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Abstract

Objective: Elevated plasma homocysteine is a risk factor for vascular diseases, possibly due to homocysteine-mediated increase in oxidative
stress and inflammation. As leukocyte telomere length (LTL) registers the cumulative oxidative stress and inflammation, we examined the
relationship between homocysteine and LTL.

Methods: LTL was measured using the Southern blot method. The relationship between LTL and homocysteine levels was considered for
confounding with the following covariates: age, sex, smoking, obesity, physical activity, menopause, hormone replacement therapy use and
creatinine clearance.

Results: 1,319 healthy subjects were recruited from a population-based cohort. LTL was negatively correlated with plasma homocysteine
levels, after adjustment for smoking, obesity, physical activity, menopause, hormone replacement therapy use and creatinine clearance. The
difference in multiply-adjusted LTL between the highest and lowest tertile of homocysteine levels was 111 base pairs (p = 0.004), corresponding
to 6.0 years of telomeric aging. This relationship was further accentuated by decreased concentrations of serum folate and increased levels of
C-reactive protein.

Conclusions: Increased homocysteine levels are associated with shortened LTL, further supporting the tenet that LTL is an index of
cardiovascular risk.

© 2008 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction Shortened leukocyte telomere length (LTL) has been

observed in a similar spectrum of diseases and conditions

Classical homocystinuria (cystathionine-beta synthase
deficiency) is a rare disease characterized by a marked
increase in plasma homocysteine levels and early onset
of many age-related diseases, such as severe premature
atherosclerosis, thromboembolic disease and osteoporotic
fractures [1]. In normal subjects without homocystinuria,
plasma homocysteine levels are increased in essential
hypertension [2], cardiovascular disease (CVD) [3-6], osteo-
porosis [7] and dementia [8,9].
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marked by increased oxidative stress and inflammation,
including hypertension and atherosclerotic CVD [10-13]. In
addition, LTL is shortened in osteoarthritis [14], dementia
[15], obesity, insulin resistance [16,17], cigarette smoking
[16,18] and hypovitaminosis D [19].

The common threads that link elevated plasma homocys-
teine levels with shortened LTL may be oxidative stress and
inflammation.

Inthe vasculature, homocysteine increases oxidative stress
[20,21] which may partially explain the association between
homocysteine and CVD. Homocysteine is associated with
a decrease in both the number and function of endothe-
lial progenitor cells [22,23], which might help to repair
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vessel damage and prevent vascular events [24,25]. In
cultured somatic cells, including endothelial cells, oxida-
tive stress accelerates telomere attrition per cell division
[26-30]. Importantly, homocysteine accelerates telomere
attrition by increasing telomere loss per replication of vas-
cular endothelial cells. This process is largely reversed
by catalase, indicating that the homocysteine effect on
telomere dynamics is mediated by oxidative stress [31].
In addition, in endothelial progenitor cells, homocysteine
might inhibit telomerase [32], the reverse transcriptase
that adds back telomere repeats onto chromosomal ends
[33,34].

As oxidative stress provokes inflammation and vice versa,
it is difficult to dissociate in vivo between these two pro-
cesses, but LTL registers the cumulative burden of both.
This is because oxidative stress might shorten the lifespan
of hematopoietic stem cells (HSCs) [35]. Thus, oxidative
stress would enhance telomere attrition not only because it
causes a greater telomere loss per replication [28-32], but
also due to the increased replication of HSCs to maintain
the HSC pool. In addition, increased oxidative stress and
inflammation would shorten the biological life of peripheral
leukocytes. It is anticipated, therefore, that if homocys-
teine increases oxidative stress and inflammation, an inverse
relationship might exist between LTL and plasma homocys-
teine. We have tested this hypothesis in a population-based
cohort of men and women across a wide age spectrum. We
also explored the effects of folate and C-reactive protein
(CRP), an index of inflammation [36], on this relation-
ship.

2. Methods
2.1. Study population

Our study population consisted of members of the Twin-
sUK cohort (www.twinsuk.ac.uk), which is an adult twin
registry investigating many age-related phenotypes, includ-
ing, but not limited to: CVD, arthritis, osteoporosis, eye
disease and obesity. This study population has been previ-
ously shown to be representative of singleton populations
and the United Kingdom population in general [37]. The
study was approved by the Guy’s and St. Thomas’ Hospi-
tal Ethics Committee. Participants provided written informed
consent.

2.2. Phenotypic variables

The body mass index (BMI) of each subject was cal-
culated. Physical activity was recorded as inactive, light,
moderate or heavy exercise during leisure time. This pre-
viously validated measure of activity correlated well with an
in-depth measure of physical activity in the Dunbar Health
Survey [38]. Subjects were asked if they were currently smok-
ing cigarettes daily.

2.3. Biochemical measurements

Fasting plasma homocysteine was measured by a rapid
high-performance liquid chromatographic assay for total
homocysteine [39]. The between-batch coefficient of vari-
ation (CV) for this method is 6.6%. A competitive binding
radioimmunoassay was used to measure serum folate lev-
els (BioRad). Serum C-reactive protein (CRP) levels were
measured using an ELISA method. The lower limit of detec-
tion of this assay is 0.15mg/l and has a CV of 8.7% at
0.5 mg/1. Fasting plasma creatinine was measured using the
Vitros 950 analyser (Johnson & Johnson). The inter-assay
CV for plasma creatinine was 1.1% at 81 umol/l. Glomeru-
lar Filtration Rate (GFR) was calculated using the formula:
[(140 — age) — weight]/plasma creatinine, multiplied by 0.85
for females [40].

2.4. Leukocyte telomere length measurement

Leukocyte DNA was extracted from freshly frozen whole
blood. The mean LTL was assessed using the terminal
restriction fragment length (TRFL) which was measured
using Southern blot analysis as described previously [41].
Briefly, each sample was digested using restriction enzymes
and resolved on 0.5% agarose gels. DNA was then depuri-
nated and denatured. After transfer to a positively charged
nylon membrane, hybridization with digoxenin 3’-end-
labeled telomeric probes was conducted overnight. Probes
were then detected using a digoxenin luminescent detection
procedure (Roche). Autoradiograph scanning was performed
to delineate a histogram for each TRFL signal and mean
TRFL was calculated from this histogram. Each DNA sample
was resolved in duplicate (on different gels). If the difference
between the duplicates was >5%, a third measurement was
performed and the mean of two results <5% apart was taken.
This occurred in <5% of the samples. The CV of the TRFL
assay in this study was 1.4%. The laboratory conducting the
TRFL measurements was blinded to all characteristics of the
leukocyte donors, who were identifiable only by coded ID
numbers.

2.5. Statistical methods

The normality of variables was assessed and CRP and
homocysteine levels were subsequently log-transformed.
LTL was adjusted for covariates which were selected by
employing the Bayesian Information Criterion (BIC). The
variables considered as potential confounders were age, sex,
BMI, GFR, smoking status, menopausal and HRT status for
women, CRP, LTL-measurement batch effects and physical
activity levels. Since we were interested in the relationship
between homocysteine levels and LTL, we assessed poten-
tial confounders by analyzing the change in the regression
coefficient for homocysteine across the top five models as
generated by the BIC. If a variable had no effect on LTL and
there was no confounding with homocysteine, the variable
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was removed from the model. A quadratic term for age and
interaction terms between CRP and homocysteine and folate
and homocysteine were also considered, but did not achieve
statistical significance and were not included in subsequent
analyses.

The relationship between homocysteine levels and LTL
was further assessed by dividing the population into tertiles
of homocysteine levels and calculating the mean multiply-
adjusted LTL for each homocysteine tertile. To further assess
the relationship between LTL, homocysteine and CRP, again,
the multiply-adjusted LTL (but unadjusted for CRP) for each
homocysteine tertile was calculated, and each tertile was sub-
sequently divided into those subjects with a CRP level greater
and less than 2.0 mg/1, which is regarded as a lower limit for
clinically detectable inflammation [36]. To assess the con-
tribution of homocysteine to the model predicting LTL, we
performed nested regression. The addition of homocysteine
to the covariates selected by the BIC, improved the model
substantially (p=0.0003, for the F-statistic for the model
including homocysteine). For all regression analyses, since
twins are not necessarily independent observations, we con-
trolled for familial aggregation by using the robust regression
cluster option in Stata/SE 9.2 All statistical analysis was per-
formed using Stata/SE 9.2 (College Station, TX, USA) with
the addition of the BIC software component [42].

The authors had full access to the data and take responsi-
bility for its integrity. All authors have read and agree to the
manuscript as written.

3. Results
3.1. General characteristics of the cohort

Table 1 summarizes characteristics of the 1319 subjects
(91.5% women) included in the study cohort. The majority of
the subjects were non-smokers and approximately half of the
study sample reported moderate or heavy physical activity.

3.2. Relationships between homocysteine, age, LTL,
folate and CRP

LTL was negatively correlated with age (Pearson correla-
tion coefficient r=—0.33, p<0.0001), with an extrapolated
annual rate of LTL decrease of 18.5 base pairs per year.
LTL (Fig. 1A) and age-adjusted LTL (Fig. 1B) were neg-
atively correlated with plasma homocysteine level, which
increased with age. CRP was positively correlated (r=0.09,
p=0.0036), while serum folate level was negatively corre-
lated (r=—0.29, p < 0.0001) with plasma homocysteine level.

In linear regression analysis, increased plasma homocys-
teine was associated with a decreased age-adjusted LTL (8
coefficient for log-transformed homocysteine = —0.21, 95%
confidence interval [CI]: —0.33, —0.09). This relationship
was similar when serum CRP levels, GFR, physical activ-
ity and menopausal/estrogen status were included in the

Table 1
Selected characteristics of study population
N=1319

Age (years)? 49.0 (12.5)
Women 1207 (91.5%)
Leukocyte telomere length (kb)? 6.91 (0.69)
Homocysteine (umol/1)*

Lowest tertile 6.0 (0.85)

Middle tertile 8.1(0.59)

Highest tertile 11.8 (4.2)
Serum folate (nmol/1)* 12.4 (6.1)
Serum CRP (mg/1)* 3.3(7.0)
BMI (kg/m?)? 25.6 (4.6)
Physical activity

Inactive or light 720 (55%)

Moderate or heavy 553 (45%)
Menopausal and HRT status for women

Pre-menopausal 241(18.3%)

Menopausal and never HRT 797 (60.4%)

Menopausal and former HRT 149(11.3%)

Menopausal and current HRT 132(10.0%)
Glomerular filtration rate (ml/min)? 87.1 (25.6)
Smoking status

Non-smoker 1059 (80.3%)

Smoker 260(19.7%)

BMI =body mass index; CRP = C-reactive protein; HRT = hormone replace-
ment therapy.
4 Mean and [S.D.] or count and [%].

regression model (8=—0.26, 95% CI: —0.38, —0.14), indi-
cating that these covariates did not confound the relationship
between homocysteine and LTL. Increased serum folate was
associated with an increase in age-adjusted LTL (8=0.01,
95% CI: 0.004, 0.017), while increased CRP was associated
with a decrease in age-adjusted LTL (8=—-0.02, 95% CI:
—0.04, —0.001).

After consideration of all listed covariates using the BIC,
the relationship between LTL and homocysteine was adjusted
for age, sex and measurement batch-effects. Increasing ter-
tiles of homocysteine were associated with progressively
shorter multiply-adjusted LTL (p-value for trend=0.007)
(Fig. 2). The multiply-adjusted difference in LTL between the
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Fig. 2. Multiply-adjusted association between tertiles of homocysteine
levels and leukocyte telomere length (kb). (adjusted for age, sex and
measurement-batch effects. vertical bars represent S.E.).
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highest and lowest tertile of plasma homocysteine was 111
base pairs (95% CI: 35, 189, p=0.004), which is equivalent
to 6 years of average telomeric attrition. Within each tertile of
plasma homocysteine levels, individuals with higher serum
folate levels had a longer LTL (p-value for trend =0.002)
(Fig. 3A). On the other hand, within each tertile of homo-
cysteine, individuals with higher levels of serum CRP had
a shorter LTL (p-value for trend =0.003) (Fig. 3B). When
assessing extreme groups, the difference in LTL between
individuals with high folate levels in the lowest tertile of
homocysteine levels and those subjects with low folate in
the highest tertile of homocysteine levels was 159 base pairs
(95% CI: 64, 255, p=0.001) which is equivalent to 8.6 years
of average telomeric attrition (Fig. 3A). Similarly, the dif-
ference in LTL between individuals with low CRP levels in
the lowest tertile of homocysteine levels and those subjects
with high CRP levels in the highest tertile of homocysteine
levels was 164 base pairs (95% CI: 55, 271, p=0.003) or 8.9
years of average telomeric attrition (Fig. 3B). These results
indicate the relationship between homocysteine and LTL is
further modified by CRP and folate levels.

4. Discussion

In this large, population-based study, LTL was inversely
associated with plasma homocysteine levels and this rela-
tionship was accentuated by lower serum folate and higher
serum CRP levels. The difference in multiply-adjusted LTL
between the highest and lowest tertile of homocysteine was
equivalent to a cumulative loss of telomere length over a
period of 6 years. In addition, our findings point to an easily
modifiable risk factor, folate, a low level of which is asso-
ciated with shorter LTL. By reducing homocysteine levels,
folate supplementation may attenuate telomere attrition—a
proposition that can be tested experimentally.

LTL is highly variable among newborns [43,44] and adults
[56]. Accordingly, in most studies, age itself accounts for less
than 15% (<11% in this study) of LTL variability among indi-
viduals. Cross-sectional telomere length therefore displays
a high inter-individual variability, underscoring the need to
study large numbers of subjects to detect modest effects, and
the proportion of variance in LTL accounted for by homo-
cysteine levels reflects this high inter-individual variability.

Although we cannot infer causality from the inverse asso-
ciations between LTL and homocysteine, it is very unlikely
that shortened LTL causes an increase in plasma homocys-
teine. A more likely explanation is that elevated homocysteine
accelerates LTL attrition by increasing demand for prolifer-
ation of HSCs and a greater telomere loss per replication
due to homocysteine-mediated increase in oxidative stress.
Whether homocysteine enhances telomere shortening in the
vascular endothelium in vivo is unknown. That said, homo-
cysteine accelerates telomere attrition in cultured vascular
endothelial cells and increases the expression of intracellular
adhesion molecule-1 (ICAM-1) and plasminogen activator

inhibitor-1 (PAI-1), which are major factors in the develop-
ment of atherosclerosis [33]. Endothelial cells retrieved from
atherosclerotic lesions display increased markers of cellu-
lar senescence and telomerase inhibition in these cells leads
to increased production of ICAM-1 [45]. Furthermore, the
constitutive expression of human telomerase reverse tran-
scriptase increases the regenerative capacity of endothelial
progenitor cells [46]. Though, for obvious reasons, large-
scale epidemiological studies cannot resort to harvesting
human vascular endothelial cells, the negative correlation
between LTL and plasma homocysteine suggests a similar
association between telomere length in the vascular endothe-
lium and homocysteine— a phenomenon that would be likely
be driven by homocysteine-mediated increase in oxidative
stress and inflammation. The modification of the associa-
tion between LTL and homocysteine by CRP further supports
the role of homocysteine-mediated inflammation in leukocyte
telomere dynamics.

Our findings are consistent with previous observations
that LTL is associated with circumstances and disorders
marked by increased oxidative stress and inflammation
[11-13,16,17,47,48] (reviewed elsewhere) [49]. Analysis of
the placebo arm of a recent randomized controlled trial
found that LTL was a potent predictor of early myocardial
infarction, however, this relationship was not explained by
correlation between LTL and classical CVD risk factors,
although homocysteine was not considered [12]. LTL has
also recently emerged as a marker for severity and presence
of chronic heart failure that was primarily due to ischemic
heart disease [48], These CVD risk factors are strongly asso-
ciated with increased oxidative stress and inflammation, and
thus LTL may record their cumulative burden.

If homocysteine does indeed play a causal role in telom-
ere shortening, then we would expect that this effect would
be mitigated by folate. Similarly, if the mechanism whereby
homocysteine decreased telomere length involved inflam-
mation, then we would hypothesize that increased levels of
systemic inflammation would potentiate this effect. Our study
supports both of these postulates.

The risk attributed that homocysteine imparts on CVD
appears to increase after homocysteine levels exceed
9-10 pmol/L [3,5,6]. The mean homocysteine level in the
highest tertile for homocysteine was 11.8 umol/L. The
decrease in LTL between the highest and lowest homo-
cysteine tertiles was substantial and highly statistically
significant. Thus, although homocysteine levels account for a
small proportion of the variance in telomere length, our data
suggests that these results may have clinical relevance.

A recent randomized controlled trial of folate supple-
mentation in a predominantly American population did not
demonstrate efficacy in the secondary prevention of stroke
[50]. However, this trial may have been affected by the
concomitant population-wide administration of folate to the
American grain supply [51], which seems to have effectively
decreased population homocysteine levels [52] and may have
therefore obscured any treatment effects. As the United King-
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dom does not currently fortify the grain supply with folate,
our study then provides a unique opportunity to assess sub-
jects who have not received folate supplementation. Two
other recent trials have failed to demonstrate a protective
effect of homocysteine on vascular events [53,54]. However,
whether or not the findings from these two trials are applicable
to cerebrovascular events, and especially the elderly, remains
controversial [55]. Despite this, it seems apparent that vita-
min therapy to lower homocysteine, at the doses used in the
trials, does not clearly protect against vascular events.

Two potential limitations to this study are noteworthy. Our
study sample consisted of twins, which are not necessarily
independent observations and we have therefore employed
robust regression methods to control for any possible non-
independence of twins. In addition, our study population
consistently almost entirely of women and therefore these
results cannot be directly extrapolated to men.

In conclusion, our results suggest that shortened LTL is
independently associated with high plasma homocysteine
in a large population of healthy women and men, but the
mechanism whereby these risk factors influence vascular risk
remains unresolved. Our findings and previous work showing
the effect of homocysteine on telomere dynamics in vascu-
lar endothelial cells, and the relationship between LTL and
CVD, suggest a mechanistic link between homocysteine and
CVD.
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