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ABSTRACT 

Individuals enriched for familial longevity display a lower prevalence of age-related 
diseases, such as cardiovascular- and metabolic diseases. Since these diseases are 
associated with stress and increased cortisol levels, one of the underlying mechanisms 
that may contribute to healthy longevity might be a more adaptive response to stress. 
To investigate this, male middle-aged offspring from long-lived families (n=31) and 
male non-offspring (with no familial history of longevity) (n=26) were randomly 
allocated to the Trier Social Stress Test or a control condition in an experimental 
design. Physiological (cortisol, blood pressure, heart rate) and subjective responses 
were measured during the entire procedure. The results showed that Offspring had 
lower overall cortisol levels compared to Non-offspring regardless of condition, and 
lower absolute cortisol output (AUCg) during stress compared to Non-Offspring, 
while the increase (AUCi) did not differ between groups. In addition, systolic blood 
pressure in Offspring was lower compared to Non-offspring during the entire 
procedure. At baseline, Offspring had significantly lower systolic bloodpressure and 
reported less subjective stress than Non-offspring and showed a trend towards lower 
heart rate. Offspring from long-lived families might thus be less stressed prior to 
potentially stressful events and consequently show overall lower levels in physiological 
responses. Although attenuated physiological responding cannot be ruled out, lower 
starting points and a lower peak level in physiological responding when confronted 
with an actual stressor, might already limit damage due to stress over a lifetime. 
Lower physiological responding may also contribute to the lower prevalence of 
cardiovascular diseases and other stress-related diseases in healthy longevity.
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INTRODUCTION 

With the expansion of the aging population, the prevalence of all major age related 
diseases is increasing. Studies investigating individuals who have the propensity to 
reach old age in good health are important to disentangle mechanisms that lead to 
healthy human longevity. For instance, individuals from long-lived families display 
lower prevalence of age-related diseases, such as cardiovascular and metabolic 
diseases(1-4). Since cardiovascular diseases, diabetes mellitus, metabolic syndrome 
have been associated with stress and increased cortisol levels(5-9), one of the 
underlying mechanisms that may contribute to healthy human familial longevity might 
be a more adaptive stress response.
	 Evidence from animal and human aging studies suggest that activity of the 
hypothalamic-pituitary-adrenal (HPA) axis contributes to biological aging, for instance 
through elevated cortisol release(10). Aging has been associated with increased 
basal cortisol levels(11-13), and high basal cortisol levels have been associated with 
e.g., physical frailty, insulin resistance, high blood pressure, impaired memory, which 
are all hallmarks of aging(5, 14-17). Interestingly, middle-aged individuals from long- 
lived families show lower basal HPA-activity(18), lower circulating glucose levels(3), 
increased insulin sensitivity(19), a lower prevalence of cardiovascular disease(4), 
metabolic syndrome(2) and mortality(1) than individuals who are not “enriched for 
longevity”. Therefore, one of the underlying mechanism of healthy longevity may be 
an altered HPA-axis reactivity.
	 With regard to HPA-axis reactivity in aging, older individuals generally respond 
with an increased cortisol response to pharmacological challenge compared to young 
individuals(20). Studies using psychological challenges, such as the Trier Social 
Stress Test (TSST), showed that stress-induced cortisol elevations in aged individuals 
were higher than in young individuals(20, 21), especially in male participants(22-26). 
Aging thus appears to be related to an increased salivary cortisol response to social 
stress, particularly in aged males. 
	 Given that individuals enriched for familial longevity are thought to be biologically 
younger than age-matched peers(4), their physiological response to stress might be 
more reflective of that of younger individuals, with a lower cortisol response to stress. 
This lower stress responsiveness could be one of the underlying mechanisms of their 
healthy phenotype. To investigate this, we randomly allocated male offspring from 
long-lived families (“Offspring”), and males who did not meet our criteria for familial 
longevity (“Non-offspring”) to acute stress using the TSST or a non-stressful control 
condition in an experimental design. We hypothesized that offspring would respond 
with lower cortisol levels in response to social stress than their matched peers. As 
aging has been shown to be related to higher blood pressure (Bp) in response to 
challenges (e.g. cold water stress) than younger individuals(27, 28), we also expected 
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that offspring would respond with lower Bp to social stress than non-offspring. We 
had no clear expectation on the heart rate (HR) response to the TSST, given that 
findings on heart rate response to stress are contradictory(21, 23, 26-29).

METHODS

Participants
For the present study, 59 male volunteers who were eligible and willing to participate 
were included. Only males were included given the sex dependency of the cortisol 
response to stress in both the young(30, 31) and aged individuals, showing a 
significantly higher free salivary cortisol response to stress in aged men than in aged 
women (22-24). Participants were recruited via letters from the participant-pool of the 
Leiden Longevity Study (LLS). The LLS is a study consisting of 421 Caucasian 
families, enrolled between 2002 and 2006(1, 4). The LLS families comprise 
nonagenarians, their male or female offspring and the offspring’s partners. Criteria 
for familial longevity are that at least 2 long-lived siblings are still alive and meet the 
age criteria of ≥ 89 yrs for men and ≥ 91 yrs for women. Only male volunteers from the 
LLS were screened for inclusion, half of them were included because their parents 
met the above described criteria for familial longevity (Offspring), the other half 
consisted of males whose parents did not meet the criteria for familial longevity (male 
Non-offspring, who are partners of female Offspring). Besides being male, other 
inclusion criteria were: being middle-aged (55-77 years) and having a stable body 
mass index (BMI) between 19kg/m2<BMI<33kg/m2. The following exclusion criteria 
were used: the use of any hormone medication (including oral, nasal and inhalation 
corticosteroids) or having a current depression or other psychiatric disease 
influencing the HPA-axis as assessed with the MINI(32) and the Geriatric depression 
scale (GDS)(33). In addition, participants were excluded if their fasting plasma 
glucose was above 7 mmol/L, or if they had any significant chronic, renal, hepatic or 
endocrine disease, or if they used any medication known to influence lipolysis, thyroid 
function, glucose metabolism, GH/IGF-1 secretion or any other hormonal axis. Other 
exclusion criteria were smoking- and alcohol addiction, and extreme diet therapies. 
Based on the exclusion criteria, one male (Non-offspring) who scored > 11 points on 
the 30 items geriatric depression scale (GDS-30), indicating a mild depression was 
excluded. In addition, 1 participant (Offspring) was excluded for analysis due to 
abnormally high saliva cortisol levels (> 92 nmol/L). The final sample thus consisted 
of 57 male participants (31 Offspring and 26 Non-offspring). Upon inclusion, 
participants of each Group (Offspring vs Non-offspring) were randomly allocated to 
the Stress or Control condition in an experimental design. 
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Means and standard deviations (SDs) of subject characteristics of the study population 
are presented in Table 1. As we selected the Offspring group on the age of the parents, 
both the age of the mother and father were significantly higher in the Offspring group 
compared to the Non-Offspring (Age mother: F(1, 57) = 11.97, p = .001; Age father:  
F(1, 57) = 11.22, p = .001). There were no differences between groups or condition 
in age, BMI, prevalence of cardiovascular disease or hypertension. Only in the 
Offspring group beta blockers were used in combination with other anti-hypertensive 
medication, whereas the Non-offspring used different types of anti-hypertensive 
medication without additional beta blockers. Mean total scores on psychoneuroti-
cism (symptom checklist 90; SCL-90(34)) and trait anxiety (STAI(35)) were within the 
normal range according to norm scores for a healthy population.

Table 1  �Participant characteristics of Group (Offspring vs Non-offspring) by 
Condition (Control vs Stress)

Offspring Non-offspring

Control
(n=15)

Stress
(n=16)

Control
(n=15)

Stress
(n=11)

Age mother (yrs) 87.6 ± 11.2* 93.6 ± 4.7* 77.2 ± 17.8* 80.1 ±15.1*

Age father (yrs) 88.7 ± 11.0* 81.6 ± 19.5* 74.8 ± 9.1* 71.3 ±10*

Age (yrs) 67.1 ± 5.0 66.1 ± 8.3 67.1 ± 5.4 64.7 ± 3.3

BMI (kg/m2) 27.2 ± 4.0 26.6 ± 3.2 26.0 ± 3.1 25.9 ± 3.0

STAI trait 32.3 ± 5.9 28.8 ± 5.2 30.2  ± 6.3 28.8 ± 4.4

SCL-90 114.8 ± 12.2 109.4 ± 12 116.7 ±14.7 115.4 ±15.7

Cardiovascular 
disease (%)

2 (15) 1 (6.3) 3 (20) 1 (9.1)

Hypertension (%) 4 (26.7) a 3 (18.8) b 5 ( 33.3) c 2 (18.2)d

BMI = Body Mass Index; STAI-trait = Trait version of the State-trait anxiety inventory; SCL-90 = symptom 
checklist 90.
a. �1 offspring used a combination of AT2-antagonist, β-blocker and diuretic; 1 offspring used a 

combination of diuretics, a calcium channel blocker and an ACE-inhibitor; 1 offspring used an 
ACE-inhibitor; 1 Offspring used diuretics; 

b. �1 Offspring used a combination of β-blocker, ACE-inhibitor and diuretics, 2 Offspring used a 
combination of β-blocker and diuretic; 

c. �1 Non-offspring used a combination of diuretics and ACE-inhibitor, 1 used a combination of diuretic, 
calcium channel blocker and AT2-antagonist, 3 used an AT2-antagonist; 

d. �1 non-offspring used a combination of diuretics and ACE-inhibitor; 1 used an ACE-inhibitor.  
ACE-inhibitor = angiotensin-converting-enzyme inhibitor; AT2-antagonist= angiotensin 2 receptor antagonist;  
* = Offspring ≠ Non-offspring, p = .001
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	 The study was approved by the Medical Ethics Committee of the Leiden University 
Medical Centre and was performed according to the Helsinki declaration(36). All 
participants gave written informed consent before participation.

Stress-induction
To induce psychological stress the Trier Social Stress Test (TSST) was used(37). This 
is a widely used laboratory protocol that reliably stimulates biomarkers of stress, and 
consists of a 10-min speech preparation period in anticipation of a 5-minute free 
speech and a 5-min arithmetic task (counting backwards from 1033 to zero, in steps 
of 13) performed in front of a selection committee of three alleged experts in 
non-verbal signs of stress, a camera and band recorder. During the arithmetic task, 
one committee member responded to incorrect answers by saying out loud “incorrect, 
please start again from 1033”, while keeping up the participants performance by 
means of a clearly visible score sheet. 
	 In the control condition, participants used the same anticipation period of 10-min 
to prepare a speech about a book or movie of their own choice. Thereafter they had 
to speak out loud about this book or movie for 5 minutes followed by a 5 min period 
of arithmetics (counting backwards from 50 to zero at their own pace)(38). The 
presentation and arithmetics were performed in the same laboratory room as in the 
stress condition, but without an audience, camera or other recording devices. 

Physiological assessments
Salivary cortisol was assessed using Salivettes (Sarstedt, Nümbrecht, Germany). All 
saliva samples were immediately stored after the experiment at -20°C.
	 Systolic blood pressure (SBP, mmHg), diastolic blood pressure (DBP, mmHg) 
and heart rate (HR, bpm) were recorded using an automatic blood pressure monitor 
(OMRON, R5-I). BP and HR were measured in the same arm during the whole study 
period.

Subjective stress
Subjective stress was measured using a visual analogue scale (VAS) score during 
the whole study period at the same time points when the physiological measurements 
were taken. Participants were asked to rate their current level of stress on a scale from 
0 to 10, (“0” not stressed at all, to “10” highly stressed).

Procedure
Screening. Volunteers first underwent a standardized screening by telephone. 
Participants were asked about their present medication use and medical history, and 
the given information was then checked with data records obtained from the 
pharmacy and general practitioner (see Table 1 for medication use). Past and present 
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psychiatric symptoms were also assessed using a shortened version of the MINI 
international neuropsychiatric interview (MINI)(32). 
	 Experiment. All participants started the stress or control procedure at 08.00h, or 
at 09.15h. The timing of stress and control condition were balanced over participants, to 
reduce variation in morning cortisol levels due to differences in clock time as much as 
possible between groups. Participants were asked to refrain from taking medication, 
eating and drinking caffeine-, sugar- or alcohol-containing beverages starting at 
22.00h the evening before the experiment. After arrival, participants were seated in a 
quiet room where information was given about the study day and written informed 
consent was obtained. Next, each participant was brought to the dressing room to 
change into the obligatory hospital clothing. Subsequently the TSST protocol started 
with instructions (i.e., to prepare a presentation). Saliva samples were obtained at four 
times: immediately before TSST instructions (T0 “baseline”), after the preparation 
phase of the TSST (T1 “pre-speech”), at the end of the TSST (T2 “post-TSST”), and 
50 minutes later (T3 “post-experiment”). Between the last two samples, tasks were 
performed inside a MRI-scanner (to be published elsewhere). Blood pressure, heart 
rate and subjective stress were sampled at the four sample time points. After the final 
sample time point, participants were administered questionnaires and weight and height 
were measured using the same weighing scale and height meter for all participant. 
Thereafter participants continued with a protocol unrelated to the present experiment.

Chemical analysis
All saliva cortisol samples were assayed at Professor Kirschbaum`s laboratory (http://
biopsychologie.tu-dresde.de). Cortisol concentrations in saliva were measured using a 
commercially available chemiluminescence-immunoassay kit with high sensitivity (IBL, 
Hamburg, Germany). Inter-and intra-assay coefficients of variation were below 10%.

Data analysis
Raw cortisol levels, SBP, DBP and heart rate measurements were checked for outliers. 
Outliers were defined as values beyond 3 standard deviations (SD) below or above 
the mean and were replaced by the mean plus 3 SDs. Missing cortisol values, due to 
limited amount of saliva, were replaced by the mean per group (Stress vs Control). 
The dependent variables cortisol, BP, HR and subjective measurements of stress 
were analyzed using repeated measures (RM) ANOVAs, with Group (Offspring/
Non-offspring) and Condition (Stress/No-Stress) as between-subjects factors and 
Time (T0-T3) as within-subject factors and followed up by t-tests. Greenhouse-Geisser 
corrections were applied when appropriate. 
	 For analyses the Statistical Package for the Social Sciences program for Windows, 
version 20 (SPSS, Chicago, IL) was used. p < .05 was considered statistically 
significant.
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RESULTS

Cortisol 
A RM-ANOVA was performed with Group (Offspring vs. Non-offspring) and Condition 
(Control vs Stress) as between-subjects factors and Time (T0, T1, T2, T3) as 
within-subject factor, and cortisol levels as dependent variable. There was a significant 
effect of Time (F[2.25; 119.46] = 4.15, p = .02,  = 0.07), and Condition (F(1, 53) = 
5.93, p = .02,  = 0.101), with higher cortisol levels in the Stress condition (M ± SE: 
15.8 ± 1.0) compared to the Control condition (M ± SE: 12.4 ± 0.9), and a significant 
Condition by Time interaction (F(3, 159) = 4.06, p = .008,  = 0.07), showing that the 
stress manipulation was successful with no difference between Stress and Control  
at baseline (T0) (t55 = -0.13, p = .89) or after the preparation phase (T1) (t55 = -1.47,  
p = .15), and significantly higher cortisol levels in the Stress- than in the Control 
condition immediately after the TSST (T2) (t55 = 2.25, p = .03), and 50 minutes after 
the TSST (T3) (t55 = 2.31, p = .03) (see Figure 1). 
	 In addition, there was a significant between-subjects effect of Group (F[1, 53] = 
5.52, p =.02,  = 0.094), indicating that overall mean cortisol levels, regardless of 
Condition, were lower in Offspring (M ± SE: 12.5 ± 0.9) than in Non-offspring (M ± SE: 
15.7 ± 1.0) (see Figure 2A). There was no Group by Time interaction (F[3, 159] = 1.37, 

Figure 1  �Mean saliva cortisol levels and standard error in the Stress- and in the 
Control condition

 
Cortisol levels rise significantly in response to the Trier Social Stress Test in the stress condition compared 
to the control condition. *p ≤ .05
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p = .25), but there was a significant quadratic contrast of Group by Time (F[1, 53] = 
5.84, p = .019,  = 0.099. Follow-up t-tests showed that there was no difference 
between Offspring (M ± SE = 11.97 ± 0.77) and Non-Offspring (M ± SE = 13.81 ± 
0.93) at T0 (t55 =1,55, p = .13), a significantly lower mean cortisol in Offspring than in 
Non-Offspring (M ± SE, Offspring= 11.45 ±  0.77; Non-Offspring =15.34 ± 1.47) 
after the anticipation phase, T1 (t 38,18 = 2.35, p = .024, equal variances not assumed) 
and a trend towards lower cortisol levels at T2 in Offspring (M ± SE =13.52 ± 1.45) 
compared to Non-offspring (M ± SE =17.43 ± 1.73) (t 55 = 1.75, p = .086). Finally, 
there was no significant Group by Condition interaction (F(1, 53) = 2.46, p = .12, = 0.044) 
and no three-way interaction between Group, Condition and Time (F[3, 159] = 0.30, 
p = .83).
	 A univariate ANOVA with baseline cortisol level as dependent variable showed 
that cortisol levels at baseline were not significantly different between Groups (F[1, 
56] = 2.65, p  = .11) or Condition (F[1, 56] = 0.02, p = .89). There was also no Group 
by Condition interaction at baseline (F[1, 56] = 1.89, p = .18), which suggested that 
overall lower mean cortisol levels in the Offspring group were not indicative of 
pre-existing differences, but of lower responses to stress over time (see figure 3). We 
therefore additionally calculated the area under the curve with respect to the ground 
(AUCg) to assess the differences in total cortisol output between the groups, and the 
area under the curve with respect to increase (AUCi), to assess the differences in the 
rate of change(39). An ANOVA with Group as fixed factor and AUCg as dependent 
variable showed that under control conditions, AUCg did not differ between groups 
(F[1, 30] = 0.61, p = .44), nor did the AUCi differ between groups (F[1, 30] = 0.09, p 
= .76). In the stress condition, Offspring had a significantly smaller AUCg in 
comparison to the non-Offspring (F[1, 27] = 5.37, p =.029,  = 0.177), but there was 
no difference in AUCi (F[1, 27] = 0.86, p = .36).

Heart rate 
The RM-ANOVA with heart rate (HR) as dependent variable showed an effect of 
Condition at trend levels (F[1, 51] = 3.11, p = .08,  = 0.058), with slightly higher HR in 
the Stress condition (M ± SE: 67.9 ± 1.8) compared to the Control condition (M ± SE: 
63.7 ± 1.6), no effect of Time, F(3, 153) = 1.93, p  = .13, but a significant Condition 
by Time interaction (F[3, 153] = 10.11, p < .0005,  = 0.165). Follow-up t-tests showed 
that at baseline (T0) (t54 = -1.11, p = .91), and at T1 (t42.8 = 0.71, p = .48), there were 
no differences between the groups. Directly after stress (T2) participants in the Stress 
condition had significantly higher HR compared to the Control condition (t37.6 = 2.42, 
p = .02) , and no differences 50 minutes after the TSST (T3) (t53 = 0.79, p = .43). Only 
right after the TSST (T2), HR was significantly higher in the Stress condition (M ± SE: 
69.3 ± 2.6) compared to the Control condition (M ± SE: 62.1 ± 1.4, t37,6 = 2.42,  
p = .02). There was a significant between-subjects effect of Group F(1, 51) = 4.58,  
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p = .037,  = 0.082, with lower overall HR in Offspring (M ± SE: 63.3 ± 1.6) compared 
to the Non-offspring (M ± SE: 68.3 ± 1.8). There was no significant Group by Time 
interaction (F[3, 153] = 0.93, p = .43), no Group by Condition interaction F(1, 51) = 
0.72, p = .40 and no significant three-way interaction between Group, Condition and 
Time F(3, 153) = 1.02, p = .39.
	 Univariate ANOVÁ s showed that HR at baseline was lower in the Offspring group  
(M ± SE: 62.3 ± 1.6) compared to the Non-offspring group (M ± SE: 67.8 ± 1.8) (F[1, 
56] = 4.75, p = .034,  = 0.081), but there were no other pre-stress differences in HR 
(Condition: (F[1, 56] = 0.012, p = .91; Group by Condition: (F[1, 56] = 1.06, p = .31,  
= 0.020). 

Blood pressure
Systolic blood pressure (SBP). The RM ANOVA with SBP as dependent variable 
showed a significant between-subjects effect of Condition F(1, 51) = 7.52, p = .008,  
= 0.128, with higher mean SBP in the stress condition (M ± SE: 162 ± 2.8) compared 

Figure 2  �Overall mean physiological responses of Group (Offspring vs Non-off-
spring) by Condition (Control vs Stress)

Mean cortisol, heart rate and systolic blood pressure are significantly lower in Offspring compared to 
Non-offspring during the experiment regardless of stress or control condition.
A. Cortisol; B. Heart rate; C. Systolic blood pressure; D. Diastolic blood pressure.
Error bars represent the standard error of the mean.
* = Significant difference between Offspring and Non-offspring: cortisol (p =.02), heart rate (p = .037) and 
systolic blood pressure (p = .03).
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to the control condition (M ± SE: 152 ± 2.5). We found a significant effect of Time, 
F(2.38; 121.46) = 3.27, p = .03,  = 0.06, and a significant Condition by Time interaction 
F(3, 153) = 7.92, p < .0005,  = 0.134. Follow-up t-tests showed no difference between 
Stress and Control condition, before the start of the TSST, at baseline (T0) (t54 = 0.63, 
p =.53) and at T1 (t42.1 = 1.43, p =.16), while right after the TSST (T2), SBP was 
significantly higher in the Stress- compared to the Control condition (t54 = 4.13, p < 
.0005), a difference that had disappeared 50 minutes after TSST (t39.7 = 0.64, p =.52). 
	 There was a significant between-subjects effect of Group F(1, 51) = 4.72, p = .03, = 
0.085 with lower mean SBP in Offspring (M ± SE: 153 ± 2.5) compared to 
Non-offspring (M ± SE: 161 ± 2.9). There was no significant Group by Time interaction 
F(3, 153) = 0.81, p = .49, and no significant three-way interaction between Group, 
Condition and Time (F[3, 153] = 0.85, p = .47). There was, however, a significant 
Group by Condition interaction F(1, 51) = 12.18, p = .001,  = 0.193. Follow-up t-tests 
showed that during the Control condition Offspring and Non-offspring did not differ 
in SBP (t28 = 1.10, p = .28), whereas in the stress condition Non-Offspring had 
significantly higher mean SBP than Offspring (t24 = -3.60, p = .001) (see Figure 3C). 
However, although SBP at baseline did not differ between Offspring (M ± SE: 153.6 
± 3.3) and Non-offspring (M ± SE: 160.1 ± 3.7, F[1, 56] = 1.71, p = .20), and also not 
between Control (M ± SE: 155 ± 3.4) and Stress condition (M ± SE: 158 ± 3.7) (F(1, 
56) = 0.40, p = .53), an interaction of Condition by Group showed that the 
Non-Offspring in the stress condition already had higher SBP at baseline (F[1, 56] = 
4.59, p = .037,  = 0.081). To check whether the significant RM ANOVA Condition by 
Group interaction was driven by pre-stress baseline differences, we calculated 
difference scores by subtracting baseline (T0) mean from T1, T2 and T3. A RM ANOVA 
performed with these new variables showed that the Condition by Group interaction 
was not significant when taking these baseline differences into account (F[1, 51] = 
1.15, p = .29).
	 Diastolic blood pressure (DBP). The RM ANOVA with DBP as dependent variable 
showed a significant between-subjects effect of Condition F(1, 51) = 8.27, p = .006,  
= 0.140, with higher mean DBP in the stress condition (M ± SE: 96.8 ± 1.7) compared 
to the control condition (M ± SE: 90.3 ± 1.5), but no significant within-subjects effect 
of Time (F[3, 153] = 1.08, p = .36) and a trend for a Condition by Time interaction 
(F[3, 153] = 2.53, p = .06).  
	 There was no significant between-subjects effect of Group F(1, 51) = 1.71, p = .20,  
no Group by Time interaction F(3, 153) = 1.06, p = .37, and no three-way interaction 
between Group, Condition and Time F(3, 153) = 0.28, p = .84. However, there was a 
significant Group by Condition interaction F(1, 51) = 7.48, p = .009,  = 0.128, showing 
a similar pattern to SBP (see Figure 3D), with significantly higher mean DBP in the 
Stress condition in the Non-offspring compared to the Offspring (t24 = -2.90, p = 
.008), and no differences between Offspring and Non-offspring in the Control 
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condition (t28 =1.08, p = .29). However, again, to check whether baseline differences 
were not driving this interaction, we ran a univariate ANOVA on the baseline means. 
DBP at baseline did not differ between Offspring (M ± SE: 92.7 ± 1.56) and 
Non-offspring (M ± SE: 93.6 ± 1.77, F(1, 56) = 0.15, p =.69), and also not between 
Control (M ± SE: 91.4 ± 1.58) and Stress condition (M ± SE: 94.9 ± 1.75) (F[1, 56] = 
2.23, p = .14), but an interaction of Condition by Group showed that the Non-Offspring 
in the stress condition already had higher DBP at baseline (F[1, 56] = 4.60, p = .037,  
= 0.081). To investigate whether the overall Condition by Group interaction would still 
stand when baseline was taken into account, another RM ANOVA was performed 
with difference scores, which showed that the interaction was not significant anymore 
(F[1, 51] = 0.69, p =.41). 

Subjective stress 
The RM ANOVA with VAS-scores of subjective stress as dependent variable showed 
a significant effect of Time (F[2.60; 132.38] = 10.96, p < .0005,  = 0.177), a significant 
between-subjects effect of Condition F(1, 51) = 4.00, p = .05,  = 0.073, with higher 
VAS score in the Stress condition (M ± SE: 3.2 ± 0.3) compared to the Control 
condition (M ± SE: 2.3 ± 0.3), and a significant Condition by Time interaction F(3, 
153) = 7.43, p < .0005,  = 0.127. Follow-up t-tests showed that there was a significant 

Figure 3  �Mean cortisol levels on all time points in Offspring and Non-Offspring in 
the Control and Stress condition.
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rise in VAS-scores due to the TSST in the Stress condition. At baseline (T0) (t54 = -0.80,  
p = .43) and at T1 (t54 = 0.71, p = .48) mean VAS-scored did not differ between the 
Stress and Control condition, while mean VAS-scores right after the TSST (T2) (t54 = 3.13, 
p = .003) and 50 minutes after TSST (T3) (t53 = 2.4, p = .02) were significantly higher 
in the Stress condition than in the Control condition. There was no between-subjects 
effect of Group F(1, 51) = 0.92, p = .34, no Group by Time interaction F(3, 153) = 2.10, 
p =.10, no three-way interaction between Group, Condition and Time F(3, 153) = 
0.34, p =.80, and no Group by Condition interaction F(1, 51) = 0.52, p = .48 
	 A univariate ANOVA showed that Offspring (M ± SE: 1.6 ± 0.3) initially had lower 
VAS-scores at baseline than Non-offspring (M ± SE: 2.8 ± 0.3) (F[1, 56] = 7.39,  
p = .009, = 0.124), but there were no differences between groups at all other time 
points in VAS assessments (see supplementary Table 1 for means and SDs at all time 
points).

Analyses without beta blocker users 
Although the participants were fasted from 22h the day before and did not take their 
standard medication the morning of the experiment, the lower baseline HR in the 
Offspring might have been caused by beta blocker users (3 Offspring in the Stress- 
and 1 Offspring in the Control condition). Beta blockers are known to interfere with the 
sympathetic nervous system and the HPA-axis stress response, by decreasing 
adrenergic indices such as HR and Bp, and increasing cortisol levels(40-42). When 
the analyses were rerun without the 4 beta blocker users, the Group difference in  
HR at baseline was only a trend (F(1, 52) = 3.43, p = .07) and the RM ANOVA 
between-subjects effect of Group was not significant anymore (F[1, 47] = 2.58,  
p = .12). Exclusion of the beta blocker users, however, did not significantly change 
the results on cortisol or Bp (see Supplementary material for the analyses without the 
4 beta blocker users).

DISCUSSION

Because physiological responses to stress, in particular increases in cortisol and 
blood pressure, have shown to increase with age(20-23, 27, 28), it was hypothesized 
that individuals who come from long-lived families would display attenuated 
physiological responses to stress compared to individuals who do not come from 
long-lived families. To investigate this, we exposed middle-aged males from long-lived 
families (“offspring”) and age-matched controls (“non-offspring”) to acute social 
stress using the TSST or a non-stressful condition. The stress manipulation increased 
cortisol, heart rate (HR), blood pressure (Bp) and subjective stress. However, during 
the entire procedure offspring had lower cortisol levels and systolic blood pressure 
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compared to non-offspring. Although the relative cortisol increase between groups 
did not differ, offspring had smaller absolute overall cortisol output in response to 
stress compared to non-offspring, specifically during stress anticipation. 
	 Finding lower overall cortisol levels in offspring is consistent with earlier studies 
showing a tendency towards lower cortisol levels in offspring from long-lived families 
in the cortisol awakening response and in evening cortisol levels(18). In times of 
stress, cortisol levels may increase at the same rate in offspring as in non-offspring, 
however, the net result would be a lower lifetime exposure to cortisol. Given the strong 
associations between, for instance, cortisol exposure and declining cognitive 
function(43, 44), one of the consequences of lower exposure to cortisol could be a 
better maintained cognitive function, as was previously found in middle-aged 
offspring(45). It may be too soon, however, to conclude that offspring do not respond 
with attenuated cortisol to stress. First, baseline cortisol levels in offspring were not 
significantly lower than those of the non-offspring before stress was induced, 
although they were slightly lower on a descriptive level. This suggests that the overall 
lower cortisol levels in offspring were not specifically due to pre-existing lower cortisol 
levels, but - at least partly - a consequence of a smaller cortisol response to stress. 
Indeed, the area under the curve with respect to the ground showed significantly 
smaller absolute cortisol output in offspring only during stress, but not during the 
control condition. Because the magnitude, or relative rise, in stress-induced cortisol 
levels did not differ significantly between offspring and non-offspring, our results 
point at the importance of subtle – non-significant- baseline differences in cortisol 
level. Furthermore, individual differences may have prevented finding a robust 
attenuated cortisol response to stress in offspring, as some individuals within this 
group did respond with high cortisol to stress. As longevity is an inheritable phenotype, 
not every offspring from long-lived siblings may be enriched with familial longevity. 
Finally, the effect size of the interaction was between small and medium, which, 
together with our small sample size, indicates that the chance of a Type 2 error is not 
negligible. In sum, on the basis of the current results we cannot exclude the possibility 
that offspring actually do have an attenuated cortisol response to stress.
	 Similar to cortisol, systolic Bp (but not diastolic Bp) was lower in offspring than in 
non-offspring throughout the entire procedure, also when taking beta blocker use 
into account. Although Bp appeared to be specifically attenuated due to stress in the 
offspring, this was not the case. Regretfully, the non-offspring in the stress condition 
already had significantly higher Bp compared to all others, regardless of group or 
condition, before the stress procedure had even started. This was despite random 
allocation, and despite the fact that both experimenters and stress committee were 
blind to the offspring or non-offspring status of the participants. Still, an overall lower 
Bp, with a standard rise due to stress, would consistently lead to less pressure on the 
arteries compared to individuals with higher overall Bp. A Bp response with lower 
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peaks to life’s stressors reduces atherosclerotic risk factors and might thus be an 
important protective factor with regard to the development of cardiovascular 
disease(46-49). Whether offspring actually has an attenuated response to stress, 
apart from a lower general baseline, should be studied in preferably a larger group 
than used in the present study to minimize unfortunate Bp distributions.
	 HR was also lower in offspring during the entire procedure compared to 
non-offspring, and the relative HR increase in response to stress did not appear to be 
attenuated. We, however, did not have a clear hypothesis on HR response after 
psychological stress, due to the inconsistent and limited amount of literature in 
relation to ageing(21, 23, 29), and when taking beta blocker use into account, this 
effect was abolished. Still, baseline heart rate tended to be lower in offspring. As 
lower HR at rest is associated with longer lifespan across all species(50), lower HR in 
offspring may be a reflection of their longevity phenotype, however, this should be 
investigated in a larger sample. 
	 With regard to subjective stress, offspring were significantly more relaxed than 
non-offspring in the run-up to participating in the experiment but as apprehensive as 
non-offspring during the stress experiment itself. In addition, offspring responded 
with lower cortisol than non-offspring, specifically after the anticipation phase of the 
procedure. Maybe offspring from long-lived families have less anticipatory stress, 
subjectively and physiologically, prior to stressful events because they worry less. 
Worry in anticipation of what might be stressful in the near future and ruminations 
prior to actual stressful events are related to enhanced activation of cardiovascular, 
immune, endocrine and neurovisceral systems(51), which might contribute to 
diseases related to these systems(52). 
	 A limitation of this study is the family-based study recruitment strategy. Although 
we selected both groups on the age of the parents, the non-offspring may also 
become long-lived, whereas the offspring group may very well consist of some 
individuals who will not live up to a high age. This might explain the individual 
differences in responses, such as a few offspring with a high cortisol response to 
stress or non-offspring with low cortisol response to stress. Another limitation of this 
study was the medication use of the aged participants, although these are commonly 
prescribed in this age category. Apart from beta blockers, that were used by 4 
offspring, the use of anti-hypertensive medication was comparable between groups. 
All participants were fasted from 22h the day before and thus did not take their 
standard medication the evening before, and morning of the experiment. Another 
limitation was our small sample size. Given the small to medium effect sizes, this 
study was probably underpowered. Finally, this study cannot be generalized to 
females and conclusions are thus limited to males. 
	 In sum, male offspring from long-lived families compared to male non-offspring 
feel less stressed before encountering a potentially stressful situation, and have 
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overall lower cortisol and systolic Bp compared to non-offspring during the entire 
event, whether it was stressful or not. Consequently, offspring reach lower peak 
physiological levels than non-offspring regardless of the situation they find themselves 
in. Offspring might actually have an attenuated physiological response to stress, as 
we did find indications of reduced responding to stress, such as a lower total cortisol 
output. As psychological stress in daily life is common up to a high age, lower 
physiological output may delay the onset of cardiovascular disease, and cognitive 
deterioration, and might therefore contribute to a healthy long-living phenotype.



143

PHYSIOLOGICAL RESPONDING TO STRESS IN FAMILIAL LONGEVITY

8

REFERENCES

1.	 Schoenmaker M, de Craen AJ, de Meijer PH, Beekman M, Blauw GJ, Slagboom PE, and 
Westendorp RG. Evidence of genetic enrichment for exceptional survival using a family approach: the 
Leiden Longevity Study. Eur J Hum Genet. 2006;14(1):79-84.

2.	 Rozing MP, Westendorp RG, de Craen AJ, Frolich M, de Goeij MC, Heijmans BT, Beekman M, 
Wijsman CA, Mooijaart SP, Blauw GJ, Slagboom PE, van Heemst D, and Leiden Longevity Study 
G. Favorable glucose tolerance and lower prevalence of metabolic syndrome in offspring without 
diabetes mellitus of nonagenarian siblings: the Leiden longevity study. J Am Geriatr Soc. 2010;58(3):564-9.

3.	 Rozing MP, Westendorp RG, Frolich M, de Craen AJ, Beekman M, Heijmans BT, Mooijaart SP, 
Blauw GJ, Slagboom PE, van Heemst D, and Leiden Longevity Study G. Human insulin/IGF-1 and 
familial longevity at middle age. Aging (Albany NY). 2009;1(8):714-22.

4.	 Westendorp RG, van Heemst D, Rozing MP, Frolich M, Mooijaart SP, Blauw GJ, Beekman M, 
Heijmans BT, de Craen AJ, Slagboom PE, and Leiden Longevity Study G. Nonagenarian siblings 
and their offspring display lower risk of mortality and morbidity than sporadic nonagenarians: The Leiden 
Longevity Study. J Am Geriatr Soc. 2009;57(9):1634-7.

5.	 Wallerius S, Rosmond R, Ljung T, Holm G, and Bjorntorp P. Rise in morning saliva cortisol is 
associated with abdominal obesity in men: a preliminary report. J Endocrinol Invest. 2003;26(7):616-9.

6.	 Seeman T, Epel E, Gruenewald T, Karlamangla A, and McEwen BS. Socio-economic differentials in 
peripheral biology: cumulative allostatic load. Ann N Y Acad Sci. 2010;1186(223-39.

7.	 Champaneri S, Xu X, Carnethon MR, Bertoni AG, Seeman T, Diez Roux A, and Golden SH. Diurnal 
salivary cortisol and urinary catecholamines are associated with diabetes mellitus: the Multi-Ethnic Study 
of Atherosclerosis. Metabolism. 2012;61(7):986-95.

8.	 Cohen S, Janicki-Deverts D, and Miller GE. Psychological stress and disease. JAMA. 2007;298(14): 
1685-7.

9.	 Rosmond R. Role of stress in the pathogenesis of the metabolic syndrome. Psychoneuroendocrinology. 
2005;30(1):1-10.

10.	 Aguilera G. HPA axis responsiveness to stress: implications for healthy aging. Exp Gerontol. 2011;46(2-3): 
90-5.

11.	 Van Cauter E, Leproult R, and Kupfer DJ. Effects of gender and age on the levels and circadian 
rhythmicity of plasma cortisol. J Clin Endocrinol Metab. 1996;81(7):2468-73.

12.	 Nater UM, Hoppmann CA, and Scott SB. Diurnal profiles of salivary cortisol and alpha-amylase 
change across the adult lifespan: evidence from repeated daily life assessments. Psychoneuroendocri-
nology. 2013;38(12):3167-71.

13.	 Deuschle M, Gotthardt U, Schweiger U, Weber B, Korner A, Schmider J, Standhardt H, Lammers 
CH, and Heuser I. With aging in humans the activity of the hypothalamus-pituitary-adrenal system 
increases and its diurnal amplitude flattens. Life Sci. 1997;61(22):2239-46.

14.	 Lupien SJ, de Leon M, de Santi S, Convit A, Tarshish C, Nair NP, Thakur M, McEwen BS, Hauger 
RL, and Meaney MJ. Cortisol levels during human aging predict hippocampal atrophy and memory 
deficits. Nat Neurosci. 1998;1(1):69-73.

15.	 Kumari M, Badrick E, Sacker A, Kirschbaum C, Marmot M, and Chandola T. Identifying patterns in 
cortisol secretion in an older population. Findings from the Whitehall II study. Psychoneuroendocrinolo-
gy. 2010;35(7):1091-9.

16.	 Chrousos GP. The role of stress and the hypothalamic-pituitary-adrenal axis in the pathogenesis of the 
metabolic syndrome: neuro-endocrine and target tissue-related causes. Int J Obes Relat Metab Disord. 
2000;24 Suppl 2(S50-5.

17.	 Parker KJ, Schatzberg AF, and Lyons DM. Neuroendocrine aspects of hypercortisolism in major 
depression. Horm Behav. 2003;43(1):60-6.

18.	 Noordam R, Jansen SW, Akintola AA, Oei NY, Maier AB, Pijl H, Slagboom PE, Westendorp RG, van 
der Grond J, de Craen AJ, van Heemst D, and Leiden Longevity Study g. Familial longevity is 
marked by lower diurnal salivary cortisol levels: the Leiden Longevity Study. PLoS One. 2012;7(2):e31166.



144

CHAPTER 8

19.	 Wijsman CA, Rozing MP, Streefland TC, le Cessie S, Mooijaart SP, Slagboom PE, Westendorp RG, 
Pijl H, van Heemst D, and Leiden Longevity Study g. Familial longevity is marked by enhanced insulin 
sensitivity. Aging Cell. 2011;10(1):114-21.

20.	 Otte C, Hart S, Neylan TC, Marmar CR, Yaffe K, and Mohr DC. A meta-analysis of cortisol response 
to challenge in human aging: importance of gender. Psychoneuroendocrinology. 2005;30(1):80-91.

21.	 Almela M, Hidalgo V, Villada C, van der Meij L, Espin L, Gomez-Amor J, and Salvador A. Salivary 
alpha-amylase response to acute psychosocial stress: the impact of age. Biol Psychol. 2011;87(3):421-9.

22.	 Kudielka BM, Buske-Kirschbaum A, Hellhammer DH, and Kirschbaum C. HPA axis responses to 
laboratory psychosocial stress in healthy elderly adults, younger adults, and children: impact of age and 
gender. Psychoneuroendocrinology. 2004;29(1):83-98.

23.	 Strahler J, Mueller A, Rosenloecher F, Kirschbaum C, and Rohleder N. Salivary alpha-amylase 
stress reactivity across different age groups. Psychophysiology. 2010;47(3):587-95.

24.	 Hidalgo V, Almela M, Villada C, and Salvador A. Acute stress impairs recall after interference in older 
people, but not in young people. Horm Behav. 2014;65(3):264-72.

25.	 Rohleder N, Kudielka BM, Hellhammer DH, Wolf JM, and Kirschbaum C. Age and sex steroid-relat-
ed changes in glucocorticoid sensitivity of pro-inflammatory cytokine production after psychosocial 
stress. J Neuroimmunol. 2002;126(1-2):69-77.

26.	 Kudielka BM, Schmidt-Reinwald AK, Hellhammer DH, Schurmeyer T, and Kirschbaum C. 
Psychosocial stress and HPA functioning: no evidence for a reduced resilience in healthy elderly men. 
Stress. 2000;3(3):229-40.

27.	 Hess KL, Wilson TE, Sauder CL, Gao Z, Ray CA, and Monahan KD. Aging affects the cardiovascular 
responses to cold stress in humans. J Appl Physiol (1985). 2009;107(4):1076-82.

28.	 Uchino BN, Birmingham W, and Berg CA. Are older adults less or more physiologically reactive? A 
meta-analysis of age-related differences in cardiovascular reactivity to laboratory tasks. J Gerontol B 
Psychol Sci Soc Sci. 2010;65B(2):154-62.

29.	 Kudielka BM, Buske-Kirschbaum A, Hellhammer DH, and Kirschbaum C. Differential heart rate 
reactivity and recovery after psychosocial stress (TSST) in healthy children, younger adults, and elderly 
adults: the impact of age and gender. Int J Behav Med. 2004;11(2):116-21.

30.	 Kudielka BM, Hellhammer J, Hellhammer DH, Wolf OT, Pirke KM, Varadi E, Pilz J, and Kirschbaum 
C. Sex differences in endocrine and psychological responses to psychosocial stress in healthy elderly 
subjects and the impact of a 2-week dehydroepiandrosterone treatment. J Clin Endocrinol Metab. 
1998;83(5):1756-61.

31.	 Kirschbaum C, Kudielka BM, Gaab J, Schommer NC, and Hellhammer DH. Impact of gender, 
menstrual cycle phase, and oral contraceptives on the activity of the hypothalamus-pituitary-adrenal 
axis. Psychosom Med. 1999;61(2):154-62.

32.	 Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E, Hergueta T, Baker R, and 
Dunbar GC. The Mini-International Neuropsychiatric Interview (M.I.N.I.): the development and validation 
of a structured diagnostic psychiatric interview for DSM-IV and ICD-10. J Clin Psychiatry. 1998;59 Suppl 
20(22-33;quiz 4-57.

33.	 Yesavage JA, Brink TL, Rose TL, Lum O, Huang V, Adey M, and Leirer VO. Development and 
validation of a geriatric depression screening scale: a preliminary report. J Psychiatr Res. 1982;17(1):37-49.

34.	 W. A. Arrindell JHME. SCL-90. Handleiding bij Multidimensionele Psychopathologie-Indicator. Lisse: Swets & 
Zeitlinger B.V. ; 1986.

35.	 Spielberger CD. Manual for the State-Trait Anxiety Inventory (STAI). Palo Alto, CA: Consulting Psychologists; 
1983.

36.	 Helsinki Do. 52nd WMA General Assembly. Declaration of Helsinki: Edinburgh, UK. 2000.
37.	 Kirschbaum C, Pirke KM, and Hellhammer DH. The ‘Trier Social Stress Test’--a tool for investigating 

psychobiological stress responses in a laboratory setting. Neuropsychobiology. 1993;28(1-2):76-81.
38.	 Het S, Rohleder N, Schoofs D, Kirschbaum C, and Wolf OT. Neuroendocrine and psychometric 

evaluation of a placebo version of the ‘Trier Social Stress Test’. Psychoneuroendocrinology. 2009;34(7): 
1075-86.



145

PHYSIOLOGICAL RESPONDING TO STRESS IN FAMILIAL LONGEVITY

8

39.	 Pruessner JC, Kirschbaum C, Meinlschmid G, and Hellhammer DH. Two formulas for computation 
of the area under the curve represent measures of total hormone concentration versus time-dependent 
change. Psychoneuroendocrinology. 2003;28(7):916-31.

40.	 Maheu FS, Joober R, and Lupien SJ. Declarative memory after stress in humans: differential 
involvement of the beta-adrenergic and corticosteroid systems. J Clin Endocrinol Metab. 2005;90(3):1697-704.

41.	 Simeckova M, Jansky L, Lesna II, Vybiral S, and Sramek P. Role of beta adrenoceptors in metabolic 
and cardiovascular responses of cold exposed humans. J Therm Biol. 2000;25(6):437-42.

42.	 Oei NY, Tollenaar MS, Elzinga BM, and Spinhoven P. Propranolol reduces emotional distraction in 
working memory: a partial mediating role of propranolol-induced cortisol increases? Neurobiol Learn 
Mem. 2010;93(3):388-95.

43.	 Lupien S, Lecours AR, Lussier I, Schwartz G, Nair NP, and Meaney MJ. Basal cortisol levels and 
cognitive deficits in human aging. J Neurosci. 1994;14(5 Pt 1):2893-903.

44.	 Lupien SJ, Nair NP, Briere S, Maheu F, Tu MT, Lemay M, McEwen BS, and Meaney MJ. Increased 
cortisol levels and impaired cognition in human aging: implication for depression and dementia in later 
life. Rev Neurosci. 1999;10(2):117-39.

45.	 Stijntjes M, de Craen AJ, van Heemst D, Meskers CG, van Buchem MA, Westendorp RG, Slagboom 
PE, and Maier AB. Familial longevity is marked by better cognitive performance at middle age: the 
Leiden Longevity Study. PLoS One. 2013;8(3):e57962.

46.	 Kaplan JR, Pettersson K, Manuck SB, and Olsson G. Role of sympathoadrenal medullary activation 
in the initiation and progression of atherosclerosis. Circulation. 1991;84(6 Suppl):VI23-32.

47.	 McEwen BS, and Tucker P. Critical biological pathways for chronic psychosocial stress and research 
opportunities to advance the consideration of stress in chemical risk assessment. Am J Public Health. 
2011;101 Suppl 1(S131-9.

48.	 Everson SA, Lynch JW, Chesney MA, Kaplan GA, Goldberg DE, Shade SB, Cohen RD, Salonen R, 
and Salonen JT. Interaction of workplace demands and cardiovascular reactivity in progression of 
carotid atherosclerosis: population based study. BMJ. 1997;314(7080):553-8.

49.	 Steptoe A, and Kivimaki M. Stress and cardiovascular disease: an update on current knowledge. Annu 
Rev Public Health. 2013;34(337-54.

50.	 Levine HJ. Rest heart rate and life expectancy. J Am Coll Cardiol. 1997;30(4):1104-6.
51.	 Brosschot JF, Gerin W, and Thayer JF. The perseverative cognition hypothesis: a review of worry, 

prolonged stress-related physiological activation, and health. J Psychosom Res. 2006;60(2):113-24.
52.	 Thomsen DK, Mehlsen MY, Hokland M, Viidik A, Olesen F, Avlund K, Munk K, and Zachariae R. 

Negative thoughts and health: associations among rumination, immunity, and health care utilization in a 
young and elderly sample. Psychosom Med. 2004;66(3):363-71.




