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KEYWORDS Summary

Stress; Background: Psychological distress and metabolic dysregulation are associated with markers of
Anxiety; accelerated cellular aging, including reduced telomerase activity and shortened telomere
Mindfulness; length. We examined whether participation in a mindfulness-based intervention, and, secondar-
Dietary restraint; ily, improvements in psychological distress, eating behavior, and metabolic factors are associated
Telomerase; with increases in telomerase activity in peripheral blood mononuclear cells (PBMCs).

Cell aging; Methods: We enrolled 47 overweight/obese women in a randomized waitlist-controlled pilot
Cortisol trial (n=47) of a mindfulness-based intervention for stress eating and examined changes in

telomerase activity from pre- to post-intervention. In secondary analyses, changes in telomerase
activity across the sample were examined in relation to pre- to post-intervention changes in
psychological distress, eating behavior, and metabolic factors (weight, serum cortisol, fasting
glucose and insulin, and insulin resistance).

Results: Both groups increased in mean telomerase activity over 4 months in intent-to-treat and
treatment efficacy analyses (p < 0.001). Nonsignificant trends showed that greater attendance
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was associated with increases in telomerase, and telomerase increases were 18% higher among
‘as treated’ participants compared to controls. Across groups, changes in chronic stress, anxiety,
dietary restraint, dietary fat intake, cortisol, and glucose were negatively correlated with
changes in telomerase activity. In exploratory analyses, decreases in dietary fat intake partially
mediated the association between dietary restraint and telomerase activity with marginal

significance.

Conclusions: While there was no clear effect of the intervention on telomerase activity, there
was a striking pattern of correlations between improvements in psychological distress, eating
behavior, and metabolic health and increases in telomerase activity. These findings suggest that
telomerase activity may be in part regulated by levels of both psychological and metabolic

stress.
Published by Elsevier Ltd.

1. Introduction

Chronic stress and overeating are prevalent in modern socie-
ties and can lead to metabolic dysregulation. Chronic stress
can promote overeating, which, in turn, can elevate cortisol,
glucose, and insulin levels, cause weight gain, and increase
inflammatory and oxidative stress processes (Epel, 2009).
Growing evidence suggests that these biological factors work
together to accelerate cellular aging by inhibiting the telo-
mere maintenance system.

Telomere length in immune cells provide a window into
the aging of the immune system (Andrews et al., 2010).
Telomeres are DNA—protein complexes at the end of linear
chromosomes, required for the complete replication of DNA
and chromosome stability. Intact telomeres protect chromo-
somes from nuclease degradation, end-to-end fusion, and
cellular senescence. The cellular enzyme, telomerase, adds
telomeric repeat sequences to the chromosomal DNA ends,
preserving not only telomere length but also healthy cell
function and long-term immune function (Blackburn, 2000).
An aged immune system, as indicated by shorter telomere
length (TL) and lower telomerase activity, secretes pro-
inflammatory cytokines (Effros, 2007) and is predictive of
earlier cell mortality and mortality in people (Bakaysa et al.,
2007; Cawthon et al., 2003; Honig et al., 2006; Kimura et al.,
2008; Martin-Ruiz et al., 2006). However, cells containing
chromosomes with shortened telomeres can remain geneti-
cally stable if telomerase activity is high (Blackburn, 2000).
Recently, telomerase was found to be expressed at low levels
in PBMCs and to be a dynamic enzyme capable of immediate
and short term changes (Broccoli et al., 1995; Weng et al.,
1996). Thus, PBMC telomerase can be measured over short
time periods (hours or weeks), unlike telomere length, which
is thought to take months to years for changes to be detect-
able (Epel et al., 2010). Studying telomerase activity pro-
vides a unique opportunity to examine how lifestyle and
metabolic factors affect the aging process, and further, if
modulating lifestyle retards cellular aging processes.

Emerging research suggests that an unhealthy lifestyle,
including psychological distress, poor nutrition, and physical
inactivity, is associated with either lower telomerase or
shorter TL. Chronic psychological stress and mood disorders
are linked to shorter telomere length (Damjanovic et al.,
2007; Epel et al., 2004; Lung et al., 2007; Puterman et al.,
2010; Simon et al., 2006) and dampened telomerase activity
(Epel et al., 2004). Conversely, longer leukocyte telomeres

arerelated to a more healthy diet, including greater intake of
antioxidants (multivitamins, vitamins C, E, D) (Richards
et al., 2007; Xu et al., 2009); less processed meat consump-
tion (Nettleton et al., 2008); greater frequency or intensity
of exercise (Cherkas et al., 2008; Puterman et al., 2010;
Werner et al., 2009); and a healthy lifestyle index consisting
of greater intake of fruits and vegetables, less dietary fat and
cigarette smoking, and greater exercise (Mirabello et al.,
2009). Further, dietary restraint, a set of attitudes and
behaviors reflecting a preoccupation with weight and unsuc-
cessful attempts to restrict calorie intake that can result in
episodic overeating, has been related to shorter TL (Kiefer
et al., 2008).

Metabolic factors, including a greater body mass index
(BMI), abdominal fat, and increased circulating glucose
levels, have been related to shorter TL and lower telomerase
activity (Epel et al., 2006; Valdes et al., 2005). Increases in
body mass index, and in particular, insulin resistance, predict
telomere shortening over a 10—13 year period (Gardner
et al., 2005). Further, higher levels of nocturnal cortisol
excretion, an indicator of chronic stress, are related to
shorter TL (Epel et al., 2006). In vitro, exposure to high
levels of cortisol dampens telomerase activity (Choi et al.,
2008).

These studies suggest that lifestyle and metabolic factors
are related to the telomerase/telomere length maintenance
system. However, it is not clear whether reducing psycholo-
gical distress and improving health behaviors can improve
cell aging. No controlled studies have yet examined the
effects of lifestyle interventions on TL; however, two studies
have examined associations of behavioral interventions with
telomerase activity. In one study, men diagnosed with early
stage prostate cancer participating in a 3-month intensive
lifestyle change program involving diet, exercise, stress
management, and group support had increased telomerase
levels in PBMCs from pre- to post-intervention (Ornish et al.,
2008). However, this study lacked a randomized control
group. In a second study, telomerase was examined at the
end of a randomized controlled trial of a 3-month residential
meditation program. The meditation group had higher post-
intervention telomerase than the waitlist control group, and
increases in psychological well-being (increased perceived
control and purpose in life and decreased negative affectiv-
ity) were related to higher post-intervention telomerase in
the treatment but not control group (Jacobs et al., 2011). No
studies, to our knowledge, have examined the effects of
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lifestyle interventions on pre- to post-intervention changesin
telomerase activity within a randomized controlled study
design.

The current randomized, waitlist-controlled pilot study
explores the effects of a mindfulness-based intervention for
stress eating on telomerase activity among overweight to
obese women. The present report is a substudy of a parent
study which aimed to explore the effects of the mindfulness
intervention on abdominal fat and whether improvements in
chronic stress, cortisol, and dysregulated eating mediated
the effects. The design and results of this parent study are
reported elsewhere (Daubenmier et al., 2011).

Telomerase activity appears to be regulated both by stress
and behavioral pathways linked to metabolic health. Given
the findings from cross sectional studies, we expected that
improvements in stress, dietary behaviors (including reduc-
tions in dietary restraint) and metabolic factors, would all be
associated with improvements in telomerase activity. Thus,
we explored whether a mindfulness-based intervention for
stress eating increases telomerase activity in PBMCs. Secon-
darily, we assessed whether changes in psychological dis-
tress, cortisol levels, eating behavior, and metabolic factors
are associated with changes in telomerase activity from pre-
to post-intervention across treatment groups.

2. Materials and methods
2.1. Study design

The study design was a randomized waitlist-controlled pilot
trial examining the effects of a mindfulness-based stress
reduction and eating awareness intervention compared to a
waitlist control group on telomerase activity in PMBCs in
overweight and obese women. The Institutional Review Board
of the University of California, San Francisco approved this
study and all participants provided informed consent. Detailed
methods adhering to the CONSORT guidelines are described in
the parent study (Daubenmier et al., 2011). Briefly, adult
female participants were recruited through media outlets with
key eligibility criteria as follows: a body mass index (BMI)
between 25 and 40; pre-menopausal; no history of diabetes
or cardiovascular disease, or active endocrinologic disorder;
not pregnant or less than 1 year postpartum; no prior or current
meditation or yoga practice; not currently on a diet plan; no
current self-reported eating disorder or alcohol or drug addic-
tion; not taking opiate pain medication, steroids, or antipsy-
chotic medications; and ability to speak and read English.
Eligible participants completed two baseline assessment vis-
its, one post-intervention assessment, and an on-line ques-
tionnaire battery at each timepoint. The intervention was
provided free of charge and participants were compensated
for the pre/post testing sessions.

2.2. Randomization

Participants were randomized to the treatment or waitlist
control group in a 1:1 ratio and stratified on BMI category
(overweight: BMI 25—29.99 vs. obese: 30—39.99), age (< and
>40years) and current anti-depressant medication use
(n=7) as these factors may influence weight change and
telomerase activity.

2.3. Intervention groups

2.3.1. Treatment condition

A novel intervention was developed by integrating compo-
nents from two programs, Mindfulness-Based Stress Reduc-
tion (MBSR) (Kabat-Zinn, 1990) and Mindfulness-Based Eating
Awareness Training (MB-EAT) (Kristeller and Hallett, 1999;
Kristeller and Wolever, 2011). Mindfulness meditation is the
systematic training of a focused state of awareness through
repeated attendance to sensations of breath, other sensory
experiences, thoughts, and emotions. Mindfulness is char-
acterized by an open, impartial stance towards present
moment experience as a way to interrupt habitual patterns
of thoughts, emotions, and behaviors to allow for more
adaptive responses. MB-EAT, in particular, promotes aware-
ness of physiological cues related to hunger, satiety, and taste
satisfaction, and of emotional triggers for overeating.

In the current study, the intervention program consisted of
nine 2.5-h classes and one 7-h silent day of guided meditation
practice during the sixth week of the 4-month program.
Participants were instructed in sitting meditation, body scan
and mindful yoga stretches as taught in MBSR. Participants
were also instructed in mindful eating practices, which
included paying attention to physical sensations of hunger,
stomach fullness, taste satisfaction, and responding mind-
fully to food cravings and other eating triggers. Meditations
that cultivate feelings of loving kindness and forgiveness
towards self and others were included as supplemental med-
itations. Participants were encouraged to engage in daily
home assignments that included up to 30 min per day of
formal mindfulness practices and mindful eating practices
during meals.

2.3.2. Control condition

Participants randomly assigned to the waitlist group were
offered an expanded version of the mindfulness intervention
after completion of all post-intervention assessments. To
provide guidelines for healthy eating and exercise during
the intervention and to control for the effects of such
information on study outcomes, both groups participated
in a 2-h nutrition and exercise information session aimed
at moderate weight loss mid-way through the intervention, in
which mindfulness was not discussed.

2.4. Measures

2.4.1. Self-report measures

Mindfulness. Mindfulness was assessed using the 39-item
Kentucky Inventory of Mindfulness Skills questionnaire (Baer
et al., 2004) which assesses 4 aspects of mindfulness: Obser-
ving, which involves the ability to pay attention to internal
and external sensory stimuli; Describing, which involves the
ability to verbally express one’s experience; Acting with
Awareness, which involves engaging in current activities with
undivided attention; and Accepting without Judgment,
which assesses the ability to accept one’s experience, parti-
cularly if it is unpleasant or unwanted. Participants rated
each item on a 5-point Likert type scale ranging from 1 (never
or very rarely true) to 5 (almost always or always true). A
factor analysis indicated that a single factor accounted for
48% of the variance in the subscales, with factor loadings
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ranging from 0.37 to 0.79. Cronbach’s alpha of the single
scale was .80, indicating good internal consistency. Thus, all
items were combined and a single mean score was used in
analyses.

Psychological stress. Stress was measured with two scales.
First, the 10-item Perceived Stress Scale was used to evaluate
perception of stressful events over the past month by using a
5-point Likert scale (0=never to 4=very often) (Cohen
et al., 1983). The 51-item Wheaton Chronic Stress Inventory
was used to measure the presence of chronic stressors
related to work, relationship, and financial difficulties,
and ratings of impact (Wheaton, 1994). Statements were
rated according to a 5-point scale (0=not at all true to
4 = extremely true).

Anxiety. The 20-item State-Trait Anxiety Scale-Trait Form
(STAI) was used to measure general feelings of anxiety
(Spielberger et al., 1970). Participants rated statements
using a 5-point scale. Responses ranged from almost never = 1
to almost always = 4. Positive items were reverse-coded and
averaged to create a mean score.

Dietary restraint. The 10-item Restrained Eating subscale
of the Dutch Eating Behavior Questionnaire (Van Strien et al.,
1986) was used to assess dietary restraint. This scale assesses
intentions and behaviors to restrict food intake due to con-
cerns about weight. It taps into eating less than desired
rather than less than actually needed (relative deprivation,
not actual deprivation of calories). Responses were made on
a 5-point scale from 0 = never to 4 = very often. Examples of
items are: Do you try to eat less at mealtimes than you
would like to eat?” and ‘"How often do you try not to eat
between meals because you are watching your weight?”

Dietary intake. The Block 2005 Food Frequency Question-
naire, a semi-quantitative food frequency questionnaire, was
used to assess food consumption of 110 food items over the
past year at baseline and over the past 3 months at post-
intervention (Block, 2005). Total calories and percent cal-
ories from fat, carbohydrates, and protein were calculated
according to standard scoring performed by NutritionQuest.

2.4.2. Metabolic factors

A standard stadiometer (Perspective Enterprises, Portage, Ml)
was used to measure height to the nearest 1/8in. A digital
scale (Wheelchair Scale 6002, Scale-Tronix, Carol Stream, IL)
was used to measure weight to the nearest 0.10 kg. Fasting
morning blood samples were obtained from an indwelling
forearm venous catheter. Serum cortisol concentrations were
estimated in duplicate using commercial radioimmunoassay
kits (Coat-A-Count Cortisol kit, Siemens Medical Solutions
Diagnostics, Los Angeles, CA). Glucose was measured enzy-
matically (glucose oxidase) with an automated YSI 2300 Ana-
lyzer from YSI Life Sciences (Yellow Springs, OH). Instrument
precision is within 2%. Insulin was assayed with a radioimmu-
noassay kit using an 1125-lodinated insulin tracer, anti-Human
Insulin Specific antibody, and human insulin standards from
Linco Research, Inc. (St. Charles, MO). Insulin resistance was
determined by homeostatic model assessment (HOMA-IR)
based on fasting glucose and insulin values (Wallace et al.,
2004).

2.4.3. Telomerase activity
Telomerase activity was measured in PBMC samples as pre-
viously described (Lin et al., 2010). Briefly, cryopreserved

PBMCs were thawed and live cells counted using a hemocyt-
ometer by the Trypan blue exclusion method. The viability of
the PBMC cell samples in this cohort fell within the normal
range for samples we have previously used for telomerase
assays. A paired sample t-test showed no significant differ-
ence between the percentage of viable cells available for
pre- and post-intervention assays (p = 0.71). For each PBMC
sample, an extract of 5000 cells per microliter was made and
two concentrations, corresponding to 5000 and 10,000 cells,
were assayed for each sample to ensure the assay was in the
linear range. Telomerase activity was assayed by the Telo-
merase Repeat Amplification Protocol (TRAP) using a com-
mercial kit (TRAPeze, Telomerase Detection kit, Upstate/
CHEMICON, Temecula, CA).

Baseline and post-intervention samples for the same par-
ticipant were assayed in the same batch and run on the same
gel to eliminate any differences caused by reaction or pro-
cedural batch-to-batch variations. Technicians were blind to
group assignment. In addition, the same reagent batch num-
ber (lot) of the TRAPeze telomerase detection kit was used
for all samples in this study to eliminate measurement shift
due to different reagent batch numbers.

Cell viability was determined after thawing and telomer-
ase activity was calculated on a per viable cell basis. Telo-
merase activity is defined as 1 unit = the amount of product
from one 293T cell/10,000 PBMCs, and was quantified using
the software ImageQuant 5.2 (GE Healthcare, Piscataway,
NJ). The viability of the PBMC cell samples in this cohort fell
within the normal range for samples we have previously used
for telomerase assays. Inter-assay variability was determined
to be 7%.

2.5. Statistical analyses

Primary analyses on groups: We performed ‘‘intention to
treat” analyses, which included all subjects randomized,
regardless of how much they attended the intervention.
We also performed ‘treatment efficacy” analyses to test
the effect of the intervention on the subset of subjects
who attended the minimum dose of treatment thought to
be effective. Thus, the treatment efficacy analyses were
performed using data from treatment participants who
attended a minimum of 4 of the 10 classes. To test the
primary hypothesis, both the intention-to-treat and treat-
ment efficacy analysis were conducted using ANOVA for
repeated measures to examine main effects of time and
group, and independent-samples t-tests were used to test
for treatment effects.

Outliers. To normalize distributions, variables underwent
natural log transformation in the case of a skewed distribu-
tion. Statistical outliers (> than 3 standard deviations from
the mean) of telomerase activity were winsorized and set to
equal the next highest or lowest value. Specifically, one
statistical outlier in the natural log transformed values of
telomerase activity was observed at each timepoint. These
two values were winsorized to reduce a disproportionate
influence on analyses. The baseline value was 0.47 and set
to equal the next lowest value, 1.06; the post-intervention
outlier was 3.4 and was set to equal the next highest value,
2.7. Results did not differ appreciably from those of non-
winsorized data. To simplify presentation, only winsorized
results are presented.
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Secondary analyses across groups: For secondary analyses,
multiple linear regression models were performed across
groups using available data from all participants to predict
changes in telomerase activity, controlling for baseline tel-
omerase activity. Predictors included pre—post changes in
psychological distress, eating behavior, and metabolic fac-
tors. Exploratory post hoc multiple linear regressions and
mediation models using the Baron and Kenny method (Baron
and Kenny, 1986) were conducted to further understand
results. All analyses reported were conducted using p < .05.

3. Results

3.1. Sample characteristics

Sample characteristics are described in detail elsewhere
(Daubenmier et al., 2011). Briefly, 322 potential female
participants were screened for eligibility from November
2006 to March 2007. A total of 47 participants were rando-
mized: twenty-four participants were randomized to the
treatment group and 23 participants to the control group.
Baseline telomerase activity was available for 43 participants
(reasons for missing data are detailed in Fig. 1). Groups did

not differ in overall ethnic composition, with 63% of the
treatment and 61% of the control group identifying as White
(p=.91). No statistically significant differences between
treatment and control groups were found on psychological,
eating behavior, or metabolic factors, suggesting that ran-
domization was successful. We present the combined means
and SDs of baseline characteristics across groups (see Table
1). Scale means are reported. The groups did not differ in
telomerase activity [p = .39; M = 1.74 &+ 0.3 in the treatment
group (n=23) and M=1.84+0.4 in the control group
(n = 20)]. We also tested whether there were any differences
in any variables at baseline between participants who did not
have any telomerase values versus those who did. We con-
ducted t-tests and found no statistically significant differ-
ences between groups.

3.2. Participants lost to follow-up

As shown in Fig. 1, four participants in the treatment group
failed to attend the minimum 4 out of 10 classes. Two
participants in each group were lost to follow up for the
primary analysis examining effect of treatment on telomer-
ase activity (i.e., did not have post telomerase values). Three

[ Enrollment ]

322 Assessed for eligibility

53 enrolled
+5 dropped due to time constraints

269 Excluded
+226 did not meet inclusion criteria

+1 dropped due to illness

+9 declined to participate
+0 for other reasons

47 Randomized

|

A

[ Allocation ]

24 Allocated to CALMM intervention
+22 received allocated intervention
+ 2 did not attend any classes due to
unexpected time conflict

A\

23 Allocated to waitlist control group
+ 23 received allocated intervention

| [

Follow-Up ]

2 Lost to follow-up (became ill, too busy)

A

2 Lost to follow-up (death of close friend,
non-responsive)

19 Included in intention-to-treat analysis
+2 excluded for failed blood draw (1 at
baseline, 1 at post-intervention)
«+1 excluded for not enough cells for analysis
at post-intervention
17 Included in treatment efficacy analysis
+2 excluded for not receiving minimum
treatment dose (too busy, disliked classes)

Figure 1

Analysis

v

18 Included in intention-to-treat analysis

+ 2 excluded for failed blood draw attempt
at baseline

« 1 excluded for not enough cells for
analysis at baseline

17 Included in treatment efficacy analysis

+ 1 excluded for receiving weight loss
treatment during study (liposuction)

Consort flowchart.
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Table 1 Baseline and change scores of variables across groups.
Variable N Baseline (M £ SD) N Pre to post change (M + SD) p value?
Telomerase activity 43 6.36 + 2.6 37 1.36 +2.8 .005
Telomerase activity (ln) 1.78 £ 0.37 37 0.20+0.4 .004
Psychological factors
Mindfulness 43 3.11 £ 0.4 37 0.15 + 0.37 .017
Chronic Stress 43 1.97 +£0.47 37 0.10 + 0.49 .22
Perceived Stress 43 1.89 + 0.61 37 —0.12 £ 0.58 .23
Anxiety 43 2.20 + 0.49 37 —0.12 +0.36 .048
Eating behavior
Restrained eating 43 2.80 +£0.57 37 0.00 + 0.49 1.00
Total calories 42 1912 + 731 33 —293 + 442 .001
% Fat 42 38+5 33 —-1.0+ 4.5 .20
% Carbohydrate 42 46 +7 33 1.6 £ 6.0 .15
% Protein 42 16 + 3 33 .09 +2.0 .80
Metabolic factors
BMI 43 31.2+ 4.8 37 0.1+0.9 .51
Weight (kg) 43 84.9 +14.9 37 0.3+2.6 .48
Cortisol (ug/dl) 43 10.6 + 4.6 36 -0.22 +5.6 .82
Glucose (mg/dl) 43 92 +8 37 49+7.5 .0001
Insulin (pU/ml) 43 13.9+8.3 37 2.9+5.1 .001
HOMA-IR 43 3.2+2.1 37 0.95+ 1.6 .001

2 p values from one sample t-tests for mean changes differing from 0.0.

participants in each group had either a failed blood draw
attempt or not enough cells were collected to permit analysis
of telomerase activity. Therefore, telomerase activity data
were available at both time points for 19 treatment and 18
control participants for the intention-to-treat analysis and 17
participants in each group for the treatment efficacy analy-
sis, which excluded the two intervention participants with
insufficient attendance and one control participant who
received a weight loss treatment during the study (liposuc-
tion).

3.3. Treatment effects

As described elsewhere in the parent study (Daubenmier
et al., 2011), groups did not change or differ substantially
over time in levels of chronic stress or perceived stress;
however, the treatment compared to the control group
had statistically significant decreases in reported anxiety
and increases in mindfulness. Groups did not change or differ
substantially over time in restrained eating, and both groups
maintained weight over time.

The groups also did not differ over time on any metabolic
factor or in macronutrient content (p’s > 0.05). Because

there were so few group differences in predictors, Table 1
shows means and standard deviations of changes in vari-
ables across groups. Both groups had significant decreases
in total caloric intake but did not differ substantially from
each other over time (p =0.98). In regards to macronutri-
ent intake, both groups, on average, maintained levels of
percentage of calories from fat, protein, and carbohy-
drates. Both groups showed statistically significant
increases in glucose, insulin, and HOMA-IR values, but
not cortisol.

3.4. Effect of treatment on telomerase activity

In the intent-to-treat analyses, both groups increased in
telomerase activity from pre- to post-intervention (see
Table 2). A non-significant treatment effect of 0.10 on the
natural log scale was observed, implying that increases in
telomerase activity averaged 11% greater in the intervention
group compared to controls (95% Cl: —15% to 43%, p = 0.45).
In the treatment efficacy analysis, both groups also increased
in telomerase activity from pre- to post-intervention
(p < 0.001). A non-significant treatment effect of 0.18 on
the natural log scale was observed, implying that increases in

Table 2 Treatment outcomes of telomerase activity with intention to treat and treatment efficacy analyses.

Treatment Control T-C p values

N Pre Post Pre Post Mean diff. Time Group Time X

(t, c) (M=£SD) (M + SD) (M £ SD) (M + SD) (95% Cl) group
Intent-to-treat (ln) 19 1.73+04 1.97+04 1.82+04 1.97+0.3 0.10(-0.2t00.4) .004 .64 .45
Raw values 18 599+2.2 7.67+2.8 6.49+2.7 7.51+2.5 0.66(—1.2to2.5) .006 .81 .47
As-treated (ln) 17 1.67+0.3 1.98+04 1.84+04 1.98+0.3 0.16 (—0.1t00.4) .001 .43 .21
Raw values 17 5.62+2.0 7.81+3.0 6.59+2.8 7.63+2.5 1.15(-0.7to03.0) .001 .60 .22
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Table 3 Estimated effects of predictors on changes in telomerase when controlling for baseline telomerase.
Predictor N Estimated Standard 95% Cl 95% Cl Standardized p value
effect error lower bound upper bound coefficient
Attendance (treatment group) 19 .057 .033 —.012 127 .33 .10
Psychological factors
Mindfulness 37 —.044 .14 —.337 .249 —.04 .76
Chronic stress 37 —.215 .102 —.422 —.007 -.27 .04
Perceived stress 37 —.061 .089 —.242 .120 —.09 .50
Anxiety 37 —.356 .130 —.619 —.093 -.33 .009
Eating behavior
Restrained eating 37 —.266 .097 —.463 —.069 —.34 .01
Total calories? 33 —.109 124 —.362 .145 —-.13 .39
% Fat® 33 —.032 .011 —.054 —.010 —.38 .007
% Carbohydrate® 33 .017 .009 .000 .035 .27 .06
% Protein 33 —.025 .027 —.081 .031 —-.13 .37
Metabolic factors
Weight (kg) 37 .000 .021 —.044 .043 —.00 .98
Cortisol (ln) 36 —.224 .107 —.441 —.007 —.27 .04
Glucose (mg/dl) 37 —.013 .007 —.027 .001 -.25 .06
Insulin (wU/ml) 37 —.011 .011 —.032 0.11 —.14 .32
HOMA-IR (ln) 37 —.133 A7 —.468 .202 —.11 .43

@ Changes in total calories were divided by 1000 to facilitate interpretation of the estimated effect.
b When both % fat and % carbohydrate intake were entered simultaneously into the model, % fat remained statistically significant
(B=—0.041, p = 0.044) while % carbohydrate became non-significant (B = —0.008, p = 0.57).

telomerase activity averaged 18% greater in the treatment
group compared to controls (95% Cl: —10% to 54%, p = 0.21).

Consistent with this finding, higher attendance was
related to greater increases in telomerase (at a marginal
significance level, see Table 3). Interestingly, the 3 partici-
pants who attended fewer than half the classes actually
decreased (31% decrease) in telomerase activity, on average,
compared to a 43% mean increase among participants who
attended over half the classes.

3.5. Predictors of change in telomerase activity
across groups

Results of multiple linear regressions are shown in Table 3.
Fig. 2 displays scatter plots of selective results. Changes in
mindfulness were not statistically significantly related to
changes in telomerase activity.

As predicted, changes in chronic stress, trait anxiety, and
restrained eating were negatively related to changes in
telomerase activity; however, changes in perceived stress
were not strongly related to changes in telomerase activity.
Changes in total caloric intake were not strongly related,
although changes in % calories from fat and increases in %
carbohydrate intake were significantly negatively related to
changes in telomerase activity. When both macronutrients
were entered simultaneously into the model, however, only %
fat remained statistically significant (B = —0.041, p = 0.042)
while % carbohydrate became non-significant (B = —0.007,
p=0.63).

In terms of metabolic factors, we examined changes in
weight, cortisol, glucose, insulin, and HOMA-IR as predictors
of change in telomerase activity. Changes in telomerase
activity were negatively associated with changes in morning
serum cortisol levels and tended to be negatively correlated

with changes in glucose levels (p = .06), but were not corre-
lated significantly with changes in body weight, insulin, or
HOMA-IR.

Post hoc exploration of mediators of the relationship
between changes in dietary restraint and telomerase activ-
ity. Prior cross-sectional research found that greater dietary
restraint is related to shorter leukocyte telomeres across two
samples of women (Kiefer et al., 2008), but those studies did
not find any mediators of this seemingly indirect relationship.
Therefore, analyses were conducted to explore potential
mediators of the relationship between decreases in dietary
restraint and increased telomerase activity. In the present
study, we considered psychological distress, cortisol, glu-
cose, and dietary fat intake as potential mediators, given
their prior associations to both lower telomerase activity and
dietary restraint and significant relation to telomerase activ-
ity change in the current study.

The Baron and Kenny model of mediation (Baron and
Kenny, 1986) was used, which first requires that the pro-
posed mediator is significantly correlated with both the
predictor and predicted variables. If these criteria are met,
multiple linear regressions are conducted. In the present
study, baseline telomerase activity and change in dietary
restraint were entered on step 1 with change in telomerase
activity set as the predicted variable. The proposed med-
iator was entered on step 2 and the resulting change in the
dietary restraint coefficient was examined. A decrease in
the predictive value of the coefficient indicates evidence of
possible mediation.

The bivariate correlations between the proposed media-
tors and changes in dietary restraint were first examined.
Only change in % fat intake was related to change in dietary
restraint, indicating greater decreases in dietary restraint
were associated with decreased dietary fat intake (r=.28,
p = 0.10). Thus, only dietary fat intake was further explored
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Figure 2 Scatter plots of associations between standardized residuals of changes in telomerase activity, natural log transformed
(partialing out baseline telomerase activity) with changes in dietary restraint (upper left); changes in percent calories from fat (upper
right); changes in chronic stress (bottom left); and changes in cortisol (bottom right). See Table 3 for statistical approach and

significance.

as a mediator in the multiple regression model. As shown in
Table 4, when change in dietary fat intake was added to the
model, the unstandardized coefficient for change in dietary
restraint was reduced by 37% and became nonsignificant

whereas the coefficient for dietary fat was significant, sug-
gesting that decreases in dietary fat may partially explain the
relation between decreased dietary restraint and increased
telomerase activity.

Table 4 Linear regression model testing mediation of dietary fat intake of the relationship between change in dietary restraint

and telomerase activity (n = 32).

Model Estimated Standard 95% Cl 95% Cl Standardized p value
effect error lower bound upper bound coefficient
Step 1
Baseline telomerase —.656 .141 —9.43 —.369 —.685 .000
Change in dietary restraint —.262 .128 —.523 —.001 —.301 .049
Step 2
Baseline telomerase —.600 .133 —.872 —.328 —.627 .000
Change in dietary restraint —.165 .126 —.423 .092 —.190 .200
Change in % fat —.027 .011 —.050 —.004 —.324 .025
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4. Discussion

To our knowledge, this is the first randomized controlled
study to examine effects of a lifestyle intervention on pre-
to post-intervention changes in telomerase activity. Mind-
fulness-based treatment group members who received a
minimal treatment “dose” demonstrated a 39% increase in
telomerase activity and 18% greater increase in telomerase
activity compared to the waitlist control group over the
course of the intervention; however, this analysis was
underpowered and the finding was not statistically signifi-
cant. Nevertheless, attendance data support the idea that
greater exposure to the intervention was associated with
increases in telomerase. The most striking findings were
the patterns of association between psychological, eating,
and metabolic factors and changes in telomerase activity,
supporting the hypothesis that improvements in stress,
eating, and metabolic regulation may increase telomerase
activity over time. Specifically, decreased levels of chronic
stress, anxiety, cortisol, dietary restraint, dietary fat,
and glucose were related to increases in telomerase activ-
ity across treatment groups over the course of the inter-
vention.

4.1. Stress and biochemical stress pathways

Previous cross-sectional studies determined that chronically
stressed individuals and those with mood disorders have
shorter leukocyte telomeres compared to controls (Damja-
novic et al., 2007; Epel et al., 2004; Lung et al., 2007; Simon
et al., 2006). However, it is unknown whether improvements
in psychological well-being could improve the telomere
maintenance system. The present results suggest that enhan-
cing psychological well-being may increase telomerase activ-
ity, which may be a key mechanism to account for the
association between psychological well-being and telomere
length.

Two other studies provide evidence that improvements
in psychological well-being may increase telomerase activ-
ity. In an uncontrolled study, Ornish et al. (2008) conducted
an intensive lifestyle change intervention for men diag-
nosed with early prostate cancer and found that those who
reported greater decreases in intrusive thoughts about
their cancer had greater increases in telomerase activity
in PBMCs from pre- to post-intervention. In a second study,
Jacobs et al. (2011) found higher levels of telomerase
activity post-intervention in participants assigned to a
residential 3-month meditation training program compared
to a waitlist control group (pre-intervention telomerase
levels were not assessed). Mindfulness was one of several
meditation methods taught in the intervention. Higher
telomerase activity in the meditation group was accounted
for by greater increases in perceived control, decreases in
negative emotionality, and increases in purpose of life.
Increases in self-reported mindfulness accounted for
improvements in perceived control and negative emotion-
ality but did not directly account for group differences in
telomerase activity post-treatment. Similarly, in the pre-
sent study, we found little direct association between
improvements in mindfulness and telomerase activity. Lim-
itations of using self-report measures to assess mindfulness

may account for these null findings and future research
could incorporate behavioral measures to assess aspects of
mindfulness, such as attention tasks. Alternatively, as sug-
gested by Jacobs et al. (2011), meditation practices may
lead to a shift in personal values or meaning in life not
captured by mindfulness measures. Future research could
examine the role of values and purpose in life as pathways
linking meditation interventions to biological and health
outcomes. Overall, a growing literature suggests that
enhancement of psychological well-being may regulate
the telomere maintenance system. Future studies should
more strongly examine the impact of psychological inter-
ventions on both telomerase activity and telomere length in
psychologically vulnerable populations and explore mediat-
ing psychological mechanisms.

What biological mediators may link improvements in psy-
chological well-being and telomerase activity? So far, experi-
mental studies have pointed to several stress related
biochemical factors that affect telomerase activity. Oxida-
tive stress can dampen telomerase, whereas antioxidant
activity appears to increase telomerase (Makino et al.,
2011). Studies have also linked inflammation (O’Donovan
et al., 2011), insulin resistance (Gardner et al., 2005), and
stress hormones, including catecholamines (Parks et al.,
2009) and cortisol (Epel et al., 2006), to shorter telomere
length. Most of these biochemical mediators have not been
studied mechanistically, in animal models or in vitro studies,
so causal relations are unknown. In many instances, there
could be bidirectional relationships, which can be best
assessed by experimental studies.

Cortisol. In terms of the above mentioned biological stress
pathways, the stress hormone cortisol has been studied more
often than other stress pathways, in both humans and in
vitro. Chronically elevated or excessively high cortisol
appears to have a suppressive effect on telomerase. For
example, high levels of excretion of urinary cortisol, taken
on a random evening, is associated with shorter PBMC telo-
meres in both younger (Epel et al., 2006) and older women
(Tomiyama et al., 2011) and lower PBMC telomerase activity
(Epel et al., 2006). Consistent with these observations, high
levels of cortisol exposure in vitro suppresses PBMC telomer-
ase activity (Choi et al., 2008). In the present study,
decreases in morning cortisol concentrations were associated
with increases in telomerase activity. This is the first study to
show a longitudinal association between co-occurring
changes in cortisol and telomerase activity in unstimulated
PBMCs. These results support the model that changes in stress
related cortisol might be one of the signals regulating telo-
merase levels in humans.

It should be noted the effects of cortisol on telomerase are
complex and may depend on the dose and duration of expo-
sure. Shorter doses and duration appear stimulatory rather
than suppressive. Acute effects of spikes in stress or cortisol
appear stimulatory to telomerase within the next hour (Epel
et al., 2010), but these are less relevant in the current study
looking at naturalistic levels of cortisol and basal telomerase.
Further, although acute spikes in cortisol are associated with
short term increases in PBMC telomerase, they are also
associated with the longer term measure of shorter PBMC
telomere length (Tomiyama et al., 2011), suggesting that
over time, stress and cortisol reactivity promote telomere
shortening.
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4.2. Dietary/metabolic pathways

Other relevant behavioral pathway include changes in nutrition
and eating related attitudes, particularly dietary restraint. We
found that changes in dietary restraint, fat intake, and glucose
levels may all be important in regulating telomerase activity.

Dietary restraint and fat intake: Prior research has found
that women who report greater dietary restraint (preoccupa-
tion with dieting and attempts to eat less) have shorter
telomeres than women less concerned with dietary restraint
(Kiefer et al., 2008). In the present study, decreases in dietary
restraint were associated with increases in telomerase activ-
ity. These results support the possibility that unhealthy dietary
restraint may be a risk factor for accelerated cell aging. The
precise mechanisms are unknown, but dietary restraint is
associated with chronic stress, cortisol, and weight gain, all
which could impact cellular aging. These two behavioral path-
ways, high stress and high dietary restraint, appear to be
independent pathways, as they were both statistically signifi-
cant predictors of change in telomerase activity when entered
simultaneously in a regression model controlling for baseline
telomerase levels. Specifically, a reduction in restrained eat-
ing predicted higher telomerase (beta=—.27, p=.03) and a
decrease in anindex of psychological distress (mean z-scores of
changes in chronic stress and anxiety) predicted an increase in
telomerase (beta = —.29, p =.02).

In order to further examine how dietary restraint might be
operating, we conducted post hoc analyses to test potential
mediators and found that decreases in dietary fat intake
showed the strongest evidence of mediation between
decreased dietary restraint and increased telomerase activ-
ity. High dietary restraint may impact telomerase activity
through metabolic pathways. Unsuccessful dieting attempts
may result in increased dietary fat intake, which leads to
greater oxidative stress (Sies et al., 2005). Alternatively,
dietary fat intake promotes higher lipid accumulation, which
triggers certain PBMCs to secrete more inflammatory mole-
cules (Libby, 2006). Either of these changes could contribute
to impairments of the telomere maintenance system (Paul,
2011). The present results point to the need to encourage
flexible and balanced weight loss strategies to avoid a sense
of deprivation that may lead to chronic consumption of high-
fat foods and eventual accelerated cellular aging.

Glucose: We also found that decreases in fasting blood
glucose were related to higher levels of telomerase activity,
an effect that approached statistical significance (p =.06).
Previous work has found that Type 2 diabetes and glucose
intolerance are associated with shortened telomere length
(Adaikalakoteswari et al., 2007; Zee et al., 2010). Impaired
telomerase function in the pancreatic beta cells of a mouse
model, caused by genetic mutation of telomerase component
genes, leads to glucose intolerance (Kuhlow et al., 2010).
Also, mice with genetically determined short telomeres have
impaired glucose tolerance and compromised beta cell sig-
naling despite intact beta cell mass (Guo et al., 2011). The
links between telomerase, telomere length and glucose reg-
ulation in humans warrant further study.

4.3. Implications and limitations

Telomerase preserves telomere length, and telomere
length predicts disease and mortality in humans. However,

the significance of an increase in telomerase in humans
remains to be determined. Increases in telomerase activity
have been related to reductions in LDL cholesterol (Ornish
et al., 2008) and in animal studies appears to play a role in
the development of cardiovascular disease (Serrano and
Andres, 2004). Further, telomerase is an increasingly
important outcome independent of its effects on telomere
maintenance. We now know it serves to protect the cell,
including mitochondria, from oxidative stress (Majerska
et al., 2011), and mice without telomerase have short
TL, mitochondrial dysfunction, and oxidative stress (Sahin
et al., 2011).

Unexpectedly, telomerase activity increased across both
groups by an average of 26%. It is not clear how to account for
the increase among the control group. Waitlist participants
may have become more health conscious after enrolling in
the study and made other lifestyle changes not measured
that in turn enhanced telomerase activity. Alternatively,
natural variation in telomerase levels may exist that may
be attributable to seasonal effects or other factors and future
research could examine these possibilities. This finding
emphasizes the importance of a control group when examin-
ing telomerase activity.

While these findings are provocative, there are many
limitations to this study. Many analyses were conducted,
and many findings were not statistically significant. It is
unclear if results would generalize to men. Confidence inter-
vals were wide when comparing groups over time. However,
we found an expected pattern of relationships between
psychological, eating, and metabolic factors with telomerase
activity across time in participants across group condition.
These findings point to the potential promise of mindfulness-
based stress reduction and eating awareness strategies to
improve telomerase activity. A combined intervention incor-
porating active weight loss with mindfulness-based strategies
in a larger sample may have a significant impact on telomer-
ase and telomere length.
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