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ABSTRACT

Background: Telomeres shorten as organisms age, placing limits on cell proliferation and serving as a
marker of biological aging. Non-esterified fatty acids (NEFAs) are a key mediator of age-related metabolic
abnormalities. We aimed to determine if NEFAs are associated with telomere length in community-living
older adults.
Material and methods: We cross-sectionally studied 1648 participants of the Cardiovascular Health Study
(CHS) who underwent concomitant telomere length measurement from a sample of 4715 participants
who underwent measurement of circulating total fasting NEFAs in stored specimens from their 1992-3
clinic visit. We used linear regression and inverse probability weighting to model telomere length as a
function of NEFAs with adjustment for age, gender, race, clinic, BMI, marital status, smoking status,
alcohol intake, diabetes status, years of education, hypertension status, prevalent cardiovascular disease,
C-reactive protein, total adiponectin, albumin, fetuin-A, fasting insulin, eGFR, total cholesterol, HDL-
cholesterol, triglycerides, and general health status.
Results: Higher NEFAs were significantly associated with shorter telomere length, after adjusting for age,
gender, race, and clinic site (B = —0.034; SE = 0.015; P = 0.02). Estimates remained similar in fully
adjusted models where each SD of NEFA increment was associated with 0.042 kilobase (kb) pairs shorter
telomere length (standard error = 0.016; P = 0.007); for comparison the coefficient for a single year of
age in the same model was —0.017. These results were similar in strata of sex, and waist circumference
although they tended to be strongest among participants in the youngest tertile of age (B = -0.079;
SE = 0.029; P = 0.01).
Conclusions: In this population-based cohort of community-living elders, we observed a significant in-
verse association between NEFAs and telomere length. If confirmed, NEFAs may represent a promising
target for interventions to slow biological aging.

© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

triglycerides in adipose tissue but also, to a lesser degree, from food
or phospholipids [1]. Circulating levels of NEFAs are modifiable in

Non-esterified fatty acids (NEFAs) are a biologically active class response to insulin and other metabolic regulators [1—4] and hence
of carboxylic acids of various lengths and degrees of saturation. are attractive candidates as targetable risk factors for aging and
They arise in circulation predominantly from hydrolysis of age-related diseases.
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Although NEFAs are best known as intermediates in age-related
metabolic dysregulation, leading to diabetes, the biological effects
of NEFAs may occur across a wider variety of organ systems and
tissues and hence are plausibly related to biological aging. Indeed,
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previous work in CHS demonstrated that higher NEFAs were
associated not only with incident diabetes, but also dementia- and
pulmonary-related mortality, atrial fibrillation, congestive heart
failure, frailty and disability [5—8].

Telomere length is a biomarker of cumulative exposure to
oxidative stress and an indicator of biological rather than chrono-
logical aging [9,10]. Telomeres are repetitive DNA sequences that
cap the ends of chromosomes. In humans, the long stretches of the
tandem repeats are made up of TTAGGG [11]. Telomeres regulate
the proliferation of cells in organisms, for they shorten as the or-
ganism ages, and this shortening place limits on the number of
replications that the cells of the organism can undergo.

Several genetic and environmental factors have been proposed
to influence telomere length: many of these factors influence
oxidative stress and inflammation, which are important drivers in
telomere length dynamics and aging [12—20]. Because NEFAs have
also been associated with oxidative stress and inflammation, we
hypothesized that they may be associated with shorter telomere
length and hence with biological aging. However, no previous
studies have measured both factors simultaneously and investi-
gated if the two are related to one another independent of chro-
nological age or other comorbidities.

To address this question, we analyzed data from participants of
the Cardiovascular Health Study (CHS), an ongoing population-
based cohort study of older Americans that measured both total
fasting NEFAs and telomere length in a subset of participants. A
priori, we hypothesized that higher NEFA concentrations would be
associated with shorter telomere length, independent of age and
other comorbid diseases.

2. Material and Methods

CHS is a prospective cohort consisting of 5888 men and women
aged >65 years who were randomly selected from Medicare-
eligibility lists in four U.S. communities (Forsyth County, NC;
Washington County, MD; Sacramento County, CA; and Pittsburgh,
PA). A detailed description of methods and procedures in the CHS
has previously been published [21]. Briefly, persons eligible to
participate were not institutionalized or wheelchair dependent, did
not require a proxy for consent, were not receiving treatment for
cancer, and were expected to remain in their respective regions for
3 years. From 1989 to 1990, 5201 participants were recruited in the
original cohort. Between 1992 and 1993, 687 subjects (predomi-
nantly African American) were additionally recruited. Baseline
evaluation of study participants included standardized question-
naires, physical examination, anthropometric measurements,
resting electrocardiography, and laboratory examinations. The
institutional review board at each center approved the study, and
each participant gave informed consent.

For this analysis, the 1992—93 clinic visit (i.e., the first visit that
incorporated the additional 687 subjects who were recruited) was
used for analysis. Of the 5265 participants present at the 1992-93
clinic visit, 4715 underwent NEFA measurement on stored fasting
serum samples. During the same clinic visit, 1675 were randomly
selected for leucocyte telomere length measurement if they had
stored genetic samples available, had a signed consent for DNA use
on file, and also attended the 1997—1998 CHS examination. Overall,
1648 participants underwent both NEFA and telomere length
measurements.

2.1. Measurement of serum NEFA
Serum NEFA concentration was measured on fasting samples by

the Wako enzymatic method at the CHS Central Laboratory at the
University of Vermont. This technique relies on the acylation of CoA
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by the fatty acids in the presence of added acyl-CoA synthetase.
Acyl-CoA produced is oxidized by added acyl-CoA oxidase with
generation of hydrogen peroxide and in the presence of peroxidase
permits the oxidative condensation of 3-methy-Nethyl- N(b-
hydroxyethyl)-aniline with 4-aminoantipyrine to form a purple-
colored adduct. The latter is then measured colorimetrically at
550 nm. The inter-assay CV was 3.54—8.17% (detectable range
0.0156—1.50 mEq/L).

2.2. Measurement of telomere length

Telomere length was measured as the mean length of the ter-
minal restriction fragments (TRFs) in peripheral leukocytes, using
the Southern blot method. Briefly, DNA samples were digested
overnight with the restriction enzymes Hinfl (10 U) and Rsal (10 U;
Roche Applied Science, Indianapolis, Indiana). Eighteen DNA sam-
ples (~5 pg each) and four DNA ladders (one kilobase (kb) pair DNA
ladder plus A DNA/Hindlll fragments; Invitrogen, Carlsbad, Califor-
nia) were resolved on 0.5% agarose gel (20 cm x 20 cm) at 50 V
(GNA-200 electrophoresis unit; GE Healthcare, Piscataway, New
Jersey). After 16 h, the DNA was depurinated for 30 min in 0.25 N
hydrochloric acid, denatured for 30 min in 0.5 mol/L sodium hy-
droxide/1.5 mol/L sodium chloride, and neutralized for 30 min in
0.5 mol/L Tris (pH 8)/1.5 mol/L sodium chloride. The DNA was
transferred for 1 h to a positively charged nylon membrane (Roche
Applied Science) with a vacuum blotter (Boekel Scientific, Feast-
erville, Pennsylvania). Membranes were hybridized at 65 °C with
the telomeric probe (digoxigenin 3°-end labeled 5°-(CCCTAA)3)
overnight in 5X sodium chloride/sodium citrate (SSC), 0.1% Sarko-
syl, 0.02% sodium dodecyl sulfate, and 1% blocking reagent (Roche
Applied Science). Membranes were washed three times at room
temperature in 2X SSC, 0.1% sodium dodecyl sulfate each for 15 min
and once in 2X SSC for 15 min. The digoxigenin-labeled probe was
detected by means of the digoxigenin luminescent detection pro-
cedure (Roche Applied Science) and exposed on Hyperfilm (GE
Healthcare).

Autoradiographs were scanned and the TRF signal between
molecular weights of 3 kb and 20 kb was digitized; background was
fixed as the signal in a non-DNA-loaded region of the film. The
optical density values versus DNA migration distances were con-
verted to optical density (adjusted for background)/molecular
weight versus molecular weight. The mean TRF length was then
calculated accordingly (between the nadir and 20 kb). Each sample
was analyzed twice for telomere length measurement (on different
gels on different occasions), and the mean was used for statistical
analyses. The Pearson correlation coefficient for the duplicates of
this sample was 0.97, with an average coefficient of variation for
pair sets of 1.5%. The laboratory personnel conducting the TRF
length and NEFA measurements were blinded to all characteristics
of participants [22,23].

2.3. Covariates

Baseline variables were used for statistical adjustment. These
include clinic site, age, technician-measured body mass index,
marital status (married or non-married), race (white or non-white)
years of education; , hypertension status (normotensive, pre-
hypertensive, or hypertensive), diabetes status (normal [fasting
glucose <100 mg/dl], prediabetes [fasting glucose between 100 and
125 mg/dl], diabetic [fasting glucose >125 mg/dl or use of medi-
cation]), smoking status, alcohol intake, adjudicated prevalent
cardiovascular disease (CHD, M, stroke, CHF), and general health
status. Other biomarkers measured at the CHS Central Laboratory
included total adiponectin, albumin, fetuin-A, fasting insulin,
cystatin-C (used to estimated glomerular filtration rate), C-reactive
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protein (CRP), total and HDL-cholesterol, and triglycerides.

2.4. Statistical analyses

Because only 1648 participants (out of 4715 participants with
NEFA measurements) underwent measurement of telomere length,
we employed stabilized inverse probability weighting to calculate
sample weights that estimated associations in the original sub-
cohort of 4715. For Table 1, we made the a priori decision to describe
study variables by NEFA levels in tertiles.

Linear regression models were used to model telomere length as
a function of total NEFA (per SD; SD = 0.20) in a reduced model
including age, gender, race, and clinic site, and in a fully adjusted
model that added BMI, marital status, smoking status, alcohol
intake, diabetes status, years of education, hypertension status,
prevalent cardiovascular disease, C-reactive protein, total adipo-
nectin, albumin, fetuin-A, fasting insulin, eGFR, total cholesterol,
HDL-cholesterol, triglycerides, and general health status. In sec-
ondary analyses, we also performed stratified analyses with age,
gender and waist circumference. For the stratified analyses, age was
reclassified into tertiles; 64—71, 72—76, and >76, and waist
circumference was dichotomized at the median as <97 cm and
>97 cm. Restricted cubic splines were used to evaluate the shape of
the relationship between total NEFAs and telomere length. All an-
alyses were performed using SAS Version 9.4.

3. Results

Table- 1 shows the demographic characteristics of the 1648
included participants according to tertiles of NEFAs. As expected,
NEFAs tended to be higher with older age, heavier BMI, and among
women.

We observed a significant inverse association between NEFAs
and telomere length in both reduced (fp = —0.034; SE = 0.015;
P = 0.02) and fully adjusted (f = —0.042; SE = 0.016; P = 0.01)

Table 1
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models. The association appeared stronger in the fully adjusted
models relative to the reduced models. Fig. 1 demonstrates the
dose-dependent, graded association of NEFAs with telomere
length; we observed no evidence of non-linearity (p = 0.47), and a
significant linear trend (p = 0.01). In a sensitivity analysis, we
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Fig. 1. Adjusted relationship between NEFAs and telomere length.

Results derived from a penalized cubic spline generalized linear model with 4 knots
The model adjusted for age, sex, race, clinic site, body mass index, marital status, years
of education, hypertension status, diabetes status, smoking status, alcohol intake,
adjudicated prevalent cardiovascular disease (CHD, CHF, MI, and stroke), hypoglycemic
and lipid-lowering medications, general health status, total adiponectin, albumin,
fetuin-A, fasting insulin, glomerular filtration rate (cystatin-C), C-reactive protein
(CRP), total and HDL-cholesterol, and triglycerides. Shaded area indicates 95% confi-
dence interval. P values were 0.47 for non-linearity, 0.01 for a significant linear trend.

Descriptive characteristics of 1648 CHS participants with NEFA measurement in 1992—1993.

Non-Esterified Fatty Acids (mEq/L)

0.40—0.55 (N = 526) >0.55 (N = 588)

VARIABLE <0.40 (N = 534)<
Age, Years 74.1 (5.0)
BMI, kg/m? 26.5 (4.2)
Male, n (%) 327 (48.4)
White, n (%) 466 (32.4)
Married, n (%) 414 (36.6)
Education (>H.S), n (%) 428 (34.7)
Current Smoker, n (%) 80 (35.1)
Alcohol, #/wk 23(5.1)
Diabetes, n (%) 62 (24.0)
Diabetes Medication Use, n (%) 41 (27.0)
Hypertension, n (%) 195 (28.3)
Hypertension Medication Use, n (%) 272 (31.2)
Coronary Heart Disease, n (%) 141 (36.9)
Congestive Heart Failure, n (%) 41 (33.3)
Stroke, n (%) 27 (30.0)
Myocardial Infarction, n (%) 78 (39.6)
General Health (Good-Excellent), n(%) 439 (33.1)
Fetuin A, g/L 0.46 (0.09)
Albumin, gm/dl 3.89 (0.27)
Adiponectin, ng/mL 12072.6 (7102.0)
Total Cholesterol, mg/dL 203.3 (36.6)
Triglyceride, mg/dL 142.5 (81.3)
HDL, mg/dL 48.2 (12.0)
Insulin, IU/ml 16.7 (34.6)
C-Reactive Protein, mg/L 54(11.2)
Glomerular Filtration Rate (Cystatin-C) 70.8 (18.4)
Hypoglycemic Medication, n (%) 32(27.1)
Lipid-Lowering Medication, n (%) 43 (34.9)

749 (5.2) 75.3 (5.4)
27.0 (5.0) 27.2 (5.0)
206 (30.5) 143 (21.2)
460 (32.0) 512 (35.6)
360 (31.9) 356 (31.5)
381 (30.9) 424 (34.4)
75 (32.9) 73 (32.0)
1.9 (44) 2.1(5.1)

86 (33.3) 110 (42.6)
47 (30.9) 64 (42.1)
200 (29.0) 294 (42.7)
260 (29.9) 339 (38.9)
113 (29.6) 128 (33.5)
43 (35.0) 39(31.7)
35 (38.9) 28 (31.1)
54 (27.4) 65 (33.0)
430 (32.5) 456 (34.4)
0.48 (0.09) 0.49 (0.1)
3.91(0.27) 3.95 (0.27)
13681.4 (7205.1) 15130.6 (8331.3)
209.8 (37.4) 215.5 (39.4)
152.0 (97.9) 157.1 (86.4)
52.1 (13.5) 56.4 (15.3)
13.8 (14.8) 14.9 (25.1)
6.2(11.1) 6.8 (11.7)
70.5 (19.9) 72.0 (18.8)
32(27.1) 54 (45.8)
36 (29.3) 44 (35.8)
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added diabetes medication use, hypertension medication use, hy-
poglycemic medication use, and lipid-lowering medication use to
the fully adjusted model, but including these in the model did not
alter our findings significantly (fp = —0.047; SE = 0.018; P = 0.01).

When we examined covariates individually, we found that the
stronger association in the fully adjusted model was attributable to
albumin and hypertension status. For comparison, the only other
variables significantly associated with telomere length in these
models were age, sex, race, smoking, and hypertension. The
regression coefficient for 1 SD increment in NEFAs was approxi-
mately equivalent to that for 2.5 years of age (p = —0.017 for a year
of age) in multivariable models.

In stratified analyses (Fig. 2), the association of NEFAs with
telomeres was nearly identical among men (B = -0.047;
SE = 0.027; P = 0.07) and women (f = —0.041; SE = 0.020;
P = 0.03), and was generally similar by waist circumference as well
(B = —0.023; SE = 0.023; P = 0.30, for waist circumference <97 cm;
and B = —0.057; SE = 0.022; P = 0.01, for waist circumference
>97 cm). Participants in the 64—71 age group had the largest
telomere length decrease (B = —0.079; SE = 0.029; P = 0.01),
compared to the older two tertiles, which were similar to each
other ( = —0.022; SE = 0.026; P = 0.40, for age group 72—76 years;
and B = —0.024; SE = 0.027; P = 0.37, for age >76 years). The in-
teractions were not significant for age (p = 0.30), gender (p = 0.90)
or waist circumference (p = 0.64).

4. Discussion

In this cohort of community-living older adults, higher serum
NEFA levels were significantly associated with shorter telomere
length and indeed among the few measured variables to do so. To
our knowledge, this the first epidemiological study to examine this
association and adds to the growing list of adverse health measures
associated with circulating NEFAs in elders.

The mechanisms by which NEFAs might lead to accelerated
biological aging are speculative, but our results suggest that they
may be independent (or at least superimposed upon) the effects of
NEFAs on inflammation and glucose metabolism (for which we
controlled).

One potential pathway linking NEFAs and telomere length is
oxidative stress. Higher circulating levels of NEFAs have been
shown to promote de novo lipogenesis, causing abnormal hepatic
lipid accumulation and oxidative stress [24]. Studies have also
shown that reduction of NEFAs lowers oxidative stress [25]. In a
systematic review of oxidative stress and telomere length, Von
Zglinicki [9] noted that in most cases the replicative senescence of

— 4 .
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Fig. 2. Relation of NEFA with telomere length by stratified covariates.

Metabolism Open 8 (2020) 100058

telomeres is a stress response arising from external oxidative stress
or diminished internal antioxidant defenses. His review of experi-
ments on stress dependency of telomere shortening revealed that
19 out of 22 independent experiments from seven different labo-
ratories showed increased telomere shortening rate under condi-
tions of increased oxidative stress.

Inflammation and oxidative stress increase the demand for cell
replication and hence accelerated shortening of telomeres
[10,26,27]. In fact, inflammation and oxidative stress increase the
number of telomere repeats lost per cell replication [28—30]. The
association of inflammation and oxidative stress with diseases of
aging [31,32] may explain the increased incidence and prevalence
of late-life diseases, particularly cardiovascular disease among in-
dividuals with shorter telomeres [27,33—35].

Telomere shortening has been associated with neurodegenera-
tive diseases, infections, diabetes, malignancies, autoimmune dis-
eases, hypertension, atherosclerosis, cardiovascular disease, and
mortality especially from cardiovascular disease [26,27,33,36—39].
Many of these conditions have also been associated with higher
serum NEFAs, and future research is warranted to determine if
NEFAs are associated with that subset of conditions that have not
yet been tested. Because NEFA levels are modifiable — by improving
adipocyte insulin sensitivity, for example — they may reflect one
potential pathway by which telomere length can be preserved.

Our stratified analyses by age group did not show a formally
significant interaction between age in tertiles and NEFA levels.
Although we studied a cohort of older adults, a closer look at age
differences demonstrates that participants 64—71 years had a
larger telomere length decrease compared to older participants,
although we observed no dose-response relationship above this
age. This could reflect the loss of telomere length that occurs with
age [9,10,40], such that modifiable factors like NEFAs may be most
important in individuals of less advanced age. This hypothesis will
require testing in younger cohorts.

The stratified analyses by gender did not show major differences
between males and females for the association between NEFAs and
telomere lengths. Nonetheless, sex itself was a determinant of
telomere length, consistent with previous work by Bekaert at al.
[41] who showed that females have significantly longer telomeres
compared to males. Although we did not find significant gender
differences in the associations of NEFAs with telomere length, the
antioxidant properties of estrogen may serve to preserve telomeres
of females or at least slow the rate of attrition. Estrogen acts to
scavenge free radicals, inhibit their formation, and stimulate en-
zymes to detoxify free radicals. [42]

Our study has several strengths. First, this is the first study to our
knowledge that has investigated the association between NEFAs
and telomere lengths. CHS provides high-quality data and is one of
few cohorts to have both NEFAs and telomere lengths measured.
Second, we had a good representation of both gender in our study
sample, and risk estimates were nearly identical by gender. Third,
we controlled for potential confounding as CHS enjoys a compre-
hensive list of covariates.

Our study is also not without limitations. First, we found asso-
ciations that require further confirmation given the novelty of our
findings. Nonetheless, our findings are consistent with the biology
of telomere attrition and possible role of NEFA-induced oxidative
stress. Second, our findings are correlative, and we cannot say with
certainty that NEFAs caused telomere shortening. Moreover, the
cross-sectional study design does not allow evaluation of direc-
tionality, and it remains possible that shorter telomere length
precedes increases in plasma NEFA concentrations. Third, we did
not assess oxidative stress or other potential mechanistic links in
this study and as such cannot directly ascertain the pathways
involved. Finally, our results apply directly only to older adults, as
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CHS is a cohort of older adults. Future studies are needed to
determine if results generalize to younger persons.

5. Conclusion

In a population of older community-living adults, higher serum
NEFA levels were independently associated with shorter telomere
length. NEFAs are known to promote oxidative stress and may be an
important target for intervention against telomere shortening. This
finding adds to the available literature on NEFA and telomere
biology and suggests that NEFAs may be associated with more rapid
biological aging.
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