
Genetic and Environmental Effects on Diurnal
Dehydroepiandrosterone Sulfate Concentrations in Middle-Aged
Men

Elizabeth C. Prom-Wormley1, Timothy P. York1, Kristen C. Jacobson2, Lindon J. Eaves1,
Sally P. Mendoza3, Dirk Hellhammer4, Nicole Maninger3, Seymour Levine7, Sonia Lupien8,
Michael J. Lyons9, Richard Hauger5,6, Hong Xian10, Carol E. Franz5, and William S.
Kremen5,6

1Virginia Institute for Behavioral and Psychiatric Genetics, Virginia Commonwealth University
2Department of Psychiatry, University of Chicago
3California National Primate Research Center, University of California Davis
4Department of Psychobiology, University of Trier, Germany
5Department of Psychiatry, University of California San Diego
6VA San Diego Healthcare System
7Department of Psychiatry, University of California Davis
8Mental Health Research Centre Fernand Seguin, Hôpital Louis-H Lafontaine, Université de
Montréal, Canada
9Department of Psychology, Boston University
10Department of Internal Medicine, Washington University

Summary
Background—Dehydroepiandrosterone sulfate (DHEAS) is important for its association with
immune system function and health outcomes. The characterization of the genetic and
environmental contributions to daily DHEAS concentrations is thus important for understanding
the genetics of health and aging.

Methods—Saliva was collected from 783 middle-aged men (389 complete pairs and 5 unpaired
twins) as part of the Vietnam Era Twin Study of Aging. Samples were taken at multiple specified
time points across two non-consecutive days in the home and one day at the study sites. A twin
modeling approach was used to estimate genetic and environmental contributions for time-specific
and average DHEAS concentrations.

Results—There was a consistent diurnal pattern for DHEAS concentrations in both at-home and
day-of-testing (DOT) measures, which was highest at awakening and decreased slightly
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throughout the day. Heritability estimates were significant for measures at 10am, 3pm and bedtime
for the in-home days and at 10am and 3pm on the DOT, ranging between 0.37 and 0.46.

Conclusions—The significant heritability estimates later in the day reflect time-specific genetic
effects for DHEAS, compared with prior twin and family designs studies which frequently used
averaged morning-only measures. Additive genetic influences on DHEAS concentrations were
consistent between at-home and DOT measures.
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Introduction
Dehydroepiandrosterone (DHEA) and its sulfated metabolite (DHEAS) are the most
abundant products secreted by the zona reticularis of the adrenal cortex (Orentreich, N.,
Brind, J. L., Rizer, R. L., & Vogelman, J. H., 1984). Like cortisol, DHEA and DHEAS are
secreted from the adrenal cortex in response to adrenocorticotrophin (ACTH) stimulation
(Pavlov, E. P., Harman, S. M., Chrousos, G. P., Loriaux, D. L., & Blackman, M. R., 1986;
Parker, C. R., Jr., Azziz, R., Potter, H. D., & Boots, L. R., 1996). DHEA is the precursor for
approximately 50% of the androgens produced in adult men (Brown, R. C., Liu, Y., &
Papadopoulos, V., 2002), underscoring the importance of this hormone in the production of
sex steroids. DHEA is converted to the more stable DHEAS by DHEA sulfotransferase
(HST, SULT2A1) and DHEAS easily becomes DHEA via steroid sulfatase (STS) (Kroboth,
P. D., Salek, F. S., Pittenger, A. L., Fabian, T. J., & Frye, R. F., 1999). DHEA is considered
to be a biologically active hormone, and many studies focus on the association between
DHEA and health-related outcomes. However, DHEAS may have a distinct role from
DHEA in the etiology of disease, particularly in the regulation of the immune system
(Radford, D. J. et al., 2010) and in neuroprotection (Maninger, N., Wolkowitz, O. M., Reus,
V. I., Epel, E. S., & Mellon, S. H., 2009). Further, DHEAS is thought to be the circulating
storage pool for DHEA because DHEAS has a half-life of 10–20 hours, while the half-life of
DHEA is 1–3 hours (Rosenfeld, R. S., Rosenberg, B. J., Fukushima, D. K., & Hellman, L.,
1975). Similarly, the clearance rate of DHEAS is much slower than that of DHEA
(Longcope, C., 1996). There is a need to study the causes of the individual variation of
diurnal DHEAS production, which is anticipated to be caused by genetic and environmental
influences because it is the most abundant steroid hormone in the body, it is necessary for
sex hormone synthesis, and is associated with diseases related to aging.

The Roles between DHEAS in the Etiology of Chronic Disorders Related to Aging
Low DHEAS concentrations have been associated with coronary artery disease,
cardiovascular disease, non-insulin dependent diabetes mellitus, rheumatoid arthritis,
systemic lupus erythematosis, pemiphigoid/pemphigus, and HIV/AIDS, indicating the
relationship between DHEAS concentrations and the immune system (Chen, C. C. & Parker,
C. R., Jr., 2004). Both DHEAS and cortisol modulate the immune system, although DHEAS
generally acts to enhance while glucocorticoids suppress immune function (Butcher, S. K. et
al., 2005; Chen, C. C. & Parker, C. R., Jr., 2004). DHEAS has recently been reported to
have immunostimulatory effects, increasing superoxide generation in primed human
neutrophils in response to pathogens (Radford, D. J. et al., 2010). Additionally, DHEAS has
anti-inflammatory effects through the inhibition of NF-κB activation (Iwasaki, Y. et al.,
2004).

Lower concentrations of salivary DHEAS have been associated with depression (Barrett-
Connor, E., von Muhlen, D., Laughlin, G. A., & Kripke, A., 1999; Corpechot, C., Robel, P.,
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Axelson, M., Sjovall, J., & Baulieu, E-E, 1981; Fabian, T. J. et al., 2001; Goodyer, I. M. et
al., 1996; Goodyer, I. M., Herbert, J., Tamplin, A., & Altham, P. M., 2000; Takebayashi, M.
et al., 1998; Michael, A., Jenaway, A., Paykel, E. S., & Herbert, J., 2000). Further, DHEAS
has anxiolytic, anti-convulsant and sedative-hypnotic actions (Zinder, O. & Dar, D. E.,
1999). DHEAS is a “neurosteroid” and as such is synthesized in the central nervous system
de novo (Baulieu, E-E, 1981; Majewska, M. D., 1995). Increases in synaptic concentrations
of DHEAS inhibit neuronal GABA-induced currents and results in excitatory
neurotransmission (Kroboth, P. D., Salek, F. S., Pittenger, A. L., Fabian, T. J., & Frye, R. F.,
1999; Debonnel, G., Bergeron, R., & de Montigny, C., 1996). Modulation of
neurotransmission is related to brain function, which in turn contributes to different
neuropsychological states (Majewska, M. D., 2002).

DHEAS concentrations rise throughout childhood and peak in early adulthood followed by
an age-dependent decline (Rainey, W. E. & Nakamura, Y., 2008). The lowest concentrations
of DHEAS occur between the ages of 65–70, pointing the possible relevance of these
hormones in age-related illness (Maninger, N., Wolkowitz, O. M., Reus, V. I., Epel, E. S., &
Mellon, S. H., 2009). Few studies have tested associations between genes related to
DHEAS/DHEA function and disease. Further, of the studies testing the relationships
between genes related to DHEAS concentrations and disease, no significant associations
have been reported (Boger-Megiddo, I., Weiss, N. S., Barnett, M. J., Goodman, G. E., &
Chen, C., 2008; Karlson, E. W. et al., 2009). This may be due to an incomplete
understanding of the relative importance of the role of genetic and environmental effects on
diurnal regulation of DHEAS concentrations, particularly in aging adults.

Genetic Epidemiology of DHEAS Production
To date, seven family studies have estimated the impact of genetic and environmental
factors on DHEAS (Table 1). The family study design takes advantage of the familial
correlations between individuals across generations (ie: parent-child, siblings, spouses, and
grandparent-grandchild) to estimate the degree to which a trait is due to familial
aggregation, which includes additive genetic effects and those due to the shared (family)
environment. In the absence of additional information, nuclear family data and sibling-only
samples are unable to resolve familial resemblance into genetic and environmental effects
since family members share both genetic and familial environments (Kendler, K. S. &
Neale, M. C., 2009; Rice, T. & Borecki, I. B., 2001). Consequently, heritability estimates
from these types of studies refer to the maximal effect of genes on a trait, also known as
maximal heritability. One nuclear family study of 184 families reported an average
heritability of 66% in families of African American descent and 58% in families of
European American descent for baseline DHEAS concentrations (An, P. et al., 2001).
Another study of 348 families, reported a pooled, maximal heritability of 45% for DHEAS
concentrations, unadjusted for sex differences. Maximal heritability estimates were found to
differ by gender in this sample, with estimates of 29% and 74% in men and women
respectively (Rice, T. et al., 1993). A study of women with polycystic ovary disease and
their sisters (N = 62 sister pairs) reported a heritability 43% for probands and their sisters
(Yildiz, B. O., Goodarzi, M. O., Guo, X., Rotter, J. I., & Azziz, R., 2006).

Heritability estimates, or the degree to which additive genetic influences contribute to
DHEAS concentrations can be estimated from extended (across several generations) family
and twin studies. Extended family studies of DHEAS ranging in size from 25–42 families
reported heritability estimate of DHEAS from 29% to 65% (Jaquish, C. E., Blangero, J.,
Haffner, S. M., Stern, M. P., & Maccluer, J. W., 1996; Jaquish, C. E. et al., 1996; Mitchell,
B. D. et al., 1996; Rotter, J. I., Wong, F. L., Lifrak, E. T., & Parker, L. N., 1985). In addition
to estimating heritability, twin studies are also able to estimate and test for the relative
importance of both common (often due to shared familial environments) environmental and
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unique environmental effects (Eaves, L. J., 1982). To date, only three twin studies ranging in
size from 40 to 1129 pairs have reported heritability estimates of 26% to 60% for DHEAS
concentrations (Meikle, A. W., Stringham, J. D., Woodward, M. G., & Bishop, D. T., 1988;
Meikle, A. W., Stephenson, R. A., Lewis, C. M., Wiebke, G. A., & Middleton, R. G., 1997;
Nestler, J. E. et al., 2002). Further, these studies report moderate variance due to unique
environmental effects.

Previous studies estimating the heritability of DHEAS have generally relied on a single
measurement at any point throughout the day since the half-life of DHEAS can range from
7–20 hours and DHEAS concentrations are expected to have low daily variation (Goodyer,
I. M. et al., 1996; Rosenfeld, R. S., Rosenberg, B. J., Fukushima, D. K., & Hellman, L.,
1975). Most studies have utilized one (Jaquish, C. E., Blangero, J., Haffner, S. M., Stern, M.
P., & Maccluer, J. W., 1996; Jaquish, C. E. et al., 1996; Mitchell, B. D. et al., 1996) (Rice,
T. et al., 1993; Rotter, J. I., Wong, F. L., Lifrak, E. T., & Parker, L. N., 1985) or two (An, P.
et al., 2001) measures of DHEAS concentrations early in the day because they are highest in
the morning (Nieschlag, E. et al., 1973; Rosenfeld, R. S., Rosenberg, B. J., Fukushima, D.
K., & Hellman, L., 1975). Two studies took multiple measures from each participant across
a small window in the morning, usually ranging from 8–10:30 am and used the pooled
samples for analysis (Meikle, A. W., Stringham, J. D., Woodward, M. G., & Bishop, D. T.,
1988; Meikle, A. W., Stephenson, R. A., Lewis, C. M., Wiebke, G. A., & Middleton, R. G.,
1997). To date, no known studies of DHEAS concentrations have estimated the magnitude
of genetic effects on DHEAS concentrations over multiple samples throughout the day.
Therefore, measures at a single time point or over a small period of time as in previous
studies may be inadequate to understand the genetic and environmental contributions on
DHEA/DHEAS and chronic disorders.

Prior genetic studies of DHEAS have used blood plasma to estimate heritability. However,
salivary measurement of DHEAS provides a unique opportunity to estimate genetic and
environmental contributions to DHEAS for comparison against prior studies using blood.
Additionally, the ability to systematically measure salivary DHEAS concentrations across
the day is advantageous in large-scale data collection and does not alter HPA function
compared to intravenous sampling methods. DHEAS is a charged molecule, and is actively
transported through the neutral lipid membranes of the salivary cells using a large family of
organic anion transport polypeptides (Konttinen, Y. T. et al., 2010; Pomari, E. et al., 2009).
Despite low concentrations of salivary DHEAS compared to plasma (Vining, R. F.,
McGinley, R. A., & Symons, R. G., 1983), these amounts are high enough for use as a result
of high DHEAS concentrations in blood (Kroboth, P. D., Salek, F. S., Pittenger, A. L.,
Fabian, T. J., & Frye, R. F., 1999). Prior studies comparing salivary and plasma
concentrations of DHEAS have shown strong associations between saliva and blood (r =
0.738, p < 0.0001) (Lac, G., Marquet, P., Chassain, A. P., & Galen, F. X., 1999).

In order to inform future studies of DHEAS and chronic disorders related to aging as well as
to improve genetic association studies using DHEAS measures, it is important to estimate
the genetic and environmental effects contributing to the individual differences of diurnal
DHEAS concentrations. The present study measured salivary DHEAS concentrations across
two non-consecutive days in the home and one day in a testing facility in a large twin
sample of middle-aged men. Five samples were collected at specific times on each day. This
design allows for the examination of differences in the genetic and environmental influences
on DHEAS both within and across days.
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Methods
Research participants

The present study consists of 783 individuals comprising 193 MZ and 196 DZ pairs (389
complete pairs) and 5 unpaired twins who provided saliva samples for hormone measures as
part of the Vietnam Era Twin Study of Aging (VETSA); the VETSA has been described in
detail elsewhere (Kremen et al., 2006). VETSA participants are men enrolled in the Vietnam
Era Twin (VET) Registry which comprises a sample of MZ and DZ twin pairs who served
in the United States military during the Vietnam era (1965 to 1975), although the majority
did not serve in combat or in Vietnam (Eisen et al., 1987, Henderson et al., 1990). The
VETSA twin pairs were randomly selected from a pool of 3322 VET Registry twin pairs
who had participated in a study of psychological health in 1992.

The VETSA sample consisted of 1237 twins between the ages of 51 and 59 at the time of
recruitment and both members of a pair had to agree to participate. Twins traveled either to
University of California, San Diego or Boston University for a day-long series of interviews
and physical and cognitive assessments. In cases in which a twin could not travel (N = 26
individuals, 3.5%) research assistants conducted assessments at a facility close to the twin’s
home. The VETSA Hormone Study was later initiated to examine the role of hormonal
regulation and its association with cognitive aging in participants in the primary VETSA
study and consists of a smaller sub-sample of participants (N = 783) (Franz, C. E. et al.,
2010).

Participants completed two days of saliva collection at home, prior to the day of testing and
then sent the saliva samples via overnight mail to the University of California, Davis to be
assayed. In addition to the two days of saliva collection at home, participants provided saliva
samples during the day of testing. IRB approval was obtained at both sites, and all
participants provided signed informed consent. A combination of DNA testing, previously
obtained questionnaire and blood group methods was used to determine zygosity (Eisen et
al., 1989, Nichols and Bilbro, 1966, Peeters et al., 1998).

Procedures
Saliva collection—Participants were contacted six weeks prior to the day of testing
(DOT) to establish the two “typical” working days separated by one day (preferably
Tuesday/Thursday to avoid sampling on the beginning and end of the work week) on which
they would provide the at-home saliva samples. At-home sample collection took place two
to three weeks before the DOT in order to avoid the disruption of schedules that can be
caused by travel. Participants were asked the time they usually woke up in the morning in
order to individualize their schedules and to set times on reminder watches. Saliva kits were
mailed to participants and participants were called the day prior to starting sampling to
ensure that the reminder watch was turned on, instructions were understood, and the
sampling kit was placed by their bed for the morning sample. The saliva kit included all
supplies: labeled 4.5 ml Cryotube saliva vial, Trident original sugarless gum, straws to
facilitate drooling into each vial, tissues, instructions, a daily log, pen, a reminder watch, and
a storage container with a MEMS 6™ (Aardex) track cap for detecting compliance with the
protocol. All materials coming in contact with saliva, including the gum, have been checked
for the presence of hormones or compounds that could compromise the assays under the
supervision of SPM.

Participants provided samples at wake-up, 30 minutes after wake-up, 10:00 am, 3:00 pm,
and 9:00 pm or bedtime. Times were selected on the basis of appropriate times for the
measurement of cortisol, which was also measured as part of the VETSA Hormone Study.
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Diurnal DHEAS is secreted synchronously with cortisol, although the patterns of hormone
concentrations differ throughout the day. The highest concentrations of cortisol occur 30–60
minutes after awakening, while the highest concentrations of DHEAS occuring at
awakening followed by a gradual decline throughout the day (Hucklebridge, F., Hussain, T.,
Evans, P., & Clow, A., 2005; Nieschlag, E. et al., 1973). At the specified time, participants
selected the appropriate vial and provided approximately 2.25 ml of saliva. If necessary, the
participant chewed original Trident gum to stimulate saliva and removed the gum prior to
providing the sample. Previous testing by one of the investigators (SPM) showed that this
particular gum did not alter DHEAS concentrations. Once a saliva sample was provided,
participants were instructed to close the vial tightly, place it in the storage bottle, and
complete the log entry for that time period. Each opening of the storage bottle was
automatically logged by the track cap. Participants were asked to keep the samples
refrigerated and were provided with an insulated lunch bag to keep the supplies together.
The reminder watch was programmed to go off at each scheduled time; however, the time
protocol was carefully explained to participants (verbally and in writing) to allow for normal
variations in schedules. Reminder watch times were individualized so that all participants
provided samples at equivalent times (typical awakening, awake plus 30 minutes, awake
plus 4 hours, awake plus 9 hours, and bedtime).

Saliva samples were also collected on the DOT. Subjects received their supplies when they
arrived at the hotel the day before. As in the at-home sampling, the first sample was
collected at awakening the morning of the day of testing at the hotel, then half an hour after
awakening at hotel, then approximately 10:00 AM and 3:00 pm in the laboratory, and
bedtime at the hotel. Test day protocols were standardized across sites. Participants
completed log entries following each sample and provided a detailed description of what
they ate for lunch.

DHEAS assays—Samples were centrifuged at 3000 rpm for 20 min to separate the
aqueous component from mucins and other suspended particles. Salivary concentrations of
DHEAS were estimated in duplicate using commercial radioimmunoassay kits (Diagnostics
Systems Laboratories, Webster, TX) according to manufacturer’s instructions. Assay
sensitivity (least detectable dose) was 0.0206 ng/ml. Intra- and inter-assay coefficients of
variation were 5.36% and 5.82%, respectively. Samples where the DHEAS concentration
was greater than 3 standard deviations from the mean were considered to be outliers and
coded as missing (N = 49 samples). All 17 samples from each participant were analyzed in
the same assay; one to three individuals were included in the same assay batch. Assays were
performed without knowledge of the zygosity of the participant.

Scores were imputed for missing values only if the participant had no more than one missing
value on a day. Missing data were imputed by calculating the full samples’ mean DHEAS
change between the time point with the missing value and the adjacent time point. For all
time points except awakening, the time point prior to the missing value was used. The mean
DHEAS change for those two points was then added (or subtracted) from the individual
participant’s non-missing time point to get the imputed value for the missing time point in
question. For example, if a participant was missing a value for the 3pm measure, the full
samples’ mean change cortisol from 10am to 3pm hours was calculated. This value was then
subtracted from the participant’s own 10am value to obtain the imputed 3pm value. The
distributions of DHEAS values were skewed, and as such were natural log transformed prior
to data analysis in order to produce normal distributions.

At-home DHEAS concentrations were averaged at corresponding times on day one and day
two to create a single value for analysis; which was supported by the high intercorrelations
observed between daily measures of the same time point, which ranged from 0.73 to 0.78 (p
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< 0.0001). Correlations between DHEAS samples at each time point and age were also
small, but some were significant; these correlations ranged from r = −0.02 (p = 0.42) to r =
−0.15 (p <0.0001). Further, there were no significant associations between salivary DHEAS
concentrations and common covariates including BMI, current insulin use, current smoking,
or current use of hypertensive medication. Subsequent analyses adjusted for the effect of age
on the mean concentrations of DHEAS.

Data Analysis
Determination of Study Sample Representativeness—The participants included in
this study were compared with the participants in the VETSA who were not included to
determine whether the sub-sample used was representative of the larger VETSA population.
Age, body mass index, and educational attainment were compared using a Wilcoxon rank-
sum test. Current smoking, current self-reported depression, ever receiving a depression
diagnosis by a physician, and current use of any prescribed medications were compared
using the χ2-test.

Use of a Markov Chain Monte Carlo Approach to Estimate Genetic and
Environmental Effects in the Presence of Batch and Age Effects—The classic
twin study is based on the comparison of similarities between monozygotic (MZ) and
dizygotic (DZ) twin pairs. MZ twins are expected to be more similar compared to DZ pairs
because MZ twins share 100% of their genes, while dizygotic (DZ) twins share on average
50% of their genes. Therefore, a greater difference in measures of similarity between MZ
and DZ pairs suggests the presence of additive genetic effects on a trait. Twin modeling
approaches estimate proportions of the total variance due to genetic and environmental
sources, specifically: (1) additive genetic influences (A); (2) common environmental
influences (C) which represents life experiences shared between twin pairs, making them
more alike; and (3) unique environmental influences (E) which represents experiences that
make siblings different (e.g., having a spouse die). The estimate of unique environmental
influences also includes measurement error.

Estimation of Genetic and Environmental Contributions—We controlled for the
possibility of extraneous effects that can arise in laboratory measures due to instances of
members of a twin pair that were assayed simultaneously on the same assay instead of
randomly across all assays. In the context of twin studies, these so-called “batch” effects
will increase within pair similarity as a consequence of more similar laboratory conditions
and can be mistakenly attributed to the effects of the shared environment. The pattern of
correlations between unrelated individuals in the same batch, and related individuals (twin
pairs) in different batches was used to estimate the random effects of differences between
batches. Correlations for MZ and DZ twin pairs could then be estimated without the
confounded effects of differences between batches. We also controlled for the effect of age
on DHEAS concentrations since increasing age was significantly associated with lower
DHEAS concentrations for some time points.

The simultaneous estimation of the components of variances due to batch and age
differences and differences between and within twin pairs was done within a Bayesian
framework using Markov Chain Monte Carlo (MCMC) methods in the freely available
package WinBUGS (Speigelhalter, D., Thomas, A., Best, N., & Lunn, D., 2004). We denote
the estimated DHEAS concentration of the jth twin of the ith pair as Yijk, where the subscript
k indicates the batch in which the value was assayed such that assays in the same batch have
the same value of k.
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We then let: Yijk = µ+ τij + αi + βk where µ represents the measured mean DHEAS
concentration, τij represents the random differences between twins, conceivably correlated
between pairs, and αi represents the random differences across ages between pairs, and βk
represents the random differences between batches. For each type of twin (MZ and DZ) we
assume that the twin effects τij, are bivariate normal with standard deviation στ and
intraclass correlation ρMZ for MZ and ρDZ for DZ pairs, respectively. Batch and age effects
are assumed to have a normal distribution (N[0,σ2

βκ] and N[0,σ2
ατl]).

When the MCMC algorithm converges, it yields successive samples from the posterior
distribution that may be used to estimate summary statistics such as confidence intervals of
model parameters. We assumed a relative uninformative normal prior for µ. We assumed
broad uniform priors on στ and σβ,, following a suggestion of Spiegelhalter et al.
(Spiegelhalter, D. J., Thomas, A., & Best, N. G., 2003). The twin correlations for MZ and
DZ pairs were sampled initially from a uniform prior distribution over the range 0–0.9.

Random effects were simulated for each pair (πi), age (αi) and batch (βk) using the
appropriate between-pair component of variance for each twin type. Individual twin effects
(τij) were simulated to have a normal distribution (N[πI, σ2

τw]), where the intra-pair variance
is σ2

τw = σ2
τ (1-ρ), ρ being the intraclass correlation for MZ or DZ twins as appropriate.

Ancillary summary statistics were computed from successive samples of ρMZ for and ρDZ
together with their confidence intervals. These statistics include estimates of broad sense
heritability (H), an indicator of the proportion of total population variance that is due to
genetic variation and the shared environment (C), an estimate of the relative contribution of
the variance shared between twins. Heritability was estimated using Holzinger’s H,
H=2(ρMZ - ρDZ) and the contribution of the shared environment was estimated as C=2ρDZ -
ρMZ. Samples from the posterior distribution of H and C allowed for the estimation of their
confidence intervals. Note that estimates C may be negative if there are large non-additive
genetic effects. Similarly, estimates of H may be negative when no significant genetic
effects are present. Thus, this approach to the estimation of H and C avoids the biases
inherent in constraining either to be greater than zero in the more familiar maximum
likelihood components of variance approach. A copy of the WinBUGS code, together with
illustrative data structure and initial values may be obtained from the first author.

Results
Sample Representativeness

As expected from the later start of the VETSA Hormone Study compared to the full VETSA
sample, the average age of participants included in this sub-sample was older (55.92; SD =
2.58) compared to VETSA participants who were not in the neuroendocrine study (54.63;
SD = 2.05); this is a small, but significant difference (p < 0.0001). There were no significant
differences for BMI (p = 0.15) or educational attainment (p = 0.21) between those who were
part of the sub-sample and larger VETSA sample. Further, there were no significant
differences between the groups for the prevalence of any prescribed drug use (p = 0.40),
current smoking (p = 1.00), current self-reported depression (p = 0.63), or any depression
diagnosed by physician (p = 0.77).

Summary Statistics
There was a consistent diurnal pattern for salivary DHEAS concentrations in both at-home
and DOT measures (Figures 1 and 2). Repeated-measures contrasts were used to compare
average unadjusted concentrations of DHEAS as well as age-adjusted concentrations from
each time point to the next (ie: awake vs. awake +30, awake +30 vs. 10am, etc…). DHEAS
concentrations were significantly higher at awakening and at awake plus 30 minutes (p
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<0.0001) for both unadjusted and age-adjusted measures. Measures taken between10am and
bedtime did not differ significantly from one another. DHEAS concentrations between at-
home and DOT measures across specific times were generally consistent, ranging from 0.57
to 0.83 (p < 0.0001) in unadjusted measures and 0.61 to 0.75 (p < 0.0001) for age-adjusted
measures.

Univariate Genetic Analysis of DHEAS Concentrations
There was significant heritability for the 10 am, 3pm and overall daily mean concentrations
of unadjusted DHEAS during the at-home days (Table 2) and for the DOT (Table 3).
Heritability estimates for these measures ranged between 0.32 and 0.47, with 95%
confidence intervals as low as 0.01 to as high as 0.81. Significant additive genetic effects
were detected for the 10 am, 3pm and bedtime age-adjusted measures during the at-home
days (Table 4). Significant heritability was detected for the 10am and 3pm age-adjusted
measures on the DOT (Table 5). Heritability estimates for these measures ranged between
0.37 and 0.46, with 95% confidence intervals as low as 0.01 to as high as 0.78. The
heritability estimates of mean DHEAS concentrations on both at-home days and for DOT
were no longer significant after adjusting for age.

For both unadjusted and age-adjusted DHEAS concentrations, the heritability estimates for
awake and awake plus 30 minute measures were not significant either at-home or for DOT
measures. The variance due to the shared environment was not significant for any at-home
or DOT measures. The majority of the variance of diurnal DHEAS concentrations was due
to unique environmental influences (0.52 – 0.68).

Discussion
This is the first study to characterize the diurnal concentrations of salivary DHEAS across
multiple salivary time-points in both at-home and in-lab settings in a community-based
sample of middle-aged men. The pattern and variation of DHEAS concentrations is
consistent across days, with significantly higher concentrations occurring at awakening and
awake plus 30 minutes compared to later in the day. This has been reported in similar
studies of humans using blood with smaller sample sizes (Nicolau, G. Y. et al., 1985;
Rosenfeld, R. S., Rosenberg, B. J., Fukushima, D. K., & Hellman, L., 1975; Carlström, K.,
Karlsson R., & von Schoultz, B., 2002; Zhao, Z. Y. et al., 2003) as well as non-human
primates (Maninger, N., Capitanio, J. P., Mason, W. A., Ruys, J. D., & Mendoza, S. P.,
2010). Additionally, high correlations across the days indicated stable and constant
concentrations of diurnal DHEAS. Consequently, salivary concentrations may reliably
reflect patterns of DHEAS in blood and in turn provide insight into the steroidogenic
activity of the zona reticularis region of the adrenal cortex.

To date, this is the largest population-based twin study to estimate the genetic and
environmental contributions across multiple salivary measures of diurnal DHEAS
concentrations using multiple days and environmental settings. Salivary DHEAS is a
heritable measure, with genetic effects accounting for 37%–46% of the total variance for the
late morning (10am) and afternoon (3pm) age-adjusted measures on at-home and DOT.
These estimates and their 95% confidence intervals fall within the range of those previously
reported from family and twin studies of DHEAS (26% – 66%) (Meikle, A. W., Stringham,
J. D., Woodward, M. G., & Bishop, D. T., 1988; Nestler, J. E. et al., 2002). These
heritability estimates are expected to reflect the role genetic effects in an aging population
which may differ across development. For example, in a small pilot study of adult twin men
with an average age of 32, Meikle and colleagues reported an estimate of heritability of 58%
(Meikle, A. W., Stringham, J. D., Woodward, M. G., & Bishop, D. T., 1988). In a follow-up
study of a larger sample of twin men with average age of approximately 54.5 years,
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heritability was estimated at 26% (Meikle, A. W., Stephenson, R. A., Lewis, C. M., Wiebke,
G. A., & Middleton, R. G., 1997).

The consistency of mean DHEAS concentrations between at-home and DOT days as well as
for the magnitudes of the genetic and environmental effects for 10 am and 3pm measures
suggests that DHEAS is not responsive to mild stressors similar to those experienced during
the day of testing. These mild stressors included study involvement in a laboratory setting
and the long-distance travel required to participate. DHEAS has historically been considered
a good marker of individual adrenal cortex function and is expected to reflect chronic rather
than acute response to the environment (Baulieu, E. E., 1996). Recent studies have reported
significant differences in DHEAS concentrations in individuals exposed to chronic stressors
such as burnout and caring for patients with Alzheimer’s disease (Jeckel, C. M. et al., 2010).
Most studies of the HPA axis have focused on cortisol secretion. However, DHEAS
concentrations may also be an indicator of HPA axis activity in response to chronic
stressors. A recent study of rhesus monkeys found that DHEAS concentrations increased in
response to a chronic (repeated) stressor (Maninger, N., Capitanio, J. P., Mason, W. A.,
Ruys, J. D., & Mendoza, S. P., 2010). The current results may reflect the genetic and
environmental effects of the response related to exposure to chronic stressors and may help
to identify additional candidate genes related to HPA axis activity.

The significant heritability estimates for the afternoon rather than morning measures or the
average daily concentrations suggests that some aspects of DHEAS production may be
under greater genetic control than others. DHEAS concentrations are not expected to be
highly variable throughout the day (Kroboth, P. D., Salek, F. S., Pittenger, A. L., Fabian, T.
J., & Frye, R. F., 1999). Given the demonstrated diurnal rhythm of DHEAS in this and other
studies as well as significant heritability estimates for afternoon measures, the use of
multiple measures across the day may better identify important time-specific genetic and
environmental effects related to daily concentrations of this hormone for use in genetic
association studies rather than single or morning-only measures (Boger-Megiddo, I., Weiss,
N. S., Barnett, M. J., Goodman, G. E., & Chen, C., 2008; Karlson, E. W. et al., 2009). The
variation associated with diurnal DHEAS concentrations and associated time-specific
genetic effects identify a need to study the patterns of DHEAS concentrations across the day
rather than only for a specific time-point. Additionally, evaluation of diurnal regulation of
DHEAS across development may also be an important risk factor for disease. Prior studies
of DHEAS across the lifespan indicated that lifetime trajectories of DHEAS concentrations,
rather than baseline DHEAS concentrations alone were associated with higher mortality in
older adults (Cappola, A. R. et al., 2009) as well as cardiovascular disease (Sanders, J. L. et
al., 2010). Consequently, these results encourage the characterization diurnal DHEAS
profiles and the estimation of genetic and environmental contributions to profiles across the
lifespan.

These results should be evaluated in the light of the following limitations. First, this is a
sample of middle-aged Caucasian men and these findings may not generalize to women or
other ethnic populations. Additionally, because DHEAS concentrations are age-specific,
these results may not generalize to other periods of development. Nevertheless, the range of
these moderate heritability estimates and their 95% confidence intervals suggests that they
are within the range of other studies with participants across greater age ranges and
consisting of men and women. Further, these estimates serve as a baseline for the genetic
and environmental effects on DHEAS concentrations throughout later adulthood because
this population has been collected as part of a study of aging. Second, no adjustments were
made to account for associations between DHEAS and current affected status for common
chronic diseases since there were no significant associations between DHEAS
concentrations and common risk factors of chronic disease such as BMI, current insulin use,
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current smoking, or current use of hypertensive medication. However, it is expected that
those with a current diagnosis may have altered concentrations of DHEAS. Third, chewing
gum was recently reported to have an effect on concentrations of salivary testosterone,
estradiol and immunoglobulin A assays although the mechanism by which this effect is not
understood (van Anders, S. M., 2010). Two possibilities explaining this effect were
suggested: (1) chewing gum stimulates analyte production and (2) chewing gum interacts
with assay results. No data was collected on this aspect of hormone production and
consequently the effects of chewing gum on mean concentrations of DHEAS were not
included. However, chewing gum represents non-systematic error and its effects would be
included in the estimate of unique environmental effects. Further, it is unlikely that genetic
influences on chewing gum will bias estimates on the variance due genetic effects for
salivary DHEAS. Fourth, no blood DHEAS concentrations were collected for comparison
against the salivary measures. Consequently, these results will require replication in other
populations with both blood and salivary samples for to compare estimates of genetic and
environmental effects.

These results have demonstrated patterns between salivary samples of diurnal DHEAS
concentrations to be similar to those of blood. DHEAS obtained from saliva is heritable
which is anticipated to encourage future population-based studies of DHEAS. Further, the
heritability of DHEAS is higher for mid-morning and early afternoon measures, suggestive
of time-specific genetic influences on DHEAS. Future research of DHEAS has the potential
to improve understanding of disease etiology and may span across several concentrations of
inquiry including: (1) the use of cross-sectional data to determine associations of diurnal
DHEAS concentrations with specific outcomes as well as the presence of genetic variance
that is common to both the outcome and DHEAS, (2) the analysis of longitudinal data to
determine whether the genetic contributions of DHEAS concentrations vary across age and
(3) the analysis of DHEAS concentrations and its relationship with functionally-related
hormones such as cortisol and testosterone to understand the biological pathway between
DHEAS, other sex hormones and related outcomes.
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Figure 1.
Unadjusted Mean Concentrations of Log-Transformed DHEAS Across At-Home Day
Measures
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Figure 2.
Unadjusted Mean Concentrations of Log-Transformed DHEAS Across Testing Day
Measures
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