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Abstract

Background—Given the established relation between testosterone and aging in older adults, we

tested whether buccal telomere length (TL), an established cellular biomarker of aging, was

associated with testosterone levels in youth.

Methods—Children, mean age 10.2 years, were recruited from the greater New Orleans area and

salivary testosterone was measured during both an acute stressor and diurnally. Buccal TL was

measured using monochrome multiplex quantitative real-time PCR (MMQ-PCR). Testosterone

and telomere length data was available on 77 individuals. The association between buccal TL and

testosterone was tested using multivariate Generalized Estimating Equations (GEE) to account for

clustering of children within families.

Results—Greater peak testosterone levels (β=-0.87, p < 0.01) and slower recovery (β=-0.56, p <

0.01) and reactivity (β = -1.22, p < 0.01) following a social stressor were significantly associated

with shorter buccal TL after controlling for parental age at conception, child age, sex,

sociodemographic factors and puberty. No association was initially present between diurnal

measurements of testosterone or morning basal testosterone levels and buccal TL. Sex

significantly moderated the relation between testosterone reactivity and buccal TL.

Conclusions—The association between testosterone and buccal TL supports gonadal maturation

as a developmentally sensitive biomarker of aging within youth. As stress levels of testosterone

were significantly associated with buccal TL, these findings are consistent with the growing

literature linking stress exposure and accelerated maturation. The lack of association of diurnal

testosterone or morning basal levels with buccal TL bolsters the notion of a shared stress-related

maturational mechanism between cellular stress and the hypothalamic pituitary gonadal (HPG)

axis. These data provide novel evidence supporting the interaction of aging, physiologic stress and
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cellular processes as an underlying mechanism linking negative health outcomes and early life

stress.
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Introduction

“Getting older” is considered a negative process for adults. The link between advanced

aging and negative health outcomes is well established. A significant body of recent

research suggests that the divergence between chronological and biological aging may

underlie the negative health outcomes associated with early adversity and stress, thus

highlighting the need for greater examination of the underlying biological processes. More

recently, a downward extension of the aging process suggests that the biological trajectories

of accelerated aging are established during early developmental windows typically

characterized by greatest health, i.e. childhood. The ability to understand the aging process

from a life course perspective and measure the impact of stress on maturational processes is

critical as we seek to disentangle the factors contributing to accelerated aging early in

development when maturation likely has different implications and associations. As such the

impetus for this present study is to expand the number of biological indicators of aging with

applicability across the life course and explore the relationship among them. The long term

goal of this line of research is to inform novel intervention and prevention efforts directed at

ameliorating the negative effect of stress as early as possible in development.

Telomere length as a marker of aging across the life course

Telomere length (TL) is an established cellular marker of aging that is gaining validity as a

marker of stress and cumulative adversity [1, 2]. Shorter TL, in adults, is associated with a

range of aging-related negative health outcomes including cardiovascular disease, cancer,

cognitive decline, diabetes, and psychopathology [3, 4]. TL serves as a biological cellular

clock and figures prominently in cellular differentiation and senescence [5]. Factors that

trigger DNA damage such as toxins, oxidative stress, and radiation preferentially effect

telomeres thereby accelerating TL decline [6]. In youth, shorter TL has been associated with

early life adversity, socioeconomic levels, prenatal exposure to tobacco, and neighborhood

and community violence in multiple studies [2, 7-9].

Testosterone and Aging

Testosterone has historically been thought of as a masculinizing hormone that rises

(especially in boys) and triggers secondary sexual characteristics related to pubertal

maturation as well as behavioral changes more commonly seen after puberty. As a lipid-

soluble steroid hormone, testosterone easily crosses through cell membranes, travels into the

nucleus of the cell to directly alter gene expression, passes through the acinar cells and into

saliva via passive diffusion, and crosses the blood-brain-barrier to influence neural function

[10]. Receptors for testosterone are found throughout the brain, [11, 12] particularly within

limbic structures. Acute changes in tesosterone modifies an individual's responses to salient
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emotional stimuli involving largely fear [13], anger [14], and reward cues [11, 15],

suggesting that acute testosterone enhances an individual's reactivity, both physiologically

and behaviorally, to emotional and stressful stimuli within a brief time course. Most

previous studies have examined the impact of exogenously administered testosterone on

behavior and physiology to understand acute testosterone changes, yet this is challenging in

pediatric populations. Endogenous testosterone release can be triggered by exposure to

stressful challenges [16] such as the Trier Social Stress Test for Children (TSST-C) [17]

which takes advantage of testosterone's response to social evaluative threat to acutely alter

testosterone release within 20-60 min [13, 18]. To more closely capture maturational

processes, morning testosterone levels are often utilized as an index of basal testosterone

levels [19] as testosterone values are typically at their highest in the morning. In addition,

testosterone's diurnal change across the day is expected to capture the flexibility or change

in this axis from nadir to zenith and has been suggested to be a useful index of the range of

testosterone to which the child must adjust [20, 21] . While all of these measure the

hypothalamic pituitary gonadal axis (HPG), these measurements each capture unique aspects

of HPG development, including acute stress-responsivity, level of development, and

changing maturation processes [22]. All three are measured in the present study.

Testosterone, similar to TL, is also related to aging. For example, testosterone levels decline

in older adults, and testosterone replacement therapy has been thought to slow down the

aging process [23]. In youth, who represent the other end of the lifespan, elevated levels of

testosterone advance maturational processes [19, 24]. Puberty and testosterone are highly

correlated, especially within boys [20] and testosterone is responsible for many secondary

sexual characteristics [25, 26] including physical growth spurts [27]. Administration of

testosterone results in rapid physical growth and pubertal advancement in boys with delayed

puberty or constitutional growth delays [28, 29]. In adolescence, testosterone rise associated

with stress and competition is especially robust in box sexes, however sex differences in the

behavioral patterns associated with testosterone reactivity are notable [30]. Together, these

findings indicate that testosterone, similar to TL, is reflective of aging and maturational

processes across the life course. Concurrent exploration of both testosterone reactivity and

diurnal measurements is expected to provide novel insight into the links between stress,

aging, and gonadal maturation.

Linking testosterone and telomere length

Testosterone, similar to TL, is associated with a range of health problems [31], even within

young populations and indirect evidence of their association exists [20]. Studies have

demonstrated an association between testosterone and telomerase activity in spermatogonia

that develop adjacent to testosterone-producing leydig cells [32, 33]. Elevated levels of

reactive oxygen species and oxidative stress result in decreased testosterone and decreased

telomerase with subsequent decreased TL [34]. Oocyte TL shortening has also been related

to ovarian testosterone levels suggesting that the relationship between testosterone and TL

may be evident in both males and females [35]. One previous study in elderly males showed

an association between aging and both leukocyte TL and basal testosterone levels. However,

in this study testosterone basal levels were not directly associated with TL, suggesting that if

a direct relationship exists between TL and testosterone, testosterone stress reactivity may
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better capture this association [36]. No previous study, to our knowledge, has examined the

relation between TL and testosterone in youth.

Capitalizing on an existing cohort of children recruited from the greater New Orleans area,

the association between TL and testosterone reactivity during a social stressor, morning

basal levels, and diurnal testosterone measures were tested. We hypothesized that elevated

testosterone would be associated with shorter TL. However, to better refine our competing

hypotheses related to the potential association of testosterone and TL, we tested the

association of TL with three overarching testosterone indices in the same child: basal,

diurnal, and stress-reactive testosterone. Demonstration of an association between TL and

testosterone would increase the utility of both biomarkers and provide additional evidence

that the divergence of biological from chronological aging as a result of stress underlies the

lasting negative health outcomes associated with early adversity.

Methods

Subjects

Children, ages 5-15 years old, were recruited from the greater New Orleans area. Families

were recruited using street outreach techniques, including ethnographic mapping and

targeted sampling and through schools in these communities. Recruitment neighborhoods

were identified using the community identification process, a mapping method to record

epidemiological indicators of the prevalence and incidence of community violence and other

selected social and health conditions. Interested families contacted the research site to

schedule an appointment. Transportation was provided and families were compensated. This

study was approved by the Tulane University Institutional Review Board.

Data

Parental caregivers provided information about multiple levels of the child's social ecology

(i.e., household and neighborhood) using an interview-assisted computer survey

administered face-to-face at the research site (Questionnaire Development System, QDS,

Nova Research, Bethesda, MD). Oral responses were recorded by trained interviewers on

the computer. Buccal swabs were collected from the child for DNA analysis of telomere

length. BMI was measured at the research site.

Telomere length

DNA was collected using Isohelix SK1 buccal swabs (Cell Projects, Kent, UK) and

extracted using the QIAamp® DNA mini kit protocol (Qiagen, Valencia, CA, USA).

Concentration of extracted DNA was quantified with a Qubit dsDNA BR assay kit

(Invitrogen, Carlsbad, CA, USA), purity of the DNA was determined using a NanoDrop

1000® spectrophotometer (Thermo Fisher Scientific, Delaware, USA), and DNA integrity

was confirmed by gel electrophoresis. DNA was stored at -80°C. The average relative

buccal cell TL was determined from the telomere repeat copy number to single gene

(albumin) copy number (T/S) ratio using an adapted monochrome multiplex quantitative

real-time PCR (MMQ-PCR) and a BioRad CFX96 [37]. 10μl DNA sample, containing

~0.1-0.5ng of DNA, was combined with 15μl of PCR mixture, for a final volume of 25μl per
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reaction. The PCR reaction consisted of 0.75X Sybr Green I (Invitrogen, Carlsbad, CA,

USA), 1X Gene Amp Buffer II (Applied Biosystems, Foster City, CA, USA), 0.8mM

dNTPs, 10mM MgCl2, 3mM DTT, 1M Betaine, 2.5U AmpliTaq Gold polymerase (Applied

Biosystems, Foster City, CA, USA), 0.9μM telg primer

(ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT), 0.9μM telc primer

(TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA), 0.6μM albd2 primer

(GCGGGCCCGCGTGGCGGAGCGAGGCCGGAAAAGCATGGTCGCCTGT) and 0.6μM

albu2 primer

(GCCTCGCTCCGGGAGCGCCGCGCGGCCAAATGCTGCACAGAATCCTTG). The

reaction proceeded for 1 cycle at 95C for 15 minutes, 2 cycles at 94C for 15 seconds and

49C for 1 min, 4 cycles at 94C for 15 sec and 59C for 30 sec, followed by 19 cycles at 85C

for 15 seconds, and 73.5C for 30 sec, then 30 cycles at 94C for 15 sec and 84C for 30 sec.

All samples were performed in triplicate, with a 7-point standard curve (0.0313ng to 2ng)

using pooled control DNA. Triplicate plates were repeated with all samples in a different

well position. Thus, six replicates were available for each individual. PCR efficiency criteria

for telomere and albumin reactions were 90-110%. Coefficients of variations were

calculated within each triplicate (CV criteria ≤10%) and between plates (CV criteria ≤6%).

Samples with unacceptably high CVs (10% intra- and 6% inter-assay CV) were removed

from analysis or repeated (N=6), resulting in a final sample of 80 individuals with buccal

TL. Buccal TL ratio was determined by the average of the triplicates from both plates.

Children without buccal TL data did not differ significantly (p > 0.05) from children with

buccal TL data on study measures.

Trier Social Stressor for Children (TSST-C)

We administered the TSST-C thirty minutes after arrival at the research center with all

sessions beginning in the early afternoon (M=2:03 pm, SD=57min). The TSST-C is a

modified form of the adult version of the TSST specifically validated and designed for

children. A familiar experimenter took the child to a separate room. After a 5 min

preparation period, the child was led into a new room where unfamiliar confederates were

waiting (i.e., the committee). The child was told a 2-sentence introduction to a story and

then instructed to finish telling the story in as exciting a manner as possible in front of the

committee. The child was asked directly to try to perform better than all the other children

participating in the study, which is expected to induce testosterone reactivity through

competition. The child stood in front of a 2-person committee with a microphone and

obtrusive video cameras poised at them. The child was asked to finish the story in a free

speech for 5 minutes. Next the committee asked the children to serially subtract numbers

orally. For children younger than 12 they were asked to subtract the number 7 from 758,

while for youth older than 12 they were asked to subtract the number 13 from 1023. Again,

an important component for testosterone is that the child was asked to be as fast and

accurate as possible to be better than other children in the study to induce a competitive

emotion. On every failure, the committee interfered, stating “That is incorrect. Please start

from the beginning at (the number to initially subtract from, e.g. 758 or 1023).” Of the

sample 1 child refused the TSST-C entirely and was not included in the analysis. Two

children refused the narrative section of the story, however saliva samples were collected

and they were included in the analysis.

Drury et al. Page 5

Am J Med Sci. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Testosterone

Saliva was collected using passive drool [10]. For the acute testosterone measurement saliva

was collected a mean of 39 minutes after arrival to the research site, mean 23 minutes after

the TSST-C and mean of 85 minutes post TSST-C to capture stress reactivity and recovery.

Diurnal testosterone was collected across 2 days. Saliva was collected upon awakening

(mean 8:01am), 30-min later (mean 8:35am), in the early afternoon (mean 3:57pm) and at

bedtime (mean 8:17pm) to capture waking basal levels and the diurnal rhythm. With each

sample, a daily diary questionnaire filled out by the participant's caregiver measured time of

awakening, time of sample collection, and relevant control variables [10]. TSST-C samples

were frozen immediately; basal and diurnal samples were picked up at the home of the

participant the day after the samples were collected. Samples were stored in at -80°C freezer

for up to 1 month. Samples were delivered frozen by courier to the laboratory of Dr.

Elizabeth Shirtcliff. On the day of testing, saliva was thawed and centrifuged at 3,000 rpm

for 15 min. The clear top-phase was pipetted into appropriate test wells. Testosterone was

assayed using a commercially-available enzyme immunoassay specifically designed for use

with saliva (Salimetrics, PA). The test uses 25 μl of saliva (per singlet determination) and

has a minimum detection limit of 6.1 pg/mL. Average intra-and inter-assay coefficients of

variation (CVs) are 4.6 and 9.83%, respectively. All samples were tested in duplicate;

samples from the same subject will be assayed within the same run. Duplicate test values

that varied by more than 7% were repeat tested with reagents from the same lot.

To manage the inherent nesting of samples within participants (up to 12 testosterone scores

per youth), we utilized hierarchical linear modeling to capture basal levels and change

scores using a slopes-as-outcome approach. TSST-C acute reactivity was modeled

separately from the diurnal rhythm. Each testosterone score was the outcome. Testosterone

reactivity was captured using time (in minutes) until the individual achieved their peak

testosterone level after the stressor (B=.02, p=.029). Testosterone recovery was time (in

minutes) after the peak testosterone during which testosterone dropped (B=-.16, p=.002).

Consequently, the intercept captures the peak testosterone level achieved after the TSST-C

(B=3.45, p<.002). Empirical Bayes estimates were extracted which conservatively shrink

extreme scores to derive a “best estimate” of each youth's peak testosterone level, reactivity

and recovery score, all of which were examined as key exposures in the present analysis.

A similar approach was utilized for testosterone's diurnal rhythm. The decline in

testosterone level across the day was captured using time-since-waking (in minutes) as a

predictor of testosterone level (B =-.026, p<.001). Consequently, basal testosterone was

captured as testosterone level upon awakening (B =3.59, p<.001) when values are typically

highest during the day. Empirical Bayes estimates were extracted for basal testosterone level

and diurnal rhythm, similar to our other work [19].

Data Analysis

Buccal TL data was available on 80 children. Buccal TL and at either testosterone reactivity

or diurnal measurements of testosterone were available on 77 individual children (38 female,

39 males). Seven non-overlapping children did not have either testosterone reactivity or

diurnal measurements. Children with buccal TL but missing testosterone data in any of the
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measures did not significantly differ from children with both testosterone measurements.

Telomere length was adjusted for paternal and maternal age at conception and the child's

age, given the known association of these factors with TL.[38]

Analyses were performed using SAS version 9.3 (SAS, Cary, NC). Bivariate analyses

examined crude associations, including Pearson or Spearman correlations. Sixty-two percent

of enrolled families had one child participate (range 1-5). To account for correlation

between siblings or children living in the same household and ensure correlated data did not

inflate findings, generalized estimating equations (GEE) analyses were employed using an

unstructured correlation structure using PROC GENMOD. Three primary multivariate

analyses were conducted, including comparison of buccal TL across measurements of acute

testosterone levels crudely and controlling for potential confounders.

All analyses controlled for child sex, age, body mass index (BMI), maternal and paternal age

at conception, pubertal stage, race and maternal education as a marker of socioeconomic

status (SES). Race was self- reported and categorized as Black (91% of the sample) or Other

(7%). Maternal education was classified as less than high school, high school degree, some

college, and a college or associates degree or more. Pubertal status was determined by

parent and child report using the Pubertal Development Scale [39]. Discrepancies in parent

and child report were reconciled. To be developmentally appropriate, children less than 8

years of age were administered the PDS by parent-report only, consistent with standard

practice [40]. Our prior work has indicated that this measure is reliably linked with sex

hormones [19]. Child's age at DNA collection was calculated from their birthdate. Maternal

and paternal age at child's conception was determined from parent-report. Missing paternal

age (n=11) scores were replaced with mean imputation [41].

Results

Demographics

Demographic data and crude correlations with testosterone and buccal TL are presented in

Table 1. TL was not associated with age, sex, race, BMI, or maternal education However,

when controlling for puberty, TL was negatively associated with age (β = - 0.0458, z= -

2.32, p=0.02,). Child sex, race and maternal education were not significantly associated with

testosterone levels. However, age and puberty were significantly associated with

testosterone levels. Specifically, older age and more advanced puberty were both associated

with increased testosterone levels. BMI was correlated with acute testosterone levels but not

diurnal testosterone levels.

Acute testosterone

The final multivariate models for the acute measurements of testosterone are presented in

Table 2. Overall testosterone levels significantly increased during the TSST-C, and there

were no sex or age effects on testosterone. A significant association between buccal TL and

all three measures of acute testosterone responsivity was detected (Table 2). Specifically,

higher peak levels of testosterone, increased rise to peak, and flattened recovery slope after

the TSST-C were all significantly associated with shorter buccal TL. These effects persisted
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even after controlling for morning testosterone diurnal levels as a measure of adjusting for

individual differences in the basal testosterone levels. Across all models sex and pubertal

stage significantly added to the final model. Figure 1 presents the scatter plot of the

association between buccal TL and testosterone. The association between testosterone

recovery and buccal TL is presented in Figure 1 which depicts the inverse relation between

the 2 so that greater recovery or time needed to recover from the TSST-C was significantly

associated with lower buccal TL. [Table 2]/[Figure 1]

Diurnal testosterone

No direct association was found between buccal TL and diurnal measures of testosterone.

However, when examining the association between buccal TL and peak measurements of

awakening testosterone, a significant independent effect of morning testosterone levels was

found in only the male subjects.

Sex effects

The effects of sex on the models are presented in Table 3 and graphically in Figure 2a and

2b. Significant effect modification by sex was observed. Although only significant at p <

0.05 for testosterone recovery (Table 2), all other interaction terms had p values < 0.15 and

with the small sample size, likely a result of limited power as once stratified differences

were evident. In boys, when controlling for awakening testosterone levels, both acute and

diurnal testosterone levels were significant and independent predictors of buccal TL, with

the strongest effect observed for the stress response. No association between acute

testosterone or diurnal testosterone was observed in girls. Pubertal status was a significant

predictor of buccal TL in both boys and girls, with more advanced pubertal status associated

with decreased buccal TL. These effects are shown in Table 3 and Figure 2.

Discussion

These are the first findings, to our knowledge, to demonstrate an association between buccal

TL and testosterone levels. In youth a significant association was demonstrated between

higher peak testosterone levels and slower testosterone recovery during an acute social

stressor even after accounting for sex, age, parental age at conception, maternal highest

educational achievement, and puberty. Demonstrating that 2 distinct biological factors

impacted by stress, TL and testosterone, are related hints toward a shared mechanism though

which biological age may diverge from chronological age following early adversity. Given

the increasing evidence of testosterone's role in the aging process as well as in the sculpting

of the stress response systems, these findings offer data in support of a complex integrated

system that includes the HPG axis as part of the biological mechanisms linking accelerated

maturation and stress.

It is important to demonstrate that the process of aging spans across development, being

initiated long before “getting older” may be considered problematic. Individual differences

in age-related developmental biomarkers (both TL and testosterone) are apparent early,

while the individual may still be “growing up” or, perhaps more accurately, “growing up too

soon.” There is a wealth of literature demonstrating the challenges of early maturational
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events in childhood and adolescents [42, 43], such as limiting the flexibility of the child to

learn, play, and adapt to a wider range of environments [44]. Our findings diverge somewhat

from the interpretation of aging studies which emphasize the youth-enhancing properties of

elevated testosterone, yet this has only been seen in adults [34]. It is possible that the link

between TL and testosterone is limited to youth [i.e., with testosterone operating as a

developmental switch-point, 45], or that the relationship apparent in adults is inverted from

that observed in youth.

This interpretation is supported by theoretical evolutionary models such as life-history

theory which emphasizes that there are inherent trade-offs in development and no single

developmental trajectory is ideal for every context [46]. Effort directed toward growth and

development cannot be simultaneously directed toward mating or parenting, so development

shifts according to the costs and benefits of meeting these respective goals [47]. Early

environment provides cues about the cost-benefit tradeoffs [42]. For example, a fast life-

history strategy may be beneficial in an unpredictable or unstable environment as

development would be directed towards early maturation, early mating and low parental

investment [48]; the costs of such early maturation are largely incurred later in development

[49, 50]. An individual's developmental trajectories do not consciously shift, but rather are

guided by a suite of psychobiological changes including stress-responsive [45, 51] and

gonadal hormone changes [40] which are responsive to the environment, longitudinally

informative, and related to health [52]. Like testosterone, TL appears to fulfill each of these

criteria [53]. We speculate that testosterone and TL may be operating as life-history relevant

biomarkers, shifting an individual towards a fast life history strategy that favors early

maturation and development while incurring the long-term costs in terms of early morbidity,

mortality, and gonadal senescence [32, 54]. If so, then the link between higher testosterone

and shorter TL within youth which we observed would be expected to invert or shift within

older adults.

In addition to demonstrating convergence of two developmentally sensitive biomarkers of

aging (testosterone reactivity and TL), the present study adds to the literature by showing

that TL was specifically linked with peak testosterone and recovery from the TSST-C,

beyond basal testosterone levels or the diurnal fluctuations of the gonadal axis across the

day. This finding dovetails with life-history theory's emphasis on development and

maturation as being stress-sensitive. That is, TL and testosterone, in youth, represent

overlapping stress-sensitive biomarkers of both development and aging. Further evidence is

that both are sensitive to oxidative stress, are altered by psychosocial stress, and interface

with the HPA axis. There are at least two other alternative explanations for why TL and

testosterone are linked. First, there is the possibility that both operate as developmentally

sensitive biomarkers of aging. If that were solely the explanation, then the prediction would

be that morning testosterone levels would have been linked closest with TL as those values

are the highest point in the day and the most sensitive to youth's developmental stage.

Second is the possibility that both TL and testosterone changes indicate maturational

processes. If so, the prediction would be that TL would be most correlated with

testosterone's diurnal rhythm as this captures the greatest change in testosterone values

within a short time frame [55]. Our findings of the strongest association between stress
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testosterone and TL are most supportive of the hypothesis that TL and testosterone are

biological indicators of stress-related changes in development and aging.

In adults, testosterone has been hypothesized to attenuate the stress response; however, in

pre-pubertal male rodents who demonstrated a prolonged cortisol response following

restraint stress, testosterone was not able to attenuate that stress, suggesting that there may

be a protracted shaping of the neuroendocrine stress response system that spans puberty, and

that only in adults is the HPG axis able to tighten regulation of the HPA axis [56].

Adolescent humans, who often show stress reactive testosterone, [57] and a positive link

between stress and sex hormones [58], switch to a more adult-like profile as they age [59].

These studies provide additional support for the interpretation of testosterone and TL from

the life-history theoretical framework given that the pattern of associations switch from

adolescence into adulthood. Future studies are needed to explore whether stressors beyond

the acute laboratory setting (e.g., naturalistic stressors or chronic stressors) alter

developmental trajectories of these reactive biomarkers of aging. Our prediction is that

testosterone and TL would be most tightly linked within individuals experiencing early and

chronic psychosocial stress based on the literature that shows these experiences speed up

pubertal (and perhaps gonadal) maturation [40, 42], and that testosterone and cortisol

reactivity are accentuated following chronic stress [60].

Our findings were especially strong for boys in whom both basal testosterone and acute

testosterone were related to TL. Several explanations for this sex difference that partially

rely on the adolescent development literature exist. First, it may be that the gonadal axis is

not stress-responsive in girls. This is unlikely because pubertal timing and maturation

(events driven by gonadal axis hormones) is stress sensitive in girls [42]. Second, it is

possible that testosterone more directly captures gonadal maturation for boys. While girls

also produce testosterone in measurable quantities, much of girls' testosterone is of adrenal

origin [10] and girls' gonadal maturation may be more directly tied to estradiol or

progesterone [19]. Third, it may be the case that the initiation of a developmental switch-

point is most stress-responsive for girls, whereas the tempo of maturation is the most stress

responsive aspect for boys. Our observations that pubertal timing (i.e. the physical aspects of

puberty when controlling for age and basal testosterone levels) was related to TL in girls,

while testosterone reactivity was related to TL in boys, fits with this last interpretation as

pubertal timing indirectly captures the developmental switch-point of adolescence. Research

finds that pubertal timing is more relevant for girls whereas pubertal tempo, (i.e. the rate at

which an individual progresses through puberty) is more relevant for boys in terms of the

sensitivity to early stress, health risk outcomes [40, 43, 61], and testosterone changes [28,

62]. This interpretation also fits with the extant literature which finds that adjustment is

challenging for boys across all maturational stages [22]. Together they suggest that although

developmental events unfold differently within boys and girls, stress exposure impacts

developmental trajectories in both sexes.

There are several limitations to this study. First, this represents a relatively small sample

spanning a wide age range including pre-pubertal youth. This limitation was assuaged, to a

certain extent, by exclusion of children whose gonadal axis was not yet activated (i.e.,

testosterone below detection levels). Second, this was a cross-sectional study; as such the
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direction of effect and developmental trajectory of this relationship can only be speculative.

Longitudinal studies, particularly ones that assess this relationship across puberty, would be

of significant benefit in better defining the underlying mechanism and would be especially

of value for measuring pubertal tempo or the testosterone rise within boys. Third, diurnal

testosterone was collected at home, and consequently, there may be random variation in

accurate reporting of collection times or ecological conditions within the home on those

days for which we cannot account. That the acute and diurnal testosterone scores were

distinct, however, argues against diurnal testosterone variation being driven by daily

stressors. Fourth, as this sample is almost entirely self-reportedly identified as black, the

generalizability to other racial groups is uncertain. Given that the life history theory

emphasizes developmental shifts in a high stress, unpredictable environment (which is,

unfortunately, often characteristic of African-Americans [63]), however, there may be

advantages in focusing on the present sample. Lastly, TL was measured from buccal cell

DNA. To date there is no empirical evidence to suggest that one peripheral source of DNA

for TL measurement is superior to other sources (e.g. leukocyte, buccal, saliva). Previous

studies in youth have measured TL using blood, buccal and saliva, however recent data

suggests that buccal cells may be the best surrogate for global epigenetic effects due to their

more homogenous cell type[2, 7, 8, 64].

Our results provide the first association of a cellular marker of stress and aging with acute

testosterone reactivity in youth. We found that sex significantly modulated the association

between telomere length and testosterone, with testosterone reactivity being significantly

associated with buccal TL in males only. The association of telomere length with pubertal

timing in girls, coupled with the significant findings in males, suggests that the relation

between stress, gonadal maturation, and cellular aging are different between males and

females. Further our data indicate that future studies examining the association between

early adversity and TL in youth need to consider sex differences. These data build on the

existing literature associating telomere length with stress, and provide novel evidence of sex

specific differences in the relationship between puberty, hormone stress responses, and

cellular aging in youth.
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Figure 1.
Graph of relation between stress and buccal telomere length
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Figure 2.
Association between Testosterone Stress Recovery and buccal telomere length

Drury et al. Page 16

Am J Med Sci. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Drury et al. Page 17

Table 1

Sample Characteristics and Crude Association with Predicted Buccal Telomere Lengtha (TL), Acute and

Diurnal Testosterone using Pearson Correlations (N=77)

Mean (sd)
or
Frequency
(%)

TLa r (p-value) Acute
Testosterone
Peak r (p-
value)

Acute
Testosterone
Recovery r
(p-value)

Acute
Testosterone
Reactivity r
(p-value)

Diurnal
Testosterone
r (p-value)

Basal
Testosterone
r (p-value)

Age (years) 10.22 (2.83) −.06 (0.58) 0.66 (0.0001) 0.43 (0.0002) 0.66 (<0.0001) 0.04 (0.72) 0.58 (<0.0001)

Sex (female vs. male) 38 (49.35) −0.056 (0.63) −0.085 (0.48) 0.05 (0.68) −0.09 (0.49) 0.07 (0.58) −0.09 (0.44)

Race (Black vs. other) 73 (94.81) −0.031 (0.79) 0.09 (0.45) 0.07 (0.54) 0.09 (0.45) −0.16 (0.18) 0.17 (0.15)

Maternal Education (N=76) 0.040 (0.73) 0.054 (0.66) −0.07 (0.56) 0.05 (0.66) −0.18(0.14) −0.01 (0.96)

    Grade School 18 (23.68)

    High School graduate or
GED

18 (23.68)

    Some college 27 (35.53)

    College/associates degree or 13 (17.10)

    more

Puberty Stageb −0.66 (<0.0001) 0.52 (<0.0001) 0.20 (0.10) 0.52 (<0.0001) 0.09 (0.44) 0.51(<0.0001)

Mean (sd) TL

    Pre-pubertal 32 (41.56) 1.72 (0.03)

    Beginning pubertal 11 (14.29) 1.72 (0.06)

    Mid-pubertal 20 (25.97) 1.67 (0.05)

    Advanced pubertal 10 (12.99) 1.64 (0.04)

    Post pubertal 4 (5.19) 1.66 (0.02)

Body Mass Index (BMI) 19.85 (4.80) −0.31 (0.01) 0.24 (0.04) 0.17 (0.17) 0.24 (0.04) 0.16(0.20) 0.16 (0.20)

(Range is 13.47- 34.76)

Mean (sd, range ) a 1.69 (0.05) 3.45 (0.57) −0.15 (0.08) 0.02 (0.03) −0.03 (0.02) 3.59 (0.64)

(1.58, 1.84) (1.80,4.90) (−0.53, −0.02) (−0.08, 0.10) (−0.09, 0.01) (1.99, 5.14)

a
Average buccal cell telomere length as represented by the telomere repeat copy number to single gene (albumin) copy number (T/S) ratio. Note

that the correlation with TL utilizes the predicted value of telomere length corrected for parental age at conception and child age. The correlations
reported with age and TL do not account for child age.

b
Puberty Stage classifies participants into one of five pubertal status categories based on level of development reported on the three relevant

indices of pubertal change. For females, staging is based on pubic hair growth, breast development, and menarche. For males staging is based on
development of pubic hair, facial hair and voice change.

C
Values reflect overall means, sd and range of values, not correlations.
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