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Abstract

Numerous studies have suggested important and varying roles for dehydroepiandrosterone (DHEA) and dehydroepiandrosterone-sulfate
(DHEA-S) in primate physiological functions. Despite these numerous claims, specific actions and significance of DHEA and DHEA-S are
still equivocal. A decline of these hormones in adult humans may have functional significance, yet there is no clear relationship between
functional impairments of aging and the decline in DHEA or DHEA-S levels. This current study attempts to address the natural history of
adrenal hormones by presenting non-human primate evidence of the endocrinology of aging; the age-related patterns of adrenal hormone
decline in three species of the subfamily Cercopithecinae, Macaca mulatta, Macaca nemestrina, and Papio cynocephalus are compared. It is
concluded that DHEA-S and cortisol represent lineage specific markers of senescence among primates and that parallel age-related patterns
of DHEA-S and cortisol likely reflect lineage specific effects, or rather, phylogenetic similarities of endocrine senescence. The use of relative

adrenal hormone levels to approximate species’ life expectancies is discussed.
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1. Introduction

Dehydroepiandrosterone (DHEA) and its sulfated ester,
DHEA-S, circulate in the periphery of male and female
primates at the highest concentrations of any adrenal
hormones. Numerous publications have claimed that
DHEA is an inhibitor of atherosclerosis (Barrett-Conner
et al., 1986), an antiobesity steroid (Svec et al., 1994), an
immunostimulate (Schurr et al., 1997; Ledochowski et al.,
2001), and a neurosteroid (Flood et al., 1992; Racchi et al.,
2001; Vallee et al., 2001; Ferrari et al., 2001). Despite these
numerous claims, the functional significance of DHEA and
DHEA-S remain unclear (Svec and Porter, 1996).

Nonetheless, DHEA and DHEA-S have been suggested
as potential biomarkers of aging in human and non-human
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primates (Lane et al., 1997; Kemnitz et al., 2000; Roth
et al., 2002). Not only is age the main determinant of
DHEA and DHEA-S levels (Mobbs, 1998), but there are
clear differences in DHEA and DHEA-S between young
and old human and non-human primates (Orentreich et al.,
1984; Short et al., 1989; Kemnitz et al., 2000;
Goncharova and Lapin, 2002). Circulating DHEA and
DHEA-S levels have been shown to consistently decrease
from juvenile to late adulthood in a variety of primate
species including crab-eating macaques (Meusy-Dessole
and Dang 1985), sooty mangabeys (Mann et al., 1983),
rhesus macaques (Koritnik et al., 1983; Goncharova and
Lapin, 1999; Herndon et al., 1999; Kemnitz et al., 2000;
Goncharova and Lapin, 2002), and free-ranging yellow
baboons (Sapolsky et al., 1993). In addition, Copeland
and others (1985) noted that DHEA-S levels were lower
in older compared to younger male and female
chimpanzees.
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Although the cellular basis for the decline in DHEA and
DHEA-S is not currently known (Mobbs, 1998) and the
roles of DHEA and DHEA-S in maintaining organismal
function are still speculative (Svec and Porter, 1998), it is
clear that DHEA and DHEA-S levels decline with age in
primates, with the highest levels being in the neonatal
period with the exceptions of humans and chimpanzees
which demonstrate highest levels just before pubertal onset
(Culter et al., 1978; Copeland et al., 1985; Orentreich et al.,
1992). Because DHEA and DHEA-S levels behave in such a
consistent manner, they may be used as crude estimates of
maximum lifespan within species of the Primate order.

Comparison of closely related species provides an
opportunity to investigate the relationship of DHEA and
DHEA-S to life history traits among primates. If DHEA and
DHEA-S represent lineage specific markers of senescence
among primates, then one might expect DHEA and DHEA-
S levels to asymptotically approach zero as the organism
approaches its age of peak mortality due to senescence.
Furthermore, the more closely related the species, the more
similarities in age-related patterns of DHEA and DHEA-S
levels are likely to reflect lineage specific effects, or rather,
phylogenetic similarities of endocrine senescence. Conse-
quently, we compared the age-related pattern of DHEA and
DHEA-S decline in three species of the subfamily
Cercopithecinae, Macaca mulatta, Macaca nemestrina,
and Papio cynocephalus sp. We included cortisol in our
analyses as a third measure of adrenal function.

We hypothesize that: (1) cortisol, DHEA and DHEA-S
levels will progressively decline with increasing age in
samples of captive male rhesus macaques, pig-tailed
macaques, and savanna baboons; (2) the patterns of decline
of adrenal hormones will be similar for these three species
and the patterns of decline will be more similar between the
two macaque species due to increased phylogenetic
relatedness; and (3) the age at which average adrenal
hormone levels asymptotically approach zero will approxi-
mate the average reported life spans for captive macaques
and baboons.

2. Materials and methods

This cross-sectional survey utilizes 69 male rhesus
macaques (M. mulatta) of Indian origin between 3 and 14
years of age and 43 male pig-tailed macaques (M.
nemestrina) between 3 and 12 years of age maintained at
the Tulane National Primate Research Center, Covington,
LA, USA. Animals were housed in one-half and one-quarter
acre corrals as well as smaller outdoor enclosures and
individual restraining cages. Of the 43 pig-tailed macaques
used, 35 were housed in outdoor corrals (0.0003—-0.0006
animals/mz), 7 in individual cages (0.022 animals/mz), and
one in a small outdoor enclosure (0.006 animals/mz). Of the
69 rhesus macaques, 49 were housed in outdoor corrals
(0.0007-0.008 animals/m?), 14 in individual cages (0.233

animals/m?), and 6 in small outdoor enclosures (0.04—0.08
animals/m?). These values are reported for accurate
representation of data. There was no effect of cage size on
any of the variables of interest and they were not included in
further analyses. In general, the corrals demonstrate a
consistent and seminatural ecological context (Sade, 1964).
All measurements took place between October 1998 and
January 1999, the rhesus’ common breeding season.

Additionally, 21 hybrid male baboons between 1.7 and
13.2 years of age were sampled. These animals represent all
males over 1.7 years of age in a hybrid breeding colony of
approximately 330 savanna baboons (sex ratio of males to
females, 1:12) of both Olive (Papio cynocephalus anubis)
and Yellow (Papio cynocephalus cynocephalus) phyloge-
netic heritage. All animals were housed in a single one-acre
outdoor corral, a semi-natural ecological context that
accommodates normal physical and social activity (Coelho,
1985). Baboon measurements took place during
the population’s biannual health inspection in early
December 1999.

All animals were provisioned with Purina Monkey Chow
(Ralston Purina Co., St Louis, MO) daily. Diet was
supplemented with fresh fruit weekly and water was
available ad libitum. Matrilineal data and precise chrono-
logical ages were maintained in the Center’s computer
system. In order to minimize inter-observational error,
morphometric measurements were made by one investigator
(MPM) when possible. However, a small number (< 10%)
were made by another trained investigator (MAM).

All animals were anesthetized with ketamine hydrochlo-
ride (10 mg/kg), a widely accepted dissociative anesthetic
which has been demonstrated to have no significant effects
on serum hormone levels or production rates (Zaidi et al.,
1982). Each animal was examined once, between 0800 and
1030 hours to minimize any circadian effect. Body weight,
length from the occipital node to the ischeal callosity, upper
arm circumference, tricep, abdominal, and subscapular
skinfolds were recorded as described earlier (Muehlenbein
et al., 2001; Muehlenbein et al., 2002).

For each animal, a blood sample was collected from the
femoral vein using a 4 ml SST Vacutainer Collection Tube
with serum separator (Beckton-Dickinson, Franklin Lakes,
NJ) and a 21-gauge needle. These blood samples were
collected immediately following tranquilization in order to
minimize capture stress from significantly influencing
gonadal and adrenal hormone concentrations (Sapolsky,
1986). The sera from the blood was stored at —40 °C until
assayed for DHEA, DHEA-S, and cortisol using solid-phase
1251 radioimunoassay procedures (DHEAS: Diagnostic
Products Corp., LA; DHEA and cortisol: Diagnostic
Systems Laboratory, Texas). Intra-assay coefficients of
variation were less than 5.9% for all assays.

Using Statistical Package for the Social Sciences, version
10.0 for Macintosh, Analysis of Covariance (ANCOVA)
was employed to determine any age by species interactions;
this interaction being indicative of differential rates of
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Table 1
Age distribution of macaque and baboon samples

Macaque age groups” Rhesus, N = 69 Pig-tailed, N = 43

Ages 3.5-5.0 (adolescents) 17 22
Ages 5.1-8.9 (sub-adults) 27 10
Ages 9.0-15.0 (prime-adults) 25 11
Baboon age groups” N =20

Ages 2.0-3.9 (testes not yet 6

dropped)

Ages 4.0-5.9 (growth spurt) 4
Ages 6.0-9.9 (young adulthood) 5
Ages 10.0-14.9 (prime adulthood) 5

% Muehlenbein et al. (2002).
® Coelho (1985) and Castracane et al. (1986).

change between the species in the variable under question.
For each ANCOVA, a mass index (Primate Mass Index
(PMI) = weight (kg) divided by crown-rump length squared
(m?)) was fixed in the model to control for body size
differences and any influence such differences would have
on relative adrenal hormone levels and their changes
throughout time. Bivariate associations between the hormo-
nal and morphometric factors were assessed using Pearson’s
Correlation Coefficients as well as the nonparametric
correlation coefficients Spearman’s rho and Kendall’s tau.
For all statistical tests, alpha was set at p < 0.05.

3. Results
3.1. Average values

Table 1 shows the age distribution among the three
species sampled here. Comparison with other studies
(Schwartz and Kemnitz, 1992; Bercovitch, 1989) suggests
that the macaques and baboons in this study are comparable
in terms of morphometric measures to other populations.

Table 2 shows the average values (*SEM) for the
adrenal hormones of the rhesus (N = 69), pig-tailed (N =
43), and baboon (N = 21) samples. The three species
differed significantly from one another in DHEA, DHEA-S,

and cortisol levels. The pig-tailed sample had a significantly
higher DHEA level, followed by the rhesus and baboon
samples. The rhesus sample had a significantly higher
DHEA-S level, followed by the baboons and pig-tailed
samples. For cortisol, the baboon sample had the highest
values, followed by the pig-tailed and rhesus samples.
Furthermore, the sample of rhesus was slightly older.
However, controlling for this age difference between the
three samples did not impact any of the significant
differences.

3.2. Impact of seasonality

As discussed above, macaque measurements were
collected over the course of the beginning to the middle
of the rhesus breeding season. Changes in adrenal hormone
levels related to the breeding season could have confounded
differences between the two macaque species and/or their
relationship with morphometric variables within the rhesus.
Therefore, partial correlations between the hormones and
time of data collection (dates collapsed into week intervals;
weeks 1-8 for the rhesus and 9-12 for the pig-tailed)
among the macaque species were employed while control-
ling for age. Among the rhesus, there is a negative
correlation of week with DHEA (r= —0.2361; p =
0.053), but not with DHEA-S or cortisol. We attribute the
negative associations of these measures with week of
sampling to two facts: (1) larger males were sampled first,
thereby potentially biasing the findings of higher hormone
levels in the early weeks of data collection; (2) variation in
hormone levels over the breeding season.

In contrast, among the pig-tailed sample there is a
significant positive correlation of week with DHEA-S (r =
0.5674; p = 0.000), DHEA (r = 0.3504; p = 0.023), and
cortisol (r = 0.3973;0.009). We attribute the positive
association of these measures with week of sampling to
the fact that smaller pig-tailed males were sampled first. In
order to control for the confounding effects of sampling,
week of data collection was included as a control in
subsequent analyses of the relationship between age and
hormonal measures. Thus the relationships between age and
hormonal measures shown in Table 3 represent partial
correlations controlling for week of data collection.

Table 2

Average values (£ SEM; all ages combined) for adrenal hormones

Variable Rhesus, N = 69 Pig-tailed, N = 43 Baboon®, N = 20 p—Valueb
Age (years) 8.12 £ 0.44 6.61 £0.42 6.48 £0.83 ns
DHEA (ng/ml) 21.61 = 0.89 30.46 = 0.81 15.59 £ 1.45 0.000¢
DHEA-S (pg/dl) 17.81 = 1.39 7.57 = 0.85 11.93 = 3.00 0.000°
Cortisol (pg/dl) 37.80 + 1.58 4472 £ 1.75 48.34 £2.98 0.022¢

# One DHEA-S value of 51.97 pg/dl was considered an outlier and removed from the analyses, resulting in N = 20.
® Overall significant difference between groups assessed using ANCOVA controlling for age.

¢ Significant difference (p < 0.05) between all three species.
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Table 3

Correlations (Pearson correlation coefficients for macaques, Spearman
correlation coefficients for baboons (controlling for week of data
collection)) of hormonal variables with age

Variable Rhesus, N = 69 Pig-tailed, N = 43 Baboon, N = 21
Cortisol (png/dl)  —0.4235%* —0.3536* —0.4836*
DHEA (ng/ml) —0.2225 0.0972 —0.3167
DHEA-S (pg/dl) —0.3229%* —0.4870%* —0.6762%*

DHEA: dehydroepiandrosterone; DHEA-S: dehydroepiandrosterone-
sulfate. *p < 0.05; **p < 0.01.

3.3. Age patterns of adrenal hormone levels
The relationships between hormonal measures and age
are shown in the correlation matrix contained in Table 2. For

all three species, cortisol and DHEA-S were negatively
correlated (zero-order) with age.

40 -
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For all three species there were large variations in
hormone levels, making any evident trends throughout
development difficult to visualize. ANCOVA procedures
were used to determine significant age by species interaction
for these adrenal hormones while controlling for PMI. For
DHEA-S and cortisol there were no age by species
interaction, indicating an approximately parallel decline in
these values for all three species. For DHEA, baboons and
rhesus had similarly declining values whereas the pig-tailed
sample actually showed a non-significant increase with age.

Fig. 1 presents three scatterplots of adrenal hormones
by age for the rhesus macaque sample. There was no
significant decrease in DHEA levels throughout the rhesus
sample (r2 = 0.0492; p = 0.067). However, both DHEA-S
(r* = 0.1030; p=0.0072) and cortisol (> =0.1791;
p = 0.0003) levels decreased with age. Fig. 2 presents
three scatterplots of adrenal hormones by age for the pig-
tailed macaque sample. For neither DHEA (2 = 0.0819;
p = 0.06), DHEA-S (r? = 0.0425; p = 0.18), nor cortisol
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Fig. 1. Age-related changes in adrenal hormones in the rhesus macaque sample (N = 69). There was no significant decrease in DHEA levels throughout the
rhesus sample (> = 0.0332; p = 0.12). However, both DHEA-S (+> = 0.1344; p < 0.005) and cortisol (+* = 0.1607; p < 0.005) levels decreased with age.
Extrapolating the linear trends in DHEA-S and cortisol revealed x-intercepts at 21.98 and 34.29 years of age, respectfully.
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Fig. 2. Age-related changes in adrenal hormones in the pig-tailed macaque sample (N = 43). For neither DHEA (2 = 0.0819; p = 0.06), DHEA-S
(r* = 0.0425; p = 0.18), nor cortisol (r> = 0.0302; p = 0.26) was there a significant decrease with age in the pig-tailed macaque sample.

(r2 = 0.0302; p = 0.26) was there a significant decrease
with age. Fig. 3 presents three scatterplots of adrenal
hormones by age for the baboon sample. There was no
significant decrease in DHEA levels throughout the
baboon sample (> =0.0919; p = 0.19). However, both
DHEA-S (2 = 0.5522; p < 0.0005) and cortisol (1> =
0.2855; p < 0.05) levels decreased with age.

In an attempt to use age-related profiles of DHEA,
DHEA-S, and cortisol to approximate average life expect-
ancy, we extrapolated the linear trends in hormones to zero
for all three species. The point at which the hormone level
asymptotically approached zero on the x-axis was deter-
mined using GLM to estimate 95% mean prediction level.
For the rhesus, extrapolating the linear trends in DHEA-S
and cortisol revealed x-intercepts at 25.75 and 33.10 years
of age, respectfully. These results are similar to the
maximum reported lifespan of wild (25-35 years) and
captive (17.6—25 years) rhesus macaques (Tigges et al.,
1988; Turnquist and Kessler, 1989; VanWagenen, 1972;
Napier and Napier, 1985; Bowden and Jones, 1979).

For the pig-tailed, extrapolating the linear trend in
DHEA-S revealed an x-intercept at 24.84 years of age,
which is very close to the average reported lifespan of wild
pig-tailed macaques (26.3 years) (Napier and Napier, 1985).
For the baboons, the x-intercepts were 11.73 and 29.75 years
of age for DHEA-S and cortisol, respectfully. The average
reported lifespan of baboons ranges from 30 to 45 years
(Rowell, 1966; Napier and Napier, 1985; Lapin et al., 1979).

4. Discussion

The results obtained here present two interesting points
of consideration. First, DHEA-S and cortisol levels may
predict average reported life expectancy in samples of
captive male rhesus macaques and baboons. Second, DHEA
values were much more variable for all three species than
were DHEA-S values, leading to less significant linear
regression fits for DHEA and even a slight non-significant
trend towards higher DHEA values in older pig-tailed
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Fig. 3. Age-related changes in adrenal hormones in the baboon sample (N = 20). There was no significant decrease in DHEA levels throughout the baboon
sample > = 0.0919; p = 0.19). However, both DHEA-S * = 0.5522; p < 0.0005) and cortisol (* = 0.2855; p < 0.05) levels decreased with age.
Extrapolating the linear trends in DHEA-S and cortisol revealed x-intercepts at 11.73 and 29.75 years of age, respectfully.

macaques. It is interesting to note that nearly all studies that
attempt to investigate age-related changes in human and
non-human primate adrenal function rarely measure
changes in both DHEA and DHEA-S, but rather, usually
only measure one or the other.

4.1. Lifespan approximation

Because adrenal hormones behave in such a consistent
way throughout mammalian lifecycles, they may be used as
crude estimators of maximum lifespan within species of the
Primate order. Martin and others (1977) have suggested the
use of single-sample, serum testosterone levels as poten-
tially determinant of age in adolescent male chimpanzees.
Here we have tried to address the use of adrenal hormone
levels as potentially determinant of age and reported life
expectancy in captive male macaques and baboons. We
hypothesized that the age at which average adrenal hormone
levels asymptotically approached zero would approximate

the average reported lifespans for captive male macaques
and baboons.

According to literature reporting maximum lifespan of
the non-human primate species used here (Rowell, 1966;
VanWagenen, 1972; Bowden and Jones, 1979; Lapin et al.,
1979; Napier and Napier, 1985; Tigges et al., 1988;
Turnquist and Kessler, 1989), adrenal hormone levels
should asymptotically approach zero around 25 years of
age for the two macaque samples, and around 30-35 years
for the baboon sample. To test this hypothesis, linear
regression was used to approximate average life expectancy
based on adrenal hormone values for all three species.
DHEA, DHEA-S, and cortisol values were plotted for each
species on scatterplots of hormone vs. age, with a best-fit
linear regression line (GLM to estimate 95% mean
prediction level) extrapolated to the zero value for the
hormone under investigation.

Extrapolating the linear trend in rhesus macaque DHEA-
S and cortisol values (Fig. 1) indicated a DHEA-S value of
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zero at 25.75 years of age, and a cortisol value of zero at
33.10 years of age, both figures coincide with the range of
maximum reported rhesus macaque lifespan. For the pig-
tailed sample (Fig. 2), extrapolating the DHEA-S values
indicated a value of zero at 24.84 years, which coincides
with estimates of average pig-tailed macaque lifespan.
Neither DHEA nor cortisol were able to accurately predict
average reported lifespan for pig-tailed macaques. For the
baboon sample (Fig. 3), DHEA-S dropped to zero at 11.73
years of age, which is much too young to be considered an
accurate predictor of lifespan by any means. However,
cortisol dropped to zero at 29.75 years of age for the baboon
sample, which coincides with other estimates of average
baboon lifespan. These results suggest that, all things being
equal, DHEA-S and cortisol levels may predict average
reported life expectancy in samples of captive male rhesus
macaques and baboons.

Qualitatively, these age-related changes in adrenal
function mirror what is found in humans: adrenal hormone
levels are highest in young adults and fall progressively
until at the end of life the values asymptotically approach
zero (Svec and Porter, 1996). DHEA-S levels decline by
almost one-quarter every decade after forty years of age in
humans (Belanger et al., 1994). The age-related decline in
DHEA-S levels in male and female rhesus macaques is
approximately twice the rate of decline observed in humans
(Lane et al., 1997). Interestingly, average male human
lifespan is approximately twice that of male macaques.

4.2. Lineage specific changes in adrenal function

Of all placental mammals investigated, only human
and non-human primates have relatively high circulating
levels of DHEA and DHEA-S (Svec and Porter, 1996).
Many investigators have found that circulating DHEA
and DHEA-S levels consistently decrease with increasing
age in humans, macaques, and baboons alike (Koritnik
et al., 1983; Sapolsky et al., 1993; Kemnitz et al., 2000;
Roth et al.,, 2002; Goncharova and Lapin, 2002). For
example, DHEA and DHEA-S declined significantly with
age in a sample of 134 captive baboons (Castracane et al.,
1981). Likewise, DHEA-S was lower in 6—36 month old
female rhesus macaques compared to younger age groups
(Cutler et al., 1978). Among humans, DHEA-S levels
decline by almost one-quarter every decade after forty
years of age (Belanger et al.,, 1994). In a longitudinal
study involving 97 normal, healthy men, DHEA-S
declined in 67% of subjects (Orentreich et al., 1992).
Furthermore, decreasing serum DHEA levels seem to
parallel the age-associated decrements in many physio-
logic processes (Weksler, 1993; Svec and Porter, 1996;
Ledochowski et al., 2001).

We have previously reported that male rhesus macaques
demonstrated significantly higher DHEA-S levels than pig-
tailed macaques (18.0 £ 11.7 vs. 7.6 = 5.4 pg/dl) when
controlling for age (Muehlenbein et al., 2002). Furthermore,

DHEA-S levels declined from the youngest age group for
both species (Muehlenbein et al., 2002). We have also
previously reported that DHEA-S progressively declined
from infancy through young adulthood in baboons (Mueh-
lenbein et al., 2001). In this current study we demonstrate
that the three species differed significantly in DHEA,
DHEA-S, and cortisol levels from one another (Table 2).
The pig-tailed sample had the highest DHEA level; the
rhesus sample had the highest DHEA-S level; and the
baboon sample had the highest cortisol level. Significantly
different levels of adrenal hormones between the three
species does seem to suggest some difference in adrenal
function. Whether these differences are related to the
relative size of the adrenal gland, its responsiveness to
stimulation, the relative production of these hormones, or
some combination of these factors in the three species
remains unclear (Deslypere et al., 1985).

Smail et al. (1982) have demonstrated that, in a mixed
sex sample of 76 rhesus macaques ages 3 months to 5 years,
DHEA-S declined significantly with age, but DHEA or
cortisol did not. In the present study, DHEA-S and cortisol
were significantly (negatively) correlated with age (Table 3)
in all three species. On the other hand, DHEA levels were
much more variable in all three species and thus, were not
significantly correlated with age. Besides the fact that
adrenal hormones correlate with age, the claim that DHEA
is a biomarker of aging in primates is further evidenced by
the numerous publications that demonstrate age as being the
main determinant of DHEA and DHEA-S levels (Lane et al.,
1997; Mobbs, 1998). Results of this current study indicate
that for the baboon sample DHEA-S was a significant
predictor of age. In the rhesus sample, cortisol was the only
variable to enter the model (predicting age). Similarly,
DHEA-S was the only variable to enter the pig-tailed model.
This is in contrast with Smail et al. (1982) who found that
neither DHEA or DHEA-S significantly predicted age in a
mixed sex sample of pig-tailed macaques ages 6 months to 9
years.

For all three species there were large variations in
adrenal hormone levels, making any evident trends
throughout development difficult to visualize. But despite
substantial species differences in cortisol and DHEA-S
levels, these variables show little difference in age-related
patterns between the species: DHEA-S and cortisol levels
seem to follow a significant linear decrease in the rhesus and
baboon samples (non-significant trend in the pig-tailed
sample). Furthermore, there were no age by species
interaction for DHEA-S and cortisol levels (ANCOVA
controlling for PMI), indicating an approximately parallel
decline in these values for all three species. Interestingly,
the decline in adrenal hormone levels was no more parallel
in the two macaque species than it was between the rhesus
and baboons. This may be because adrenal hormone levels
were too variable in the pig-tailed sample, as further
evidenced by the lack of association between age and
DHEA for the pig-tailed.
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Within this sample of non-human primates, DHEA levels
were highly variable and thus, were not significantly
correlated with age. Why DHEA-S and cortisol values
might change more predictably with age than DHEA cannot
easily be explained here. However, such results may be
indicative of changes in the zona reticularis (ZR) with age.
That is, although the cellular basis for adrenal senescence is
not definitively known (Mobbs, 1998), it has been suggested
that the ZR of the adrenal gland changes with age (Parker
et al., 1981; Roberts, 1999), with a decrease in ZR cell
number via apoptosis and a loss of proliferative capacity of
the adrenocortical cells (Hornsby, 1995, 2002). Unlike
DHEA-S which is produced in large concentrations by the
ZR of the adrenal gland, DHEA is produced in much lower
concentrations by the ZR and is synthesized by other tissues
of the body, including the gonads (Hornsby, 1995). Thus,
cellular changes in the adrenal gland may explain why
DHEA-S and cortisol are more significantly correlated with
aging than is DHEA, whose concentration does not rely
solely on production by the senescing adrenals.

In brief, the results obtained here support the under-
standing that DHEA-S and cortisol levels decline with age
in non-human primates. Furthermore, the age-related
changes in DHEA-S and cortisol were similar in these
three species of Cercopithecines (Family Cercopithecinae,
Old World Monkeys). We therefore suggest that these
conservative changes in adrenal function or rather, ‘adrenal
senescence,” represent a lineage specific effect, or ‘a feature
characteristic of a lineage that does not vary within that
lineage and differs from others;’ lineages being groups of
species related by shared ancestry (Stearns, 1992, p. 222).
The more closely related the species, the more similarities in
age-related patterns of DHEA-S and cortisol levels are
likely to reflect lineage specific effects, or rather, phyloge-
netic similarities of endocrine senescence. To confirm this
would require two further lines of future research: (1)
sampling more diverse Cercopithecines to confirm similar
trends and (2) sampling other lineages, such as the
subfamily Colobinae, to determine lineage specificity.

Acknowledgements

The authors wish to thank Washington Regional Primate
Research Center for allowing the use baboons and pig-tailed
macaques that are part of their breeding colonies maintained
at Tulane National Primate Research Center. The authors
would also like to thank J. Blanchard, R. Harrison,
P. Phillippi, M. Little, F. Cogswell, D. Krogstad, and
R. Bribiescas. Tulane National Primate Research Center is
accredited by the Association for Assessment and
Accreditation for Laboratory Animal Care and conforms
to the USDA Animal Welfare Act. This research was
supported in part by the Department of Medicine, Section
of Endocrinology, Louisiana State University Health
Sciences Center, the Department of Tropical Medicine,

Tulane University School of Public Health and Tropical
Medicine, and by grant number SP51-RR00164-37 from the
National Institutes of Health to Tulane National Primate
Research Center.

References

Barrett-Conner, E., Khaw, K.T., Yen, S.S.C., 1986. A prospective study of
dehydroepiandrosterone sulfate, mortality, and cadiovascular disease.
New England Journal of Medicine 315, 1519-1524.

Belanger, A., Candas, B., Dupont, A., Cusan, L., Diamond, P., Gomez, J.L.,
Labrie, F., 1994. Changes in serum concentrations of conjugated and
unconjugated steroids in 40- to 80-year-old men. Journal of Clinical
Endocrinology and Metabolism 79, 1086—1090.

Bercovitch, F.B., 1989. Body size, sperm competition, and determinants of
reproductive success in male savanna baboons. Evolution 43,
1507-1521.

Bowden, D.M., Jones, M.L., 1979. Aging research in nonhuman primates.
In: Bowden, D.M., (Ed.), Aging in Nonhuman Primates, VanNostrand
Reinhold, New York, pp. 1-13.

Castracane, V.D., Cutler, G.B., Loriaux, D.L., 1981. Pubertal endocrin-
ology of the baboon: adrenarche. American Journal of Physiology 241,
E305-E309.

Coelho, A.M., 1985. Baboon dimorphism: growth, weight, length, and
adiposity from birth to 8 years of age. Monograms in Primatology 6,
125-159.

Copeland, K.C., Eichberg, .W., Parker, C.R. Jr, Bartke, A., 1985. Puberty
in the chimpanzee: samatomedin-C and its relationship to somatic
growth and steroid hormone concentrations. Journal of Clinical
Endocrinology and Metabolism 60, 1154—1160.

Culter, G.B. Jr, Glenn, M., Bush, M., Hogden, G., Graham, C.E., Loriaux,
D.L., 1978. Adrenarche: a survey of rodents, domestic animals, and
primates. Endocrinology 103, 2112-2118.

Deslypere, J.P., Verdonck, L., Vermeulen, A., 1985. Fat tissue: a steroid
reservoir and site of steroid metabolism. Journal of Clinical
Endocrinology and Metabolism 61, 564—-570.

Ferrari, E., Casarotti, D., Muzzoni, B., Albertelli, N., Cravello, L.,
Fioravanti, M., Solerte, S.B., Magri, F., 2001. Age-related changes of
the adrenal secretory pattern: possible role in pathological brain aging.
Brain Research and Reviews 37, 294-300.

Flood, J.F., Morley, J.E., Roberts, E., 1992. Memory-enhancing effects in
male mice of pregnenolone and steroids metabolically derived from it.
Proceedings of the National Academy of Sciences USA 89, 1567—1571.

Goncharova, N.D., Lapin, B.A., 1999. Function of adrenal cortex in
Macaca mulatta in different age groups. Baltic Journal of Laboratory
Animal Science 9, 80—85.

Goncharova, N.D., Lapin, B.A., 2002. Effects of aging on hypothalamic—
pituitary—adrenal system function in non-human primates. Mechanisms
of Ageing and Development 123, 1191-1201.

Herndon, J.G., Lacreuse, A., Ladinsky, E., Killiany, R.J., Rosene, D.L.,
Moss, M.B., 1999. Age-related decline in DHEAS is not related to
cognitive impairment in aged monkeys. Neuroreport 10, 507-511.

Hornsby, P.J., 1995. Biosynthesis of DHEAS by the human adrenal cortex
and its age-related decline. Annals of the New York Academy of
Sciences 774, 29-46.

Hornsby, P.J., 2002. Aging of the human adrenal cortex. Aging Research
Reviews 1, 229-242.

Kemnitz, J.W., Roecker, E.B., Haffa, A.L.M., Pinheiro, J., Kurzman, I.,
Ramsey, J.J., MacEwen, E.G., 2000. Serum dehydroepiandrosterone
sulfate concentrations across the life span of laboratory-housed rhesus
monkeys. Journal of Medical Primatology 29, 330-337.

Koritnik, D.R., Laherty, R.F., Rotten, D., Jaffe, R.B., 1983. A radio-
immunoassay for dehydroepiandrosterone sulfate in the circulation of
rhesus monkeys. Steroids 42, 653—-667.



M.P. Muehlenbein et al. / Experimental Gerontology 38 (2003) 1077-1085 1085

Lane, M.A., Ingram, D.K., Ball, S.S., Roth, G.S., 1997. Dehydroepian-
drosterone sulfate: a biomarker of primate aging slowed by calories
restriction. Journal of Clinical Endocrinology and Metabolism 82,
2093-2096.

Lapin, B.A., Krilova, R.I., Cherkovich, G.M., Asanov, N.S., 1979.
Observations from Sukhumi. In: Bowden, D.M., (Ed.), Aging in
Nonhuman Primates, VanNostrand Reinhold, New York, pp. 14-37.

Ledochowski, M., Murr, C., Jager, M., Fuchs, D., 2001. Dehydroepian-
drosterone, ageing and immune activation. Experimental Gerontology
36, 1739-1747.

Mann, D.R., Castracane, V.D., Mc Laughlin, F., Gould, K.G., Collins, D.C.,
1983. Developmental patterns of serum luteinizing hormone, gonadal
and adrenal steroids in the sooty mangabey (Cercocebus atys). Biology
of Reproduction 28, 279-284.

Martin, D.E., Swenson, R.B., Collins, D.C., 1977. Correlation of serum
testosterone levels with age in male chimpanzees. Steroids 29,
471-481.

Meusy-Dessolle, N., Dang, D.C., 1985. Plasma concentrations of
testosterone, dihydrotestosterone, delta 4-androstenedione, dehydroe-
piandrosterone and oestradiol-17 beta in the crab-eating monkey
(Macaca fasicularis) from birth to adulthood. Journal of Reproduction
and Fertility 74, 347-359.

Mobbs, C.V., 1998. Dehydroepiandrosterone and aging. In: Mobbs, C.V.,
Hof, P.R. (Eds.), Interdisciplinary Topics in Gerontology: Functional
Endocrinology of Aging, Karger, Basel, pp. 217-227.

Muehlenbein, M.P., Campbell, B.C., Phillippi, K.M., Richards, R.J., Svec,
F., Murchison, M.A., Myers, L., 2001. Reproductive maturation in a
sample of captive male baboons. Journal of Medical Primatology 30,
273-282.

Muehlenbein, M.P., Campbell, B.C., Murchison, M.A., Phillippi, K.M.,
2002. Morphological and hormonal parameters in two species of
macaques: impact of seasonal breeding. American Journal of Physical
Anthropology 117, 218-227.

Napier, J.R., Napier, P.H., 1985. The Natural History of the Primates, MIT
Press, Cambridge.

Orentreich, N., Brind, J.L., Rizer, R.L., Vogelman, J.H., 1984. Age changes
and sex differences in serum dehydroepiandrosterone sulfate concen-
trations throughout adulthood. Journal of Clinical Endocrinology and
Metabolism 59, 551-555.

Orentreich, N., Brind, J.L., Vogelman, J.H., Andres, R., Baldwin, H., 1992.
Long-term longitudinal measurements of plasma dehydroepiandroster-
one sulfate in normal men. Journal of Clinical Endocrinology and
Metabolism 75, 1002-1004.

Parker, L., Gral, T., Perrigo, V., Skowsky, R., 1981. Decreased adrenal
hormone sensitivity to ACTH during aging. Metabolism 30,
601-604.

Racchi, M., Govoni, S., Solerte, S.B., Galli, C.L., Corsini, E., 2001.
Dehydroepiandrosterone and the relationship with aging and memory: a
possible link with protein kinase C functional machinery. Brain
Research and Reviews 37, 287-293.

Roberts, E., 1999. The importance of being dehydroepiandrosterone sulfate
(in the blood of primates): a longer and healthier life? Biochemistry and
Pharmacology 57, 329—346.

Roth, G.S., Lane, M.A., Ingram, D.K., Mattison, J.A., Elahi, D., Tobin,
J.D., Muller, D., Metter, E.J., 2002. Biomarkers of caloric restriction
may predict longevity in humans. Science 297, 811.

Rowell, T.E., 1966. Forest living baboons in Uganda. Journal of Zoology,
London 149, 344-364.

Sade, D.S., 1964. Seasonal cycle in size of testes of free-ranging Macaca
mulatta. Folia Primatologia 2, 171-180.

Sapolsky, R., 1986. Endocrine and behavioral correlates of drought in wild
olive baboons (Papio anubis). American Journal of Primatology 11,
217-227.

Sapolsky, R.M., Vodelman, J.H., Orentreich, N., Altmann, J., 1993.
Senescent decline in serum dehydroepiandrosterone sulfate concen-
trations in a population of wild baboons. Journal of Gerontology 48,
B196-B200.

Schurr, M.J., Fabian, T.C., Croce, M.A., Vamavas, L.E., Proctor, K.G.,
1997. Dehydroepiandrosterone, an endogenous immune modulator,
after traumatic shock. Shock 7, 55-59.

Schwartz, S.M., Kemnitz, J.W., 1992. Age- and gender-related changes in
body size, adiposity, and endocrine and metabolic parameters in free-
ranging rhesus macaques. American Journal of Physical Anthropology
89, 109-121.

Short, R., England, N., Bridson, W.E., Bowden, D.M., 1989. Ovarian
cyclicity, hormones, and behavior as markers of aging in female
pigtailed macaques (Macaca nemestrina). Journal of Gerontology 44,
B131-B138.

Smail, P.J., Faiman, C., Hobson, W.C., Fuller, G.B., Winter, J.S.D., 1982.
Further studies on adrenarche in nonhuman primates. Endocrinology
111, 844-848.

Stearns, S.C., 1992. The Evolution of Life Histories, Oxford University
Press, New York.

Svec, F., Porter, J.R., 1996. Dehydroepiandrosterone and the endocrine
aging process. Current Opinion in Endocrinology and Diabetes 3,
117-124.

Svec, F., Porter, J.R., 1998. The actions of exogenous dehydroepiandros-
terone in experimental animals and humans. Proceedings of the Society
of Experimental Biology and Medicine 218, 174—191.

Svec, F., Hilton, C.W., Wright, B., Browne, E., Porter, J.P., 1994. The effect
of DHEA given chronically to Zucker rats. Proceedings of the Society
of Experimental Biology and Medicine 209, 92-97.

Tigges, J., Gordon, T.P., McClure, H.M., Hale, E.C., Peters, A., 1988.
Survival rate and lifespan of rhesus monkeys at the Yerkes Regional
Primate Research Center. American Journal of Primatology 15,
263-273.

Turnquist, J.E., Kessler, M.J., 1989. Free-ranging Cayo Santiago rhesus
monkeys (Macaca mulatta). 1. Body size, proportion, and allometry.
American Journal of Primatology 19, 1-13.

Vallee, M., Mayo, W., Le Moal, M., 2001. Role of pregnenolone,
dehydroepiandrosterone and their sulfate esters on learning and
memory in cognitive aging. Brain Research and Reviews 37, 301-312.

VanWagenen, G., 1972. Vital statistics from a breeding colony. Journal of
Medical Primatology 1, 3—28.

Weksler, MLE., 1993. Immune senescence and adrenal steroids: immune
dysregulation and the action of dehydroepiandrosterone (DHEA) in old
animals. European Journal of Clinical Pharmacology 45, S21-S23.

Zaidi, P., Wixkings, E.J., Nieschlag, E., 1982. The effects of ketamine HCL
and barbiturate anesthesia on the metabolic clearance and production
rates of testosterone in male rhesus monkey, Macaca mulatta. Journal
of Steroid Biochemistry 16, 463—466.



	Dehydroepiandrosterone-sulfate as a biomarker of senescence in male non-human primates
	Introduction
	Materials and methods
	Results
	Average values
	Impact of seasonality
	Age patterns of adrenal hormone levels

	Discussion
	Lifespan approximation
	Lineage specific changes in adrenal function

	Acknowledgements
	References


