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CHAPTER 7

Characterization of the Hypothalamic-
Pituitary-Adrenal-Axis in Familial
Longevity under Resting Conditions
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CHAPTER 7

ABSTRACT

Obijective. The hypothalamic-pituitary-adrenal (HPA)-axis is the most important neu-
ro-endocrine stress response system of our body which is of critical importance for
survival. Disturbances in HPA-axis activity have been associated with adverse
metabolic and cognitive changes. Humans enriched for longevity have less metabolic
and cognitive disturbances and therefore diminished activity of the HPA axis may be
a potential candidate mechanism underlying healthy familial longevity. Here, we
compared 24-h plasma ACTH and serum cortisol concentration profiles and different
aspects of the regulation of the HPA-axis in offspring from long-lived siblings, who
are enriched for familial longevity and age-matched controls.

Design. Case-control study within the Leiden Longevity study cohort consisting of 20
middle-aged offspring of nonagenarian siblings (offspring) together with 18 partners
(controls).

Methods. During 24 h, venous blood was sampled every 10 minutes for determination
of circulatory ACTH and cortisol concentrations. Deconvolution analysis, cross
approximate entropy analysis and ACTH-cortisol-dose response modeling were
used to assess, respectively, ACTH and cortisol secretion parameters, feedforward
and feedback synchrony and adrenal gland ACTH responsivity.

Results. Mean (95% Confidence Interval) basal ACTH secretion was higher in male
offspring compared to male controls (645 (324-1286) ngl/L/24 h versus 240 (120-477)
ng/L/24 h, P = 0.05). Other ACTH and cortisol secretion parameters did not differ
between offspring and controls. In addition, no significant differences in feedforward
and feedback synchrony and adrenal gland ACTH responsivity were observed
between groups.

Conclusions. These results suggest that familial longevity is not associated with
major differences in HPA-axis activity under resting conditions, although modest,
sex-specific differences may exist between groups that might be clinically relevant.
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CHARACTERIZATION OF HPA-AXIS IN FAMILIAL LONGEVITY

INTRODUCTION

The hypothalamic-pituitary-adrenal (HPA)-axis is the most important neuro-endocrine
stress response system of our body which is of critical importance for survival. Different
stressors can trigger the neurons in paraventricular nuclei of the hypothalamus to
secrete corticotrophin-releasing-hormone (CRH). CRH stimulates the pituitary gland
to secrete adrenocorticotropic hormone (ACTH), which binds to ACTH receptors on
the adrenal gland and stimulates the secretion of glucocorticoids, of which cortisol is
the most important(1). Cortisol inhibits the HPA-axis via classical negative feedback
mechanisms involving the hippocampus, hypothalamus and pituitary(1). Tightly
controlled regulation of hypothalamic-pituitary-adrenal (HPA)-axis responses is of
importance for maintaining both mental and physical health, since both hyper and
hypo-activity of the HPA-axis are linked to disease states(1, 2). If untreated, patients
with severe Cushing’s syndrome, who is characterized by cortisol excess, and
patients with adrenal insufficiency, which are cortisol deficient, have a remaining life
expectancy of a few years, while restoration of the HPA-axis recues health and
substantially increases remaining life expectancy. In addition, diabetes, hippocampal
damage(3) and hypertension(4) are associated with a blunted or absent cortisol
response after waking up, and higher cortisol levels in the evening are associated
with increased blood pressure and insulin resistance(5-7).

The Leiden Longevity Study (LLS) was designed to identify genetic mechanisms
underlying healthy familial longevity(8) and comprises nonagenarians with at least
one nonagenarian sibling, their offspring and the offspring’s partners serving as an
age-matched control group. To assess whether our recruitment strategy had resulted
in enrichment for familial longevity, we compared the mortality rates of included first
degree relatives with those of their respective birth cohorts. We found that all groups
of first degree relatives (including parents, additional siblings and offspring) had on
average a 30% lower mortality rate compared to their birth cohorts, illustrating a
successful enrichment for familial longevity(8). In line, compared to their partners
(controls), already at middle age, offspring from nonagenarian siblings (offspring)
had lower prevalence of cardiovascular and metabolic diseases(9) and better
cognitive performance also after adjustment for potential confounders, including
myocardial infarction and type 2 diabetes(10). Moreover, among non-diabetic
participants, offspring compared to their partners, had better glucose tolerance(11)
and higher insulin sensitivity(12). It is unknown which mechanisms underlie the
favorable cardiovascular and metabolic health profile and the survival advantage
displayed by the offspring. Since changes in HPA-axis activity have been associated
with the adverse metabolic and cognitive changes that typify partners as compared
to offspring, diminished basal activity of the HPA axis may a potential candidate
mechanism underlying healthy familial longevity. In previous studies in the LLS, we
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CHAPTER 7

found in a single morning blood sample no significant difference in cortisol
concentrations between offspring and controls(13). However, when taking multiple
saliva samples in the morning and evening, the area under the curve (AUC) of
morning and evening salivary cortisol concentrations were slightly lower in the
offspring(14).

Therefore the purpose of this study was to investigate whether offspring from
long-lived siblings enriched for familial longevity, compared to controls, had differences
in HPA-axis activity and/or regulation, reflected by different plasma ACTH and serum
cortisol concentration profiles over 24 h or distinct hormonal interactions. In the
present study we collected blood samples every 10 minutes, which allows for detailed
deconvolution analysis of the 24-h ACTH and cortisol concentration profiles to
estimate basal, pulsatile and total secretion of ACTH and cortisol over 24 h as well as
specific secretion parameters. In addition, we studied the regularity of ACTH and
cortisol secretion using approximate entropy (ApEn). Furthermore, we assessed
ACTH-cortisol feedforward and cortisol-ACTH feedback synchrony using cross-ApEn.
Finally, we assessed adrenal gland sensitivity to ACTH in offspring and controls by
modelling an endogenous ACTH-cortisol dose-response relationship.

SUBJECTS AND METHODS

Study population

Participants were derived from the Leiden Longevity Study (LLS), a family based
study consisting of 421 families with at least two long-lived siblings (men = 89 year,
women = 91 year) of Dutch descent, without any selection on demographics or
health(8, 9). For the current study (Switchbox), 20 offspring from long-lived siblings
and 18 controls (partners from offspring) from the LLS were included who met the
inclusion criteria of being middle-aged (55-77 years) and having a stable body mass
index (BMI) between 19 and 33 kg/m?. Exclusion criteria were: any significant chronic,
renal, hepatic or endocrine disease, mild depression (> 10 point for the Geriatric
depression scale-30) or medication use known to influence any hormonal axis
including estrogen replacement therapy for women, anaemia (haemoglobin < 7.1
mmol/L), fasting plasma glucose > 7 mmol/L, recent blood donation or trans-meridian
flights, smoking addiction, use of more than 20 units of alcohol per week, or extreme
diet therapies. To enhance the contrast in familial longevity between groups, controls
with a nonagenarian parent who had one or more nonagenarian siblings were
excluded (based on telephone questioning). The Switchbox protocol was approved
by the Medical Ethical Committee of the Leiden University Medical Center and was
performed according to the Helsinki declaration. All participants gave written
informed consent for participation after full explanation of the purpose and nature of
all procedures used.
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CHARACTERIZATION OF HPA-AXIS IN FAMILIAL LONGEVITY

Clinical protocol

Participants were admitted to the research center at 0800 h, where a catheter was
placed in a vein of the forearm of the non-dominant hand. After approximately an
hour rest, blood sampling started at 0900 h. During 24 h, every 10 minutes 1.2 mL of
blood was collected in a K3-EDTA tube and 2 mL in a serum separator (SST) tube. In
total 461 mL of blood was withdrawn from each participant. All participants received
standardized feeding at three fixed times during the day (between 0900-1000 h,
1200-1300 h, and 1800-1900 h), each consisting of 600 kcal Nutridrink (Nutricia
Advanced Medical Nutrition, Zoetermeer, The Netherlands). Light exposure was
standardized and lights were switched off between 2300-0800 h. No naps were
allowed and participants ambulated only to the bathroom. All participants were
sampled in the same room.

Assays and assay performance

All measurements were performed at the department of clinical chemistry and
laboratory medicine (AKCL) of Leiden University Medical Center, which is accredited
according to CCKL (National Coordination Committee for Quality Assurance for
Health Care Laboratories in The Netherlands).

Cortisol was measured using an ECLIA assay on a Modular E170 analyser from
Roche (Roche Diagnostics, Almere, The Netherlands), ACTH and DHEAS on an
Immulite 2000 Xpi analyser (Siemens Healthcare diagnostics, The Hague, The
Netherlands) and HbA1c on a Primus Ultra 2 HPLC analyser (Trinity Biotech, Bray,
Ireland), using boronate affinity separation. For each participant, all samples from
one time series were measured within the same ot number and in the same batch.
For this study, the precision and quality of all assayed analytes met or surpassed the
level of desirable quality specifications(15) (further details see Supporting information
methods: Assays and assay performance). In our laboratory the reference range for
is ACTH is 3-75 ng/L, for cortisol 0.1-0.6 umol/L, for HbA1c 20-42 mmol/mol Hb.

Deconvolution analyses

Each hormone concentration time series was analyzed using an automated deconvolution
method. This method was validated using frequent blood sampling, and simulated
pulsatile time series, as previously described(16-18). Outcome parameters included
number of pulses per 24 h, mean pulse mass, basal and pulsatile secretion, hormone
half-lives, pulse mode (time to reach the maximal value) and the Weibull gamma
value, representing the regularity of the statistically significant hormone pulses.

Approximate entropy (ApEn)

ApEn is a scale- and model-independent univariate regularity statistic used to
quantitate the orderliness (subpattern consistency) of serial stationary measurements.
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Mathematical models and feedback experiments have established that pattern
orderliness monitors feedback and/or feed-forward interactions within an interlinked
axis with high sensitivity and specificity, both greater than 90%(19). Reduced pattern
regularity typifies hormone secretion in puberty and aging, during diminished negative
feedback or fixed exogenous stimulation, and by autonomous neuroendocrine
tumors(20).

Cross-ApEn

Cross-ApEn is a bivariate, scale-and model-independent two-variable regularity
statistic used to quantitate the relative pattern synchrony of coupled time series(21).
Changes in the cross-ApEn of cortisol-ACTH reflect feedback synchrony and in the
cross-ApEn of ACTH-cortisol reflect the feedforward synchrony with high sensitivity
and specificity(22).

ACTH-cortisol-dose response measurements

To explore adrenal gland sensitivity to ACTH in more detail, an endogenous ACTH-
cortisol dose response curve was modelled. Details of the dynamic dose-response
methodology were described in two previous papers(23, 24). The goal was to relate
time-varying plasma ACTH concentrations (input or effector) to time-varying cortisol
secretion rates (output or response), based on fitted (deconvolved) ACTH concentrations
and (deconvolved) cortisol secretion rates via the four-parameter (basal, potency,
sensitivity and efficacy) logistic dose-response model modified to include a potency-
down-regulated parameter and matching inflection time(25).

Statistical analysis
All analyses were done using linear regression analysis adjusted for age and BMI to
investigate differences between offspring and partners. All data are presented as
mean with standard error of the mean (SEM). Logarithmic transformation of data that
were not normally distributed (basal, pulsatile and total secretion of ACTH and cortisol)
was used to decrease the variation and these data are presented as a geometric
mean with 95%-confidence interval (Cl).

For all above-mentioned analyses, SPSS for Windows, version 20 (SPSS, Chicago,
IL) was used. Graphs were made using GraphPad Prism version 5 (GraphPad, San
Diego, CA) and Sigmaplot version 11 (Systat Software, Erkrath, Germany). P < 0.05 was
considered significant.
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CHARACTERIZATION OF HPA-AXIS IN FAMILIAL LONGEVITY

RESULTS

Baseline characteristics

Baseline characteristics of offspring and controls are presented in Table 1 (for men
and women combined and stratified for sex). Participants were selected on the basis
of the age of their parents. Consequently, mothers of offspring were significantly
older (men and women combined P < 0.001). Compared to controls, offspring were
of similar age and BMI.

Table 1 Baseline characteristics of offspring from long-lived siblings and
controls, in all participants and stratified for sex.

All participants Men Women
Offspring  Controls  Offspring  Controls  Offspring Controls
n=20 n=18 n=10 n=10 n=10 n=8
Parental age
Mother (yr) 945 815 96.0 83.0 93.0 79.5
(89-97) (77-88) (88-98) (77-88) (89-97) (68-88)
Father (yr) 89.5 78.0 89.5 77.0 89.5 80.0

(72-96) (74-82) (68-96) (71-80) (71-97) (73-85)
Demographics

Age (yr) 65.5 64.6 66.6 64.6 64.7 64.5
(5.4) (4.9 (6.4) (4.0 (4.4) 6.1)
BMI (kg/m?)2 25.4 255 26.0 25.9 24.7 24.9
(4.0) 3.9 (8.4) 8.2) (4.6) (4.8)

Laboratory results
HbA1c 34.6 35.4 34.6 35.5 347 35.3
(mmol/mol Hb) (1.5) (2.0) (1.9 (1.8) (1.3 (2.4)

All data are presented as the median with interquartile range or as the mean with standard deviation.
aBMI: Body Mass Index.

Twenty-four hour hormone concentration profiles

Mean 24-h plasma ACTH and serum cortisol concentration profiles are displayed in
Fig 1. By visual inspection, ACTH concentrations seemed higher in offspring between
1700 and 0100 h, while there were no differences in cortisol concentrations (all
participants, Fig. 1A and 1B). In males no differences in 24-h ACTH concentrations
were visible while cortisol levels during the day seemed lower in male offspring (Fig.
1C and 1D). Female offspring seemed to have higher plasma concentrations of ACTH
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Figure 1 Mean 24-h concentration profiles of ACTH and cortisol in all participants
and stratified for sex.

The black dots represent hormone concentrations of 20 offspring and the grey triangles represent hormone
concentrations of 18 controls every 10 minutes over a 24-h period for (A) ACTH and (B) cortisol. The black
dots represent hormone concentrations of 10 male offspring and the grey triangles represent hormone
concentrations of 8 male controls every 10 minutes over a 24-h period for (C) ACTH and (D) cortisol. The
black dots represent hormone concentrations of 10 female offspring and the grey triangles represent
hormone concentrations of 10 female controls every 10 minutes over a 24-h period for (E) ACTH and (F)
cortisol. Error bars represents the standard error of the mean. Grey rectangle represents the night period
(0000h-0700 h).
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and serum concentrations of cortisol during the day (Fig. 1E and 1F). However, mean
plasma ACTH and mean serum cortisol concentrations did not differ between groups
in any of these time periods (Table 2).

ACTH and cortisol secretion

Results of the deconvolution analyses are displayed in Table 3. In men and women
combined, there were no significant differences in basal, pulsatile and total ACTH
and cortisol secretion between offspring and controls over 24 h. Mean (95% Cl) basal
ACTH secretion was higher in male offspring compared to male controls (645
(324-1286) ng/L/24 h versus 240 (120-477) ng/L/24 h, P = 0.05). When basal ACTH
secretion was measured over 3 different time periods (0900-1700 h, 1700-2400 h and
2400-0800 h), it tended to be higher in male offspring, but did not reach statistical
significance in one of the three time periods (S1 Table). Except for a lower basal
cortisol secretion from 1700 — 2400 h in offspring, no differences were observed in
cortisol secretion between groups over the three time periods in men (S1 Table ). In
women, there were no significant differences in basal, pulsatile or total ACTH or
cortisol secretion between offspring and controls over 24 h (Table 3). When analyzed
over the three time periods separately, no differences were observed between groups
in women, except for a higher pulsatile ACTH secretion in offspring between 0900-1700 h
(188 (141-251) ng/L versus 107 (78-148) ng/L, P = 0.02)) and a higher basal cortisol
secretion from 1700 — 2400 h in the offspring (S1 Table).

ACTH and cortisol parameters e.g. the slow half-life, pulse frequency, mean
pulse mass and pulse mode during day and night were not different in offspring and
controls, neither when men and women were combined nor when stratified for sex
(S1 Fig.).

There were no significant differences between offspring compared to controls in
ACTH ApEn when men and women were combined (1.26 + 0.07 versus 1.24 = 0.07,
P = 0.86) or in cortisol ApEn (1.07 = 0.04 versus 113 = 0.05, P = 0.34), nor when
stratified for sex (Table 4).

HPA-axis dynamics
ACTH-cortisol cross-ApEn, reflecting feedforward synchrony, was not different between
offspring and partners when men and women were combined (1.41 = 0.07 versus
1.39 = 0.07, P = 0.84), nor when stratified for sex (Table 4). In addition, cortisol-ACTH
cross-ApEn, reflecting feedback synchrony, was not significantly different in offspring
and controls when men and women were combined (1.33 = 0.06 versus 1.29 = 0.06,
P = 0.67), and also not when stratified for sex (Table 4).

The sensitivity of the adrenal gland for ACTH in both offspring and controls was
assessed by modeling the endogenous ACTH-cortisol dose-response relationship
(Fig. 2). There were no differences in the endogenous ACTH-cortisol dose-response
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Figure 2 Adrenal gland responsivity to ACTH in all participants and stratified for
Sex.

Adrenal gland responsivity to ACTH in an estimated endogenous ACTH-cortisol dose-response relationship
in (A) 20 offspring (black line) and 18 controls (grey line). (B) 10 female offspring (black line) and 8 female
controls (grey line). (C) 10 male offspring (black line) 10 male controls (grey line).

In all panels, the left curves represent the dose-response during the initial phase of the secretory ACTH
pulse, and the right curves represent the recovery phase, i.e. the decreasing part of the ACTH pulse,
displaying the down-regulation.
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relationship between offspring and controls (Fig. 2A). Male offspring compared to
controls had a tendency towards a lower mean (95% Cl) recovery EC,, but this did
not reach statistical significance (38.0 (31.0-46.6) ng/L versus 50.5 (41.1-61.9) ng/L,
P = 0.06) (Fig 2B). In women, there were no differences between groups in the
endogenous ACTH-cortisol dose-response relationship (Fig 2C).

DISCUSSION

In this study, we investigated whether human longevity is associated with differences
in HPA-axis regulation in offspring enriched for familial longevity compared to
controls. We did not observe significant differences between offspring compared to
controls in 24-h mean plasma concentrations of ACTH and serum concentrations of
cortisol, or in their mean concentrations over 8 hr periods, although mean plasma
ACTH concentrations tended to be non-significantly higher in female offspring
compared to female controls over all time windows analyzed. In addition, male
offspring had a higher basal ACTH secretion compared to male controls but no other
differences were observed between groups in the deconvolution-derived 24-h
secretion parameters of ACTH and cortisol. We did also not observe significant
differences between groups in secretory regularity of ACTH and cortisol; in
ACTH-cortisol feedforward and cortisol-ACTH feedback synchrony; orin endogenous
ACTH-cortisol dose-response relationship, except for a trend towards a lower
recovery EC, in the endogenous ACTH-cortisol dose-response relationship in male
offspring. These results suggest that familial longevity is not associated with major
differences in the HPA-axis activity under resting conditions, although modest,
sex-specific differences may exist between groups that might be clinically relevant.
Modest, sex-specific differences between groups included the trend towards a
higher mean 24h ACTH in female offspring, and in males a significantly higher basal
ACTH secretion in offspring and a borderline non-significant lower recovery EC, in
the endogenous ACTH-cortisol dose-response relationship. Although these measures
reflect different features of the complex interplay between ACTH drive and cortisol
output and feedback inhibition, these observations may hint at the existence of
subtle, sex-specific differences between groups in the dynamics of the HPA axis.
Previously, genetic polymorphisms in the glucocorticoid receptor which were
associated in vivo with subtle differences in glucocorticoid feedback sensitivity have
been associated with a more favorable glucose and lipid profiles as well as increased
survival in a cohort of elderly men(26, 27). Although a similar survival benefit was not
found in another cohort of elderly(28), these results indicate that subtle changes in
the dynamics of the HPA axis might have long-lasting clinical impact. Moreover,
ACTH may have direct effects on metabolic tissues. Cold exposure activates the HPA
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axis, with ACTH having stimulatory and corticosterone having inhibitory effects on
brown adipose tissue activity and browning of white adipose tissue(29). Thus, subtle
differences in the dynamic interplay between ACTH and cortisol may have pleiotropic
effects on physiological processes beyond adrenal output that may have implications
for metabolic health.

The HPA-axis can be modified by several factors, including age, sex, BMI, social
economic status, chronic iliness, psychiatric disorders and sleep disruption(30, 31).
Some studies have observed increased cortisol levels in aged compared to young
participants(32-34) or in cortisol production rate(35), others found a potential
age-dependent decline in total 24-h cortisol secretion(36) or no significant relationship
between age and various measures of cortisol secretion(37-39). No differences
between young and aged participants were found in single ACTH levels during day
and night(38) or in 24-h secretion rate(40), while one study found only in women
age-related higher ACTH(41). The two other important determinants of the HPA-axis
are BMI and sex. Higher BMI leads to amplified ACTH and cortisol secretion, the latter
without increased serum levels(35, 40, 42), while the influence of sex on the HPA-axis
is less clear. One study found higher cortisol secretion in men(43), in other studies,
women above 50 yr had higher cortisol levels than men(32). Twenty-four hour
secretion rate decreased by age in men, but increased in women(44), while no sex
difference was found in two other studies(35, 45). On the other hand, ACTH secretion
is higher in men than women(40, 45). In the present study, in which the two groups
were comparable with respect to mean BMI, age and sex distribution, no differences
in mean 24-h hormone levels were found, except for a slightly higher basal (but not
total) ACTH secretion in male offspring. Thus, our hypothesis that longevity is
associated with lower cortisol secretion was not confirmed in this study. The findings
that there were no differences in cortisol secretion and mean cortisol levels were not
in agreement with previous data of this cohort, where a slightly lower area under the
curve (AUC) of morning and evening saliva cortisol was found in 149 offspring
compared to 154 controls(14). This contradictory result may be caused by differences
in the analytical methods (saliva versus intensive blood sampling), in data analysis
(AUC by four and two data points versus deconvolution-derived secretion rates
based on 144 blood samples in each individual), in setting (home-based versus
clinical setting), in the study sample size, or by differences in selection criteria on
health of the participants(14). Aging in the Brown Norway rat, who are long-living with
a50% survival beyond 2.5 year, is characterized by unchanged serum corticosterone
levels with amplified ACTH secretion(46). Long-lived Brown Norway rat(47) exhibit
distinct differences in HPA-axis activity and reactivity. These include a faster recovery
after restraint stress, larger adrenals that are less reactive to ACTH, higher efficiency
of glucocorticoid receptor, and an apparent insensitivity to adrenalectomy. These
later differences have been associated with genetic differences, amongst others in
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the mineralocorticoid receptor(48). The Wistar Kyoto (WKY) rat is characterized by
shorter life-span and hyper-reactivity to stressors(49). Thus inrats, genetic differences
in HPA-axis activity and reactivity have been associated with differences in lifespan.

The secretory regularity of ACTH in humans is age- and sex-independent(40),
but obesity amplifies ACTH secretion, which is accompanied by decreased pattern
regularity (increased ApEN)(50). Cortisol secretion during normal aging becomes
less regular, but not with obesity(40, 50). Pattern synchrony, both feedforward and
feedback, diminishes during aging(40). In the present study, a comparable feed-
forward drive on cortisol, feedback on ACTH (respectively no differences in ApEn
ACTH and Cortisol) and synchrony coupling between both hormone rhythms were
found in offspring and controls (cross-ApEn ACTH cortisol and cross-ApEn cortisol
ACTH). The finding of unchanged ACTH ApEn is also in line with previous research
where we demonstrated no differences in cortisol feedback sensitivity between
offspring enriched for longevity compared to controls, assessed by overnight
dexamethasone suppression test and salivary cortisol levels the next morning in a
home-based setting(14).

A new development in the HPA field is assessment of the endogenous
ACTH-cortisol dose-response relationship, using prevailing physiological ACTH
concentrations and resulting cortisol secretion rates(44). Obesity in women is
associated with decreased efficacy (maximal secretion) and sensitivity (slope),
together with increased ED, , fully explaining non-increased serum cortisol levels in
spite of increased plasma ACTH concentrations(24). Increasing age and BMI
diminishes sensitivity, while efficacy is increased in women, but decreased in men
during aging. These changes in dose-response relationship tend to increase cortisol
secretion in elderly women, in contrast to decreasing secretion in men, as found in
some studies(32, 44). In this study, no group and gender differences in efficacy or
sensitivity of the adrenal gland to ACTH were observed.

In this study we were not able to detect major differences in HPA-axis in human
enriched for familial longevity, although modest, sex-specific differences may exist
between groups that might be clinically relevant. The moderate differences that we
observed between groups have resulted in limited power to detect differences in
parameters of the HPA axis between groups in the relatively small sample sizes that
were available for the current study. The biggest difference observed between groups
was a higher mean 24h ACTH concentration in female offspring compared to female
controls. Given the observed mean (SD) 24h ACTH concentrations in female offspring
and female controls, a sufficiently powered study (with significance of 0.05 and
power of 80%) would have required double the sample size of the current study to
detect significant differences between groups, namely 20 female offspring and 20
female controls. The observed differences between groups for mean (SD) 24h
cortisol were even smaller and would thus have required even bigger sample sizes
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for sufficient power to detect significant differences between groups. Although the
small study sample is a limitation of this study, the differences in age of the parents
between offspring and controls is more than 12 years, which strongly suggests that
our recruitment strategy to enrich for familial longevity was successful. Moreover,
using the same sample size, we have been able to detect relatively large differences
between groups in parameters of the hypothalamic-pituitary-thyroid (HPT)-axis,
notably 60% higher mean 24-h concentrations of TSH(51). Differences in the HPT-axis
have been associated with longevity in animal models as well as in different human
cohorts(52). Future research should focus on disentangling differences between
groups in acute rise in cortisol level in response to acute psychological stressors and
physiological challenges.
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