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Abstract:

Objectives: Cortisol levels exhibit a diurnal rhythm in healthy men, with peaks in
the morning and troughs in the evening. Throughout age, however, this rhythm tends to
flatten. This diurnal flattening has been demonstrated in a majority of industrialized
populations, though the results have not been unanimous. Regardless, little attention has
been paid to non-industrialized, foraging populations such as the Ache Amerindians of
Paraguay. As testosterone levels had previously been shown to diminish with age in this
population (Bribiescas and Hill, 2010), we hypothesized that cortisol levels would behave
similarly, flattening in rhythmicity over age.

Methods: We examined morning and evening salivary cortisol samples in Ache
Amerindian men in association with age (n=40, age range: 20-64 years).

Results: Men in the first age class (<20-29 years) exhibited significantly different
AM and PM values as did men in the second age class (30-39 years). However, men in the
third and fourth age classes (40-49 years, and >50 years, respectively) did not exhibit a
significant difference between AM and PM values.

Conclusion: Ache Amerindian men exhibit a flattening of the diurnal rhythm across
age classes. Our results were able to capture both within- and between-individual
variations in cortisol levels, and reflected age-related contrasts in daily cortisol
fluctuations. The flattening of the diurnal rhythm with age among the Ache may reflect a
common and shared aspect of male senescence across ecological contexts and lifestyles.

Introduction:

Cortisol is the main glucocorticoid hormone in humans and most other vertebrates.
[t is produced in the adrenal cortex both spontaneously and as a response to biochemical
agents and psychosocial stimuli (Kirschbaum and Hellhammer, 1989). Cortisol is regulated
by the hypothalamic-pituitary-adrenal axis (HPA), which is involved in homeostatic and
allostatic adjustments to both internal and external stressors (Chahal and Drake, 2007).
During a stress response, increases in corticotropic releasing hormone (CRH) by the
paraventricular nucleus in the hypothalamus stimulates production of adrenocorticotropic
hormone (ACTH) by the pituitary gland, leading to increased production of of cortisol by
the cortical region of the adrenal gland. Cortisol assists in glycogenolysis, the breakdown of
glycogen to release glucose, lipolysis, the release of fatty acids from fat stores, suppression
of the immune system, and the distribution of fat in the body. As it increases in response to
stressors, cortisol has gained the moniker of ‘stress hormone’, though its primary functions
are metabolic. Along with other endocrine hormones such as testosterone (Cooke et al.,
1993), cortisol exhibits a well-documented circadian pattern in healthy human males, in
which morning levels are typically higher than evening levels (Clow et al., 2010; Faiman
and Winter, 1971; Hayes et al., 2012; Hucklebridge et al., 2005; Van Cauter et al., 1996).

Age appears to be an important factor in adrenal function and subsequent levels of
available cortisol. Studies have shown that overall average levels of cortisol decrease with
age (Drafta et al., 1982; Sherman et al., 1985), but that there are significant age-associated
increases in minimal cortisol concentrations (Deuschle et al., 1997). Studies assessing HPA



axis responses to cognitive challenges also report a significant increase in baseline levels of
cortisol with age (Seeman et al., 2001). In addition, older adults have been shown to exhibit
a blunted cortisol awakening response when compared to younger adults (Heaney et al.,
2010). Importantly, older adults exhibit significantly reduced diurnal slopes and a flatter
diurnal rhythm (Deuschle et al., 1997; Heaney et al., 2010; Van Cauter et al., 1996).

Changes in the diurnal rhythm of cortisol across age are most likely due to changes
in the functioning of the HPA axis. In rodents, there is an age-related reduction in the
sensitivity of the HPA axis to glucocorticoid feedback inhibition (Sapolsky et al., 1986a),
along with an increase in HPA axis responsiveness in older rodents (Sapolsky et al., 1986b).
This pattern is also observed in humans. In aging individuals, endocrine changes result in a
decline in endocrine function associated with the responsiveness of tissues and reduced
hormone secretion from peripheral glands (Chahal and Drake, 2007). In the HPA axis,
specifically, the main alteration throughout age appears to be diminished sensitivity to
glucocorticoid feedback inhibition in older adults (Chahal and Drake, 2007), as there
appears to be no deficiency of adrenal corticosteroid production associated with aging
(Waltman et al., 1991). During aging, there also appears to be a progressive decline in the
endogenous inhibition of nocturnal cortisol secretion (Van Cauter et al., 1996).

Age-related changes in HPA axis function may have significant effects on both
psychology and physiology. An increase in the levels of HPA axis activity and increased
levels of circulating cortisol have been linked to the development of cognitive impairment
(Karlamangla et al., 2005; MacLullich et al., 2005). Lupien and colleagues demonstrated
that recent evidence of HPA dysregulation is associated with impaired cognitive
performance in a battery of memory, attention and language tests (Lupien et al., 1994),
later suggesting that cumulative exposure to high levels of glucocorticoids such as cortisol
are detrimental to the aged hippocampus and may be contributing to diseases such as
dementia and depression (Lupien et al., 1999). Cortisol levels have also been shown to be
inversely associated to bone mineral density and rate of bone loss in elderly men,
suggesting that the endogenous cortisol profiles is a determinant of bone health (Dennison
et al.,, 1999). Additionally, cortisol has been implicated as a contributing factor for the age-
related decline in immune function termed immunosenescence (Buford and Willoughby,
2008).

As most scientific studies have been conducted in Western, Educated, Industrialized,
Rich, and Democratic (WEIRD) populations (Henrich et al., 2010), it is not surprising that
there is a paucity of studies examining HPA axis function in non-WEIRD populations. This
data is important in establishing whether certain patterns in senescence are conserved
across human populations or whether there are changes in these patterns with changing
environment. If there are differences between populations in HPA function, we can then
answer the question of why they exist. Several studies have shed light on human cortisol
function across the world, with data from the Caribbean (Decker, 2000; Flinn and England,
1997), Mexico (Fernald et al., 2009), Kenya (Pike and Williams, 2006), Guatemala
(Nepomnaschy et al., 2004), Mongolia (Hruschka et al., 2005), Kenya (Gray, 2003) and
Nepal (Hruschka et al., 2005; Worthman and Panter-Brick, 2008). However, few studies
have been conducted among foraging populations, which are important when studying
human evolutionary biology as these populations live in environments more similar to
those of their ancestors when compared to WEIRD populations. Only one study to date
(Nyberg, 2012) has measured diurnal cortisol rhythmicity in an indigenous foraging



population.. That study found dramatically lower levels of HPA activity among the Tsimané
of Amazonian Bolivia, with a flattened diurnal cortisol pattern in both men and women
over the age of 60, when compared with Western data from the CARDIA study (Nyberg,
2012).. As such, we predicted that cortisol would behave similarly, exhibiting a flattened
diurnal pattern with increasing age.

The participants in this study were 40 healthy Ache men from the community of
Chupa Pou in eastern Paraguay. At the time of this investigation, this community subsisted
on a mix of foraging for wild game and plant products from the surrounding forest, as well
as on manual agriculture. For more details on Ache ecology and culture, see Hill and
Hurtado (1996). This investigation protocol and recruitment were approved by the
Harvard University Human Subjects Committee.

Methods:

Data for this investigation was obtained from archived salivary cortisol values
obtained during an investigation of male reproductive endocrinology in 1992. Salivary
cortisol was assayed in 1993 using methods outlined below. Healthy Ache men (n=40, age
range: 20-64 years) were recruited for this study. Subjects were screened for acute and
chronic health conditions such as upper respiratory disease and tuberculosis and reported
no developmental abnormalities or metabolic conditions that may affect cortisol levels (ie.,
Addison’s or Cushing’s Disease). Morning (~ 6 am) and evening (~ 6 pm) salivary samples
(approximately 2 mLs) were collected from each subject for 1 - 10 days (mean
samples/individual AM N = 5.2 + 0.3 SE; PM N = 5.1 + 0.3). Saliva was collected using the
methods of Lipson and Ellison (1989) in 12 x 75 mm polystyrene tubes pretreated with
sodium azide as a preservative. Samples were stored at ambient temperature for 3 weeks
before shipment to the Reproductive Ecology Laboratory at Harvard University. Upon
arrival, samples were stored frozen at -20° C to facilitate the breakdown of
muccopolysaccharides until assayed.

Salivary cortisol was measured by direct radioimmunoassay using 50 pl of saliva, a
four position tritiated competitor (Amersham, Arlington Heights IL), and a steroid specific
antibody. Samples were incubated at 4°C for 24 hours with the unbound fraction separated
using a dextran coated charcoal suspension. The bound fraction was then counted in a
liquid scintillation counter and analyzed using the log/logit method. Inter-assay variability
was calculated using coefficients of variation (cv) in high, medium, and low quality controls
(high 10.9 nmol/L + 0.24 se, cv = 8.0%, medium 4.0 + 0.13, cv = 11.3%, low 2.3 + 0.07, cv =
11.0%). Quality control blanks consistently read below detection ranges.

Anthropometric measurements were determined as follows. Height was determined
using a standard anthropometer on a solid surface with the head in the Frankfurt plane,
weight using a standard scale to the nearest 0.1 kg, and BMI (body mass index) calculated
using weight/height"2 (cm/kg”"2).

The Ache do not keep written records of birth dates, although some births were
recorded by missionaries and through informants. Age was ascertained from known birth
dates, and cross-referencing with known events. The specific methods of aging Ache
individuals have been described elsewhere (Hill and Hurtado, 1996, Chapter 4).



Means, standard errors, and standard deviations were calculated for both AM and
PM cortisol levels. Comparisons of average cortisol levels and age classes were conducted
using repeated measures ANOVA(means * SD). Statistical analysis was conducted using
STATA 13 (StataCorp, College Station, TX). Alpha was set at 0.05.

Results:

A summary of the data collected is presented in Table 1, categorized by age class (N=40,
average age = 36.5 * 1.8 years, age range = 20-64 years).

Cortisol vs. Age Class
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Fig. 1: Average AM cortisol values and average PM cortisol values for Ache men,
categorized by age class.

We assessed the difference between average AM cortisol values and average PM
cortisol values within each age class, presented in Figure 1. All analysis was done against
the null hypothesis that the AM and PM values of cortisol are equal within any given age
class. We first binned participants into four age classes, based on age at time of collection.
Decade-based age classes were used to be consistent with previous investigations that
examined diurnal hormone biology and age in men (Bribiescas and Hill, 2010; Uchida et al,,
2006). As previously demonstrated, the use of decades is a convenient way to categorize



males who have completed the pubertal transition (those older than 20). Other studies
used age groups that spanned 15 years (Ellison et al., 2002); however, this investigation
had unique sample size constraints that involved the use of meta-data from several studies.

We ran a repeated measures ANOVA to determine the effect of time of day (AM or
PM), age class, and the time of day by age class interaction on cortisol levels. We found a
main effect of time of day such that samples taken in the morning (M=2885.29,
SD=1384.87) have a larger mean than samples taken in the evening (M=1877.11,
SD=1537.62), F(1,39)=8.36, p=0.006. We found no main effect of age class on cortisol level,
F(3,39)=1.10, p=0.361. However, we found a marginally significant time of day by age class
interaction such that as age class increases, the difference between AM and PM cortisol
levels decreases F(3,39)=2.59, p=.062.

Given the precedent in the literature for effects of age on cortisol levels, we wanted
to ensure that the main effect we failed to find of age on cortisol levels in the ANOVA was
valid. Using age as a continuous variable in univariate regressions, we were unable to
predict AM cortisol levels (=-9.15, SE=19.73, p=0.646), PM cortisol levels (=28.14,
SE=21.49, p=0.198), or the AM:PM ratio ($=-0.02, SE=0.04, p=0.570).

Discussion:

In this analysis, we found that Ache Amerindian men exhibit a flattening of the
diurnal rhythm across age classes. This study is the first to document changes in cortisol
levels across age in a small-scale foraging society from Amazonian Paraguay. While
population comparisons may provide insights into male senescence across cultures,
between- and within-individual variation is necessary to capture central sources of
hormone variation (Bribiescas, 2005). Our methods allowed us to analyze variations both
within individuals and between individuals, in order to produce a more complete and fine-
grained understanding of how reproductive senescence occurs in males.

Our work aligns with the majority of previous work showing a flattening of the
diurnal slope of cortisol with age among men. Table 2 provides a comparison of studies
analyzing age-related changes in cortisol across different populations. While the pattern of
slope flattening does not appear to be fully consistent across populations, there may be
several variables affecting the power of these comparisons. First, not all studies are
extracting cortisol levels from the same fluid; half of the studies sampled blood, while the
other half sampled saliva. Salivary cortisol has been shown to be an effective measure of
levels of free, circulating cortisol, but while the correlation between plasma-derived and
salivary cortisol is highly significant, it is not always an exact match (Kahn et al., 1988).
Second, assays were performed in different laboratories, increasing the possibility of inter-
laboratory variation. Third, the age ranges of the studies are not consistent, with a major
difference being that studies exhibiting diurnal flattening all included individuals above the
age of 63. The one exception to this pattern is our study, in which the maximum age
sampled was 64. While it is possible that Ache men exhibit a more rapid flattening of
cortisol rhythm with age, this result may be influenced by sample size, as samples were
twice as likely to be taken from men in the first two age classes than from the latter two.



An important finding is that the overall cortisol levels of Ache men are significantly
lower than their Western counterparts. Figure 2 depicts average AM and PM values
between Ache men in the first age class (<20-29 years) to similarly aged American
individuals (18-30 years). The American data was extracted from the CARDIA study (Cohen
et al.,, 2006). While this particular CARDIA data aggregates both male and female samples,
gender variations in cortisol levels are not significantly different enough to obscure the

observation that Ache men have extremely low cortisol levels when compared to American
counterparts.
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Fig. 2: Average AM and PM cortisol values for the first age class (<20-29 years) among

Ache men and American individuals. American data is taken from the CARDIA study
(Cohen et al., 2006).

What accounts for the extreme difference between American and Ache cortisol
levels? First, it is important to note that the endocrinological differences between the Ache
and their Western counterparts are not limited to cortisol; similar trends have been
demonstrated in both testosterone (Bribiescas, 1996) and leptin (Bribiescas, 2005). In fact,
leptin levels in Ache women were so low that they were comparable to anorectic American
women, despite major differences in fat percentage (Bribiescas, 2005). Some of the
variation in cortisol levels may be explained through differences in energetics. Among the
Ache, there is little seasonality in nutrient availability and there appears to be no cyclical
change in physical work (Hill et al., 1984). A recent study has shown that while physical



activity levels differ among hunter-gatherers and those living in market economies, total
energetic expenditure is remarkably similar between these populations (Pontzer et al.,
2012). Therefore, it’s likely that dietary differences play a more important role in cross-
cultural variation in hormone levels. An evolved sensitivity of the HPA axis to energy status
may be a pathway in which environmental conditions are reflected in cortisol rhythm
variations (Nyberg, 2012). Similarly, it has been demonstrated that the sensitivity of
hypothalamic-pituitary-gonadal axis (HPG) is shaped by the environment in which it
develops (Ellison et al., 1993), and may be acted on epigenetically to convey information
cross-generationally (Kuzawa and Quinn, 2009). The discrepancy between the hormones of
industrialized and non-industrialized individuals continues to be investigated.

The flattening of the diurnal cortisol rhythm may be attributed to decreased
sensitivity in the hypothalamus. While adrenal corticosteroid production is relatively
consistent across age (Waltman et al., 1991), there is diminished sensitivity to
glucocorticoid feedback inhibition with increasing age (Chahal and Drake, 2007). This
means that cortisol is being released at the same rate, but building up over time as age-
related wear and tear diminishes the hypothalamus’s sensitivity to negative feedback. This
aligns with the finding that alterations of basal cortisol secretion are not restricted to
senescence, but begin in the first third of adult life and then gradually become more evident
with increasing age (Kern et al., 1996).

During aging, there also appears to be a progressive decline in the endogenous
inhibition of nocturnal cortisol secretion (Van Cauter et al., 1996). Amount of and quality of
sleep may be important. The mean percentage of deep, slow-wave sleep decreases from
18.9% during early adulthood (16-25 years) to 3.4% in midlife (36-50 years), and was
replaced by lighter sleep (stages 1 and 2) (Van Cauter et al., 2000). This is paralleled by a
major decline in GH secretion across age, and an increase in evening cortisol
concentrations (Van Cauter et al., 2000). The increase in nighttime cortisol values across
age can help explain the flattening of the diurnal rhythm. Further, analyses suggest that a
relationship exists between HPA impairment and decreased amounts of REM sleep,
independently of age, suggesting that decreased sleep quality contributes to the allostatic
load, or the wear-and-tear, resulting from overactivity of stress-responsive systems (Van
Cauter et al., 2000). In the forest, sleep patterns may be altered by amount of available
food, group festivity, and men may wake up in the middle of the night to stoke fires or sing
(Hill, personal observation). In general, Ache men go to sleep around 9pm and wake up at
sunrise, though men over the age of 50 tend to sleep longer into the day and are more likely
to be awake for a period during the night; however, these trends are not strong (Hill,
personal observation).

There are several limitations in this study. One is that sample size is not even
throughout the age classes, which reduces power in the statistical analyses. However, the
quantity of individuals in each age class was more or less representative of the study
population. Furthermore, while the majority of men in this study exhibited a classic diurnal
pattern of higher AM levels and lower PM levels, 11 subjects did not. These subjects ranged
in age from 21 to 64, so age did not appear to be a significant predicting factor. Further, this
difference cannot be accounted for by absolute number of samples, as the average number
of samples within the classic and non-classic rhythms was not significantly different.
Another confound in this study is the lack of stress measures to evaluate distress or chronic
stress, along with lack of sleep/wake data in the analysis.



In summary, this study reveals age-related changes in cortisol levels among Ache
men. Results contribute to a growing body of knowledge regarding alterations of the
hypothalamus-pituitary-adrenal axis in aging. Importantly, these results indicate that while
differences exist in absolute levels of cortisol across populations, there appear to be some
patterns in senescence that are more conserved across different ecological contexts and
lifestyles. Further, our results were able to capture important within- and between-
individual variations, which produced a more fine-grained picture of how cortisol changes
across time. Future investigations should attempt to capture this diurnal pattern change in
a wider variety of environments and populations, and analyze more quantitatively the
contribution of amount and quality of sleep to diurnal pattern changes.
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