterone sulfate (DHEAS) from the adrenal
glands.>* In men, age-related steroid hormonal changes are
less dramatic, but both testosterone (T) and DHEAS do show
a significant age-related decrease in the circulation. Hormone
therapy (HT) in post-menopausal women has been available
for decades, and numerous clinical trials have been performed
or are in progress to establish safe and effective HT para-
digms. In contrast, HT in men has been less extensively

studied and, despite a recent escalation in the promotion of
HT in elderly men, the long-term safety and efficacy of these
paradigms is unclear.’

Male rhesus monkeys show the same characteristic age-
associated changes in circulating T and DHEAS levels
as men, and also show many similar age-associated phys-
iological changes."*®7 Consequently, they represent a
pragmatic translational animal model in which to develop
physiologically appropriate androgen supplementation
paradigms. In pilot studies, we found that supplementing
old male monkeys with oral T in the evening and oral
DHEA in the morning elevates plasma T and DHEAS to
levels typically observed in young animals. Our goal here
was to extend the previous study® by including more ani-
mals and examining the impact of this androgen supple-
mentation paradigm on several other bioactive steroid
metabolites, including So-dihydrotestosterone (DHT), es-
trone (E;), and E,.
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Materials and Methods
Animals

The study used five young adult (7-12 years old) and
nine old (21-26 years old) male rhesus monkeys (Macaca
mulatta) and was approved by the Oregon Health & Sci-
ence University (OHSU) Institutional Animal Care and
Use Committee. The animals were cared for by the Oregon
National Primate Research Center (ONPRC) Division of
Comparative Medicine in accordance with the National
Research Council’s Guide for the Care and Use of La-
boratory Animals. The animals were housed indoors under
controlled conditions: 24°C temperature; 12-hr light, 12-hr
dark photoperiods (lights on at 0700 hr); regular meals at
0800 and 1500 hr (LabDiet High Protein Monkey Chow,
LabDiet, Inc., St. Louis, MO) supplemented with fresh
fruit and vegetables; and fresh drinking water available ad
libitum.

Because most of the hormones under investigation show a
circadian pattern of release into the circulation, serial blood
samples needed to be collected from each animal to estab-
lish accurate plasma hormone profiles. As previously de-
scribed,’ each animal was implanted with an intravenous
catheter in the right subclavian vein, which was routed to a
swivel assembly located at the top of the animal’s cage.
This setup allowed the animals to have unrestricted move-
ment and enabled undisturbed blood collection from an
adjacent room. Blood samples were collected hourly over a
24-hr period from 1900hr to 1900hr into EDTA-treated
borosilicate tubes. Plasma was isolated and levels of cortisol,
DHEAS, T, and E, were assayed using a chemilumines-
cence-based automatic clinical platform (Roche Cobas e411,
Roche Diagnostics, Indianapolis, IN) that has been validated
for non-human primates. DHT was measured by a traditional
ether extraction-column chromatography-radioimmunoas-
say; Sephadex LH-20 was used in column chromatography
to separate DHT from T and other steroids, so that the DHT
radioimmunoassay reached a specificity of at least 80% for
DHT. E; was measured using a commercial enzyme-linked
immunosorbent assay (ELISA) kit (cat. no. IB59105, Im-
muno Biological laboratory, Minneapolis, MN). The overall
intra-assay coefficient of variation was <6% for the Roche
assays, <10% for the E; ELISA, and <15% for the DHT
assay.

Baseline 24-hr hormone profiles were established for each
animal. In addition, 24-hr plasma hormone profiles were
also established for each of the nine old animals after 5 days
of androgen supplementation; this comprised oral T ad-
ministration (12 mg/kg body weight, at 1900 hr) and two
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oral DHEA administrations (0.04 mg/kg body weight, at 700
and 1000 hr). Both T and DHEA were obtained from Sigma-
Aldrich Corp (St. Louis, MO). Previously, it has been shown
that when T is administered orally in oil, significant quan-
tities bypass the liver, presumably because of reduced pas-
sage into the hepatic portal system and increased uptake by
the lymphatic system, and elevate circulating T concentra-
tions.'® Consequently, we dissolved the T in sesame oil at a
concentration of 120 mg/mL and then mixed it with ~12
grams of chocolate or placed it inside a S5-gram cookie,
based on the animal’s preference. Similarly, we suspended
the DHEA in sesame oil (10 mg/mL) and mixed it with
chocolate or placed it inside a cookie.

Results

In both young and old male rhesus monkeys, plasma
levels of cortisol, DHEAS, T, DHT, and E, all showed
distinct 24-hr profiles (Fig. 1A-E), whereas E| levels were
more consistent across the day (Fig. 1F). Overall baseline
plasma cortisol profiles were similar between young and
old animals (Fig. 1A), whereas both DHEAS and T levels
showed a marked age-related attenuation (Fig. 1B, C),
which was also reflected in an age-associated decline in the
levels of their primary bioactive metabolites, DHT and E,
(Fig. 1D, E).

After daily androgen supplementation, the old animals
showed an increase in plasma levels of T and DHEAS, but
not cortisol (Fig. 1A—C). Although the resulting nocturnal
elevation of plasma T levels was sustained for only a few
hours, this was to be expected because the steroid is rapidly
converted to either DHT and/or E,, which in turn exert
bioactivity via androgen and estrogen receptors, respectively
(Fig. 1D, E). Overall, the steroid hormone profiles of the old
androgen-supplemented animals more closely resembled
those of the young adults; however, some of the hormones,
including DHEAS (Fig. 1B), DHT (Fig. 1D), and E; (Fig.
1F), a less potent estrogen than E,, showed even higher
levels. Importantly, the androgen supplementation paradigm
resulted in robust maintenance of 24-hr plasma profiles.

Discussion

In both men and male rhesus monkeys, circulating levels
of T and DHEAS show a 24-hr pattern as well as a signif-
icant age-related decrease.>” Consequently, our goal was to
develop an androgen supplementation paradigm for old
males, involving natural hormones and a non-invasive route
of administration. Moreover, one of our primary objectives
was to develop a supplementation paradigm that would

A

FIG. 1.

>

Effect of androgen supplementation on the circulating steroid hormone levels in male rhesus monkeys. Serial

blood samples were remotely collected from young (7—12 years old, n=15) and old (21-26 years old, n=9) males. Samples
were again collected from the same old animals after 5 days of androgen supplementation, which consisted of oral
testosterone (T) administration (12mg/kg body weight, at 1900 hr) and two oral dehydroepiandrosterone (DHEA) ad-
ministrations (0.04 mg/kg body weight, at 700 and 1000 hr). In each panel, the light cycle is represented along the abscissa,
with a black bar indicating light off and a pale bar indicating light on. Each data point represents the mean, and the vertical
lines represent standard errors of the mean. The data demonstrate no obvious effect of aging or androgen supplementation
on plasma cortisol levels (A). In contrast, the supplementation helped to restore the age-related decline in plasma levels of
dehydroepiandrosterone sulfate (DHEAS) (B) and T (C), and elevated plasma levels of the principal bioactive metabolites,
Sa-dihydrotestosterone (DHT) (D), 17 -estradiol (E), and estrone (F). Importantly, the androgen supplementation paradigm
restored the characteristic youthful 24-hr patterns of these steroid hormones. Color images available online at www
Jiebertpub.com/rej
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maintain, or enhance, the circadian profiles that these hor-
mones show in young adults. The rationale for the latter
objective stems from our recent finding that individual
rhesus monkeys with perturbed activity—rest cycles also
show significant cognitive impairment and attenuated im-
mune response.’ Our overall hypothesis is that a more nat-
ural, 24-hr androgen supplementation paradigm would be
a safer and more effective therapy for old males. We ini-
tially performed considerable pilot studies to determine ef-
fective doses of T and DHEAS and to establish optimal
route and time of hormone administration. The protocol
described here represents the one we ultimately adopted for
an ongoing monkey study that examines the therapeutic
benefits of androgen supplementation on age-related chan-
ges in cognition, sleep—wake cycles, immune function, and
metabolism.

As expected, when we administered T to the old animals,
their plasma T levels rapidly increased to young adult levels.
Due to the relatively high clearance rate of testoster-
one, however, this elevation was sustained for only a few
hours. On the other hand, plasma levels of DHT and E,, the
primary bioactive metabolites of T, rapidly increased in the
circulation, and the plasma profiles of these two steroids
more closely resembled those of young adult males, both in
terms of magnitude as well as circadian pattern. Because
disrupted sleep—wake cycles and circadian rhythms are
known to adversely affect physiological functions, such as
cognitive performance and immune function,' our early
evening oral administration of testosterone represents an
androgen supplementation paradigm that is more physio-
logical, and potentially less detrimental, than methods
commonly in use.

Some tissues, including the brain, express the necessary
enzymes to convert DHEA into T, as well as into DHT, E,,
and E;. Consequently, it is plausible that the DHEA sup-
plementation increased DHT, E,, and E levels within these
tissues through intracrine conversion and may have also
contributed to the enhanced levels observed in the circula-
tion. DHEA supplementation has been shown to signifi-
cantly enhance cognitive function in rodent studies, but so
far the evidence for a pro-cognitive effect of DHEA in hu-
mans is not obvious.> Perhaps a more physiological DHEA
administration paradigm, such as the one proposed here,
would prove more effective.

Given that DHEA supplements are available in the United
States without prescription, and that T supplementation is
widely promoted for elderly men, the present study has
important translational potential. In summary, we propose
that this steroid regimen, of combined T and DHEA sup-
plementation, at physiologically appropriate times of the
day, which closely mimics the circadian hormone profiles of
young animals, represents an improved paradigm for as-
sessing the physiological effects of hormone supplementa-
tion during aging. Furthermore, T has the potential to be
converted to E,_as well as to androgenic metabolites such as
DHT, both of which have been implicated in improved
cognitive performance. Consequently, we hypothesize that
this androgen supplementation protocol will result in
memory improvement in old male monkeys and possibly
also in elderly men.
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