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MULTIPLE EPIDEMIOLOGIC

studies, including sev-
eral large randomized
controlled trials, have

demonstrated higher survival rates
among individuals with high dietary
intake of marine omega-3 fatty acids
and establ ished cardiovascular
disease.1-4 On this basis, the Ameri-
can Heart Association recommends
increased oily fish intake and the use
of omega-3 fatty acid supplements
for the primary and secondary pre-
vention of coronary heart disease.5

The mechanisms underlying this
protective effect are poorly under-
stood but are thought to include
anti-inflammatory, antiplatelet, anti-
hypertensive, antiarrhythmic, and
triglyceride-lowering effects.6 There
is ongoing interest in the identifica-
tion of novel mechanisms of cardio-
vascular benefit from omega-3 fatty
acids.

Telomeres are tandem repeat DNA
sequences (TTAGGG)n that form a pro-
tective cap at the ends of eukaryotic
chromosomes.7 During somatic cell di-
vision, DNA polymerase cannot fully
replicate the 3� end of linear DNA, re-
sulting in an obligate and progressive

loss of telomeric repeats. This process
may eventually result in cellular senes-
cence or apoptosis.8 These observa-
tions have led to telomere length emerg-
ing as a novel marker of biological age,
which integrates the cumulative life-
time burden of genetic factors and en-
vironmental stressors independent of
chronological age.9 Moreover, a ro-
bust association between short telo-
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Context Increased dietary intake of marine omega-3 fatty acids is associated with
prolonged survival in patients with coronary heart disease. However, the mechanisms
underlying this protective effect are poorly understood.

Objective To investigate the association of omega-3 fatty acid blood levels with tem-
poral changes in telomere length, an emerging marker of biological age.

Design, Setting, and Participants Prospective cohort study of 608 ambulatory
outpatients in California with stable coronary artery disease recruited from the Heart
and Soul Study between September 2000 and December 2002 and followed up to
January 2009 (median, 6.0 years; range, 5.0-8.1 years).

Main Outcome Measures We measured leukocyte telomere length at baseline
and again after 5 years of follow-up. Multivariable linear and logistic regression mod-
els were used to investigate the association of baseline levels of omega-3 fatty acids
(docosahexaenoic acid [DHA] and eicosapentaenoic acid [EPA]) with subsequent change
in telomere length.

Results Individuals in the lowest quartile of DHA�EPA experienced the fastest rate of
telomere shortening (0.13 telomere-to-single-copy gene ratio [T/S] units over 5 years;
95% confidence interval [CI], 0.09-0.17), whereas those in the highest quartile expe-
rienced the slowest rate of telomere shortening (0.05 T/S units over 5 years; 95% CI,
0.02-0.08; P� .001 for linear trend across quartiles). Levels of DHA�EPA were associ-
ated with less telomere shortening before (unadjusted � coefficient � 10−3=0.06;
95% CI, 0.02-0.10) and after (adjusted � coefficient � 10−3=0.05; 95% CI, 0.01-0.08)
sequential adjustment for established risk factors and potential confounders. Each 1-SD
increase in DHA�EPA levels was associated with a 32% reduction in the odds of telo-
mere shortening (adjusted odds ratio, 0.68; 95% CI, 0.47-0.98).

Conclusion Among this cohort of patients with coronary artery disease, there was
an inverse relationship between baseline blood levels of marine omega-3 fatty acids
and the rate of telomere shortening over 5 years.
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meres and cardiovascular morbidity and
mortality has been documented in sev-
eral populations.10-12

Little is known concerning the dy-
namic regulation of telomere length
over time, although it has recently be-
come apparent that telomeres may
lengthen as well as shorten.13,14 Given
the cardioprotective effects of omega-3
fatty acids, we sought to determine
whether omega-3 fatty acid levels were
associated with changes in leukocyte
telomere length over 5 years in a pro-
spective cohort study of outpatients
with coronary artery disease.

METHODS
Participants

The Heart and Soul Study is a prospec-
tive cohort study investigating the in-
fluence of psychosocial factors on car-
diovascular events in stable coronary
artery disease. The enrollment pro-
cess has been previously described.15

Eligible participants were recruited
from outpatient clinics in the San Fran-
cisco Bay Area of California if they met
at least 1 of the following inclusion cri-
teria: (1) history of myocardial infarc-
tion; (2) angiographic evidence of at
least 50% stenosis by area in at least 1
coronary artery; (3) evidence of exer-
cise-induced ischemia on treadmill elec-
trocardiogram or stress nuclear perfu-
sion imaging; or (4) history of coronary
revascularization. Individuals were ex-
cluded if they had a history of myocar-
dial infarction in the past 6 months,
deemed themselves unable to walk 1
block, or were planning to move out of
the local area within 3 years.

The study protocol was approved by
the University of California San Fran-
cisco Committee on Human Re-
search, the Research and Develop-
ment Committee at the San Francisco
Veterans Administration (VA) Medi-
cal Center, the Medical Human Sub-
jects Committee at Stanford Univer-
sity, the Human Subjects Committee at
the VA Palo Alto Health Care System,
and the Data Governance Board of the
Community Health Network of San
Francisco. All participants provided
written informed consent.

BetweenSeptember2000andDecem-
ber 2002, a total of 1024 participants
enrolled in the study and completed a
baseline examination including a
venous blood draw. Five years later, all
surviving participants were invited to
return for a repeat examination. Of the
1024 original enrollees, 195 had died
before the 5-year examination. Between
September 2005 and December 2007,
667 (80%) of the eligible 829 partici-
pants completed the 5-year follow-up
examination. Of 667 participants who
completed the 5-year examination, 29
were excluded because they did not
have baseline omega-3 measurements,
23 were excluded because they did not
have baseline telomere length measure-
ments, and 7 were excluded because
they did not have 5-year telomere length
measurements, leaving 608 partici-
pants for this analysis. Compared with
the 221 participants who were alive at
5 years but not included in the analy-
sis, these 608 participants had similar
ages (P=.27), baseline omega-3 fatty
acid levels (P=.14), and baseline telo-
mere length (P=.24)

Marine Omega-3 Fatty Acid Assay

Levels of the marine omega-3 fatty ac-
ids docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA) were mea-
sured in fasting whole blood. Fatty acid
methyl esters generated by treatment
with boron trifluoride-methanol were
analyzed by capillary gas chromatog-
raphy (GC2010 [Shimadzu Corp, Co-
lumbia, Maryland] equipped with a
100-m SP2560 column [Supelco; Belle-
fonte, Pennsylvania]) and identified by
comparison with a known standard
(GLC-727; Nuchek Prep, Elysian, Min-
nesota). Blood levels of marine omega-3
fatty acids (EPA�DHA) are expressed
as a percentage of total fatty acid methyl
esters.16,17 The coefficient of variation
for EPA�DHA was 5% to 6%.

Telomere Length Assay

Genomic DNA was isolated according
to standard procedures from periph-
eral blood leukocytes collected at
baseline and follow-up study visits
and stored at −70°C. Purified DNA

samples were diluted in 96-well
microtiter source plates to a fixed
concentration of 3 ng/µL. Relative
mean telomere length was measured
from DNA by a quantitative polymer-
ase chain reaction (qPCR) assay that
compares mean telomere repeat
sequence copy number (T) to a refer-
ence single-copy gene copy number
(S) in each sample as previously
described and validated by compari-
son with Southern blot terminal
restriction fragment analysis.18 Stan-
dard curves were derived from serially
diluted reference DNA as previously
described and validated.18-20 The T/S
ratio was determined from the mean
quantity of reference DNA found to
match with each experimental sample
for the copy number of the targeted
template (the number of telomere
repeats for T and the number of beta-
globin gene copies for S).

The primers for the telomere qPCR
were tel1b (5�-CGGTTT[GTTTGG]
5GTT-3�) and tel2b (5�-GGCTTG
[CCTTAC]5CCT-3�), each used at a fi-
nal concentration of 900 nM. Human
beta-globin qPCR primers were hbg1
(5 � -GCTTCTGACACAACTGT-
GTTCACTAGC-3�), used at a final
concentration of 300 nM, and hbg2 (5�-
CACCAACTTCATCCACGTTCACC-
3�), used at a final concentration of 700
nM. All PCRs were carried out on a
RocheLightcycler480real-timePCRma-
chine (Roche Applied Science, India-
napolis, Indiana).

The T/S ratio at baseline and fol-
low-up for each participant was mea-
sured in duplicate. When the dupli-
cate T/S value and the initial value
varied by more than 7%, the sample was
run for a third time, and the 2 closest
values were used to calculate the mean.
Approximately 15% of samples re-
quired assay in triplicate. Using this
method, the interassay coefficient of
variability for telomere length measure-
ment was 3.7%. The intra-assay coef-
ficient of variability was 2.5%.

Other Measurements

Baseline demographics, age, sex, car-
diovascular comorbidities, income, edu-
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cation, and medical history were de-
termined by questionnaire. Race/
ethnicity has previously been shown to
be associated with telomere length21 and
was therefore ascertained for inclu-
sion in multivariable adjustment mod-
els. Participants self-identified their
race/ethnicity by questionnaire in the
following categories: Hispanic, Asian,
black, white, and other.

Exercise capacity was determined at
peak exertion during a symptom-
limited exercise treadmill test as pre-
viously described.22 Medication use was
determined by having participants bring
bottles to the study appointment, dur-
ing which study personnel recorded all
medications. Medication use was
categorized dichotomously using Ep-
ocrates Rx (San Mateo, California). In-
formation regarding omega-3 fatty acid
supplements was not collected. Waist
and hip circumferences were mea-
sured with a flexible plastic measure to
the nearest 0.1 cm.

Fasting venous blood samples were
obtained at the baseline visit to mea-
sure serum biomarkers. Fasting high-
density lipoprotein cholesterol (HDL-
C), low-density lipoprotein cholesterol
(LDL-C), and C-reactive protein (CRP)
were measured in a clinical laboratory
setting. C-reactive protein was mea-
sured using the Roche Integra high-
sensitivity assay (Roche, Indianapo-
lis) or (because of a change in the
laboratory) the Beckman Extended
Range high-sensitivity CRP assay (Beck-
man, Galway, Ireland). The R&D Sys-
tems (Minneapolis) Quantikine HS IL-6
Immunoassay was used to determine
the concentration of interleukin 6 (IL-
6). Blood samples were also obtained
at the follow-up visit and stored as buffy
coat, serum, and plasma.

All patients underwent complete rest-
ing 2-dimensional echocardiography
and Doppler examination using an
Acuson Sequoia ultrasound system
(Siemens Medical Solutions, Moun-
tain View, California) with a 3.5-MHz
transducer. Left ventricular ejection
fraction was calculated as (end dia-
stolic volume − end systolic volume)/
end diastolic volume.

Statistical Analyses
In the absence of established cutoffs,
we categorized participants a priori by
quartiles of omega-3 fatty acid levels
for descriptive purposes. Continuous
variables with a skewed distribution
were natural logarithm transformed
(DHA�EPA, HDL-C, LDL-C, triglyc-
erides, CRP, and IL-6). Differences in
means and proportions of baseline
characteristics were compared using
1-way analysis of variance and the �2

test, respectively. Based on a total of
608 participants (n=152 in each quar-
tile), we had more than 80% power to
detect an interquartile difference in
the rate of telomere shortening of
0.07 T/S units over 5 years, assuming
an SD of 0.2. The significance level
was a 2-tailed � of .05. Analysis of
covariance was used to calculate the
mean change in telomere length in
each quartile, adjusted for age and
baseline telomere length.

We used generalized linear regres-
sion models to determine the relation-
ship between the natural logarithm of
omega-3 fatty acid levels and change in
telomere length (T/S ratio) as a con-
tinuous variable. Mixed models were
not required because the difference be-
tween baseline and follow-up telo-
mere length for each participant col-
lapsed into a single observation rather
than repeated measures. Multivari-
able adjustment was made for poten-
tial demographic, clinical, and bio-
chemical confounders based on
published associations and biological
plausibility.23-25 Adjustment was also
made for known downstream media-
tors of omega-3 fatty acid effects,
including blood pressure, triglyceride
levels, and biomarkers of systemic in-
flammation. Grouped covariates were
added sequentially in multivariable
models to assess the incremental at-
tenuation attributable to each adjust-
ment step. Within each adjustment step,
all covariates were added simulta-
neously. The final adjustment model
also included baseline telomere length,
which has previously been identified as
the most powerful predictor of subse-
quent change in telomere length.13,26

Covariate selection was checked by
visual inspection of directed acyclic
graphs.27 Inclusion criteria for adjust-
ment covariates were confounding in
the directed acyclic graph, biological
plausibility of the confounding rela-
tionship, and adequate ascertainment
of the variable. Exclusion criteria for ad-
justment covariates were colliders in the
directed acyclic graph, lack of biologi-
cal plausibility, and inadequate ascer-
tainment of the variable. No purely sta-
tistical criteria were used to select
covariates.

The complete list of covariates in-
cluded in the final adjusted model was
age, sex, race/ethnicity, income level,
education level, exercise capacity, prior
myocardial infarction, history of type
2 diabetes mellitus, prior smoking, left
ventricular ejection fraction, waist-
hip ratio, systolic blood pressure, dia-
stolic blood pressure, log triglycer-
ides, log LDL-C, log HDL-C, log CRP,
log IL-6, multivitamin use, statin use,
�-blocker use, and baseline telomere
length. No significant colinearity was
present in the final adjustment mod-
els, with all pairwise correlation coef-
ficients less than 0.7. The entry order
of adjustment did not significantly al-
ter the effect estimates. The assump-
tion of linearity was checked by visual
inspection of component plus re-
sidual plots. The normality assump-
tion was checked by review of re-
sidual histograms and normal quantile-
quantile plots.

We then used multivariable logistic
regression models to explore the asso-
ciation between omega-3 fatty acid lev-
els and telomere shortening (as a di-
chotomous variable, defined as 	10%
reduction in telomere length over 5
years). There is no established cutoff for
defining telomere shortening. We chose
a 10% cutoff a priori because it has rea-
sonable face validity. We did not choose
a lower cutoff because, given the inter-
assay (3.7%) and intra-assay (2.5%) co-
efficients of variation, we could not be
sure that this would indicate true short-
ening. The strategy for covariate selec-
tion and adjustment was identical to
that described for the linear regres-
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sion models. Model adequacy was con-
firmed using the Hosmer-Lemeshow
goodness-of-fit test. The presence of
outlying and influential points was ex-
plored by visual inspection of standard-
ized Pearson residuals.

To explore potential effect modifi-
ers, we tested for interaction between
omega-3 fatty acid levels and age,
baseline telomere length, sex, race/
ethnicity, smoking, income, educa-
tion, and type 2 diabetes in the final
multivariable-adjusted model. Strati-
fied analysis was also performed for sub-
groups of age, baseline telomere length,
sex, race/ethnicity, smoking, income,
education, and type 2 diabetes melli-
tus. All subgroup analyses were pre-
specified. Statistical analysis was per-
formed using Intercooled Stata, version
10.0 (Stata Corp, College Station,
Texas).

RESULTS
All measurements except for fol-
low-up telomere length were made at
the baseline visit. The distribution of
baseline omega-3 fatty acid levels was
right-skewed (mean, 4.3%; median,
3.7%). In quartile analysis, higher lev-
els of baseline omega-3 fatty acids were
significantly associated with older age,
white race/ethnicity, higher income,
higher education level, and higher
HDL-C and were inversely associated
with history of myocardial infarction,
type 2 diabetes mellitus, current smok-
ing, waist-hip ratio, triglyceride lev-
els, CRP, and IL-6 (TABLE 1). There was
no significant association between
omega-3 fatty acid levels and baseline
telomere length (unadjusted P=.06; ad-
justed for age, P=.20).

Baseline omega-3 fatty acid levels
were positively correlated with 5-year
change in telomere length (r=0.13;
P=.001). The relationships between
quartile of baseline omega-3 fatty acid
levels and mean absolute and relative
changes in telomere length, adjusted for
age and baseline telomere length, are
shown in the FIGURE. Individuals in the
lowest quartile experienced a de-
crease in telomere length of 0.13 T/S
units (95% confidence interval [CI],

Table 1. Baseline Characteristics of Study Population by Quartile of Marine Omega-3 Fatty
Acid Levels

Characteristics

Quartile of Marine Omega-3 Fatty Acid Level

P Value (1-Way
ANOVA or �2)

1
(n = 152)

2
(n = 152)

3
(n = 152)

4
(n = 152)

Marine omega-3 fatty
acid level, mean
(range), %

2.3 (1.1-2.8) 3.3 (2.9-3.7) 4.3 (3.8-5.1) 7.3 (5.2-18.4)

Age, mean (SD), y 64 (11) 66 (9) 67 (10) 67 (10) .005
Male, No. (%) 128 (84) 123 (81) 120 (79) 128 (84) .55
White, No. (%) 84 (55) 84 (55) 96 (63) 98 (64) �.001
Income 
$50 000,

No. (%)
19 (13) 25 (16) 34 (23) 52 (35) .001

Education beyond
high school,
No. (%)

106 (69) 96 (63) 112 (74) 130 (86) �.001

Exercise capacity,
mean (SD), METs

7.5 (2.9) 7.3 (3.0) 8.0 (3.1) 9.1 (3.6) .06

Prior myocardial
infarction, No. (%)

94 (62) 82 (55) 69 (45) 72 (47) .02

Prior congestive heart
failure, No. (%)

21 (13) 23 (15) 21 (14) 25 (17) .90

Prior stroke, No. (%) 22 (14) 21 (14) 13 (9) 19 (13) .40
Type 2 diabetes,

No. (%)
47 (31) 45 (30) 27 (18) 27 (18) .004

Smoking, No. (%)
Current 41 (27) 31 (20) 20 (13) 9 (6) �.001
Past 68 (45) 78 (51) 87 (57) 74 (49) .17

Waist-hip ratio,
mean (SD)

0.96 (0.08) 0.96 (0.08) 0.95 (0.08) 0.94 (0.07) .04

Blood pressure, mean
(SD), mm Hg

Systolic 134 (20) 134 (21) 134 (21) 129 (19) .13
Diastolic 76 (11) 75 (12) 74 (11) 74 (11) .33

Left ventricular ejection
fraction, mean
(SD), %

62 (9) 62 (8) 63 (8) 63 (10) .22

Statin use, No. (%) 95 (63) 113 (74) 102 (67) 113 (74) .06
�-Blocker use, No. (%) 100 (66) 89 (59) 85 (56) 77 (51) .06
ACE inhibitor/ARB

use, No. (%)
74 (49) 83 (55) 73 (48) 79 (52) .60

Aspirin use, No. (%) 118 (78) 124 (82) 119 (78) 114 (75) .58
Vitamin use, No. (%) 25 (16) 33 (22) 38 (25) 32 (21) .33
HDL-C, mean (SD),

mg/dL
45 (14) 44 (13) 47 (15) 48 (14) .03a

LDL-C, mean (SD),
mg/dL

111 (39) 102 (29) 103 (33) 100 (32) .04a

Triglycerides, mean
(SD), mg/dL

208 (239) 137 (88) 121 (79) 99 (50) �.001a

C-reactive protein,
mean (SD), mg/L

4.7 (6.5) 4.3 (5.6) 3.6 (6.5) 3.0 (7.9) �.001a

Interleukin 6, mean
(SD), mg/dL

3.6 (2.7) 3.0 (2.2) 2.8 (2.1) 2.5 (2.1) �.001a

Baseline telomere
length, mean (SD),
T/S units

0.96 (0.25) 0.93 (0.22) 0.89 (0.19) 0.91 (0.20) .06

Year 5 telomere
length, mean (SD),
T/S units

0.83 (0.15) 0.83 (0.13) 0.82 (0.15) 0.86 (0.15) .16

Abbreviations: ACE, angiotensin-converting enzyme; ANOVA, analysis of variance; ARB, angiotensin II receptor blocker;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MET, metabolic equivalent task;
T/S, telomere-to-single-copy gene ratio.

SI conversions: To convert HDL-C and LDL-C to mmol/L, multiply by 0.0259; to convert triglycerides to mmol/L, multiply
by 0.0113.

aSignificance test by 1-way ANOVA after natural log transformation.
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0.09-0.17), whereas those in the high-
est quartile experienced a decrease of
0.05 T/S units (95% CI, 0.02-0.08;
P�.001 for trend using linear con-
trasts).

In the unadjusted linear regression
model, higher baseline log omega-3
fatty acid levels were associated with in-
crease in absolute telomere length (un-
adjusted � coefficient=0.06; 95% CI
0.02-0.10). After sequential adjust-

ment for demographics, comorbidi-
ties, blood pressure, serum lipids, in-
flammatory biomarkers, medications,
and baseline telomere length (TABLE 2),
the association of baseline log omega-3
fatty acid levels with lengthening of
telomeres over time persisted (ad-
justed � coefficient=0.05; 95% CI, 0.01-
0.08). The greatest attenuation in the
� coefficient occurred after adjust-
ment for baseline telomere length.

During the median 6-year (range,
5.0-8.1 years) follow-up period, 276
participants (45%) exhibited greater
than 10% reduction in telomere length.
Each 1-SD increase in baseline log
omega-3 fatty acid levels was associ-
ated with a 19% decrease in the odds
of telomere shortening (unadjusted
odds ratio, 0.81; 95% CI, 0.69-0.95). Af-
ter sequential adjustment for demo-
graphics, comorbidities, blood pres-
sure, serum lipids, inflammatory
biomarkers, medications, and base-
line telomere length (TABLE 3), each
1-SD increase in baseline log omega-3
fatty acid levels was associated with a
32% decrease in the odds of telomere
shortening (adjusted odds ratio, 0.68;
95% CI, 0.47-0.98).

In multivariable models, we found no
evidence that the effect of baseline
omega-3 fatty acid levels on telomeric
aging was modified by age, sex, race/
ethnicity, smoking, income, educa-
tion, or type 2 diabetes (all P	.10).
However, the effect of baseline omega-3
fatty acids on telomeric aging was stron-
ger in participants with longer base-
line telomere length (P=.04 for inter-
action).

COMMENT
Leukocyte telomere length is an emerg-
ing marker of biological age that inde-
pendently predicts morbidity and mor-
tality in patients with cardiovascular
diseases.28 In this longitudinal study, we
observed that baseline levels of ma-
rine omega-3 fatty acids were associ-
ated with decelerated telomere attri-
tion over 5 years. The association was
linear and persisted after adjustment for
potential confounders. These findings
raise the possibility that omega-3 fatty
acids may protect against cellular ag-
ing in patients with coronary heart dis-
ease.

Several studies have reported cross-
sectional associations between longer
telomeres and nutritional supple-
ments, including multivitamins, vita-
min C, vitamin D, vitamin E, and folic
acid.29-33 The lack of longitudinal data
on telomere trajectory limits the de-
gree to which causal inferences can be

Figure. Absolute and Relative Mean Changes in Telomere Length Over 5 Years by Quartile
of Omega-3 Fatty Acid Level, Adjusted for Age and Baseline Telomere Length
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Error bars indicate 95% confidence intervals. T/S indicates telomere-to-single-copy gene ratio. P�.001 for
linear trend for both absolute and relative change. See Table 1 for definitions of quartiles.

Table 2. Association of Log Omega-3 Fatty Acid Levels (as a Continuous Variable) With
Absolute Increase in Leukocyte Telomere Length Over 5 Years

Modela
� Coefficient �10−3

(95% Confidence Interval) P Value Model R2

Unadjusted 0.06 (0.02-0.10) .001 0.02

Model 1 0.08 (0.04-0.13) �.001 0.08

Model 2 0.09 (0.04-0.14) �.001 0.13

Model 3 0.09 (0.04-0.14) �.001 0.13

Model 4 0.09 (0.04-0.14) �.001 0.14

Model 5 0.05 (0.01-0.08) .008 0.68
aAll covariates were modeled continuously except the following categorical variables: sex (male, female); ethnicity

(Hispanic, Asian, black, white, other); income (�$10 000, $10 000-$19 999, $20 000-$29 999, $30 000-$39 999,
$40 000-$50 000, 
$50 000); education (no formal schooling, 5th grade or less, 6th-8th grade, 9th-11th grade,
high school graduate, some college/vocational school, college degree, graduate/professional degree); prior myo-
cardial infarction; type 2 diabetes; current smoking status; vitamin use; statin use; �-blocker use. In the final
adjusted model (model 5), the linear regression equation is change in telomere length=0.101�0.05(log omega-3
level)−0.003(age)−0.06(male)−0.03(Asian)−0.02(black)−0.03(white)−0.03(other)−0.006(income $10 000-$19 999)
−0.008(income $20 000-$29 999)−0.001(income $30 000-$39 999)−0.005(income $40 000-$49 999)−0.003
(income 
$50 000)�0.04(�5th grade)�0.12(6th-8th grade)�0.09(9th-11th grade)�0.08(high school graduate)
�0.12(some college)�0.09(college degree)�0.11(graduate degree)�0.001(exercise capacity)−0.005(prior
myocardial infarction)−0.02(type 2 diabetes)−0.007(smoking)−0.001(left ventricular ejection fraction)−0.12(waist-
hip ratio)−0.0003(systolic blood pressure)�0.001(diastolic blood pressure)�0.005(log triglycerides)−0.03(log low-
density lipoprotein cholesterol)−0.005(log high-density lipoprotein cholesterol)�0.003(log C-reactive protein)
−0.007(log interleukin 6)−0.02(multivitamin use)�0.0009(statin use)�0.02(�-blocker use)−0.77(baseline telomere
length)�0.009(baseline telomere length�log omega-3 level). Model 1 was adjusted for age, sex, race/ethnicity,
income, education, and exercise capacity. Model 2=model 1 � prior myocardial infarction, type 2 diabetes,
smoking, left ventricular ejection fraction, waist-hip ratio, systolic and diastolic blood pressure, log triglycerides,
log low-density lipoprotein cholesterol, and log high-density lipoprotein cholesterol. Model 3=model 2 � log
C-reactive protein and log interleukin 6. Model 4=model 3 � use of vitamins, statins, and �-blockers. Model
5=model 4 � baseline telomere length and baseline telomere length � log omega-3 level.
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made from these studies.34 Residual
confounding due to measured and un-
measured factors may also have con-
tributed to the observed associations be-
tween health supplements and telomere
length.35 Statins mitigate the excess car-
diovascular risk conferred by short telo-
meres and inhibit telomere shorten-
ing in vitro.36,37 However, in large
epidemiological studies, there was no
association between statin use and telo-
mere length.38

Marine omega-3 fatty acid supple-
mentation has been associated with
improved survival after myocardial
infarction in observational studies and
randomizedclinical trials.1 Althoughthe
mechanisms involved remain incom-
pletely understood, there is increasing
evidence that omega-3 fatty acids exert
direct effects on aging and age-related
diseases.39 Omega-3 fatty acid supple-
mentation and blood levels are both
associated with attenuation of age-
associated increases in pulse-wave
velocity, a key marker of vascular stiff-
ness.40,41 They are also associated with
slowing of age-related cognitive decline
and reduced incidence of age-related
macular degeneration.42,43 In rodents,
dietary enrichment with omega-3 fatty
acids prolongs life span by approxi-
mately one-third.44 The present find-
ings identify deceleration of telomere
attrition as a potentially novel path-
way for the antiaging effects of marine
omega-3 fatty acids.

We observed that sequential adjust-
ment for known downstream media-
tors of omega-3 fatty acids, including
beneficial effects on blood pressure, lip-
ids, and markers of systemic inflam-
mation, did not attenuate the inverse
association between omega-3 levels and
telomere attrition rate, suggesting that
1 or more alternative mechanisms may
be involved or that single measure-
ments of these mediators may not suf-
ficiently capture their long-term ef-
fects.

One possible explanation for the
association of omega-3 fatty acids
with decelerated telomere attrition
may lie in the paradigm of oxidative
stress, a powerful driver of telomere

shortening and organismal aging.45

Reactive oxygen species specifically
target the GGG triplets in telomeric
DNA and result in increased telomere
attrition during mitosis.46 Marine
omega-3 fatty acids are incorporated
into membrane phospholipids, as is
arachidonic acid.47 Although EPA and
DHA are more readily oxidized ex
vivo than arachidonic acid, supple-
mentation with omega-3 fatty acids
has been associated with lower levels
of F2-isoprostanes, an established
standard for measurement of systemic
oxidative stress, and with higher lev-
els of the antioxidant enzymes cata-
lase and superoxide dismutase.44,48 In
vitro studies have identified a direct
stimulatory effect of omega-3–derived
J3-isoprostanes on Nrf2, a master
transcriptional regulator of the cellu-
lar antioxidant response.49

A second potential mechanism for
the association of slowing of omega-3
fatty acid levels with decelerated telo-
mere attrition is increased activity of the
enzyme telomerase.50 Until recently, ex-
pression of telomerase was thought to
be limited to germ cells, stem cells, and
cancer cells.51 However, low-level
telomerase activity has now been dem-
onstrated in peripheral blood mono-
nuclear cells.52 The adoption of com-
prehensive lifestyle changes, which
included daily supplementation with 3
g of omega-3 fish oil, was associated
with a significant increase in telomer-
ase activity in normal adult human
leukocytes.53 In contrast, in cultured co-
lorectal adenocarcinoma cells, EPA and
DHA suppressed telomerase activity and
reduced telomerase levels.54 There are
no studies to date exploring the bio-
logical effect of omega-3 fatty acids on
telomerase in noncancerous tissues.
Taken together, these observations lead
us to speculate that omega-3 fatty ac-
ids might exert bidirectional effects on
telomerase depending on cellular con-
text: in healthy tissues, they may en-
hance telomerase activity while sup-
pressing it in cancerous cells. Such
properties would be highly desirable in
the development of treatments target-
ing telomeric aging.

Although we found an inverse asso-
ciation between baseline omega-3 fatty
acid levels and subsequent rate of telo-
mere shortening over time, we found
no significant association between
omega-3 fatty acid levels and telomere
length at baseline. As to why omega-3
fatty acid levels were not associated with
longer baseline telomere length, it
should be emphasized that the level of
omega-3 fatty acids is only one of many
influences on telomere length in this
heterogeneous sample. Numerous other
factors, including systemic inflamma-
tion, obesity, oxidative stress, and lack

Table 3. Association of Log Omega-3 Fatty
Acid Levels (as a Continuous Variable per
1-SD Increase) With Leukocyte Telomere
Shortening, Defined as 	10% Decrease in
Telomere Length Over 5 Years

Modela

Odds Ratio
per 1-SD Increase
(95% Confidence

Interval)
P

Value

Unadjusted 0.81 (0.69-0.95) .01

Model 1 0.72 (0.60-0.88) .001

Model 2 0.68 (0.54-0.85) .001

Model 3 0.68 (0.54-0.86) .001

Model 4 0.68 (0.54-0.86) .001

Model 5 0.68 (0.47-0.98) .04
aAll covariates were modeled continuously except the fol-

lowing categorical variables: sex (male, female); ethnicity
(Hispanic, Asian, black, white, other); income (�$10 000,
$10 000-19 999, $20 000-29 999, $30 000-39 999,
$40 000-50 000, 
$50 000); education (no formal school-
ing, 5th grade or less, 6th-8th grade, 9th-11th grade, high
school graduate, some college/vocational school, col-
lege degree, graduate/professional degree); prior myo-
cardial infarction; type 2 diabetes; current smoking sta-
tus; vitamin use; statin use; �-blocker use. In the final
adjusted model (model 5), the linear regression equation
is log odds of telomere shortening=−1.06−0.87(log
omega-3 level)�0.05(age)�0.87(male)�0.68(Asian)�0.91
(black)�0.57(white)�0.58(other)−0.3(income $10 000-
$19 999)−0.008(income $20 000-$29 999)�0.56
(income $30 000-$39 999)−0.44(income $40 000-
$49 999)−0.14(income 
$50 000)−16(�5th grade)−18
(6th-8th grade)−18(9th-11th grade)−18(high school
graduate)−18(some college)−18(college degree)−18
(graduate degree)�0.07(exercise capacity)�0.39(prior
myocardial infarction)�0.24(type 2 diabetes)�0.09
(smoking)�0.01(left ventricular ejection fraction)�4.0
(waist-hip ratio)�0.01(systolic blood pressure)−0.03
(diastolic blood pressure)−0.05(log triglycerides)�0.54
(log low-density lipoprotein cholesterol)−0.11(log high-
density lipoprotein cholesterol)−0.005(log C-reactive
protein)�0.09(log interleukin 6)�0.64(multivitamin use)
−0.21(statin use)−0.35(�-blocker use)�10(baseline telo-
mere length)�0.0002(baseline telomere length�log
omega-3 level). Model 1 was adjusted for age, sex, race/
ethnicity, income, education, and exercise capacity. Model
2=model 1 � prior myocardial infarction, type 2 diabe-
tes, smoking, left ventricular ejection fraction, waist-hip
ratio, systolic and diastolic blood pressure, log triglycer-
ides, log low-density lipoprotein cholesterol, and log high-
density lipoprotein cholesterol. Model 3=model 2 � log
C-reactive protein and log interleukin 6. Model 4=model
3 � use of vitamins, statins, and �-blockers. Model
5=model 4 � baseline telomere length and baseline telo-
mere length � log omega-3 level.
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of physical activity, are believed to cu-
mulatively determine telomere length
throughout adult life. Our paired-
sample longitudinal study was specifi-
cally designed to isolate the effect of
omega-3 fatty acid levels on subse-
quent within-person changes in telo-
mere length. Further studies are needed
to understand the interindividual vari-
ability in the complex integration of bi-
directional influences on telomere
length.

Among the strengths of the present
study is the detailed characterization
of demographic, clinical, and bio-
chemical covariates. In addition, the
longitudinal study design improves
on prior cross-sectional studies. How-
ever, several limitations should be
considered in the interpretation of our
results. First, the association reported
in this study is observational, and
therefore no definitive conclusions
can be made regarding causality.
Although we adjusted for multiple
carefully measured potential con-
founding variables, the possibility of
residual confounding by measured or
unmeasured covariates cannot be
excluded. For example, the absence of
detailed dietary information may have
contributed to residual confounding
by other nutritional factors associated
with telomere length, such as red
meat intake.55 To definitively address
the question of whether omega-3 fatty
acids inhibit cellular aging, a double-
blind, randomized, placebo-controlled
trial would be necessary. Second, our
measurements were restricted to telo-
mere length in leukocytes and do not
necessarily reflect telomere trajectory
in other cell compartments such as
myocardium, endothelium, or the
atherosclerotic plaque. Third, due to
long-term storage of blood samples,
we could not measure biomarkers of
oxidative stress or telomerase activity,
which might elucidate the mecha-
nisms of deceleration of telomeric
aging by omega-3 fatty acids. Fourth,
our study sample comprised mainly
male outpatients with coronary artery
disease, a population that might be
particularly responsive to the effects

of omega-3 fatty acids. The findings
may not be generalizable to other
patient populations, and further stud-
ies are required to validate our find-
ings in other demographic groups.

In summary, among patients with
stable coronary artery disease, there was
an inverse relationship between base-
line blood levels of marine omega-3
fatty acids and the rate of telomere
shortening over 5 years.
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