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Background—Leucocyte telomere length (LTL) chronicles the cumulative burden of oxidative
stress and inflammation over a life course. Activation of the renin-angiotensin-aldosterone system
(RAAS) is associated with increased oxidative stress and inflammation. Therefore, LTL may be
related to circulating biomarkers of the RAAS.

Methods—We evaluated the cross-sectional relations of LTL (dependent variable) to circulating
renin and aldosterone concentrations and the renin-aldosterone ratio (all logarithmically-
transformed; independent variables) in 1203 Framingham Study participants (mean age 59 years,
51% women). We used multivariable linear regression and adjusted for age, blood pressure,
hypertension treatment, smoking, diabetes, body mass index, hormone replacement therapy, serum
creatinine and the urine sodium-creatinine ratio.

Results—Overall, multivariable-adjusted LTL was inversely related to renin (beta coefficient per
unit increase [p]=-0.038; p= 0.036), directly related to aldosterone ($=0.099; p= 0.002), and
inversely related to the renin-aldosterone ratio (=-0.049; p= 0.003). Relations of LTL to
biomarkers were stronger in those with hypertension, although a formal test of interaction was not
statistically significant (p=0.20). Individuals with hypertension displayed significant associations
of LTL with renin (p=-0.060; p= 0.005), aldosterone (8=0.134; p= 0.002) and renin-aldosterone
ratio ($=-0.072; p<0.001). Participants with hypertension who were in the top tertile of the renin-
aldosterone ratio had LTL that was 182 base pairs shorter relative to those in the lowest tertile.

Conclusions—In our community-based sample, LTL was shorter in individuals with a higher
renin-aldosterone ratio, especially so in participants with hypertension. Additional investigations
are warranted to confirm our observations.
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Introduction

Telomeres are tandem repeats of TTAGGG at the ends of chromosomes that preserve
genomic integrity and progressively shorten with replication of cultured somatic cells.1
Telomeres demonstrate age-dependent shortening in proliferative somatic cells in vivo.2
Therefore, at any age, leukocyte telomere length (LTL) represents the balance between LTL
at birth and the attrition that occurs thereafter. In clinical studies, shorter age-adjusted LTL
has been associated with metabolic (oxidative stress, inflammation),376 structural
(atherosclerosis and arterial stiffness)7710 and environmental (cigarette smoking and
obesity)11:12 indices of cardiovascular disease (CVD).

Telomere length is a record of the replicative history of somatic cells,13 because telomere
repeats are lost with each cell division; such a loss is heightened with oxidative stress.14:15
These features might render LTL a valuable index of metabolic factors predisposing to
atherosclerosis. Firstly, inflammation, which enhances the turnover rate of leukocytes,
increases the pace of LTL shortening. Secondly, as oxidative stress increases the rate of
telomere attrition per cell division, it also accelerates LTL shortening. Accordingly, LTL
chronicles the cumulative burden of inflammation and oxidative stress over the lifetime of
an individual. Both inflammation and oxidative stress are major determinants in
atherosclerosis— a process that is contingent on the continued recruitment of leukocytes16
and increased oxidative stress at the interface of the endothelium with the blood.17 Such a
process usually takes place over the course of many years, and it would be expressed by a
higher pace of LTL attrition and a shorter LTL.
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On a parallel note, substantial data implicate increased activation of components of the
renin-angiotensin-aldosterone system (RAAS) in the atherosclerotic process. The two major
components of the RAAS are its primarily vasoactive arm, the renin-angiotensin system
(RAS), and its primarily sodium regulating arm, aldosterone, both of which evoke oxidative
stress and inflammatory responses.1821 We do not know, however, which of these two
arms of the RAAS provokes comparatively more inflammation/oxidative stress in vivo, and,
therefore, might increase atherosclerotic risk more relatively to the other. Given that LTL
attrition chronicles the cumulative burden of inflammation/oxidative stress and is associated
(inversely) with atherosclerosis, 7:9:10 our objective was to relate LTL to circulating renin
and aldosterone concentrations in a community-based sample to obtain insights into the
issues noted above.

Study Sample

In 1971, 5124 offspring (and their spouses) of the original Framingham Heart Study
participants were enrolled into the Framingham Offspring Study.22 The sixth examination
of this cohort occurred from 1995 to 1998 and was attended by 3532 individuals. 1589 DNA
samples from the sixth examination were available for LTL analysis. These subjects were
selected to be biologically unrelated. Among the 1589 subjects, we excluded 386 individuals
because of missing data on plasma renin or serum aldosterone (n=41), or inadequate quality
or amount of DNA for LTL measurements (n=345). After these exclusions, 1203 individuals
remained eligible for the present investigation. Participants included in the present
investigation were not systematically different from the sample of eligible attendees who
were not included (Appendix Table 1). The study protocol was approved by the Institutional
Review Board at Boston University Medical Center, and all participants provided written
informed consent.

Clinical Evaluation

At the sixth examination cycle (referred to as the “index’ examination), all attendees
underwent standardized evaluations, including medical history and physical examination,
anthropometry and laboratory assessment of cardiovascular risk factors. Hypertension was
defined as systolic blood pressure >140 mm Hg, diastolic blood pressure =90 mm Hg, or
use of anti-hypertensive medications.23 Diabetes mellitus was defined as fasting glucose
>126 mg/dl, or use of insulin or hypoglycemic medications.24 Participants were considered
current cigarette smokers if they reported having smoked cigarettes regularly during the
previous year.

Measurement of renin, aldosterone and urinary sodium

At the index examination, venous blood was drawn from fasting study participants—
typically between 8 a.m. and 9 a.m.— with the participants in a recumbent position for about
5-10 minutes prior to the phlebotomy; participants were ambulatory prior to blood draw.
Blood specimens were centrifuged immediately and serum/plasma stored at —80°C without
repeat freeze-thaw cycles until their assay in 2002.

Serum aldosterone concentration was measured from extracted and fractionated serum using
a highly sensitive and specific radioimmunoassay (Quest Diagnostics Inc., CA) with a
sensitivity of <1 ng/dL.25 The intra-assay coefficient of variation (CV) ranges from 3.8%
(for high concentrations) to 6% (low concentrations) with corresponding interassay CVs
varying from 4.0 to 9.8%. Plasma renin concentration was measured with a highly sensitive
and specific immunochemiluminometric assay (Nichols Advantage® Direct Renin assay).26
The intra-assay CV ranges from 3.7 percent (at high levels) to 7.2 percent (at low levels),
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with corresponding inter-assay CV ranging from 4.9 to 10 percent. This direct renin assay
yields measurements that have a high degree of correlation with the plasma renin activity.
27:28 Serum high-sensitivity C-reactive protein (CRP) was measured using a Dade Behring
BN100 nephelometer, with an intra-assay CV of 2.2%.

Spot urine samples (3 ml) were collected at the index examination at the time of
phlebotomy, temporarily stored at —4°C for up to 4 hours, and maintained at —20°C until
analysis. Urine samples were thawed at room temperature, and urine sodium was measured
using an automated ion-electrode method. Samples were analyzed in duplicate with an
average intra-assay CV of 0.8%. Urinary creatinine concentration was determined using a
modified Jaffe method with an average intra-assay CV of 1.7-3.8%. Urinary sodium
excretion was expressed as mmol of sodium/gm of urinary creatinine (referred to as urine
sodium index).29

LTL measurements

We performed Southern blot analyses and obtained the mean of the terminal restriction
fragment lengths in DNA extracted from leukocytes. We refer to this mean as LTL. Details
of the method to measure the LTL, including an illustrative figure (Appendix figure), are
presented in the appendix. The CV for this approach (for samples measured in duplicate or
triplicate on different gels and occasions and by two researchers) was 2.4%.

Statistical Analyses—We used multivariable linear regression models to relate serum
aldosterone and plasma renin (independent variables modeled jointly) to LTL (dependent
variable). Serum aldosterone and plasma renin concentrations were treated as continuous
variables (natural-logarithmic-transformed values because of a positively skewed
distribution). We also related LTL to the ratio of the two biomarkers, and present the results
for the renin/aldosterone ratio (as opposed to the more conventionally-used aldosterone-
renin ratio) for ease of interpretation (see results section below). The renin/aldosterone ratio
was modeled as a continuous ratio and as tertiles. Because there was no evidence of effect
modification of the relations of serum aldosterone and plasma renin and LTL by sex, all
analyses were sex-pooled, with sex incorporated as a covariate.

Two sets of models were constructed: 1) adjusting for age and sex alone; 2). multivariable
models additionally adjusting for covariates that are known to influence LTL,3'4:6:11:12
and plasma renin and aldosterone concentrations,30'31 age, sex, systolic and diastolic blood
pressure, hypertension treatment, current smoking status, diabetes, serum creatinine, urine
sodium index, body mass index, and hormone replacement therapy. We tested for effect
modification by age and hypertension status by incorporating corresponding interaction
terms in multivariable models.

Since any association of biomarkers of the RAAS with LTL may be mediated by their
proinflammatory effects, we performed secondary analyses adjusting for CRP in the
multivariable models, in addition to the covariates listed above. Antihypertensive agents
differentially affect plasma renin and aldosterone concentration: diuretics raise aldosterone
and renin levels; angiotensin converting enzyme inhibitors raise renin levels but lower
aldosterone levels; beta blockers inhibit renin, and calcium channel blockers are generally
neutral. Therefore, we conducted exploratory analyses to assess if the association of LTL
with biomarkers varied among treated and untreated participants with hypertension by
incorporating appropriate interaction terms for use of antihypertensive medications in a
model that evaluated the subgroup of participants with hypertension.
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General Characteristics

The characteristics of our study sample (mean age 59 years; 51% women) are displayed in
Table 1. Over 40% of men and women in our sample had hypertension; Appendix Table 2
details the use of antihypertensive medications in these individuals by drug class. The mean
values and overall distribution of serum aldosterone were similar in men and women,
whereas plasma renin levels were slightly higher in men, consistent with our prior reports on
a larger sample.30:31

Serum aldosterone and plasma renin were positively correlated (age- and sex-adjusted
Spearman r =0.21, p =<0.001). The rate of LTL attrition with age for the entire cohort was
22+1.7 base pairs (bp) per year (r=-0.35, p<0.001). Age-adjusted LTL was longer in women
than men (by 124 bp; men, 6.90 £0.02 kb; women, 7.02+0.02 kb; p<0.001), and in ‘never
smokers’ than current smokers (Never smokers, 7.0158+0.03 kb; Current smokers, 6.84+
0.04 kb; p =0.0012), though the relations were borderline statistically significant in the
latter. Body mass index was related inversely to LTL (decrement of 11+3 bp per unit
increase, p <0.001).

Associations between LTL with Aldosterone, Renin and Renin-Aldosterone Ratio

Table 2 displays the results of regression analyses relating aldosterone, renin and the renin-
aldosterone ratio to LTL in the whole sample, and stratified by hypertension status. Modeled
together, after adjustment for covariates LTL was inversely related to renin (p=0.036), and
directly related to aldosterone (p=0.002). Results were similar when renin and aldosterone
were modeled individually (Appendix Table 3). LTL was inversely related to the renin-
aldosterone ratio (p=0.003).

We did not observe effect modification by hypertension status (p =0.20 for interaction).
Nevertheless, we stratified all analyses by hypertension status (Table 2), given the limited
power to detect significant interactions and the fundamental role of the RAS in
hypertension. In these analyses, we observed in participants with hypertension statistically
significant relations of LTL with renin (inverse; p=0.005), aldosterone (positive; p=0.002)
and renin-aldosterone ratio (inverse; p<0.001). Relations of LTL to RAAS biomarkers were
not statistically significant in non-hypertensive individuals. It is noteworthy that we had
adequate statistical power to detect associations of a similar magnitude in the subsets
without and with hypertension; we had 80% power to detect partial correlations of the
biomarkers with LTL of 0.107 (R2=1.1%) and 0.124 (R2=1.54%), respectively in the two
groups.

Figure 1 displays the adjusted least square mean LTL according to tertiles of the renin-
aldosterone ratio in the overall sample, and in nonhypertensive and hypertensive
participants. In the overall sample, individuals in the top tertile of the ratio had a LTL that
was 108 bases shorter relative to those in the lowest tertile. Corresponding differences
among nonhypertensive and hypertensive individuals (top compared to lowest tertile) were
59 and 182 bases, respectively (Figure 1).

Table 3 displays the results of analyses with additional adjustment for CRP. The
associations seen in Table 2 remain robust after additionally adjusting for CRP.

We performed secondary analysis focusing on the association of biomarkers with LTL in
untreated (n=166) versus treated (n=347) participants with hypertension. There was no
effect modification by antihypertensive medication use (all p values for interaction terms
were >0.50).
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Discussion

Principal Findings and Related Considerations

We observed that across a wide range of sodium intake (expressed in urinary sodium
output), and after adjusting for sex, smoking, and blood pressure status, age-adjusted LTL
correlated positively with plasma aldosterone and negatively with plasma renin. Thus,
shortened age-adjusted LTL was more frequently expressed in individuals with the
phenotype of a high renin-aldosterone ratio, i.e., a more active RAS. In large measure, this
association was driven by the individuals with hypertension. Both angiotensin 1118:21 and
aldosterone20:21 provoke inflammation/oxidative stress. One potential explanation for our
finding may be that a preferential reliance on the RAS over aldosterone to maintain blood
pressure could generate more inflammation/oxidative stress and pose greater atherosclerotic
risk. This speculation is based on findings that shortened LTL ostensibly reflects an
increased cumulative burden of inflammation/oxidative stress and is strongly associated
with atherosclerosis.7:9:10

Individuals with higher plasma renin levels have been reported to have increased mortality
risk, thereby implicating increased activity of the RAS in disease states.32735 The stronger
associations we noted in hypertensive individuals is consistent with greater activation of the
RAS in those with elevated blood pressure. Angiotensin Il is a powerful activator of the p53/
p21 pathways, which play a key role in cellular senescence.36 Indeed, shortened LTL has
been observed in a host of aging-related diseases, particularly atherosclerotic CVD,
6:8710:37 the common denominator for which is increased burden of oxidative stress and
inflammation.

The positive association of LTL with aldosterone concentrations in our investigation
conflicts with a recent report by Benetos et al.,38 who observed that LTL was inversely
correlated with plasma aldosterone in 75 normotensive and mildly hypertensive men. That
report was based on a small sample (n=75) and the investigators adjusted only for age
(raising the issue of residual confounding). No measurements of plasma renin were available
in that study.

We note that LTL is heritable11:39°42 and that shortened LTL is associated with a host of
risk factors to CVD and diminished lifespan, including, male gender,6:11+43 insulin
resistance,4:44 low socio-economic status,45 cigarette smoking,11:12 and generally
unhealthy lifestyle.43 The shorter LTL in smokers than non-smokers is in line with the
concept that the smoking-induced increase burden of oxidative stress and
inflammation46°-48 accelerates not only cardiovascular aging but systemic aging, as well.49

Postulated Mechanisms Underlying the Principal Findings

There is considerable interaction between angiotensin Il and aldosterone and the targets of
both agents are diverse and not mutually exclusive.18721 For instance, angiotensin 11 is a
determinant in aldosterone release from the adrenal gland and has a major impact on renal
sodium reabsorption in the proximal tubules, while the targets of aldosterone include the
heart and vasculature. That said, we can still broadly divide the RAAS into its renin-
angiotensin (RAS) arm and the aldosterone arm. For a given sodium intake, the relative
dependency on aldosterone versus angiotensin Il for maintaining blood pressure homeostasis
might be an important determinant of the correlates of LTL. Our findings raise the
possibility that a preponderance of angiotensin Il activity (as reflected by renin levels)
relative to aldosterone for the modulation of blood pressure (as evidenced by a high renin-
aldosterone ratio) may promote an increased burden of inflammation and oxidative stress,
expressed in a shorter LTL. This proposed paradigm may serve as a theoretical framework
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that integrates blood pressure regulation, sodium homeostasis, vascular tone, RAAS and
vascular aging, and it merits further study.

Strengths and Limitations

The strengths of this work include the community-based sample, the blinded assessments of
LTL and biomarkers of the RAAS, and adjustment for multiple confounders in multivariable
analyses. However, several limitations of our study should be noted. First, circulating
biomarkers may not adequately reflect the degree of activation of the RAAS in tissues.
Second, whereas LTL might be a record of the cumulative burden of oxidative stress and
inflammation during the lifetime of the individual, the single measures of renin and
aldosterone reflect the current status of the RAAS in ambulatory individuals. Additionally,
we did not evaluate biomarkers of oxidative stress at the index examination. However, we
have previously reported4 an inverse association of LTL and urinary excretion of
isoprostanes (an index of systemic oxidative stress) measured at an examination
approximately fours years after the examination at which LTL measurements were obtained.
Last, our sample comprised predominantly middle-aged to elderly whites of European
descent. The generalizability of our findings to younger individuals or other ethnicities is
unknown.

Conclusions

Our observations in a moderate-sized community based sample indicate that individuals,
primarily those with hypertension, with a higher renin-aldosterone ratio display shorter LTL.
We hypothesize, based on these observations, that a greater dependency on angiotensin 11
versus aldosterone to regulate blood pressure entails a relative increase in the cumulative
burden of oxidative stress and inflammation and heightens the atherosclerotic risk. In this
regard, a recent study showed that shortened LTL predicts coronary artery disease events10.
Both cross-sectional and longitudinal studies are warranted to confirm the link between LTL
and the RAAS.
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Appendix

LTL Length Analysis

A major problem with the LTL length analysis is that the DNA may migrate at slightly
different rates in different regions of the gel. This is due to a host of technical reasons. For
this reason, we developed techniques that resolved each digested DNA sample and the
molecular weight ladder on the same lane, thereby eliminating the effect of variation in
DNA migration in different lanes. Samples were digested overnight with restriction enzymes
digest set, Hinfl (5.2 U)/Rsa | (5.2 U) (Roche). DNA samples (3 pg each) and DNA ladders
(1 kb DNA ladder plus 23.1kb fragment of A DNA/Hind I11 fragments (Invitrogen, Carlsbad,
CA)) were resolved on a 0.5% agarose gel (20 cm x 20 cm) at 50 V (GNA-200 Pharmacia
Biotech). After 16 hr, the DNA was depurinated for 15 min in 0.25 N HCI, denatured 30 min
in 0.5 mol/L NaOH/1.5 mol/L NaCl and neutralized for 30 min in 0.5 mol/L Tris, pH 8/1.5
mol/L NaCl. The DNA was transferred for 1 hr to a positively charged nylon membrane
(Roche) using a vacuum blotter (Boeckel Scientific, Feasterville, PA). The membranes were
spotted at 4 sites with diluted telomeric probe [digoxigenin 3'-end labeled 5'-(CCTAAA)3]
(arrows, Figurel A,B,C) and then hybridized at 65 °C with the probe overnight in 5 x SSC,
0.1% Sarkosyl, 0.02% SDS and 1% blocking reagent (Roche). The membranes were washed
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3 times at room temperature in 2 x SSC, 0.1% SDS each for 15 min and once in 2 x SSC for
15 min. The digoxigenin-labeled probe was detected by the digoxigenin luminescent
detection procedure (Roche) and exposed on X-ray film. After scanning the LTL signal by
densitometry (Figure 1A), the membrane was stripped and re-probed with a molecular
weight marker probe (Figure 1B). The superimposition of A and B, using the 4 spotted sites

of

telomeric probe (arrows), yields the image shown in Figure 1C. In this way, variation in

DNA migration in different lanes did not affect the analysis.
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Figure 1.
Least square means for adjusted leukocyte telomere length (LTL) according to tertile of the
renin-aldosterone ratio in the entire sample (left panel), hypertensive individuals (middle

panel) and nonhypertensive participants (right panel). P values indicate trend across tertiles
of the ratio.
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Appendix Figure.

Illustration of an autoradiogram showing the terminal restriction fragments (LTLs) (A), the
molecular weight ladders (B) and the superimposition of A and B The position of each band
of the MW ladder (y) a was determined by y= ag+a;*exp(-kb/a2),

The mean LTL length was calculated as follows: LTL =XOD;/Z(ODj/MW;), where OD; is
optical density at a given position in the lane and MW; is molecular weight at that position.
This formula accounts for the fact that longer telomeres bind more labeled probe and
consequently appear darker on the X-ray film.
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