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Abstract Glucocorticoids are pleiotropic regulators of
multiple cell types with critical roles in physiological
systems that change across the life-course. Although
glucocorticoids have been associated with aging, avail-
able data on the aging trajectory in basal circulating
glucocorticoids are conflicting. A literature search re-
veals sparse life-course data. We evaluated (1) the pro-
file of basal circulating corticosterone across the life-
course from weaning (postnatal day—PND 21), young
adult PND 110, adult PND 450, mature adult PND 650
to aged phase PND 850 in a well-characterized homo-
geneous rat colony to determine existence of significant
changes in trajectory in the second half of life; (2) sex
differences; and (3) whether developmental program-
ming of offspring by exposure to maternal obesity dur-
ing development alters the later-life circulating cortico-
sterone trajectory. We identified (1) a fall in corticoste-
rone between PND 450 and 650 in both males and
females (p<0.05) and (2) higher female than male con-
centrations (p<0.05). (3) Using our five life-course
time-point data set, corticosterone fell at a similar age
but from higher levels in male and female offspring of
obese mothers. In all four groups studied, there was a

second half of life fall in corticosterone. Higher cortico-
sterone levels in offspring of obese mothers may play a
role in their shorter life-span, but the age-associated fall
occurs at a similar time to control offspring. Although
even more life-course time-points would be useful, a
five life-course time-point analysis provides important
new information on normative and programmed aging
of circulating corticosterone.
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Abbreviations
BMI Body mass index
C Control
dG Days gestation
PND Postnatal day

Introduction

Glucocorticoids are pleiotropic regulators of multiple
cell types with critical regulatory roles in many physio-
logical systems that change across the life-course.
Exposure to both high (Cushing’s disease) and low
glucocorticoid concentrations (Addison’s disease) pro-
duces weakness and frailty. Data in the literature are
conflicting as to whether aging is accompanied by an
increase or decrease in basal circulating glucocorticoid
concentrations. Our search of the literature indicated that
there is a lack of measurements across the complete life-

AGE (2015) 37: 52
DOI 10.1007/s11357-015-9774-0

E. Zambrano : L. A. Reyes-Castro
Reproductive Biology Department, Instituto Nacional de
Ciencias Médicas y Nutrición Salvador Zubirán, Mexico
City 14000, Mexico

P. W. Nathanielsz (*)
Department of Animal Science, University of Wyoming,
Laramie, WY 82071-3684, USA
e-mail: peter.nathanielsz@uwyo.edu



course in any dataset available. In the light of the key
roles that glucocorticoids play at different stages of
development (Zambrano et al. 2014), we propose that
the first step in understanding glucocorticoids’ role in
aging is to establish the timing of life-course changes in
basal circulating glucocorticoids with normal aging. To
set a baseline, there is a need for data from as many life-
course stages as practically possible. Measurements are
needed even before a clear aged phenotype emerges.
There is also a need to determine any differences be-
tween males and females.

Differences in conclusions about timing and extent of
aging related basal glucocorticoid function are likely
due to several factors. Importantly, heterogeneity in
prior life-course history of subjects significantly affects
the aging trajectory. This is especially true for develop-
mental programming by early life factors whose out-
comes may lay dormant to emerge later. Existing re-
views discuss glucocorticoids’ as well as adrenal dehy-
droepiandrosterone sulfate’s role in programming life-
time health and suggest a potential key role in aging
(Langie et al. 2012; Maestripieri et al. 2009) life-course
glucocorticoid profiles.

Normative basal values are required to determine the
critical time windows at which to seek mechanisms

involved in normal, premature, or augmented aging.
One problem in establishing the normative aging trajec-
tory is the life-course time-range of available data. Plasma
glucocorticoid concentrations are often only obtained at
one or two life-course time-points without the baseline
data needed at early ages, making the timing of progres-
sion through the aging process difficult to analyze and
interpret (Bowman et al. 2006; Ferrari et al. 2001; Peeters
et al. 2007). While measures from one or two stages of
the life-course are valuable, obviously, the greater the
number of time-points determined, the firmer the conclu-
sions that can be drawn. We propose that studies
assessing life-course changes in aging should preferably
cover at least five life-course time-points (Fig. 1).

Human (Kral et al. 2006; Villamor and Cnattingius
2006) and experimental animal (Nivoit et al. 2009;
Samuelsson et al. 2008) studies have shown that off-
spring obesity is one of the adverse outcomes of mater-
nal obesity. Many different mechanisms are involved in
this predisposition. Glucocorticoids play a critical role
during gestation in maturing a variety of fetal organs by
stimulating differentiation and inhibiting growth and
proliferation. We have previously published
(Nathanielsz et al. 2013; Rodriguez et al. 2012; Vega
et al. 2015; Zambrano and Nathanielsz 2013) that

Fig. 1 Proposed strategy to determine at five life-course time-
points. The timing of an age-related change represented by dash
line in a variable that increases (a–d) or decreases (e–h) with age.

a, e Represent a normal; b, f a premature; c, g an augmented; and
d, h a premature and augmented aging process
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maternal serum corticosterone concentrations in mater-
nal obesity (MO) were higher than controls (C) at the
time of breeding, end of gestation, 19 days gestation
(dG), and end of lactation, postnatal day (PND) 21.
Prenatal exposure to increased levels of glucocorticoids
changes hypothalamic pituitary adrenal axis function
(Braun et al. 2013).

We determined (1) the profile of basal circulating
corticosterone in the rat across the complete life-course
from weaning (PND 21) to old age (PND 850) in a well-
characterized homogeneous colony to provide evidence
for the existence of any significant change in trajectory in
the second half of life; (2) differences between absolute
corticosterone concentrations in males and females; and
(3) whether developmental programming of offspring by
exposure to maternal obesity during development alters
the later-life circulating corticosterone trajectory.

Materials and methods

Care and maintenance of animals

All procedures were approved by the Animal
Experimentation Ethics Committee of the Instituto
Nacional de Ciencias Médicas y Nutrición, Salvador
Zubirán (INNSZ), Mexico, and in accordance with the
guidelines of Mexican law on animal protection (NOM-
062-ZOO-1999). General procedures relating to mater-
nal diet, breeding, andmanagement of control and obese
mothers have been previously described in detail
(Zambrano et al. 2010). Briefly, at 4 months of age, 28
female Wistar rats weighing between 220 and 260 g
were obtained from the INNSZ animal colony and
maintained on normal laboratory chow (Zeigler
Rodent RQ 22–5, USA) containing 22.0 % protein,
5.0 % fat, 31.0 % polysaccharide, 31.0 % simple sugars,
4.0 % fiber, 6.0 % minerals and 1.0 % vitamins (w/w),
energy 4.0 kcal g−1, under controlled lighting (lights-on
from 7:00 a.m. to 7:00 p.m. at 22–23 °C). Female rats
were mated overnight with proven male breeders. The
day on which spermatozoa were detected in a vaginal
smear was designated as conception day 0. Only rats
that were pregnant within 5 days of mating with males
were studied. All rats were delivered vaginally. To en-
sure homogeneity, only litters between 12 and 15 pups
were studied. Litters were adjusted to 12 pups for each
mother while maintaining as close to a 1:1 sex ratio as
possible. After birth, all mother were fed with C diet.

The females in these litters constituted the founder gen-
eration (F0) mothers. At weaning, one F0 female from
each litter was placed on chow diet (controls C) (n=14)
and one on the high fat high energy obesogenic diet
containing 23.5 % protein, 20.0 % animal lard, 5.0 %
fat, 20.2 % polysaccharide, 20.2 % simple sugars, 5.0 %
fiber, 5.0 % mineral mix, 1.0 % vitamin mix (w/w),
energy 4.9 kcal g−1 diet from weaning until they were
bred at PND 120 (Zambrano et al. 2010) when obese F0
mothers were 17 % heavier than control F0 mothers.
High-fat diet continued to be fed to the obese F0 mothers
in pregnancy and lactation. F0 control mothers ate nor-
mal laboratory chow throughout. The high-fat diet in-
creased obese F0 insulin, glucose, HOMA, leptin, tri-
glycerides, and retroperitoneal fat before breeding (Vega
et al. 2015). Control and obese F0 mothers were sisters
and thus F1 (the offspring of F0) were cousins, helping to
homogenize genetic factors. F1 of both control and
obese mothers ate standard laboratory diet after
weaning. Food and water were available ad libitum.

Postnatal maintenance

After weaning (PND 21), both F1 male and female pups
were separated into groups of three to four per cage and
fed standard rodent chow diet ad libitum throughout the
study. At PND 21 (weaning), 110 (young adult), 450
(adult), 650 (mature adult), and 850 (aged phase), after
6 h of fasting, rats were euthanized between 12:00 p.m.
and 2:00 p.m. by decapitation using a rodent guillotine
(Thomas Scientific, NJ) by trained and experienced
personnel. For each age group, trunk blood was collect-
ed and serum separated. F1 evaluated at each of the five
ages were siblings as far as possible.

Corticosterone measurements

For each age group, blood was collected, centrifuged,
and serum frozen until assayed for corticosterone.
Corticosterone was measured in fasting serum by radio-
immunoassay (Rodriguez et al. 2012).

Statistical analysis

Data are expressed as means±SEM. Data were in-trans-
formed. Male and female data for each point were
analyzed by t test and were different, therefore sexes
were analyzed separately. For the timing of the cortico-
sterone fall in each group, we used the approach shown
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in Fig. 1 to analyze data from five points across the life-
course to set baselines and determine the time at which
changes occur related to aging. The strategy uses the
unpaired t test to compare data from the oldest age
available (T5) to determine a significant difference from
the preceding time-point (T4). If there is no difference,
T4 and T3 are then compared, repeating the analysis to
determine all points at which the later of the two points
compared differs from the one before. For C vs. obese
F1 at the three ages in each sex, two-way ANOVA and
Sidak’s multiple comparison tests were used.

Results

Normative fall in corticosterone with aging

Corticosterone concentrations in the control animals
were higher in females than in males (Fig. 2). Using
the criteria established in Fig. 1, corticosterone fell
between PND 450 and 650 in both male and female
from control and F1 of obese mothers (Fig. 2a, b).

Having established the timing of the normative cor-
ticosterone fall in both males and females, we examined
the same stage of life in the developmental program-
ming paradigm of F1 offspring of obese F0 mothers. F1
offspring of obese F0 mothers themselves become obese
even on the same diet eaten by control F1 (Nathanielsz
et al. 2013). Corticosterone in male and female F1

offspring of obese mothers fell between PND 450 and
650, a similar time window as control F1 (Fig. 2).

Discussion

One major confound in the interpretation of available
human aging data on life-course profiles of glucocorti-
coids is the inclusion of data from subjects with chronic
diseases such as Alzheimer’s, hypertension, or diabetes
(Huang et al. 2009), which themselves can alter gluco-
corticoid production. In one study that included subjects
with high blood pressure and heart disease, young sub-
jects were all men to avoid ovarian cycle changes, while
the older population was mixed male and female sub-
jects (Zhao et al. 2003). Our data above show clearly the
need to separate male and female data. One comprehen-
sive human study on eight young (18–35 years) and
eight elderly men (60–72 years) demonstrated a higher
circadian cortisol rhythm mesor in aged males
(Bergendahl et al. 2000). However, this study only
included data at two time-points in the life-course. In
one study in rhesus monkeys, values in older monkeys
were higher than younger animals (Downs et al. 2008).
In another study, plasma cortisol concentration was
measured on day 2 after capture and transfer of 53
rhesus macaque mothers from a free-ranging situation
to single cages (Maestripieri et al. 2009). Ages ranged
between 15 and 25 years, and subjects had been preg-
nant and delivered at variable times before sampling.

Fig. 2 Plasma corticosterone in a male and b female control rats
(open histograms) at five life-course stages (PND postnatal day).
The yen sign indicates the first significant change when comparing
each age with the one prior starting with the oldest age as described
for the analysis used in Fig. 1. Data are also presented (solid
histogram) for F1 of obese mothers a male and b female. Data
are mean±SEM; group n=5–14. Data were in-transformed, and

sexes were analyzed separately. Female corticosterone values were
higher than male in all groups at all ages except in offspring of
obese group at PND 110 (downward-pointing arrow). For the
timing of the corticosterone fall in each group analysis was as
described in relation to Fig. 1. For C vs. obese at the three ages in
each sex, two-way ANOVA with Sidak’s multiple comparison
tests. p<0.05 (asterisk) vs. C
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There was a negative relationship between cortisol and
age that did not quite reach significance (p=0.09). These
conflicting results show the need for data from homo-
geneous well-controlled subjects that fulfill the criteria
given in Fig. 1.

One might consider that this question is easier to
resolve in rodents than other species for many practical
reasons. However, even in rodents, there is a lack of data
from longitudinal studies of glucocorticoid concentra-
tions across the life-span such as we present here
(Fig. 2). Beginning studies in early life is important
because early events set a baseline as well as themselves
potentially influencing future function. We standardized
the study subjects to remove disease-related confounds
of the aging process. All animals were from our well-
characterized colony of healthy male and female rats
that has been maintained for several generations in
standard conditions (Rodriguez et al. 2012; Vega et al.
2015; Zambrano et al. 2010). Background patrilineal
and matrilineal data were available from all subjects to
ensure homogeneity and lack of siblings among F0
mothers in different studies. It is important to note that
all study animals and their mothers are reared under very
constant conditions with detailed observations on
growth and general health throughout their life. Thus,
study animals are not exposed to the variety of environ-
mental confounds that inevitably occur in human
studies.

The question needs to be posed “Is it possible to
determine normal aging or should the aging process
always be defined in the context of the life-course
history of the individual.” In addition to clear evidence
of a strong genetic component, the final trajectory of
aging will be determined by gene-environment interac-
tions (nature and nurture) that occur even before con-
ception. For example, maternal obesity affects gametes
and alters offspring phenotype throughout life in ways
that potentially influencing the rate of aging (Igosheva
et al. 2010). The aging trajectory is clearly modified by
age-related diseases. However, it is necessary to recon-
cile two opposing points of view. One holds that aging
produces age-related diseases, and the other, that age-
related diseases such as diabetes are themselves mech-
anisms that modify the aging trajectory.

There is support for the view that glucocorticoids
accelerate aging processes (Anderson et al. 2014) as
well as for development of both glucocorticoid resis-
tance and glucocorticoid enhanced aging in different
metabolic pathways (Chen et al. 2013). We propose that

circulating glucocorticoids follow an age-related trajec-
tory, which can be affected by both the external envi-
ronment and internal physiological events. Importantly,
life-span effects are influenced by developmental pro-
gramming by challenges such as altered F1 nutrition
during their development. The mechanisms are likely
multiple and include both programmed changes within
the hypothalamo-pituitary adrenal axis (Braun et al.
2013; Zambrano et al. 2014) and altered peripheral
production of glucocorticoids in adipose tissue that are
influenced by maternal nutrition (Guo et al. 2013). The
influence of developmental programming is clearly
shown by the difference in the corticosterone concen-
trations in the F1 from control and obese mothers. This
part of the study was terminated at PND 650 because F1
offspring of obese mothers begin to die around PND
650; thus, no data are available in this group at PND
850, which is equivalent to 75 years in human life
(Quinn 2005), although making age comparisons be-
tween humans and rat life-span is not directly linear.
Maximal rat life-span is dependent on the strain and—as
this study indicates programming effects in the history
of the animals under study—the probable maximum is
around 3 years (Quinn 2005), but the differences in
development must be taken into consideration when
age is a crucial factor for comparison with human life.

The relationship of shorter life-span and high body
mass index (BMI) in human populations is complicated
by a wide variety of confounders and is not a linear
relationship. However, human BMI levels in the obese
range are correlated with shortened life-span (National
Research Council 2011).

In conclusion, our goal was to address three precise
and limited objectives for which no data exist in the
literature. We conclude that, in rats, if samples cover a
sufficient period of the life-course, corticosterone levels
fall with aging in both normal controls and F1 of obese
F0 mothers. The timing of the decrease in corticosterone
concentrations appears similar in F1 females and males
of control and obese F0 mothers, but the fall occurs from
higher levels in F1 from obese F0 mothers.
Corticosterone levels were higher in control and obese
females than in males at all ages except PND 110 F1 of
obese mothers. Further studies are needed to determine
whether this fall from a higher level and plays a role in
the earlier death of F1 from obese mothers that we have
observed. Further, our observations are compatible with
the view that the elevated corticosterone levels, of them-
selves, contribute to this aging process. Future studies
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need to evaluate a wider range of glucocorticoid end-
points such as the parameters of the cosinor analysis of
circadian rhythms.
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