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A B S T R A C T

Study design: Family members caring for chronically ill relatives are typically sedentary, chronically stressed,
and at high risk of disease. Observational reports suggest caregivers have accelerated cellular aging as indicated
by shorter leukocyte telomere lengths. We performed a randomized controlled trial to examine the effect of
aerobic exercise on changes in telomerase levels (primary outcome) and telomere lengths (secondary outcome)
in inactive caregivers.
Methods: 68 female and male community dwelling dementia caregivers who reported high stress and physical
inactivity were randomly assigned to a highly supervised aerobic exercise intervention vs. waitlist control group
for 24 weeks. Average leukocyte telomere lengths and peripheral blood mononuclear cells’ telomerase activity
were measured pre- and post-intervention. All staff completing blood draws, fitness testing and bioassays were
blinded to group assignment.
Results: The intervention group completed approximately 40min of aerobic exercise 3–5 times per week, ver-
ified by actigraphy. There was high (81%) adherence to 120min/week of aerobic exercise. Groups did not
significantly differ in telomerase activity changes across time, but had significant different telomere length
changes across time (67.3 base pairs, 95%CI 3.1, 131.5). There were also significant reductions in body mass
index and perceived stress and an increase in cardiorespiratory fitness (i.e., VO2peak) in the exercising caregivers
versus controls.
Conclusion: In the context of a highly controlled intervention, exercise can induce apparent telomere length-
ening, though the mechanisms remain elusive. Our study underscores the importance of increasing participation
in aerobic exercise to improve markers of health and attenuate cellular aging in high-risk samples.

1. Introduction

In the United States, the number of people aged 65 and over is
expected to nearly double by 2050, from approximately 40 million
(∼14% of the population) in 2012 to greater than 80 million, or ∼22%
of the population (Ortman et al., 2014). These numbers are equally
striking worldwide. Even though populations are aging, older adults are
not necessarily increasing their healthspan (i.e., years of maintained
good health) (GBD, 2015 DALYs and HALE Collaborators et al., 2016).
Non-communicable, preventable diseases account for the majority of
deaths in adults across the globe (Lozano et al., 2012).

Family members are providing much of the basic and instrumental
support to aging and ill adults in the United States, and the number of
family caregivers continues to soar (Chari et al., 2015). The U.S. Con-
gressional Budget Office estimated in 2013 that informal family care-
givers’ work was worth $234 billion (Congressional Budget Office,
2013). The burden of caregiving on caregivers’ psychological and
physical health is well evidenced, and the greater the emotional strain
of caregiving, the greater the health and mortality risks to caregivers
(Schulz and Martire, 2004) and to the patient (Lwi et al., 2017). Re-
search has demonstrated that informal, family caregivers are at ap-
proximately 60% higher risk of cardiovascular disease (Lee et al., 2003)
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and early mortality (Schulz and Beach, 1999). These facts underscore
the need to identify lifestyle factors that may be amenable to inter-
vention to ameliorate the burden of stress or its psychiatric and physical
consequences.

Aerobic training is one such factor that has consistently been shown
to reduce disease risk and early mortality. The physiological benefits of
aerobic exercise extend to all systems, e.g. neural, cardiovascular, lung,
and immune (Pedersen and Saltin, 2015). As these functional benefits
are now well established, examining the cellular mechanisms that un-
derlie functional decline with aging and any reversal of decline
achieved through exercise has become the next frontier in exercise
science. Telomere length has emerged as a biomarker of early cellular
aging. Telomeres are gene-poor regions located at the ends of chro-
mosomes and are formed by thousands of hexameric 5′(TTAGGG)n3′
repeats (Moyzis et al., 1988; Blackburn and Gall, 1978). Shortened
telomeres portend earlier replicative senescence – when cells no longer
replicate but live on in a pro-inflammatory state - or programmed cel-
lular death (Campisi and di Fagagna, 2007).

Recent large national studies (Shadyab, et al., 2017a, 2017b) de-
monstrate that maintenance of a physically active lifestyle, measured
objectively with accelerometry or subjectively with self-report, is re-
lated to longer leukocytic telomere lengths. It is hypothesized that one
mechanism of exercise-associated telomere lengthening is through in-
creased activity levels of telomerase (Werner et al., 2009, 2008), an
evolutionally conserved ribonucleoprotein complex that is recruited to
the ends of telomeres and adds additional TTAGGG repeats onto
chromosomal ends during cellular division (Blackburn, 2010; Greider
and Blackburn, 1989; Yu et al., 1990). One cross-sectional study de-
monstrated that physically active and more aerobically fit adults have
higher levels of the telomerase enzyme compared to those sedentary or
less fit (Werner et al., 2009). Yet, it remains unclear if the initiation of
an aerobic exercise training protocol can actually affect the rate of
cellular aging by stabilizing or lengthening telomeres or increasing the
activity of telomerase in those who were previously inactive. Three
trials of aerobic exercise of varying sample sizes, lengths and intensities
in overweight and obese adults of varying ages and health risk have
produced conflicting evidence (Shin et al., 2008; Mason et al., 2013;
Sjögren et al., 2014; Friedenriech et al., 2018). Likewise, no studies
have investigated whether aerobic training alone is sufficient to in-
crease telomerase activity or elongate leukocyte telomere lengths
among chronically stressed caregivers.

In the current study, we hypothesized that 24 weeks of a moderate-
to-vigorous physical activity (MVPA) program will improve telomerase
activity in peripheral blood mononuclear cells (PBMCs) and telomere
lengths in leukocytes in a sample of previously inactive family care-
givers reporting high chronic psychological stress. We also hypothe-
sized that caregivers randomized to aerobic exercise would significantly
improve in traditional health markers, including cardiorespiratory fit-
ness, body mass index (BMI), waist circumference, and blood pressure,
and decrease in their psychological stress compared to those in the
control arm. We chose older caregivers providing care to a family
member with Alzheimer’s disease or other dementias because reports
indicate that these caregivers are at increased risk for poor psychiatric
and physical health, including shortened telomere lengths (Epel et al.,
2004), compared to caregivers of other diseases and disorders (Schulz
and Martire, 2004). If successful, it was our expectation that our
method for intervening and its application to improving cellular and
overall health could be replicated in other sedentary and at-risk po-
pulations.

2. Methods

2.1. Participants

The Fitness, Aging and Stress (FAST) Trial was completed at the
University of California, San Francisco (UCSF) with Institutional

Review Board ethics approval. All participants provided written in-
formed consent. The FAST Trial was registered on Clinicaltrials.gov
with identifier # NCT01993082.

Participants were recruited from the San Francisco Bay Area
through several sources, including caregiver support groups, events
sponsored by the Alzheimer’s Association, the UCSF Memory and Aging
Center, and other medical centers. Two hundred and ninety adults
completed telephone and internet-based screening to assess eligibility.
Eligibility criteria included provision of a minimum of 10 h per week of
unpaid care to a family member with Alzheimer’s disease or other de-
mentia whose life expectancy was greater than one year. Participants
needed to be fluent in English, and between 50 and 75 years, have a
BMI between 20 and 35 kg/m2 and weekly access to a computer, and
postmenopausal if female. Participants were also required to report
high chronic stress, as measured by scores on the Perceived Stress Scale
(PSS) (Cohen et al., 1983) equalling one-half standard deviation (0.5
SD) (3.5 PSS units) above national distributions of United States re-
sidents (Cohen and Janicki-Deverts, 2012). Finally, participants were
included if they did not engage in MVPA over the past 6 months at
levels recommended by the Centers for Disease Control and Prevention,
which are 150min of moderate activity or 75min of vigorous activity
per week, and was measured by the Stanford Leisure-Time Activity
Categorical Item (L-CAT). The L-CAT is a one-item questionnaire, de-
veloped for quick assessment of frequency, intensity, and type of phy-
sical activity during leisure time over the past week, and was modified
for the past six months to screen participants in the current study. The
L-CAT has excellent test-retest reliability (Spearman’s r= .80) and
concurrent validity with pedometry (Kiernan et al., 2013).

Exclusion criteria included medical practitioner advice to avoid
exercise due to a medical condition(s), inability to walk a block or climb
stairs without chest pain, shortness of breath, or dizziness, current
smoking status, use of systemic corticosteroids, current or past 10 year
cancer diagnosis requiring chemotherapy or radiation, current auto-
immune disorder or serious cardiovascular disease, substance depen-
dence or addiction, post-traumatic stress disorder, or an active eating
disorder.

We targeted 64 evaluable patients to have 80% power to detect our
anticipated difference between the groups based on prior observed
findings with our primary outcome (Werner et al., 2009). We planned
to enroll 80 participants to account for estimated attrition of 15–20%.
Attrition was much lower, and we completed the study with a total of
68 randomized.

2.2. Study design

Eligibility screening occurred in three stages: (1) inclusion/exclu-
sion criteria assessed by phone; (2) in-person orientation to review
study objectives and discuss the potential risks and benefits to being
randomly assigned to the waitlist or exercise group (Goldberg and
Kiernan, 2005); (3) and a one week stretching run-in trial period to
confirm participants’ capacity to move for 15min on at least four dif-
ferent days. Next, participants arrived fasted at UCSF’s Clinical &
Translational Science Institute Clinical Research Services, where blood
was drawn and health parameters, including a cardiopulmonary ex-
ercise test (CPET) at maximal capacity and anthropometry, were as-
sessed (detailed below). An exercise physiologist completed the CPET
and anthropometry measurements under the supervision of either a
physician or nurse practitioner. Participants were then randomized into
either an aerobic training or waitlist control group (i.e., parallel study
design) for 24 weeks. All baseline measures were repeated 24 weeks
later.

2.3. Randomization and masking

The principal investigator generated randomized sequences in
blocks of four (generated from SPSS 21), and the project manager
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randomized participants only after they completed the first baseline
blood draw and cardiopulmonary exercise test. Lab personnel who
performed the telomere length assays were blind to group status and all
other measurement data. The exercise physiologist was blinded to
randomization for the second CPET.

2.4. Procedures

2.4.1. Aerobic exercise training arm
Study-appointed coaches provided participants with an exercise

program that started with three 20-minute sessions of self-selected ac-
tivities per week at the lower moderate intensity zone (individualized at
40% of heart rate reserve established from their CPET), increased to 4–5
30-minutes sessions at the upper moderate zone by week nine, and then
maintained for the remaining 15 weeks. All participants received free
gym memberships to any nearby YMCA, had access to fitness videos for
home use, wore accelerometers during workouts (wGT3X-BT Monitor™
from Actigraph Corporation), and were provided with heart rate
monitors and watches to gauge targeted heart rates. Every Sunday,
participants uploaded data to the Actilife™ cloud, and the following day
their coach emailed them a progress report summarizing their daily
activity for the prior week. Participants who did not reach their goals
were contacted for a 10-minute call using motivational interviewing
best practices (Miller and Rollnick, 2013). All participants in the ex-
ercise arm received 5 text messages per week to remind them to ex-
ercise.

2.4.2. Waitlist control arm
The waitlist control participants were not monitored for physical

activity over the period of the study with actigraphs but completed the
L-CAT (Kiernan et al., 2013) and PSS (Cohen et al., 1983) on a monthly
basis and at the end of the study, for a total of seven times. At the end of
the study, waitlist control participants received free gym memberships
and a similar personalized fitness program.

2.5. Primary outcome

2.5.1. Telomerase activity assay
The telomerase activity assay in unstimulated PBMCs by Droplet

Digital PCR was developed by the Blackburn lab in collaboration with
Bio-Rad. Details of the method were presented previously (Shelton
et al., 2013). Each sample was assayed in triplicate wells and the
average of the triplicate wells were reported. Data with the two con-
centration of cell extract (1250 and 2500 cells) fell within linear range
(85–115% efficiency) were accepted. Otherwise, the sample was re-
assayed until passing quality control. Telomerase activity is expressed
as equivalent of the activity from the cancer cell line Hela per 10,000
PBMCs.

2.6. Secondary outcomes

2.6.1. Telomere length
Total genomic DNA was purified using QIAamp® DNA Blood Midi

kit (QIAGEN, cat # 51,185) from whole blood stored at −80 °C. DNA
was quantified by measuring OD260. Quality control criterion was
OD260/OD280 between 1.7-2.0. All samples passed quality control.
Telomere length was measured by qPCR using a modified version of the
method first described by Cawthon et al. (28) and reported as T/S ratio.
Details of the method can be found in Lin et al. (Lin et al., 2010). The
average coefficient of variation for this study was 2.0%. The baseline
and follow-up DNA samples were extracted using the same reagent lots
and assayed as one batch, with the same lot of reagents, with the two
samples from the same participant always on the same assay plate.

2.6.2. Anthropometry
Waist circumference in centimetres (cm) was measured twice and a

third time if the two measures differed by more than 0.5 cm.
Participants were weighed in kilograms (kg). Height was measured with
a stadiometer to calculate BMI (kg/m2).

2.6.3. Resting cardiovascular health
Prior to completing the CPET, participants were seated and after

5min, measurements of heart rate (beats per minute) and systolic and
diastolic blood pressure (mmHg) were recorded with a heart rate
monitor and sphygmomanometer, respectively.

2.6.4. Cardiorespiratory fitness, VO2peak
Participants completed a modified CPET on a Trackmaster TMX425

treadmill and VO2peak and ECG were recorded with a metabolic cart
from Parvomedics True One 2400 (Sandy, UT) and GE Healthcare Case
System (Milwaukee, WI), respectively. Participants were asked to walk
or run until they could not continue unless they needed to stop early
because of pain or discomfort or were stopped early by the physician or
nurse practitioner based on electrocardiogram criteria indicative of
possible ischemia (e.g., ST depressions, second degree heart block) or
other safety concerns. The first eight participants in the study started at
2.5 METS (2.0 mph at 0% incline) and increased every minute to a
possible 13.2 METS (3.0 mph at 24% incline). After one participant
nearly completed the full test, the maximum speed was changed to 4.5
mph. VO2 at the end of CPET was recorded as the peak value in ml/kg/
min. Fifty-seven of the 68 participants successfully completed the CPET
at baseline, and of those, 46 successfully completed the test at follow-
up.

2.6.5. Percent circulating white blood cells
Complete white blood cell counts and associated percents were

completed for lymphocytes, monocytes, neutrophils, basophils, and
eosinophils by Quest Diagnostics™.

2.6.6. Perceived stress
The PSS (Cohen et al., 1983) is a ten item questionnaire assessing

psychological stress in the previous month, including the extent to
which the past month has been unpredictable, overwhelming, and un-
controllable. The scale was completed online and at home prior to
participants’ visits to the hospital. Items were rated on a 5-point Likert
scale ranging from zero (“never”) to four (“very often”). Internal con-
sistency was high (Cronbach’s α= .89).

3. Statistical analysis

All randomized participants were included in the analyses, unless
data were unavailable at both baseline and follow-up. For all analyses,
baseline data were carried forward when follow-up data were not
available (intent-to treat). We compared changes in outcomes during
the intervention with linear mixed models (Singer and Willett, 2003)
with maximum likelihood estimation and random effects for intercept,
and fixed effects for group assignment, time and the interaction be-
tween group and time. Maximum likelihood estimation models with
random effects estimate baseline and change differences between
groups within the same analysis. The coding for predictors was (1) time
coded as 0 = baseline and 1 = end of trial, (2) treatment arm with 0 =
waitlist control and 1 = aerobic exercise, and (3) the interaction be-
tween the two factors. Mixed models provided four estimated coeffi-
cients based on the coding of time and treatment arm: (1) an estimated
intercept β0, corresponding to the estimated mean value of the outcome
when time and treatment arm are both ‘0′; (2) an estimated slope β1 for
time, corresponding to the estimated mean difference of time 1 com-
pared to time 0, for group 0; (3) an estimated slope β2 for group, cor-
responding to the estimated mean difference of group 1 compared to
group 0, for time= 0; and an estimated slope β3 for time*group, cor-
responding to whether the changes over time in both groups differed
significantly from one another. In other words, β3 identifies whether
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there is, in fact, a significant treatment effect, the primary goal of any
intended randomized controlled trial. A significant β3 would suggest
that further exploration is necessary to examine whether each group
changed significantly over time from their corresponding baseline.
Since in this analysis the waitlist group was coded 0, β1 is easily in-
terpreted as the change from week 0 of the study to week 24 of the
study in the outcome for the waitlist control. A follow-up analysis that
switches the coding for group to 0 = aerobic exercise arm and 1 =
waitlist control can then provide a new β1 that can easily be interpreted
as the treatment effect in those randomized to exercise. All analyses
were completed with SPSS 23 and covary sex and age (centered).

4. Results

4.1. Study population

A total of 290 caregivers were screened between March 1, 2014 and
December 20, 2015, and 102 were eligible. A total of 68 (55 women and
13 men) consented and completed our run-in trial period, fasting blood
draw, and CPET to be randomized to our trial (Consort Diagram Fig. 1).
Thirty-four (50%) participants were the child of a parent with Alzhei-
mer’s or other dementia, 31 (46%) were spouses, 2 (3%) were siblings,
and 1 (∼1%) was a niece. Participants were predominantly Caucasian,
female, and living with the patients (See Table 1). Participants rando-
mized to the aerobic exercise arm (N=34) were 4 years younger
(p < 0.01) and more likely to be female (88.-3% vs 73.5%) than those
assigned to the control arm (N=34).

4.2. Intervention adherence

Three participants dropped out of the aerobic exercise arm for
personal reasons (injury unrelated to intervention, relocation, excessive
caregiving stress), and one participant dropped out of the waitlist
control arm (dissatisfied with randomization). Eighty-one percent of
participants completed at least 80% of assigned exercise over the course
of the study, which corresponded to 3.5 sessions per week on average of
39.9 min duration. Seventy-three percent of participants performed
≥100% of target exercise. Furthermore, while no significant differ-
ences existed between the groups at baseline in baseline activity levels,
as reported with the L-CAT, (t (66) =− 0.73), participants randomized
to the exercise arm of the study were exercising significantly more than
participants in the waitlist control group and at an average level that
would meet CDC recommendations according to their reports on the L-
CAT ( exercise = 4.03, S.E.=1.14; waitlist = 2.59, S.E.=1·02; t (66)
= −5.49).

4.3. Primary outcome

4.3.1. Change in telomerase
Seven participants who completed the study did not have enough

cells at both time points to reliably complete the assays, and were not
included in the analyses. Additionally, 17 participants had undetectable
telomerase activity at baseline (n=7) or at follow-up (n= 10), likely a
result of pre-assay sample handling and processing. Telomerase activity
data were carried forward or backward and mixed models applied, as
described previously. The 24-week change in telomerase (log trans-
formed) was not significantly different between groups nor did either
group significantly change in telomerase activity over the course of the
24 weeks (Table 2). Analyses were repeated without carrying missing
data forward or backward and results were consistent with those pre-
sented here.

4.4. Secondary outcomes

4.4.1. Change in telomere length
Table 2 presents mixed model results indicating significant

treatment effects, with aerobic exercisers increasing their telomere
lengths by 0.03 t/s ratio units over the course of the study compared to
waitlist controls. Only the aerobic exercise group experienced sig-
nificant elongation of mean telomere length (Table 2, Fig. 2).

4.4.2. Changes in anthropometry
The 24-week change in BMI differed significantly between groups,

whereas the change in waist circumference did not. Considering within-
group changes, BMI increased significantly in the waitlist control, and
waist circumference decreased significantly in the aerobic exercise
group (Table 2).

4.4.3. Changes in resting cardiovascular health
There were no significant differences between groups in any resting

cardiovascular health measures (i.e. heart rate, systolic blood pressure,
or diastolic blood pressure). There were no within group changes in
either the aerobic exercise or waitlist control arm from baseline to
trial’s end (Table 2).

4.4.4. Change in cardiorespiratory fitness
The 24-week change in VO2peak differed significantly between

groups. Only the aerobic exercise group significantly increased in
VO2peak (Table 2).

4.4.5. Change in complete white blood cell percents
The 24-week changes in percent of circulating white blood cell types

were not significantly different between the groups. There were no
within group changes in either arm of the study. (Table 3).

4.4.6. Change in perceived stress
The aerobic exercise group experienced a reduction in perceived

psychological stress compared to the control group over the 24 weeks.
Only the aerobic exercise group significantly decreased in PSS
(Table 2).

5. Discussion

Our results demonstrate that leukocyte telomere lengths appeared
significantly longer after 24 weeks of aerobic exercise training in pre-
viously inactive, highly stressed older adults. In contrast, the waitlist
control group showed slight, albeit nonsignificant, telomere shortening
as would be expected over six months. These effects cannot be attrib-
uted to changes in telomerase levels in PBMCs, the primary outcome of
the study, or changes in the percents of circulating white blood cell
subtypes. We address the implications of these mixed results below. Our
study also examined psychological and physical changes resulting from
aerobic exercise training. We demonstrated that psychological stress
and common indicators of health, such as cardiorespiratory fitness and
BMI, significantly improved in those randomized to aerobic exercise
compared to those randomized to a waitlist group. No significant
changes were recorded in heart rate or blood pressure.

Our findings that 24 weeks of aerobic exercise can lengthen telo-
meres are similar to a previous non-randomized clinical trial in 20 men
with recent prostate cancer diagnoses. Ornish and colleagues demon-
strated that an intervention directed towards improving diet, exercise,
mindfulness, and social support increased telomerase activity levels in
the short term (three months) (Ornish et al., 2008), and lengthened
telomere length in the long term (five years) (Ornish et al., 2013). Al-
though our study is not the first randomized intervention to target
telomere length, it is unique because it is the first study designed to
recruit an especially high-risk population and with a cellular aging
marker as the key outcome of interest. Previous randomized controlled
trials investigating the effects of aerobic exercise on rates of telomere
changes over time have produced conflicting findings (Friedenriech
et al., 2018; Mason et al., 2013; Shin et al., 2008; Sjögren et al., 2014).
The studies with the longest durations of MVPA (Friedenriech et al.,
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2018; Mason et al., 2013) did not find significant lengthening of telo-
meres in postmenopausal women with overweight or obesity. A review
of Mason’s results shows a similar treatment effect with larger standard
errors, and less powerful statistical methods of analysis. In addition,
three studies (Friedenriech et al., 2018; Mason et al., 2013; Sjögren
et al., 2014) reported higher coefficients of variations for their telomere
assays than our study, which can impact reliability of their results (Shin
et al., 2008 did not report their coefficients). Öur study utilized a

statistical approach, namely maximum likelihood estimations, that
maximizes power and is the recommended approach for randomized
trials. Our study also validated the amount and intensity of the activ-
ities participants performed using objective data from accelerometers.
Perhaps, additionally, participants in Mason and colleagues’ and Frie-
denreich’s studies were not at especially high risk for shortened telo-
meres, as they were not highly psychologically stressed for a prolonged
period of time and a good portion did not have obesity. We suggest that

Fig. 1. Consort Diagram.
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aerobic exercise is particularly protective for telomeres in high psy-
chologically or physiologically stressed individuals who are at risk for
accelerated telomere attrition, like caregivers. We further suggest that
future studies include more active comparison arms, such as interven-
tions that use either mindfulness based stress reduction or support
group designs, as these have been shown to impact caregiver psycho-
logical health (Whitebird et al., 2013).

Interestingly, while our study demonstrated significant changes in
telomere lengths, we did not demonstrate changes in PBMC’s telo-
merase enzyme activity. The stabilization and potential elongation of
telomeres through aerobic exercise training has been hypothesized to
be linked directly to elevated levels of the telomerase enzyme (Werner
et al., 2009; Denham et al., 2013). However, findings from our study,
partially, do not support this hypothesis. We propose several alternative
explanations for these divergent results. First, long-term exercise re-
duces the percentage of senescent immune cell subsets observed in
circulation (Silva et al., 2016; Timmerman et al., 2008), and given that
senescent cells have the shortest telomere lengths among all leukocyte
populations (Lin et al., 2016; Merino et al., 2011), it is possible that our
observed telomere lengthening after exercise is a function of the re-
distribution of immune cell subpopulations and corresponding subsets
observed within circulation. While our study did sample for some cell
types, including lymphocytes, monocytes and granulocytes, we were
not able to delineate further into subtypes of lymphocytes or naïve or
senescent subtypes. One recent study demonstrated that an acute bout
of physical activity mobilizes B cells, including immature, memory and
naïve types, to the blood (Turner et al., 2016). Given that B cells are the
lengthiest in their telomeres (Lin et al., 2016, 2010), it is possible that

becoming physically active leads to a greater proportion of B cells in the
blood compared to other lymphocytes, without changes in telomerase
or apparent changes in percent of the broadest category classifications
as measured by the Complete Blood Count panel we completed. It may
also be possible that telomeres actually lengthened within im-
munocompetent B and T cells and classical monocytes while clearing
out senescent B and T cells and pro-inflammatory monocytes.

Telomerase enzyme activity is not independently responsible for the
regulation of telomere lengths. The telomerase enzyme is recruited to
the ends of telomeres by the shelterin complex (Wang et al., 2007;
Zhang et al., 2013), a family of six proteins that regulate telomere
configuration under resting conditions and in response to cellular re-
plication (Li et al., 1998; van Steensel et al., 1998). The tight regulation
of telomeres by the shelterin complex is vital for the protection and
stabilization of telomeres throughout the cell cycle and in response to
cellular stress. Human studies indicate that physically active and
aerobically fit adults, compared with those less active and fit, express
elevated mRNA levels of the proteins that comprise the shelterin
complex under resting conditions (Denham et al., 2016; Werner et al.,
2009). Therefore, the elongation of telomere lengths observed in
caregivers randomized to the aerobic exercise group may reflect the
enhanced capacity of the shelterin complex to recruit the telomerase
enzyme to the ends of telomeres within leukocytes, independent of the
regulation of telomerase activity at the transcriptional level. Third,
persistent exposure of leukocytes to chronic levels of pro-inflammatory
proteins and elevated levels of oxidative stress elicit damage to telo-
meres and associated mechanisms (von Zglinicki, 2002; Jurk et al.,
2014), and may serve as an underlying contributor to shorter telomere

Table 1
Baseline characteristics of Fitness, Aging, and Stress (FAST) Trial participants.

Waitlist Control Aerobic Exercise

Age, years (SD) 63.3 (6.4) 59.3 (5.7)
Women, N (%) 25 (73.5) 30 (88.3)
White, N (%) 24 (70.6) 20 (58.8)
Asian, N (%) 3 (8.8) 7 (20.6)
Black, N (%) 3 (8.8) 5 (14.7)
Hispanic, N (%) 4 (11.8) 1 (2.9)
Other, N (%) 3 (8.8) 5 (14.7)
Living with care recipient, Yes (%) 22 (68.8) 23 (67.7)
Perceived Stress Scale, units (SD) 21.9 (6.5) 23.2 (5.1)
Body Mass Index (kg/m2) (SD) 28.9 (5.2) 27.4 (5.4)
Waist circumference (cm) (SD) 97.6 (14.4) 93.9 (15.5)
Heart rate (beats per minute) (SD) 64.9 (8.2) 64.1 (9.0)
Systolic blood pressure (mmHg) (SD) 127.5 (17.5) 120.9 (14.8)
Diastolic blood pressure (mmHg) (SD) 72.8 (8.3) 71.5 (13.3)
V02peak (ml/kg/min) (SD) 24.5 (5.9) 23.7 (5.8)
Telomere length (t/s ratio) (SD) 0.98 (0.16) 0.96 (0.11)
Telomerase (SD) 9.38 (9.01) 4.43 (4.78)

Note. SD= standard deviation.

Table 2
Treatment effects between and within group changes over 24 weeks in participants randomized to an aerobic exercise treatment arm and waitlist control arm.

Outcome Treatment Effect Waitlist Control Aerobic Exercise

Effect 95% CI Change 95% CI Change 95% CI

Telomerase (log transformed) −0.26 −0.72, 0.19 0.12 −0.20, 0.44 −0.14 −0.47, 0.18
Telomere length (t/s ratio) 0.03* 0.001, 0.05 −0.002 −0.02, 0.02 0.03* 0.01, 0.04
V02peak (ml/kg/min) 2.02* 0.50, 3.54 −0.46 −1.60, 0.67 1.56* 0.55, 2.57
Body Mass Index (kg/m2) −0.69* −1.26, −0.13 0.42* 0.02, 0.82 −0.27 −0.67, 0.13
Waist Circumference (cm) −6.28 −12.63, 0.06 1.47 −3.01, 5.95 −4.81* −9.30, -0.33
Heart rate (beats per minute) −1.23 −4.14, 1.68 −0.06 −2.15, 2.02 −1.29 −3.32, 0.74
Systolic blood pressure (mmHg) 3.60 −2.80, 10.00 −3.16 −7.69, 1.36 0.44 −4.08, 4.97
Diastolic blood pressure (mmHg) 4.12 −1.40, 9.61 −2.34 −6.22, 1.55 1.78 −2.11, 5.67
Perceived Stress Scale, units −3.12* −6.18, -0.05 −1.85 −4.02, 0.31 −4.97* −7.14, -2.80

Note. CI= confidence interval. * denotes significance.

Fig. 2. Estimated leukocyte telomere length change over 24 weeks in partici-
pants randomized to the waitlist control arm and aerobic exercise arm.
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lengths observed in chronically stressed and/or physical inactive in-
dividuals. Regular participation in aerobic exercise exerts powerful
anti-inflammatory and anti-oxidant effects (Gleeson et al., 2011;
Boccatonda et al., 2016; Pedersen and Saltin, 2015), and the elongation
of leukocyte telomeres observed in the aerobic exercise group may have
resulted from reduced inflammation and oxidative stress.

Strengths of our study include an intervention with a high level of
adherence (≥80% of ≥120min per week) that was sufficient to in-
crease aerobic fitness and result in clinically meaningful reduction in
waist circumference. Additionally, adherence was validated with ob-
jectively recorded data from accelerometers. Our study is not without
limitations, however. In addition to our sample including mostly fe-
male, Caucasian, and older adults, our sample size, while sufficiently
powered to detect significant effects in our secondary outcomes, was
small. Importantly, several participants had undetectable telomerase
activity levels at both time points, and thuse our final sample size for
our primary outcome was lower than calculated. Participants rando-
mized to the exercise group were more likely to be female and younger,
thus randomization wasn’t completely effective in equalizing the
groups in terms of demographic characteristics. Our intervention design
should be extended to a larger sample with other high-risk populations.
Only family caregivers who were ready, willing and able to start an
exercise program were included in the present study, and thus our re-
sults perhaps extend to only motivated individuals. In light of our sig-
nificant effects and the caregivers’ successful adherence to the program,
we expect that similar treatment strategies with less motivated, highly
stressed adults would produce perhaps smaller effects.

The global rates of physical inactivity are staggering. Worldwide,
physical inactivity is estimated to account for 6–10% of all non-com-
municable diseases and early mortality (Lee et al., 2012). Physical ac-
tivity is also as effective as pharmaceuticals in the treatment of major
depression (Blumenthal et al., 2007). The current study suggests that
exercise may slow or even reverse telomeric aging in a high stress
group. Being a sedentary caregiver compounds risk, and it is possible
that exercise for caregivers is even more beneficial than exercise for the
general population. It is also possible, however, that with a shift from
sedentary to regularly active, a healthy sedentary population may also
show telomere lengthening. Although Mason and colleagues’ study
would suggest otherwise (Mason et al., 2013), our results provide evi-
dence to support the need for and feasibility of larger studies among
sedentary and at-risk populations, such as healthcare professionals at
risk of burnout and obese individuals who present with elevated levels
of perceived psychological stress and an accelerated rate of telomere
shortening compared to age-match controls across all age ranges. In
light of the apparent telomere effects and changes in traditional health
markers, these findings should promote optimism and inspire policy
makers to support effective strategies for wider community based in-
itiatives to increase physical exercise in at-risk adults.
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