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Increased telomerase activity and comprehensive lifestyle 
changes: a pilot study
Dean Ornish, Jue Lin*, Jennifer Daubenmier*, Gerdi Weidner, Elissa Epel, Colleen Kemp, Mark Jesus M Magbanua, Ruth Marlin, Loren Yglecias, 
Peter R Carroll, Elizabeth H Blackburn

Summary
Background Telomeres are protective DNA–protein complexes at the end of linear chromosomes that promote 
chromosomal stability. Telomere shortness in human beings is emerging as a prognostic marker of disease risk, 
progression, and premature mortality in many types of cancer, including breast, prostate, colorectal, bladder, head 
and neck, lung, and renal cell. Telomere shortening is counteracted by the cellular enzyme telomerase. Lifestyle 
factors known to promote cancer and cardiovascular disease might also adversely aff ect telomerase function. However, 
previous studies have not addressed whether improvements in nutrition and lifestyle are associated with increases in 
telomerase activity. We aimed to assess whether 3 months of intensive lifestyle changes increased telomerase activity 
in peripheral blood mononuclear cells (PBMC).

Methods 30 men with biopsy-diagnosed low-risk prostate cancer were asked to make comprehensive lifestyle changes. 
The primary endpoint was telomerase enzymatic activity per viable cell, measured at baseline and after 3 months. 
24 patients had suffi  cient PBMCs needed for longitudinal analysis. This study is registered on the ClinicalTrials.gov 
website, number NCT00739791.  

Findings PBMC telomerase activity expressed as natural logarithms increased from 2·00 (SD 0·44) to 2·22 (SD 0·49; 
p=0·031). Raw values of telomerase increased from 8·05 (SD 3·50) standard arbitrary units to 10·38 (SD 6·01) 
standard arbitrary units. The increases in telomerase activity were signifi cantly associated with decreases in low-
density lipoprotein (LDL) cholesterol (r=–0·36, p=0·041) and decreases in psychological distress (r=–0·35, p=0·047). 

Interpretation Comprehensive lifestyle changes signifi cantly increase telomerase activity and consequently telomere 
maintenance capacity in human immune-system cells. Given this fi nding and the pilot nature of this study, we report 
these increases in telomerase activity as a signifi cant association rather than inferring causation. Larger randomised 
controlled trials are warranted to confi rm the fi ndings of this study.  
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Foundation (San Francisco, CA, USA); Walton Family Foundation (Bentonville, AK, USA); Jeff  Walker Family 
Foundation (Wilton, CT, USA); Safeway Foundation (Pleasanton, CA, USA).

Introduction
Telomeres are protective DNA–protein complexes at the 
end of linear chromosomes that promote chromosomal 
stability. Telomere maintenance is required for the 
complete replication of DNA, protecting chromosomes 
from nuclease degradation, from end-to-end fusion, and 
from cellular senescence.1 Telomere length and rate of 
telomere shortening are indicators of mitotic cell age, 
because telomeres shorten during normal cell divisions. 
Telomere shortening is counteracted by the cellular 
enzyme telomerase.  

Telomere shortness in humans is emerging as a 
prognostic marker of disease risk, progression, and 
premature mortality. The aspect of cellular ageing that is 
conferred by diminished telomere maintenance seems to 
be an important precursor to the development of many 
types of cancer.2,3 Shortened telomeres predict poor 

clinical outcomes, including increased risk of metastasis 
in patients with breast cancer,4 increased risk of bladder, 
head and neck, lung, and renal-cell cancers,5 worse 
progression and prognosis of patients with colorectal 
cancer,6 prostate-cancer recurrence in patients undergoing 
radical prostatectomy,7 and decreased survival in patients 
with coronary heart disease and infectious disease.8  

Although telomere length predicts clinical outcomes 
and mortality, cells with shortened telomeres can remain 
genetically stable if the telomere maintenance system, 
which includes telomerase, is fully functioning.9 Telo-
merase adds telomeric repeat sequences to the chromo-
somal DNA ends, preserving not only telomere length, 
but also healthy cell function and long-term immune 
function.10 

Telomerase is expressed at low concentrations in 
peripheral-blood mononuclear cells (PBMCs).11 Until 
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now, few studies have studied telomerase activity in these 
cells because of the high detection threshold. In previous 
studies, we adapted the standard telomerase enzymatic 
activity assay12 to quantify the low activity of telomerase 
in normal unstimulated human PBMCs.13 In these 
studies, and in the current study, telomerase activity was 
measured as telomerase enzymatic activity per viable cell 
in PBMC samples. 

Decreased telomere maintenance capacity has also 
been linked to increased risk of cardiovascular disease, 
independent of chronological age. In a study of healthy 
women, we reported that telomerase activity in PBMCs, 
although not telomere length, was inversely associated 
with six major cardiovascular disease risk factors.14 These 
fi ndings suggested that telomerase activity might be a 
more direct and potentially earlier predictor than 
telomere length of long-term cellular viability or genomic 
stability (or both) and disease processes.

Lifestyle factors known to promote cancer and 
cardiovascular disease might also adversely aff ect 
telomerase and, eventually, telomere length. For example, 
increases in obesity and insulin resistance over 
10–13 years are associated with decreases in telomere 
length.15 However, previous studies have not addressed 
whether improvements in nutrition and lifestyle are 
associated with increased telomerase activity.

In previous randomised controlled trials, we reported 
that interventional comprehensive lifestyle changes 
(improved nutrition, moderate exercise, stress manage-
ment techniques, and increased social support) bene-
fi cially aff ected the progression of both coronary heart 
disease16,17 and early-stage prostate cancer.18 In the Gene 
Expression Modulation by Intervention with Nutrition 
and Lifestyle (GEMINAL) study,19 a prospective single-arm 
pilot clinical intervention study in men with indolent low-
risk prostate cancers, we reported that such comprehensive 
lifestyle changes were associated with modulations of 
gene expression profi les in healthy prostate tissue. Two-
class paired analysis of global gene expression by use of 
signifi cance analysis of microarrays detected 48 up-
regulated and 453 downregulated transcripts after 
3 months of lifestyle intervention. Pathway analysis 
identifi ed substantial benefi cial modu lation of biological 
processes that have crucial roles in tumorigenesis, 
including protein metabolism and modifi cation, intra-
cellular protein traffi  c, and protein phosphorylation (all 
p<0·05). Because these patients chose active surveil lance 
for reasons unrelated to both the GEMINAL study and the 
current study, it was possible to assess the association 
between changes in lifestyle and changes in telomerase 
without confounding interventions such as radical 
prostatectomy, radiation, or chemotherapy.

In the current study, we aimed to assess the hypothesis 
that in the same cohort of patients in the GEMINAL 
study, this behavioural intervention might be associated 
with increased PBMC telomerase activity after 
3 months. 

Methods
Patients 
Men with low-risk prostate cancer willing to make 
comprehensive lifestyle changes gave written informed 
consent under a protocol approved by the University of 
California San Francisco Institutional Review Board. 
These patients chose active surveillance rather than 
conventional treatments for prostate cancer for reasons 
unrelated to this study (eg, advice from their physician, 
concerns about side-eff ects of treatment). Eligibility 
criteria included: pathology-confi rmed prostate cancer, 
prostate-specifi c antigen (PSA) concentration 10 ng/mL 
or lower (or <15 ng/mL if there was documented benign 
prostatic hyperplasia or prostatitis) at the time of 
screening, Gleason score of 6 or lower, stage T1 or T2a 
tumour (according to the Tumour, Nodes, Metastases 
staging system), 33% or less of biopsy cores positive for 
the presence of adenocarcinoma, and 50% or less of the 
length of a tumour-core positive for the presence of 
adenocarcinoma.  

A detailed description of patient recruitment has been 
reported elsewhere.19 Standard clinical methods were 
used for waist circumference, weight, height, blood 
pressure, serum lipids, C-reactive protein, and PSA.  

Lifestyle intervention
A 3-month comprehensive lifestyle modifi cation was  
comprised of a 3-day intensive residential retreat, followed 
by an outpatient phase where participants met with staff  
for 4 hours per week and had weekly telephone contact 
with a study nurse. Lifestyle modifi cations in cluded a low-
fat (10% of calories from fat), whole foods, plant-based 
diet high in fruits, vegetables, unrefi ned grains, legumes, 
and low in refi ned carbohydrates; moderate aerobic 
exercise (walking 30 min/day, 6 days/week); stress 
manage ment (gentle yoga-based stretching, breathing, 
meditation, imagery, and pro gressive relaxation tech-
niques 60 min/day, 6 days/week), and a 1-h group support 
session once per week.20 The diet was supplemented with 
soy (one daily serving of tofu plus 58 g of a fortifi ed soy 
protein powdered beverage), fi sh oil (3 g daily), vitamin E 
(100 IU daily), selenium (200 μg daily), and vitamin C 
(2 g daily).21,22 Participants were provided with all of their 
food during the intervention period. A registered dietician, 
exercise physiologist, clinical psychologist, nurse, and 
stress management instructor were available for education 
and counselling. Adherence was assessed with self-
reported questionnaires which were used to compute a 
mean adherence score.16–18 The decision to use a 3-month 
duration was arbitrary and was based on the resources 
available.  

Measurement of telomerase activity 
Changes in telomerase activity were measured in PBMC 
samples by comparing telomerase activity per viable cell 
in PBMC samples at baseline and at 3 months. PBMCs 
were separated from serum and red blood cells by 
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gradient density centrifugation by use of Ficoll-Paque 
(GE Healthcare, Piscataway, NJ, USA). PBMCs (buff y 
coats) were stored in a cryopreservation media composed 
of 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, 
St Louis, MO, USA), and Roswell Park Memorial Insti-
tute 1640 (Invitrogen, Carlsbad, CA, USA) with 10% fetal 
bovine serum (Hyclone, Logan, UT, USA). All samples 
were stored at –80°C until further processing. Telomerase 
activity in PBMCs was assayed at the beginning and the 
end of the 3-month intervention study period (baseline 
and 3 months).13,14 

Telomerase activity was assayed by use of the TRAPeze 
kit (Chemicon, Upstate/CHEMICON, Temecula, CA, 
USA) with modifi cations and optimisations as follows: 
cryopreserved cells (1 mL) were thawed by incubating the 
vials at 37°C for 2 min and immediately transferred to 
10 mL of cold Dulbecco’s phosphate-buff ered saline 
(DPBS; ie, PBS without Mg²+ and Ca²+; Invitrogen, 
Carlsbad, CA, USA). Cells were spun at 1500 rpm (486 g) 
at 10°C for 10 min in a Sorvall Legend RT tabletop 
centrifuge swing-out rotor (Thermo Fisher Scientifi c, 
Waltham, MA, USA) and supernatant was removed. Cells 
were washed in 10 mL of cold DPBS one more time and 
then resuspended in 1 mL of cold DPBS. Live cells were 
then counted with a haemocytometer (Bright-Line 
haemocytometer, Reichert, Buff alo, NY, USA) by use of 
Trypan blue (Invitrogen) exclusion criteria. Between 5×10⁵ 
and 1×10⁶ cells were pelleted and lysed with 
1×CHAPS [3-(3-cholamidopropyl) dimethylammonio-1-
propanesulfonate] buff er as directed by the manual for 
the TRAPeze kit. The thawing and extract preparation 
process took about 90 min and set-up of the telomerase 
activity assay reactions about 60 min. For each PBMC 
sample, an extract corresponding to 1000 cells/mL 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. The reaction was done 
according to the manual for TRAPeze kit and run on a 
10% polyacrylamide-8M urea sequencing gel (National 
Diagnostics, Atlanta, GA, USA). The gel was exposed to a 
phosphorimager plate overnight and scanned on STORM 
860 (GE Healthcare). As positive control standards, 293T 
human tumour cells were used and telomerase activity 
was expressed as the equivalent of number of 293T cells. 
Telomerase activity was quantifi ed by use of ImageQuant 
5.2 software (GE Healthcare). Briefl y, signals from the 
product ladders on the gels were added and normalised 
against the signal from internal control band for the same 
lane to get the product divided by the internal control 
value. For each sample, the product divided by the internal 
value was divided by the product divided by the internal 
control value of 20 293T cells and then multiplied by 20 to 
obtain the fi nal telomerase activity unit, defi ned as 1 unit 
equals the amount of product from one 293T cell or from 
10 000 PBMCs. Inter-assay variability was established to 
be 7% (webtable 1). The baseline and 3-month samples 
were treated identically at all steps. For all telomerase 

activity (TRAP) assays, each sample was labelled as being 
a baseline or 3-month sample of a given participant, but 
was blinded with respect to all other information about 
the participant.

In previous studies,13,14,23 measures of telomerase have 
been treated as a quantitative parameter without 
separating PBMCs into diff erent cell types. We have done 
so in this study to enable us to compare our longitudinal 
study fi ndings with previous cross-sectional study 
reports.  

Baseline and 3-month samples for the same participant 
were assayed in the same batch and run on the same gel 
to eliminate any diff erences caused by reaction or 
procedural batch-to-batch variations. Additionally, the 
same reagent batch number of the TRAPeze telomerase 
detection kit was used for all samples to eliminate 
measurement shift caused by diff erent reagent batch 
numbers. In addition to the 293T cancer-cell extract as 
the standard for telomerase activity quantifi cation, we 
also included two control extracts from resting PBMCs in 
each run. Cell viability was established after thawing and 
telomerase activity was calculated on a per viable cell 
basis. 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 signifi cant diff erence between the 
percentage of viable cells available for pre-intervention 
and post-intervention assays. Natural logarithm trans-
formations were done for baseline and 3-month 
telomerase activity values to achieve normal distributions, 
as reported previously for PBMC telomerase,13 and these 
trans formed values were used for statistical analysis. 

Psychosocial measures
Psychological distress was assessed by use of the Impact 
of Event Scale, a well-validated measure of distress 
associated with a traumatic event.24 Most of our patients 
learned they had prostate cancer several months before 
the beginning of this study, so their level of distress was 
at a chronic steady-state level. The mean duration from 
time of prostate-cancer diagnosis to entry into this study 
was 12·3 months, the median was 7·5 months (SD 9·3); 
the minimum was 2·5 months; maximum was 
34·0 months. The Medical Outcomes Study Short Form, 
36 item, Health Status Survey, version 2 (SF-36v2) was 
used to measure general health-related quality of life.25  

Adherence questionnaire
The lifestyle index, based on a formula validated in our 
previous research, measured overall adherence to 
intervention guidelines and was calculated as the mean 
percentage of adherence to guidelines for each lifestyle 
behaviour. Exercise and stress management adherence 
logs were completed by participants at baseline and after 
each week during the 3 months of intervention. Adherence 
to the exercise guidelines was ascertained by dividing the 
self-reported minutes of exercise each week by 180. 

See Online for webtable 1



Articles

www.thelancet.com/oncology   Vol 9   November 2008 1051

Adherence to the stress management guidelines was 
calculated by dividing the self-reported minutes of stress 
management each week by 420. The percentage of calories 
from fat and the daily intake of dietary cholesterol (mg) 
were measured by use of a validated semiquantitative 
food-frequency questionnaire administered at baseline 
and at 3 months. Adherence to the dietary guidelines of 
10% of total calories from fat and 0 mg of dietary cholesterol 
was computed and averaged by use of the formula: (1–1/40 
[%fat–10]+[1–1/1000(mg cholesterol)])/2, where 50% of 
calories from fat and 1000 mg of dietary cholesterol 
represented 0% adherence. A lifestyle index score of 1·0 
suggested 100% adherence, and scores could exceed 1·0  
for patients who completed more hours of exercise and 
stress management than required.

Statistical analyses  
We used paired t tests (two-tailed) to compare baseline 
values to those obtained 3 months after the intervention 
began. As in our previous study, because values for 
telomerase activity and C-reactive protein were not 
normally distributed, these values were fi rst converted by 
use of a natural logarithm transformation which yielded 
distributions that did not signifi cantly deviate from 
normality.13 Paired t tests were then done.  

The associations of changes in coronary heart disease 
risk factors and psychological parameters to changes in 
telomerase activity were assessed. The residuals of 
changes in telomerase activity after adjustment for 

baseline telomerase activity were used because baseline 
adjustment increases statistical power and accounts for 
the possible eff ect of regression to the mean.26 We 
postulated that participants who had the largest decreases 
in coronary heart disease risk factors and distress would 
have the greatest increases in telomerase activity. Thus, 
we did secondary analyses to test these a-priori hypotheses 
by use of one-tailed t tests. p<0·05 was used as the level 
of signifi cance. 

Since we could not assume independent eff ects of these 
factors, we did a multiple regression analysis by use of 
the two predictors which showed some association with 
change in telomerase activity (changes in intrusive 
thoughts about prostate cancer and changes in low-
density lipoprotein [LDL] cholesterol) and changes in 
telomerase as the predicted variable to ascertain whether 
the eff ects were independent or because of shared 
variance, controlling for telomerase activity per viable 
cell at baseline. This study is registered on the 
ClinicalTrials.gov website, number NCT00739791.  

Role of the funding source
The sponsors approved the study design and provided 
funding. The sponsors had no role in the collection, 
analysis, or interpretation of the data, or in the writing of 
the report. All authors had access to the raw data; the 
sponsors did not. The corresponding author had full 
access to all of the data and had the fi nal responsibility to 
submit for publication.

Mean at baseline (SD) Mean at 3 months (SD) Mean change (SD) 95% CI of change p*

Cardiovascular risk factors

BMI (kg/m²) 26·5 (3·6) 23·9 (3·0) –2·6 (1·2) –3·0 to –2·2 0·001

Systolic blood pressure (mm Hg) 129·5 (15·1) 120·3 (12·6) –9·2 (12·3) –13·8 to –4·6 0·001

Diastolic blood pressure (mm Hg) 68·2 (10·7) 62·8 (10·3) –5·4 (8·1) –8·4 to –2·3 0·002

LDL (mmol/L) 3·2 (0·7) 2·3 (0·7) –0·9 (0·5) –1·1 to –0·7 0·001

HDL (mmol/L) 1·3 (0·3) 1·0 (0·3) –0·2 (0·2) –0·3 to –0·1 0·001

Total cholesterol (mmol/L) 5·0 (0·9) 3·8 (0·8) –1·2 (0·6) –1·4 to –0·9 0·001

LDL/HDL ratio 2·7 (1·0) 2·3 (0·8) –0·4 (0·6) –0·6 to –0·1 0·002

Triglycerides (mmol/L) 1·2 (0·8) 1·1 (0·5) –0·2 (0·6) –0·4 to 0·1 0·158

Waist circumference (cm) 97·2 (11·1) 89·5 (9·2) –7·7 (4·1) –9·1 to –6·2 0·001

C-reactive protein (natural logarithm) 0·1 (1·1) –0·1 (1·3) –0·3 (1·0) –0·6 to 0·12 0·168

Psychological functioning 

SF-36

  Mental Component Summary 49·7 (11·8) 56·2 (5·5) 6·5 (10·4) 2·6 to 10·3 0·003

  Physical Component Summary 54·7 (4·9) 55·4 (5·5) 0·8 (6·0) –1·5 to 3·0 0·490

Impact of Event Scale

  Intrusive thoughts 6·2 (5·6) 3·7 (4·8) –2·5 (4·6) –4·2 to –0·8 0·010

  Avoidance 10·1 (6·8) 7·1 (5·8) –3·0 (7·8) –5·9 to –0·1 0·043

PSA tests

Total PSA (ng/mL) 4·8 (3·9) 4·6 (3·4) –0·2 (1·9) –0·5 to 1·0 0·480 

Percent of free PSA (ng/mL) 17·5 (7·4) 18·9 (8·3) 1·3 (3·6) –0·3 to 2·7 0·055 

LDL=low-density lipoprotein. HDL=high-density lipoprotein. *Paired samples t test, two-tailed.

Table 1: Cardiovascular risk factors and psychological functioning at baseline and at 3 months 
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Results
273 men were screened. 96 men declined to participate 
after learning more about the study, and 147 did not meet 
inclusion criteria (45 had treatment for prostate cancer, 
16 had high Gleason scores or tumour stages, 15 had high 
PSA concentrations, 40 had atypia or no cancer, 19 lived 
out of the area, 4 did not want an additional biopsy, 2 were 
already making comprehensive lifestyle changes, 1 was 
not able to stop taking aspirin, 2 had serious psychiatric 
illness, and 3 did not return telephone calls), leaving 
30 enrolled patients with a mean age of 62·2 years (SD 
7·5), aged 49–80 years. 

Of the 60 samples analysed from the 30 study 
participants (one baseline and one 3-month was required 
from each participant), seven samples (from 6 patients) 
did not yield enough cells to assay; thus, both baseline 
and 3-month telomerase activity data were obtained for 
24 patients (no patients were leucopenic or had any 
known bone-marrow involvement).  

Patients were able to adhere closely to the lifestyle 
recommendations. After 3 months, they reported 
consuming a mean of 11·6% (SD 3·0) of calories from fat 
per day, exercising for a mean of 3·6 h (SD 1·5) each 
week and practising stress management for a mean of 
4·5 (SD 2·0) h each week. The dosage of all medications 
remained stable through the 3-month assessment, with 
the exception of one participant whose dosage of a statin 
drug was decreased.  

Substantial improvements in risk factors for 
cardiovascular disease were noted, including decreases 
in body-mass index (BMI), systolic and diastolic blood 
pressure, and lipids (table 1). Waist circumference 
decreased from 97·2 cm (SD 11·1) to 89·5 cm (9·2) 
(p=0·001).  Triglycerides and C-reactive protein decreased, 
although these changes did not reach statistical 
signifi cance. Total PSA did not change signifi cantly (from 

4·8 ng/mL [SD 3·9] to 4·6 ng/mL [3·4], p=0·48), although 
percent of free PSA improved from 17·5 (SD 7·4) to 18·9 
(8·3), p=0·055), and there was no clinical evidence of 
disease progression in these patients. Patients reported 
substantial decreases in psychological distress, as shown 
by lower scores on the intrusive and avoidant thoughts 
subscales of the Impact of Event scale (table 1). Mental 
health-related quality of life also improved, with increases 
in the Mental Component Summary score of the SF-36, 
and physical health-related quality of life remained stable 
(table 1).  

Complete (baseline plus 3-month) telomerase data 
were available for 24 participants. The baseline and 
changes in cardiovascular risk factors and psychological 
measures for these 24 patients did not diff er signifi cantly 
from those without complete telomerase data 
(webtable 2). In the 24 participants, PBMC telomerase 
activity expressed as a natural logarithm increased from 
2·00 (SD 0·44) to 2·22 (0·49, p=0·031; fi gure 1). Raw 
values of telomerase increased from 8·05 (SD 3·50) 
standard arbitrary units to 10·38 (6·01) standard 
arbitrary units.  

Decreases in LDL cholesterol were signifi cantly 
associated with increased telomerase activity (r=–0·36, 
p=0·041; fi gure 2). Changes in BMI, blood pressure, total 
cholesterol, triglycerides, high-density lipoprotein (HDL) 
cholesterol, LDL/HDL ratio, and C-reactive protein 
(natural logarithm) were not signifi cantly associated with 
changes in telomerase activity (data not shown).  
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See Online for webtable 2
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Decreases in one measure of psychological distress 
(intrusive thoughts) were signifi cantly associated with 
increased telomerase activity (r=–0·35, p=0·047; fi gure 3). 
Changes in avoidance and changes in mental and 
physical health-related quality of life were not associated 
with changes in telomerase activity (data not shown).    

Findings of the multiple regression analysis confi rmed 
that changes in intrusive thoughts and LDL cholesterol 
remained signifi cant after accounting for baseline 
telomerase activity (B=–0·046, p=0·03; B=–0·008, 
p=0·05), suggesting that changes in the number of 
intrusive thoughts and changes in the amounts of LDL 
cholesterol are each independently associated with 
changes in telomerase activity. We did not fi nd a 
signifi cant correlation between adherence to the lifestyle 
intervention and changes in telomerase activity (data not 
shown). The changes in individual patients are shown in 
table 2.   

Discussion
To our knowledge, we have reported here the fi rst 
longitudinal study showing that comprehensive life-
style changes—or any intervention—are signifi cantly 
associated with increases in cellular telomerase activity 
and telomere maintenance capacity in human immune 
system cells. Telomerase activity increased 29·84% 
during the course of the 3-month intervention; however, 
because of the relatively small number of patients, these 
fi ndings need to be viewed as preliminary. While 
increases in telomerase are considered benefi cial, the 
precise biological importance of this extent of increase in 
telomerase is not fully known. 

These fi ndings are biologically plausible, new, and 
consistent with earlier studies showing decreases in 
telomerase in response to life stress. In an earlier cross-
sectional study, both the perception and the chronicity of 
emotional stress were signifi cantly associated with lower 
telomerase activity and shorter telomere length in healthy 
women.13 In the current study, we noted that decreasing 
psychological distress was associated with increases in 
telomerase activity over a 3-month period. Also, our 
fi nding that decreases in LDL cholesterol over time were 
associated with increases in telomerase activity is 
consistent with fi ndings from an earlier cross-sectional 
study.14 We did not fi nd a signifi cant correlation between 
adherence to the intervention and changes in telomerase 
activity. In part, this might be because we provided take-
home meals for these patients and met with them 
frequently, so adherence to the intervention was quite 
high. Consequently, there was not much variability in 
adherence, and a certain amount of variability is usually 
needed to show correlations between adherence and 
outcomes. Additionally, given the limitations of self-
reported data and the relatively small sample, it would be 
unlikely to fi nd signifi cant correlations even if there was 
an association between adherence and changes in these 
measures. 

We were interested to know if these lifestyle changes 
aff ect telomere maintenance over time. However, the 
estimated rate of telomere loss per year based on several 
cross-sectional studies (averaging around 30–60 base pairs 
per year) suggests that detectable changes in telomere 
length in human beings will not occur in 3 months, but at 
least a year might be needed. By contrast, changes in 
physiological measures such as telomerase, an enzyme, 
might occur quickly. Future studies that are of longer 
duration with a randomised control group for comparison 
should assess both telomerase and telomere length.

Increasing evidence suggests that PBMC telomere 
shortness and low telomerase activity might be important 
risk factors for cancer and cardiovascular disease. 
Upregulating telomerase in vitro promotes cell longevity 
and genomic stability.27 Thus, increasing telomerase 
activity in healthy PBMCs as a result of comprehensive 
lifestyle changes might have important clinical relevance.  
Our fi ndings suggest, but do not prove conclusively, the 
possibility that some or all aspects of the combined lifestyle 
changes in this study might be responsible for the recorded 
increase in telomerase activity. If subsequent randomised 
controlled trials substantiate that comprehensive lifestyle 
changes might increase telomerase activity and telomere 
length, then this might be a powerful motivator for many 
people to benefi cially change their diet and lifestyle. Also, 
this fi nding might stimulate new research to establish 
whether increases in telomerase activity and telomere 
length might be associated with increases in life span and 
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decreases in the incidence or severity of chronic diseases, 
because lifestyle factors known to promote cancer and 
cardiovascular disease might also adversely aff ect 
telomerase activity and telomere length. A power 
calculation based on the noted changes in telomerase 
activity was done as follows: estimated eff ect size=mean/
SD=0·22/0·47=0·47. If the eff ect size is 0·5, to have a 
90% power to detect a diff erence by use of p=0·05, then 
n=68 patients per group would be needed. If the eff ect 
size is 0·4, the value for 90% power to detect a diff erence 
by use of p=0·05, then n=110 patients per group would 
be needed. This number of patients is realistic, therefore, 
this information might motivate other researchers to 
design a randomised controlled trial with 68–110 patients 
in each group (Mendell N, SUNY Stony Brook, Stony 
Brook, NY, USA, personal communication).

PBMC telomerase activity is an important known 
determinant of telomere length. Telomerase activity 
measured in clinical PBMC samples constitutes a 
relatively new parameter that, to date, has been measured 
in very few studies in human beings. From previous data, 
changes in PBMC mean telomere length are not expected 
to be detectable over the short time period of the present 

study (3 months), so we did not measure it in this study. 
Also, studies with patients and animal models bearing 
telomerase mutations, and with human cells in culture, 
suggest that telomerase status might be associated with 
healthy immune function independent of telomere 
length.28–30  

Since this was a pilot study, we did not have the 
resources to recruit or test a usual-care control group; as 
such, we report these increases in telomerase as a 
signifi cant association rather than inferring causation. It 
is possible that other factors besides changes in lifestyle 
might have contributed to the increase in telomerase 
activity after 3 months. Because the men in the study all 
chose active surveillance for reasons unrelated to this 
study, it was possible to assess the association between 
changes in lifestyle and changes in telomerase activity 
without confounding interventions such as radical 
prostatectomy, radiation, or chemo therapy.  

We considered factors that might confound inter-
pretation of the fi ndings. First, the possibility that 
changes in telomerase activity over the 3-month period 
were a result of inter-assay variability is unlikely because 
blood samples were drawn in an identical manner, at the 

Time 
since 
death 
(months)

Baseline 
telomerase 
unit 
activity*

3-month 
telomerase 
unit 
activity*

Base-
line 
BMI

3-month 
BMI

Base line 
LDL 
(mmol/
L)

3-month 
LDL 
(mmol/
L)

Baseline 
IES: 
intrusion 
subscale 

3-month 
IES: 
intrusion 
subscale

Baseline 
SF-36 
Physical 
Component 
score

3-month 
SF-36 
Physical 
Component 
score

Baseline 
SF-36 
Mental 
Component 
score

3-month 
SF-36 
Mental 
Component 
score

Baseline 
lifestyle 
adherence 
score

3-month 
lifestyle 
adherence 
score

1 7·5 1·18 1·82 22·71 22·47 1·76 1·22 8 1 58·2 59·4 54·0 56·0 0·97 1·06

2 5·5 1·75 1·84 25·57 24·07 3·11 2·07 7 3 54·0 62·0 51·6 49·2 0·51 0·74

3 5·0 1·84 2·09 27·72 23·69 2·72 1·53 1 0 43·1 53·5 60·2 63·1 0·42 1·07

4 22·0 1·88 2·16 23·27 21·94 2·41 1·22 3 1 57·3 56·3 60·6 63·7 0·29 1·15

5 7·5 1·45 1·81 25·08 22·08 3·68 2·43 17 13 55·5 57·2 48·5 53·3 0·71 1·06

6 22·0 2·17 2·58 27·28 23·28 3·21 1·94 13 8 53·9 54·2 57·0 57·3 0·41 0·81

7 6·0 2·53 2·85 36·90 33·93 3·60 2·02 1 0 58·0 58·9 62·0 61·5 0·39 0·96

8 4·5 2·18 2·37 22·36 20·15 2·82 1·76 4 0 60·8 42·3 34·9 54·7 0·19 0·77

9 23·0 1·72 1·41 26·41 24·11 3·16 2·56 0 0 55·2 46·9 36·7 51·7 0·31 0·88

10 24·5 1·60 1·94 26·07 24·12 3·55 2·25 5 4 56·4 59·6 60·6 60·9 0·99 1·27

11 23·0 1·28 1·37 24·09 22·34 2·69 2·31 5 3 60·6 66·9 56·0 39·1 0·45 1·08

12 6·5 1·40 2·19 29·19 26·03 5·44 4·14 3 1 53·8 56·3 41·0 51·8 0·79 0·93

13 5·0 2·49 2·95 24·09 21·15 2·85 1·53 19 17 47·7 53·2 46·4 52·7 0·55 0·99

14 3·5 2·12 2·09 24·21 23·38 2·82 1·50 6 0 58·9 53·4 25·3 51·7 0·27 1·06

15 4·0 1·86 2·16 29·18 26·08 2·36 2·23 2 2 45·4 43·2 63·1 64·1 0·36 0·69

16 2·5 2·17 2·15 26·76 24·03 2·95 2·36 18 4 55·0 58·5 53·5 59·7 0·53 0·87

17 16·5 1·90 1·89 27·52 23·55 3·19 2·64 1 0 52·1 48·8 59·5 64·2 0·62 0·45

18 3·0 2·12 1·93 24·29 22·23 3·86 2·46 8 5 62·5 55·8 34·8 53·0 0·15 0·73

19 4·5 1·79 3·03 28·31 24·08 3·16 2·23 7 1 51·8 54·3 51·6 53·0 0·15 0·96

20 8·0 2·37 2·40 27·96 25·30 2·87 2·77 6 2 53·2 60·6 60·1 56·0 0·83 1·17

21 27·0 2·76 1·99 30·75 28·00 2·69 1·97 1 1 50·6 58·9 52·3 61·5 0·33 0·83

22 6·5 2·65 2·32 37·35 31·21 4·30 2·36 1 1 49·2 57·7 49·6 57·2 0·14 1·09

23 34·0 2·09 3·40 23·14 19·93 3·96 2·36 12 3 58·4 58·1 57·4 62·3 0·80 1·12

24 8·0 2·60 2·43 29·33 26·41 3·91 3·06 3 5 53·8 47·0 58·2 57·9 1·31 1·31

BMI=body-mass index. LDL=low-density lipoprotein. IES=Impact of Event Scale. SF-36=Medical Outcomes Study Short Form 36 item. *Per 10 000 viable cells.

Table 2: Changes in individual patients 
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same location, and at the same time of day at both time 
intervals, and baseline and 3-month samples for each 
participant were assayed together within the same batch 
in the same laboratory. Also, the fi nding that not all men 
showed increases in telomerase activity decreases the 
likelihood that a systematic error aff ected all samples. 

We also considered the possibility that the noted 
increases in telomerase activity could be as a result of the 
stress of making comprehensive lifestyle changes or the 
stress of having been diagnosed with prostate cancer. 
However, participants reported that their stress levels 
decreased rather than increased. Also, as described 
earlier, the mean duration from time of prostate cancer 
diagnosis to enrolment in the current study was 
12·3 months, therefore decreases in psychological stress 
are unlikely to be accounted for by decreases in acute 
stress resulting from a recent diagnosis of prostate 
cancer. PSA concentrations remained stable, and free 
PSA improved substantially, therefore it is unlikely that 
the telomerase activity in PBMCs increased because of 
progression of prostate cancer.  

Another potential explanation we considered was that 
telomerase activity per cell in PBMCs became upregulated 
as part of the immune response to infections. However, 
none of the participants developed infectious diseases 
during the study intervention period. Also, concentrations 
of C-reactive protein, a marker of infl ammation and 
infection, decreased signifi cantly (p<0·039 for the 
24 patients with complete telomerase data) rather than 
increased during this time period.  

Only 30 of 126 eligible patients volunteered; this 
proportion (while not unusually low in clinical trials) 
could aff ect the generalisability of the fi ndings because 
substantial motivation is needed to make comprehensive 
lifestyle changes. The exact mechanism of the recorded 
telomerase activity increase in this study and its 
association with decreases in LDL cholesterol and 
psychological distress is unknown. However, a few 
possibilities can be suggested. Decreases in physiological 
stress might have a role. Chronic psychological distress 
has been associated with both shorter telomeres 14,31–33 and 
lower telomerase activity in PBMCs.13,14 Overexposure to 
stress-related hormones (catecholamines and cortisol) 
might increase oxidative damage to cells, compromising 
the telomere maintenance system. Studies in animals 
suggest that norepinephrine and cortisol increase 
oxidative stress.34–36 Healthy women with lower telomerase 
activity in PBMCs (below the mean) had signifi cantly 
greater chronic stress and negative mood, along with 
greater oxidative stress and nocturnal excretion of urinary 
epinephrine compared with those with higher telomerase 
activity.13,14 Furthermore, an in-vitro study recorded that 
cortisol exposure led to lower telomerase activity in 
T cells.37 

In a study of healthy women, we reported that 
telomerase activity in PBMCs, although not telomere 
length, was inversely related to six major risk factors for 

cardiovascular disease.14 These fi ndings suggest that 
telomerase activity levels in unstimulated cells might be 
a more direct and potentially earlier predictor than 
telomere length of long-term cellular viability or genomic 
stability (or both). 

In addition to occurring in normal cell division, 
telomere shortening is accelerated by oxidative stress. 
In-vitro studies have suggested that a portion of the 
oxidative damage sustained by telomeres remains 
unrepaired and aff ects the amount of shortening in the 
next cell division.38,39 Furthermore, oxidative stress seems 
to downregulate telomerase activity in vascular smooth 
muscle cells40 and endothelial cells.41 An association 
between oxidative stress and telomere length has been 
reported in vivo too.42,43  

 Infl ammation is another factor thought to contribute 
to telomere attrition in cells of the immune system by 
promoting leucocyte turnover.44,45 Oxidised LDL is 
inversely associated with telomerase activity in PBMCs46 

and activates monocytes and macrophages by 
upregulating adhesion molecules and increasing 
production of infl ammatory cytokines.47 The increased 
production of certain cytokines has been shown to 
adversely aff ect telomerase activity.48 These oxidative 
stress and infl ammatory processes potentially pose 
threats to the telomere maintenance system. 

The most common causes of oxidative stress and 
infl ammation stem from unhealthy nutrition, little 
exercise, obesity, metabolic syndrome, and chronic 
emotional stress. In the Harvard Nurses’ Health Study, 
higher intakes of red and processed meats, sweets, 
desserts, French fries, and refi ned grains increased blood 
markers of infl ammation, whereas higher intakes of fruit, 
vegetables, legumes, fi sh, poultry, and whole grains 
decreased blood markers of infl ammation.49 Therefore, 
changes in diet, exercise, and stress management might 
decrease markers of oxidative stress and infl am mation.50,51

The diet used in this study might have benefi cial eff ects 
on many chronic diseases associated with older age. This 
diet is low in components (eg, saturated fats, cholesterol) 
that have been implicated in the development of diseases 
associated with ageing (including some types of cancer, 
cardiovascular diseases, diabetes, age-related macular 
degeneration, dementia) and high in several dietary 
constituents (eg, lycopene, antioxidants, carotenoids, 
zinc, fi bre, folate) that might decrease the risk of these 
conditions.51

Obesity, insulin resistance, and related cardiovascular 
disease processes, which are related to oxidative stress 
and infl ammation,52,53 have all been linked to shorter 
telomeres.54,55 Thus, improvements in these health 
conditions might favourably aff ect the regulation of 
telomerase activity. 

In a study that followed individuals over a 10-year 
period (but did not intervene in changing their weight), 
decreases in obesity were associated with increases in 
bulk telomere length, suggesting that shortening 
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telomere length associated with obesity might be partially 
reversible.55 Also, in-vitro studies have shown that 
antioxidants reverse oxidative telomeric damage, pro-
longing the replicative lifespan and slowing telomere 
shortening.39     

In summary, lifestyle factors known to promote cancer 
and cardiovascular disease processes might also adversely 
aff ect the telomere maintenance system, including 
telomerase. However, previous studies have not addressed 
whether telomerase activity might be associated with 
interventions of diet and lifestyle. Clearly, larger studies 
with a randomised control group are needed. This pilot 
study has provided not only new fi ndings but also data 
for power calculation estimates needed to carry out larger 
clinical trials with suffi  cient power to detect diff erences 
due to the intervention, the relative contribution of each 
component, duration of intervention, rates of recruitment, 
possible mechanisms involved, and if telomere length 
changes over a longer period of time.
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