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Abstract

Background: Telomeres are repetitive, gene-poor regions that cap the ends of
DNA and help to maintain chromosomal integrity. Their shortening is caused by
inflammation and oxidative stress within the cellular environment and ultimately
leads to cellular senescence. Shortened leukocyte telomere length (LTL) is
hypothesized to be a novel biomarker for age-related diseases and may
therefore be useful in the prediction of cardiometabolic outcomes above

conventional risk factors.

Methods: A systematic review and meta-analysis was undertaken to summarize
existing literature on the association between LTL and myocardial infarction (Ml),
stroke, and type 2 diabetes (T2D). MEDLINE (1966—present), and EMBASE
(1980-present) were last searched on September 9" 2013. Studies were
combined using the generic inverse variance method and both fixed and random
effects models. Additionally, LTL was measured in 3972 Ml patients and 4321
controls from an international study on risk factors for Ml (INTERHEART), and
8635 participants from an epidemiological study on dysglycemia and T2D
(EpiDREAM/DREAM) prospectively followed (approximately 3.5 years) for

incident cardiometabolic events.

Results: Based on current literature, a 1-standard deviation decrease in LTL was
significantly associated with stroke (OR=1.21, 95% CI=1.06-1.37; 1°>=61%),
myocardial infarction (OR=1.24, 95% Cl=1.04-1.47; 1°=68%), and type 2 diabetes

(OR=1.37, 95% Cl=1.10-1.72; 1°=91%). Stratification by measurement technique,



study design, study size, and ethnicity explained heterogeneity in certain
cardiometabolic outcomes. Within INTERHEART patrticipants, a 1 unit decrease
in LTL was associated with an increased risk of Ml (OR=2.17, 95% Cl=1.74-
2.72). Effect estimates were consistent across all ethnic groups (p=0.19). In
EpiDREAM a significant association between LTL and T2D or incident

cardiometabolic outcomes was not observed.

Conclusion: Telomere length appears to be a marker for Ml above conventional
risk factors. Further research is needed to explain existing heterogeneity in the

literature with respect to LTL and T2D.
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1. Chapter One: Introduction
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1.1. Telomere Structure, Function, & Dynamics

Telomeres are repetitive, gene poor regions located at the ends of each
chromosome?. Varying in size and composition between species, telomeres play
a critical role in providing chromosomal stability. In vertebrates they are
composed of hexameric sequences of nucleotides, TTAGGG, which repeat many
thousands of times. As such, telomeres are estimated to range in size from 3 to

18 kilobases?.

Telomeres are mostly double stranded, but at the extreme ends of each
telomere exists single-stranded stretch of G-rich DNA, known as the 3
overhang?. This section of DNA is remarkably unstable because enzymes within
the nucleus recognize single-stranded DNA (ssDNA) as damaged and attempt to
repair it through initiating chromosomal fusion — a highly deleterious process®.
Telomeres, however, effectively hide the 3’ overhang through incorporating it
back into the double stranded telomeric regions with the aid of stabilizing protein
complexes®. As depicted in Figure 1.1, Shelterin protein complexes are found
throughout the telomeric region and are composed of six subunits. The
complexes located distally on the chromosome aid the 3’ overhang in folding
backwards to form a loop-like structure. Pairing itself with a complementary
sequence, the ssDNA 3’ overhang now becomes double-stranded and is

considered stable.
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A critical function of telomeres is preventing gene-rich DNA from being lost
during replication. An inherent problem exists in DNA replication whereby the
main enzyme responsible for replication (DNA polymerase) cannot copy the
extreme ends of chromosomes and as a result each chromosome decreases in
length with every round of replication. Known as the end replication problem, this
issue exists largely because DNA polymerase requires short strands of
complimentary RNA (known as primers) to bind each strand of DNA after it has
been unwound in order to initiate the replication process (see Figure 1.2). When
replication is complete these primers fall out and another enzyme (DNA ligase)
fills in the gaps left behind. DNA ligase requires a 3’ end from a preceding
nucleotide in order to fill in gaps and since gaps at the end of chromosomes lack
a free 3’ end, they cannot be replicated®. Consequently, chromosomes shorten

by approximately the size of a primer (40-200bp) each replication cycle.

Telomeres are essential with respect to protecting against the end
replication problem as they provide non-coding DNA which can be lost during the
replication process with no adverse effectsl. Problems in the cell occur when
gene rich sections fail to be replicated. However, there are intrinsic cellular
mechanisms to prevent this from taking place. When telomeres reach a critical
length (~4000bp), they become too short to form the loop that protects the 3’
overhang’. Consequently, the ssDNA is exposed and cellular checkpoint

mechanisms automatically initiate a process (cellular senescence) to halt
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replication. If initial checkpoints fail, additional checkpoints initiate apoptosis®.

Finally, if even further malfunctions persist then chromosomal fusion ensues.

Chromosomal fusion is a cancerous transformation for the cell because
chromosomes that fuse often have large sections of DNA deleted, duplicated, or
translocated®. The instability of one chromosome with short telomeres (and failing
checkpoint mechanisms) has the ability to create genome-wide instability. It has
been observed that an unstable chromosome goes on to transfer its instability,
though fusion processes, to up to six additional chromosomes. Carcinomas have
been found in mice deficient in both 53 and enzymes known to maintain telomere
length®. These mice had notably shorter telomere length as well as an increased

number of chromosomal rearrangements..

1.2. Telomeres and Biological Aging

Biological aging is largely characterized by gradual tissue deterioration
and loss of function. As opposed to chronological (or calendar) age which
measures the amount of time an organism has existed, biological age is used
more as an indicator of the physical state of an organism. Biological ageing does
not necessarily proceed at the same rate for all individuals. A universal hallmark

of biological ageing is the accumulation of cells in the senescent state!?.

Cellular senescence is the process through which a cell ceases to
replicate and its homeostatic processes become impaired. Naturally all cells
eventually become senescent after they have reached approximately 40-50

4
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divisions'?. When the senescent cells begin to build up tissues start to deteriorate
and lose function. The end replication problem is central to this process because
cellular senescence primarily takes place when cells have undergone too many
divisions and telomeres can no longer form their protective cap. Cellular
processes that directly increase cell cycle progression thus cause premature

biological ageing?3.

One cause of accelerated cell cycle progression is a process called
oxidative stress. Oxidative stress refers to the imbalance between the creation of
reactive oxygen species (ROS) and antioxidant molecules within the cell. ROS
are highly reactive molecules containing an oxygen atom with an unpaired
electron. Mainly produced by the mitochondria during oxidative phosphorylation,
ROS are important for cell signalling and homeostasis, but also have the ability to
damage surrounding molecules such as proteins, lipids, and DNA. Increased
levels of ROS have recently been shown accelerate the cell cycle through
modulating cell proliferation pathways (MAPK and p21) and activating growth

factor receptors in the absence of ligands?®.

Chronic inflammation is an additional initiator of cellular senescence?®.
Characterized by mononuclear cell infiltration, tissue destruction, and fibrosis,
chronic inflammation is best described as a prolonged low grade inflammation.
As an organism ages it is exposed to an increasing number of substances that it

perceives as antigens. These antigens are attacked by immune cells which are
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attracted to cytokine/chemokines released by cells in distress. Immune cells
initiate the production of ROS to eliminate pathogens as well as stimulate tissue
repair processes. Released growth factors consequently cause accelerated cell

cycle progression.

1.3. Cardiovascular Disease & Telomeres

Cardiovascular disease is broad term used to classify all diseases
affecting the heart and blood vessels. The main components of CVD are
coronary heart disease (angina and myocardial infarction) and cerebrovascular
disease (stroke). CVD is primarily caused by the buildup of cholesterol plaque
along the walls of arteries. This gradual accumulation of fatty substances and
cholesterol slowly hardens and narrows arteries supplying blood to the heart or
brain. Plaques are vulnerable to rupture which then triggers blood clot formation

(thrombosis) and subsequently full artery occlusion?”.

Even after taking into account all other major risk factors, age is the most
significant predictor for CVD. As individuals age their vascular tissue begins to
deteriorate and the regenerative capacity is impaired. This is thought to arise
from a depletion of vascular progenitor cell reserves and the accumulation of
senescent endothelial and vascular smooth muscle cells. These senescent cells
display impaired nitric oxide (NO) production and increased expression of
cytokines/chemokine which together create a pro-inflammatory/pro-thrombotic

environment!®, The observation of senescent cells and a pro-inflammatory



M.Sc. Thesis — M. D’Mello; McMaster University — Health Research Methodology

environment within atherosclerosis suggests a potential link between telomere

length and CVD.

Indeed, laboratory studies provide evidence for a link between telomere
length and CVD. In cultured aortic endothelial cells, the inhibition of telomere
activity has been shown to increase the production of ROS, decrease NO levels,
and increase expression of inflammatory adhesion molecules!®. Moreover,
vascular tissue biopsies of patients with atherosclerosis display shortened
telomere length compared to biopsies from healthy controls?°. Interestingly,
clinical evidence for an association remains controversial. Associations between
telomere length and risk factors for CVD such as obesity, smoking, hypertension,
and diabetes are mixed?!?2, Likewise, associations with CVD outcomes such as
myocardial infarction, stroke, and congestive heart failure are inconsistent in the
literature?®-27. Small sample sizes, inadequate telomere measurement, and poor

sampling are all suggested reasons for discrepancies?®.

1.4.Type 2 Diabetes & Telomeres

Type 2 diabetes (T2D) is a chronic disease characterized by high levels of
blood glucose (hyperglycemia) in the context of insufficient production of insulin
by pancreatic beta-cells and relative resistance to insulin of tissues?®. Beta cell
dysfunction is often cited as the essential factor in the initiation and progression
of T2D. This dysfunction is postulated to be caused by increased levels of both

glucose and free fatty acids (glucolipotoxicity)®°. Heightened levels of these
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substances accelerate the metabolic rate of the mitochondria and stimulate ER
stress which in turn increases ROS production and protein misfolding,

respectively®!.

Similar to CVD, age is clearly a strong risk factor for T2D. The poor
functioning of tissues such as those that are made up of beta cells in the
pancreas is typically observed in individuals of advanced age. The chronic
exposure to hyperglycemia and free fatty acids over time leads to a gradual
accumulation of senescent and apoptotic beta cells which then form the basis for
transitioning from a normal glycemic state to dysglycemia and then eventually to
T2D%*. Given that telomeres play a mediating role in inducing senescence there

is a plausible link between telomere length and T2D.

Current literature provides varying support for an association between
telomere length and diabetes. Mouse models have shown that inhibition of
telomere loss results in improved glucose homeostasis®. In smaller clinical
studies, telomere length in patients with impaired glucose tolerance was found to
be longer than T2D patients, but shorter than healthy controls34. In larger studies,
however, the association between telomere length and T2D is inconsistent.
Prospective studies in particular are extremely rare and therefore the ability of
telomeres to predict future incident T2D remains controversial.3®>%. The
discordant conclusions reported are difficult to reconcile, but likely causes are

similar to those impacting CVD literature.
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1.5. A Common Mechanism

Many hypotheses exist that attempt to explain the link between CVD and
T2D. In particular, the ‘common soil hypothesis’ implies that susceptibility to both
conditions arises from genetic predisposition coupled with unique environmental
conditions®’. Support for this hypothesis is found in the fact that many risk factors
for T2D are additionally risk factors for CVD such as high triglycerides, low high

density lipoprotein, and hypertension3®.

At the cellular level both CVD and T2D are initiated by complex
mechanisms that participate in cross-talk. Chronic inflammation and oxidative
stress leading to cellular senescence and apoptosis are critical pathways linking
insulin resistance with dysfunction of beta cells and vascular endothelium.
Indeed, these pathways are characterized by increased ROS in the context of
diminished antioxidants3%4°, Hence, a relative imbalance between ROS and
antioxidants may be the root cause of biological ageing and the common tie

between CVD and T2D.

Chronological age is strong risk factor for both CVD and diabetes, but
great inter-individual variability still remains unexplained with respect to disease
onset and progression. Biological age may in fact account for this as it reflects
individual differences in genetic makeup and environmental exposures stress.

Given that telomere length is inversely related to chronic inflammation and
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oxidative stress associated with biological ageing, it may serve as a useful

biomarker for both CVD and T2D.

1.6. Objectives

Section I:

» To systematically review and meta-analyze reported associations between
telomere length and cardiometabolic outcomes in current literature

> To identify and explore sources of heterogeneity in effect estimates

» To assess the overall strength of evidence supporting telomere length as a

biomarker of cardiometabolic outcomes.

Section II:

» To evaluate the use of telomere length as biomarker of Ml and T2D in
INTERHEART and EpiDREAM studies
» To identify/validate factors influencing telomere attrition

» To assess whether associations are consistent across different ethnic groups

1.7.Hypotheses

Section |

» | hypothesize that a shorter telomere length will be associated with all

cardiometabolic outcomes (MlI, T2D, and Stroke) investigated and that

10
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heterogeneity likely will be explained by differences in sample sizes and

laboratory techniques.

Section Il

> | hypothesize that shorter telomere length will be associated with T2D and Ml

and that effect estimates will not vary based on ethnicity.

11
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1.9.Tables & Figures

~Shelterin

Figure 1.1 Location, Structure, and Composition of Telomeres. Telomeres are
located at the end of the chromosome. The hexameric repeats are bound by
Shelterin protein complexes. The 3’ end of the telomere is ssDNA. It folds back to
incorporate itself into the double stranded DNA with the aid of the Shelterin

protein complexes.
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Figure 1.2 The End Replication Problem. A) dsDNA prior to replication. B)

dsDNA is unwound and RNA primers bind throughout both template strands. C)
DNA polymerase replicates DNA in the 5’ to 3’ direction, starting at the 3’ end of
the primer. D) RNA primers are removed and gaps remain. The gap at the start

of the DNA strand cannot be filled by DNA ligase because there is no free 3’ end.
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2. Chapter Two: Leukocyte Telomere Length as a Biomarker for

Cardiometabolic Outcomes: A Systematic Review and Meta-Analysis
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2.1. Introduction

Telomeres are gene-poor, repetitive TTAGGG nucleotide sequences that
cap the ends of chromosomes?. Folding back on themselves to form a protective
loop, they help stabilize chromosomes through preventing degradation, end-to-
end fusion, and abnormal recombination of DNA strands.? With each cell cycle
telomeres shorten 30-200 nucleotides.?® This process is further accelerated as a
result of oxidative stress and chronic inflammation*®. After telomeres decrease in
size to a critical length, they are no longer able to serve their protective purposes.
Consequently, cell cycle arrest (senescence) or apoptosis is activated®. Since
increased cellular senescence and oxidative stress are both key indicators of
aging, it has been recently suggested that a shortened average telomere length

could serve as a biomarker for aging and age-related diseases’.

Cardiovascular disease (CVD) and type 2 diabetes (T2D) are two disorders
clearly related to age and a reduced life span®. The incidence of these
cardiometabolic outcomes demonstrates great inter-individual variability within
the same age group, suggesting that chronological age is not a precise measure
of health status®. There is therefore great utility in identifying a biomarker that
could provide further information about one’s cardiometabolic health in addition
to (or in place of) chronological age, as it would aid in both the prediction and

prevention of disease!. Telomere length may be one such biomarker.
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To date, studies of the association between leukocyte telomere length (LTL)
which reflects telomere length throughout the body!! and cardiometabolic
outcomes have yielded conflicting results 1>-37, For example, some studies have
reported a significant association between telomere length and stroke 6:30,
whereas others have failed to demonstrate any such association?”3%, This
inconsistency, which is also seen in studies investigating other cardiometabolic
outcomes, indicates that individual studies may not be statistically powered to
detect true associations because of inadequate sample sizes. Furthermore,
unstandardized laboratory techniques, different study designs, and ethnic
diversity within study patient populations have also been suggested as plausible

explanations for heterogeneous results383°,

The primary objective of this systematic review and meta-analysis is to
provide insight into the use of LTL as a biomarker of aging through a
comprehensive assessment of the relationship between shortened LTL and the
cardiometabolic outcomes of stroke, myocardial infarction (MlI), and T2D.
Secondary outcomes investigated include CVD related death and a major

adverse cardiac event (MACE) composite outcome.

2.2. Methods

Eligibility Criteria

Articles deemed eligible for inclusion into the systematic review reported
on the association between LTL and one or more of the following outcomes:
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stroke, MI, CVD related death, T2D, or MACE composite. MACE was defined as
stroke, MI, or CVD related death. Both cross-sectional and prospective studies
were selected for inclusion. If multiple publications reported the same outcome in
identical populations, only the most recent publication was included. Publications
were excluded if telomere length was not measured in leukocytes. No restrictions
were placed on sample size, language of publication, date of publication, or

publication status.

Information Sources & Search Strategy

Articles were accessed through OVID from the MEDLINE (1966-present)
and EMBASE (1980-present) electronic databases. Limitations on the search
restricted citations to only those including humans. Key MeSH terms used in the
search strategy included: telomere, myocardial infarction, stroke, diabetes
mellitus, and death. See Tables | and Il in online-only Data Supplement for
complete search strategy for both databases. The last search was run on Sept
9t 2013. To identify further citations, the reference lists of articles retrieved were

also hand searched.

Study Selection, Data Collection, & Data Items

Two reviewers, MD and SR, independently selected studies for full text
review through title and abstract screening of citations retrieved from all sources.
Full-text screening for final inclusion into the systematic review was also carried
out independently by both reviewers. Cohen’s unweighted kappa was used to
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evaluate agreement between both reviewers at each screening stage, and

disagreements were resolved through consensus.

A data abstraction sheet was designed and piloted with ten randomly
selected studies. MD and SR independently extracted data pertaining to: 1) study
type, 2) patient baseline characteristics, 3) LTL measurement technique, 4) study
guality indicators, and 5) odds ratio (OR) or hazard ratio (HR) and the associated

95% confidence interval (Cl). Disagreements were resolved through consensus.

Risk of Bias in Individual Studies

Risk of bias was independently assessed at the outcome level using an
adapted version of the Newcastle-Ottawa Scale (NOS)*. Briefly, case-control
and cohort studies were scored in 3 separate categories: selection,
comparability, and exposure/outcome. Overall each study received a rating from
0-8 stars depending on the likelihood of bias. A priori we established that 0-3, 4-
6, and 7-8 stars would be considered at high, moderate, and low risk of bias,

respectively.

Summary Measures, Synthesis of Results, & Risk of Bias Across Studies

The main summary measure was the pooled OR and 95% CI of a
cardiometabolic outcome per standard deviation (SD) decrease in LTL.
Cardiometabolic outcomes are relatively rare events and as such we treated HRs

as approximates of ORs. As described in the online-only Data Supplement
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Methods section, an effort was made to convert to per-SD decrease when
associations were reported based on quantile comparisons of LTL (i.e. shortest
versus longest quantile). Only the most adjusted effect measures were used so

as to account for confounding.

The pooled OR was computed using the generic inverse variance
method. Heterogeneity was assessed using the Cochran Q test and considered
to be significant if P<0.05. Additionally, I> was used as a measure of the portion
of total variation in estimates that was due to heterogeneity. High heterogeneity
was defined as 12 above 50%, whereas moderate and low heterogeneity were
defined as below 50% and 25%, respectively. Pooled summary estimates were
initially calculated using the fixed effect model, however if significant
heterogeneity was observed a random effects model was alternatively employed.
To assess for publication bias across studies inverted funnel plots were created
for each outcome and visually inspected for asymmetry. A priori subgroup
analyses based on study type, LTL measurement technique, sample size, and
population ethnicity were conducted to examine possible sources of
heterogeneity. Sensitivity analyses, also specified a priori, were conducted to
observe the impact of removing studies at high or moderate risk of bias, and
studies utilizing highly variable LTL measurement techniques (inter-assay
coefficient of variation [CV] >10%). Statistical analyses were conducted using

Review Manager (v5.2). All reported P values were two-sided.
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2.3. Results

Selection & Characteristics of Included Studies

As shown in Figure 2.1, the electronic database search of MEDLINE and
EMBASE resulted in the identification of 3382 relevant citations. 2112 records
remained after duplicate citations were removed and 2023 of these were
excluded after title and abstract review for not meeting inclusion criteria. The full
text review of the 89 remaining articles yielded 26 publications for inclusion into
the systematic review. No additional citations were retrieved from searching
reference lists. Key reasons for exclusion included: no cardiometabolic outcomes
measured (59), telomere length not obtained from leukocytes (2), and multiple
publications of the same data set (2). A Cohen’s unweighted kappa of 0.83 was
achieved signifying good agreement between both reviewers. Among the 26
included publications, one was excluded from quantitative meta-analysis due to
not providing enough information to calculate an appropriate OR and 95% CI.
When necessary, authors of included studies were contacted for further
information with respect to study characteristics or reported results. One

response was received4.

Tables 2.1-2.3 describe the characteristics of included studies assessing
stroke, MI, and T2D. Studies assessing CVD related death and MACE are
presented in supplementary Tables 2.3-2.4. One publication consisted of both a

case-control and cohort study and therefore a total of 14 case-control and 12
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cohort studies were included into the meta-analysis'. Participants from the
Cardiovascular Health Study and the Physicians Health Study were both
included in multiple publications, however different outcomes were reported 16 17
34,35 A number of studies investigated LTL in specific ethnic groups. European
Caucasian was the ethnic group predominantly reported, followed by Asian. Only
one study presented effect measures stratified based on different ethnicities®2. All
studies enrolled a similar amount of males and females, except for five that were
sex specifict® 27 32.34, 35 Quantitative polymerase chain reaction (qPCR) was the
primary method of telomere measurement, with four studies using the Southern
blot technique % 15 16,17 Reported mean CVs ranged from 1.3% to 22%. Each
study adjusted their reported effect measure for a variety of confounding

variables and these are described in the Supplementary Tables 2.5-2.9.
Risk of Bias Within Studies

The risk of bias assessment is presented at the outcome level in Tables
2.1-2.3. The majority of studies included had a low risk of bias according to the
NOS quality score. Two studies did not adjust for age in the experimental design
and/or analysis???* and thus were considered at risk of bias given the strong
relationship between LTL and age. Lack of blinding of laboratory technicians and
the use of highly specific patient populations were considered as further sources

of bias.

Primary Outcomes: STROKE, MI, & T2D
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A consistent positive association between per-SD decrease in LTL and all
three primary cardiometabolic outcomes was observed (Figure 2.2). The ten
studies reporting stroke had a pooled OR of 1.21 (95% CI=1.06-1.37) and
displayed significant heterogeneity (1> = 61%, P<0.01) when meta-analyzed. A
more modest summary OR was identified when combining the six studies that
reported on Ml (OR=1.24, 95% CI = 1.04-1.47). A high level of heterogeneity
was also detected between these studies (1> = 68%, P<0.01). The largest effect
size was observed with respect to T2D (OR=1.37, 95% CI = 1.10-1.72).
Significant heterogeneity was detected (1> = 91%, P<0.01) amongst the seven
studies meta-analyzed. The one study not included into the quantitative meta-
analysis reported an association between a decrease in LTL and T2D (OR=1.24,

95% ClI 1.09-1.42) 23,

Secondary Outcomes: CVD Death & MACE Composite

A consistent positive association between per-SD decrease in LTL and
both secondary cardiometabolic outcomes was identified (Supplementary
Figures 2.1-2.2). With respect to CVD death, six studies were combined to obtain
a pooled OR that reached significance (OR=1.11, 95% CI = 1.00-1.22; 1> = 29).
Three studies reported a MACE composite and when meta-analyzed a significant
association was observed (OR=1.14, 95% CIl = 1.02-1.29). A high level of

heterogeneity was present (12 = 64%).

Subgroup Analysis
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Subgroup analysis by measurement technique, study type, study size, and
ethnicity are presented for each primary outcome in Figure 2.3. Stratifying by
gPCR or Southern blot explained some of the heterogeneity in the association
between shortened LTL and stroke. 12 decreased from 61% overall to 35% for
studies using Southern blot and 58% for studies using gPCR (P=0.03 for

subgroup differences).

Stratifying by study design explained the high level of heterogeneity within
the MI (P=0.01 for subgroup differences) and stroke (P=0.03 for subgroup
differences) meta-analyses. With respect to Ml, case-control studies had a low
level of heterogeneity (1°>=0%) whereas cohort studies had a moderate level
(1=45%). Only the case-control subgroup stayed significantly associated with a
shortened LTL after stratification. Within the stroke meta-analysis, case-control
studies (1°>=66%) and cohort studies (I1°=56%) remained at a high level of
heterogeneity. The cohort subgroup was no longer significantly associated with a

shortened LTL after stratification.

Study size subgroup differences were also observed in the MI pooled
assessment (P<0.01). The high level of heterogeneity within the pooled OR for
MI (1> =85%) was almost completely eliminated when stratifying studies by 0-499,
500-999, and >1000 participants (12 of 0%, 0%, and 37%, respectively). The

association with shortened LTL remained in the two smaller subgroups.
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Significant subgroup differences were not observed when stratifying by

ethnicity.

Assessment of Publication Bias & Sensitivity Analysis

Publication bias was assessed for all outcomes through visually inspecting
asymmetry in the funnel plots presented in Figure 2.4. The funnel plots for both
MI and T2D demonstrated moderate asymmetry indicating publication bias.
There was little evidence to suggest publication bias with respect to stroke and
secondary outcomes (supplementary Figures 2.3-2.4). Removing studies at high
risk of bias according to the overall NOS quality score did not significantly alter
the associations in any of the cardiometabolic outcomes of interest. Similarly,
removing studies not reporting a CV (or reporting a CV>10%) had no significant

effect on any pooled ORs (Supplementary Table 2.10).

2.4.Discussion

In this systematic review and meta-analysis of 26 observational studies, a
constant positive association with per-SD decrease in LTL was observed across
all 5 cardiometabolic outcomes assessed. The main strength of this review lies in
the fact that it is a pooled analysis of LTL and cardiometabolic outcomes, thus
providing the greatest power to detect associations missed by smaller individual
studies. Furthermore, the large number of outcomes assessed within this review
allows for a more comprehensive evaluation of LTL as a general biomarker of
aging.
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MI is a consequence of interrupted blood flow to the heart subsequently
leading to the death of cardiomyocytes®!. Likewise, stroke is characterized by the
sudden loss of blood supply to the brain resulting in neuronal death*2. Both
cardiometabolic outcomes are often caused by the formation of unstable
atherosclerotic plaques over time within vascular tissue. It has been shown that
plaques form as a product of impaired endothelial repair and vessel remodeling,
high cell turnover, increased oxidative stress, and up-regulation of inflammatory
factors®3. Interestingly, these plague formation processes have all been shown to
be associated with decreased telomere length in vascular cells'®. When
considered with the fact that LTL is highly correlated with vascular tissue
telomere length, it is reasonable to expect shortened LTL in patients at risk of
stroke or MI. Evidence from our meta-analysis aligns directly with this hypothesis
as we have found that a per-SD decrease in LTL confers a higher risk for both

stroke (OR=1.21, 95% CI=1.06-1.37) and MI (OR=1.24, 95% CI=1.04-1.47).

CVD related death had the smallest effect size, despite all other
cardiometabolic outcomes demonstrating significant associations with a
shortened LTL. A possible explanation for this is a lack of statistical power due to
a relatively low number of events observed. Additionally, the age of participants
studied may have diminished the pooled estimate as it has been reported that
LTL is a poor predictor of survival in elderly individuals (>75 years old)**. Two

studies included in the meta-analysis used populations with a mean age >751%22,
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An interesting result was the significant association between a shortened
LTL and the MACE composite outcome, suggesting that patients suffering any
events due to general cardiovascular aging had a shorter LTL. This effect has
been observed and quantified in a study where it was shown that LTL in coronary
artery disease (CAD) patients was similar to that of healthy controls which were

11 years older*?.

T2D is a metabolic disorder characterized by increased blood glucose
levels due pancreatic beta cell dysfunction in the context of increased insulin
requirements*2. Since T2D diabetes is a strong predictor for CVD, it has been
hypothesized that a common biological pathway based on tissue aging and
senescence could potentially link the two diseases®. Our findings of a significant
relationship between a shortened LTL and T2D provide evidence for this
hypothesis. Further support of this relationship can be seen in studies reporting
cardiovascular events in diabetic patients. For instance, it has been shown that

T2D patients with MI have a shorter LTL when compared with T2D controls?®.

Heterogeneity was observed in some of the subgroup analyses.
Stratifying by measurement technique, study type, study design, and ethnicity did
not produce consistent results across all primary outcomes. As compared to
gPCR, the use of Southern blot was associated with a modestly stronger effect
estimate for stroke but not for MI. A plausible explanation is increased

measurement error associated with qPCR biased the effect estimate towards the
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null, although sample size was also smaller in studies using Southern blot. A
subgroup difference between study designs in the MI meta-analysis was also
observed. Only the case-control subgroup remained significant (OR = 1.51; 95%
Cl = 1.25-1.82) after stratification suggesting that reverse causation or other
biases might inflate risk estimates. This is in contrast to evidence from a recent
genome-wide meta-analysis which supports a causal role for LTL shortening in
the manifestation of CAD*. Finally, study size was inversely correlated with

strength of association for T2D and Ml, indicating potential publication bias.

Limitations

Some limitations exist to the results presented in this meta-analysis. First,
reporting of LTL as a variable differed between many studies and consequently
statistical techniques were used to standardize reported effect measures to per-
SD decrease. These statistical methods are most accurate for converting from
LTL categorized as an ordinal variable (tertiles or quartiles) when a linear trend
with respect to increasing effect size is observed across quantiles. Most studies
included in this meta-analysis demonstrate this trend, but due to smaller sample
sizes some studies deviate from it. Moreover, based on the assumption that LTL
is a true biomarker for aging, the inclusion of effect measures adjusted for
chronological age likely attenuates the strength of association with

cardiometabolic outcomes. With the exception of two, all studies included in this
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meta-analysis adjusted for age and as such our findings are likely

underestimates of underlying associations.

Lastly, ethnic subgroup analysis was hindered due to lack of reporting of
ethnicity specific effect measures. Some studies included into the meta-analysis
utilized multi-ethnic populations and adjusted for this in their analysis, but did not
report ethnic-specific estimates. These authors were contacted for further
information regarding ethnic group specific effect measures, but no response
was received. Although limited, we carried out the subgroup analysis including a
mixed group to represent studies reporting adjusted analysis for multi-ethnic

populations.

2.5. Conclusion

We present a systematic review and meta-analysis evaluating the use of
LTL as a biomarker for aging through its association with age-related
cardiometabolic outcomes. Despite a significant association between per-SD
decrease in LTL and all outcomes measured, the results from this meta-analysis
should be interpreted carefully as the observed heterogeneity is yet to be fully
explained. Larger observational studies, with well characterized patient
populations and reliable LTL measurement techniques, are required to further
explore sources of heterogeneity and ultimately validate the use of LTL as a

marker for biological age.
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2.7.Tables & Figures

Table 2.1. Characteristics of included studies assessing the association between LTL and stroke.

Follow NOS Quality
) - - T
Source gt:sdiyn Up Events, El\c/)gnts n Co-morbidity Ethnicity LTL assay Icrzl\tﬁr(@s;say Score
g (vears) ‘ 0 S C E/O

Ding et al., Case- .
2012 Control  ~ 1309 1309 - Asian gPCR 1.3 4 2 3
Jiang et al., Case- ) " i .
2013 Control 150 150 Asian gPCR 6.7 4 2 3
Zee et al., Case- 5 5 .
2010 Control  ~ 259 259 - Mixed gPCR <2.0 3 2 3
Zhang etal.,, Case- :
2013 Control  ~ 503 1801 - Asian gPCR 6.4 3 2 3

Nested
Schurks et ~oge. 504! 504! - Mixed gPCR 22 2 2 3
al., 2013

Control
zDéri% etal, Cohort 5.0 137 721 Previous stroke  Asian gPCR 1.3 2 2 3
Fitzpatrick et . Southern
al., 2007 Cohort 7.0 42 357 - Mixed blot 15 2 2 2
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Hypertension,

Fyhrquist et Cohort >4.0 43 1228 left ventricular Mixed Southern 3.7 2
al., 2011 blot

hypertrophy
poetetal conort 4.4 46 754 . Caucasian  gPCR 2.4 2
Yangetal,  conort 5.0 NR NR Hypertensive  gjan PCR 6.8 3
2009 ' patients q )

NR = Not Reported

*CV= standard deviation / mean of replicates run at different time points.

T Newcastle Ottawa Scale: S = Selection (scored out of 4), C= Comparability (scored out of 2), E/O=
Exposure/Outcome (scored out of 3)

* Controls are matched siblings

§ Males Only '"Females only

39



M.Sc. Thesis — M. D’Mello; McMaster University — Health Research Methodology

Table 2.2 Characteristics of included studies assessing the association between LTL and M.

NOS Quiality
Follow- Inter- Scoret
Source ggjs(?yn Up Events, E\(/)Qr;ts n Co-morbidity Ethnicity LTL assay Assay CV* S C =)
9N (years) ! (%)
Brouilette et  Case- - . Southern
al., 2003 Control - 203 180 Caucasian blot 3.3 1 2 3
Zee et al. Case- .
) i} t 1 -
2009 Control 337 337 Mixed gqPCR 5.0 3 2 3
Fitzpatrick et . Southern
al., 2007 Cohort 7.0 36 352 - Mixed blot 15 2 2 2
. Hypertension,
Fyhrquistet  conort 4.0 69 1202 left ventricular  Mixed Southern 5 4 2 2 3
al., 2011 blot
hypertrophy

Weischer et s Al .

Cohort 173, 6 929 18355 - Caucasian gPCR 9.0 3 2 3
al., 2012
\2"822“ etal,  conort 44 43 757 - Caucasian  gPCR 2.4 2 2 2

*CV= standard deviation / mean of replicates run at different time points.

T Newcastle Ottawa Scale: S = Selection (scored out of 4), C= Comparability (scored out of 2), E/O=
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Exposure/Outcome
# Males Only

§ Copenhagen City Heart Study "Copenhagen General Population Study
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Table 2.3. Characteristics of included studies assessing the association between LTL and type 2 diabetes.

Foll NOS Quality
ollow- i . Score’
Source Stqu Up Events, Non Co-morbidity Ethnicity LTL Inte*r Assay

Design n Events, n assay CV* (%)

(years) S C E/O
Olivieri et al., Case- .
2009 Control - 103 104 - Caucasian gqPCR 6.0 3 2 2
Salpea et Case- .
al., 2010 Control - 569 448 - Mixed gPCR 5.6 2 1 2
Shen et al., Case- .
2012 Control - 1936 2080 - Asian gPCR 2.0 4 2 2
You et al. Case- . .
, _ + % -

2012 Control 1668 2361 Hispanic gqPCR 5.7 3 2 2
Zee et al., Case- .
2010 Control - 432 424 - Mixed gqPCR 5.0 4 2 3
Hovatta et Impaired

Cohort 8.5 130 172 glucose Caucasian  gPCR 14 2 2 3
al., 2012

tolerance

Zhao et al., Native
2013 Cohort 5.5 292 2036 - American gPCR 6.9 3 2 2

NR = Not Reported
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*CV= standard deviation / mean of replicates run at different time points.
T Newcastle Ottawa Scale: S = Selection (scored out of 4), C= Comparability (scored out of 2), E/O=
Exposure/Outcome (scored out of 3)

* Females Only
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Records identified through database searching Additional records identified through other
(n=3382) sources (n =0)

A 4 A 4

Records after duplicates removed
(n=2112)

Records excluded

(n=2023)
Records screened in title and
abstract search —>
(n=2112)
Full-text articles
excluded for not meeting
Y inclusion criteria (n = 63)
- Outcome of interest
Full-text articles assessed for not measured — 59
eligibility » | _Not measured in
(n=89) leukocytes — 2
- Multiple publications

of the same population-
2

Full-text articles not

Articles included in qualitative included in quantitative

synthesis | analysis (n=1)

(n=26)
- Sufficient data not
provided to calculate an
odds ratio or hazard ratio
-1

Articles included in

quantitative synthesis (meta-

analysis)
(n=25)

Figure 2.1. Flow diagram for the process of selecting eligible publications.
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Non- Odds Ratio
Study or Subgroup Events Events Weight  Odds Ratio, 95% CI IV, Random, 95% C1
Stroke
Dingia) 2012 1308 1309 18.5% 1.34[1.20,1.48] i
Dingib) 2012 137 72 12.3% 1.04 [0.82,1.32] e
Fitzpatrick 2007 42 357 2.0% 2.79[1.19,6.54]
Fyhrguist 2011 43 1228 8.2% 1.86[1.10,2.21] TR T
Jiang 2013 140 150 9.7% 1.00[0.74,1.35] SR B
Schurks 2013 504 504 11.2% 1.01 [0.78,1.31] SR
‘Willeit 2010 46 754 8.9% 1.49[1.08, 2.06] T
Yang 2009 - - 4.5% 1.69 [0.99, 2.89] R
Feefhy 2010 258 258 6.3% 1.05[0.69, 1.61] T
Fhang 2013 a03 180 18.3% 1.06 [0.95,1.18] =
Subtotal (95% CI) 2093 7083 100.0% 1.21[1.06, 1.37] .
Heterogeneity: Tau®=0.02; Chi*=23.08, df=9 (P=0006), F=61%
Testfor overall effect Z=2.91 (P = 0.004)
Myocardial Infarction
Brouilette 2003 203 180 16.5% 1.56[1.20,2.03] i
Fitzpatrick 2007 36 352 12.3% 1.30[0.91,1.87] el
Fyhrguist 2011 B9 1202 16.5% 0.90[0.69,1.17] S
‘Waischer 2012 928 18355 25.2% 1.07[0.89,1.17] il
‘Willeit 2010 43 787 13.6% 1.41[1.02,1.95] N
Feefs) 2009 337 337 15.8% 1.45[1.10,1.91] T
Subtotal (95% CI) 1617 21183 100.0% 1.24 [1.04, 1.47] L3
Heterogeneity: Tau®= 0.03; Chi*= 1566, df=5 (P =0.008); F=68%
Testfor overall effect 2= 2.43 (P = 0.02)
Type 2 Diabetes
Haovatta 2012 130 172 4.5% 217 [0.86,5.452] T
Oliwieri 2009 103 104 1.2% 316 [0.45, 22.21] +
Salpea 2010 569 448 18.2% 2.33[1.86,2.77] e
Shen 2012 1936 2080 20.0% 1.16[1.08,1.25] hosl
You 2012 1668 2361 19.5% 1.03[0.93,1.18] ot
Feefcy 2010 432 424 18.2% 1.19[01.00,1.41] o
Fhao 2013 292 2036 18.4% 1.29[1.10,1.53] T
Subtotal (95% CI) 5130 7625 100.0% 1.37[1.10, 1.72] ’
Heterogeneity: Tau® = 0.06; Chi® = 68.64, df= 6 (P = 0.00001); F=91%
Testfor averall effect Z=2.78 (P = 0.005)
01 02 0.5 2 & 10

Short LTL Decreases Risk Short LTL Increases Rlsk

Figure 2.2 Forest plot of primary cardiometabolic outcomes. Results are

presented for random effects models.
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Stroke Myocardial Infarction Type 2 Diabetes
Non- = Subgroup  OddsRatio Non-  Subgroup Odds Ratio Non- . Subgroup Odds Ratio
Studyor Subgroup  Events Events  [%%) Difference IV, Random, 95% CI events Events  |4%) Difference IV, Random, 95% CI events Events  |%%) Difference IV, Random, 95% CI
Measurement Technique
4PCR 2008 5498 58 pegp s 5 1309 19440 B8 p=qgp = & 30 7625 9 penA S
Southern Blot 85 1585 35 — 08 1734 77 —+— % s ’
Study Type
Case-control 725 403 66 p. Ly 50 517 0 p. -+ 4708 5417 M p=pag ——
P=003 P=001 .
Cohort 268 3060 56 —— 1077 20666 45 L 422 208 13 ——
Study Size
0-499 19 507 70 — N9 52 0 —— 83 W0 —
500-099 442 173 39 P=038 —a— 380 1004 0 P<001 —— 1001 g2 97 P=014 s
»1000 2350 4842 77 - 998 19557 37 -+ 3806 6477 65 2 3
Ethnicity
Asian 009 3981 70 i 246 287 47 |
Black - . - 39 815 0 ==
Caucasian 46 75 NA P=038 — 1175 19292 78 P=066 —l— 1241 1288 97 P=041 —
Hispanic - - 161 326 NA ——
Mixed 848 2348 62 —— 442 1891 68 - 1001 872 NA —
Native American - - - - - - 292 2036 NIA -
Total 2093 7083 61 & 1617 21183 68 P 5047 5588 91 3
} ; —_ | + |
05 2 05 2 05 2 5
ShorLTL ShortLTL ShortLTL ShortLTL ShortLTL ShortLTL
Decreases Risk Increases Risk Decreases Risk Increases Risk Decreases Risk  Increases Risk
Figure 2.3. Summary of subgroup analyses for primary outcomes. Results are presented for random effects
models.
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Figure 2.4. Funnel plots depicting level of publication bias within (a) stroke, (b) MI, and (c) T2D.
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2.8. Supplementary Material
Supplemental Methods
Statistical Conversion Technique

ORs (and HRs) that used LTL as an ordinal variable and compared incidence of
event in the shortest versus longest group were converted to per-SD decrease in
LTL. To accomplish this we first obtained the beta value by taking the loge of the
OR. Assuming a normal distribution, we determined the standard deviation of

the data. We then divided the beta by this standard deviation and exponentiated

the result to obtain the OR per-SD decrease in LTL.
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Supplementary Tables

Supplemental Table 2.1. Search Strategy for EMBASE (1980 - present) through

OVID interface. Last conducted September 9t 2013

# Searches Results
1 telomere.mp. or exp telomere/ or exp telomere shortening/ 20265

2 stroke.mp. or exp cerebrovascular accident/ 262193
3 myocardial infarction.mp. or exp heart infarction/ 283573
4 diabetes.mp. or exp diabetes mellitus/ 638259
5 cardiovascular disease.mp. or exp cardiovascular disease/ 2811015
6 exp cardiovascular mortality/ or exp mortality/ or mortality.mp. 840645
7 exp death/ or death.mp, or exp heart death/ 835628
8 2or3ordor5or6or7 4293436
9 land8 2522

10 Limit 9 to human 1999
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Supplemental Table 2.2. Search Strategy for MEDLINE (1946 — present) through

OVID interface. Last conducted September 9t 2013

#  Searches Results
1 telomere.mp. or exp telomere/ or exp telomere shortening/ 16968

2 exp stroke, lacunar/ or exp stroke/ or stroke.mp. 185795
3 diabetes.mp. or exp diabetes mellitus, type 2/ or exp diabetes 418147
4 cardiovascular disease.mp. or exp cardiovascular diseases/ 1884627
5 cerebrovascular.mp. or exp cerebrovascular disorders/ 317226
6 myocardial infarction.mp. or exp myocardial infarction/ 188203
7 mortality.mp. or exp mortality/ 626231
8 exp death/ or death.mp. 570732
9 2or3or3ordor5or6or7or8 3051388
10 1and9 1627

11  limit 10 to humans 1383
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Supplemental Table 2.3. Characteristics of included studies assessing the association between LTL and

cardiovascular related death.

Follow- NOS Quiality

Study Events, Non- Inter-Assay
Source Up Co-morbidity Ethnicity LTL assay Scoref

Design n Events, n CV* (%)

(vears) S C E

Epel et al.,

Cohort 12 53 182 - Caucasian gPCR NR 3 2 1
2009
Fitzpatrick et Southern

Cohort 6.1 103 1031 - Mixed 15 4 2 3
al., 2011 Blot
Houben et

Cohort 7.0 17% 186* - Caucasian  gPCR NR 3 2 2
al., 2011
Martin-Ruiz

Cohort 3.0 249 977 - Caucasian  gPCR 2.1 3 0 2
et al., 2005
Njajou et al.,

Cohort 10 69 714 - Mixed gPCR NR 3 0 3
2009
Willeit et al.,

Cohort 4.4 45 755 - Caucasian  gPCR 2.4 2 2 2
2010

NR = Not Reported

*CV= standard deviation / mean of replicates run at different time points.
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T Newcastle Ottawa Scale: S = Selection (scored out of 4), C= Comparability (scored out of 2), E/O=
Exposure/Outcome (scored out of 3)

* Males Only
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Supplemental Table 2.4. Characteristics of included studies assessing the association between LTL and the MACE

composite outcome.

Follow- NOS Quality
Study Events, Non- LTL Inter-Assay
Source Up Co-morbidity Ethnicity Scoref
Design n Events, n assay CV* (%)
(vears) S C E
Farzaneh- Outpatients
Far et al., Cohort 4.4 118 662 with stable Caucasian gPCR 2.4 3 2 2
2008 CAD
Hypertension,
Fyhrquist et Southern
Cohort >4.0 134 1137 left ventricular Caucasian 3.7 2 2 3
al., 2011 Blot
hypertrophy
Willeit et al.,
Cohort 4.4 88 712 - Caucasian  gPCR 2.4 2 2 2
2010

NR = Not Reported
*CV= standard deviation / mean of replicates run at different time points.
T Newcastle Ottawa Scale: S = Selection (scored out of 4), C= Comparability (scored out of 2), E/O= Exposure/Outcome

(scored out of 3)
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Supplemental Table 2.5. Adjustments reported for included studies assessing

stroke

Source

Reported Analysis Adjustment

Ding et al., 2012
Jiang et al., 2013

Zee et al., 2010

Zhang et al., 2013

Schurks et al.,

2013

Ding et al., 2012
Fitzpatrick et al.,
2007

Fyhrquist et al.,
2011

Willeit et al., 2010

Yang et al., 2009

Age, sex, BMI, hypertension, diabetes, hyperlipidemia, smoking status

Age, sex, hypertension, recent social pressures, HDL

Age, smoking status, time of follow up, randomization treatment group, BMI,
hypertension, diabetes, hyperlipidemia

Age, gender, BMI, systolic/diastolic BP, fasting glucose, triacylglycerol, total
cholesterol, HDL/LDL, smoking status, alcohol intake, diabetes, history of
hyper tension, previous CHD, family history of stroke

Age, smoking, postmenopausal status, post-menopausal hormone use,
Elevated cholesterol, hypertension, diabetes, CHD, alcohol consumption,
aspirin use, BMI, physical activity, total cholesterol/HDL ratio, HbAlc, healthy
dietary score

Age, sex, BMI, hypertension, diabetes, hyperlipidemia, smoking status

Age, sex, race

Age, sex

Age, sex, previous stroke, hypertension, pack-years of smoking, ferritin, high-
sensitivity C-reactive protein, lipoprotein(a), LDL, HDL, physical activity,
diabetes mellitus, alcohol consumption

Age, gender, hypertension

54



M.Sc. Thesis — M. D’Mello; McMaster University — Health Research Methodology

Supplemental Table 2.6. Adjustments reported for included studies assessing

myocardial infarction

Source

Reported Analysis Adjustment

Brouilette et al.,
2003

Zee et al., 2009

Fitzpatrick et al.,
2007

Fyhrquist et al.,
2011

Weischer et al.,

2012

Willeit et al., 2012

Age, sex, smoking status

Age, smoking status, follow-up, treatment group, BMI, hypertension,
diabetes, hyperlipidemia

Age, sex, race

Age, sex

Age, gender, study, cholesterol, triglycerides, high-density lipoprotein
cholesterol, c-reactive protein, use of lipid lowering therapy, BMI,
hypertension, diabetes, smoking, heavy alcohol intake, physical inactivity
Age, sex, previous MI, hypertension, pack-years of smoking, ferritin, high-
sensitivity C-reactive protein, lipoprotein(a), LDL, HDL, physical activity,

diabetes mellitus, alcohol consumption
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Supplemental Table 2.7. Adjustments reported for included studies assessing

cardiovascular death

Source

Reported Analysis Adjustment

Epel et al., 2009
Fitzpatrick et al.,
2011

Houben et al.,
2011

Martin-Ruiz et al.,
2005

Njajou et al., 2009

Willeit et al., 2010

Age, Sex

Age, sex, African-American race, hypertension, diabetes (ADA), smoking
status, history of CAD, stroke, CHF, c-reactive protein, interleukin-6
Age, smoking status, alcohol use, body mass index, education, marital
status, physical activity, chronic diseases

Age censored

None
Age, sex, hypertension, pack-years of smoking, ferritin, high-sensitivity C-
reactive protein, lipoprotein(a), LDL, HDL, physical activity, diabetes mellitus,

alcohol consumption
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Supplemental Table 2.8. Adjustments reported for included studies assessing

type 2 diabetes

Source Reported Analysis Adjustment
Monikarage et al., Age, sex, waist circumference, adiponectin, telomere length, TBARS, insulin
2012 resistance

Olivieri et al., 2009  Age, sex, glucose, HbA1C waist-to hip ratio

Salpeaetal., 2010 Age

Shen et al., 2012 Age, sex, BMI, smoking, and drinking

You et al., 2012 Age, ethnicity, date of blood collection, clinical center, BMI physical activity,

hormone therapy, alcohol consumption, smoking

Zee et al., 2010 Age, smoking status, BMI, menopausal status, sex
Hovatta et al., Age, sex, randomization group
2012

Zhao et al., 2013 Age, sex, age-squared, BMI, fasting glucose, and triglyceride level at

baseline
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Supplemental Table 2.9. Adjustments reported for included studies assessing

MACE composite outcome

Source Reported Analysis Adjustment

Farzaneh-Far et Age, gender, ethnicity, LDL Cholesterol, HDL Cholesterol, Systolic Blood

al., 2008 Pressure, Diastolic Blood Pressure, BMI, Stroke, Diabetes, CHF, Log CRP,
LVEF, Diastolic dysfunction

Fyhrquist et al., Age, sex

2011

Willeit et al.,, 2010  Age, sex, previous CVD, hypertension, pack-years of smoking, ferritin, high
sensitivity C-reactive protein, lipoprotein(a), and low-/high-density lipoprotein

cholesterol levels, physical activity, diabetes mellitus, alcohol consumption.
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Supplemental Table 2.10. Sensitivity analysis removing studies with high inter-

assay CV (>10%) and studies at a high or moderate risk of bias (as rated from

NOS score).
CVD related
Stroke Ml T2D MACE
death
1.21 1.37 1.14
Original 1.24[1.04,1.47] 1.11[1.00,1.22]
[1.06, 1.37] [1.10, 1.72] [1.02,1.29]
Remove 1.28
1.29[1.19,1.40] 1.29[1.13,1.47] 1.11 [0.97,1.26]
High CV [1.21,1.36]
Remove
Studies at 1.15
- 1.15[1.04,1.26]
Risk of [1.09, 1.21]
Bias
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Supplementary Figures

Events Non-Bvents Odds Ratio Odds Ratio
Study or Subgroup  log[Odds Ratio] SE  Total Total Weight [V, Fixed, 95% CI IV, Fixed, 95% CI
4-Epel 2009 013582 014088 a3 182 128% 1.15[0.87,1.41] -
4-Fitzpatrick 2011 0260054 01443149 104 103 122% 1.30[098,1.72] T
4-Houhen 2011 0.20945 0143189 17 186 12.4% 1.23[093,1.63 T
4-Martin-Ruiz 2005 0.0148858 0.0776ET 242 a7y 42.2% 1.02[087,1.18]
4-Mjajou 20049 0 0124034 G4 1714 166% 1.00[0.78,1.28] ——
A-illeit 2010 0574364 02616249 45 27 37% 1.7B[1.06, 2.97]
Total (95% CI) 531 6811 100.0% 1.11[1.00, 1.22] [ ]
Heterogeneity; Chi#= 7.01, di= & (P =0.22); F= 29% IEI1 EIIE EIIS é % 1E|I
Testior overall effect: 2= 2.04 (P = 0.04) Short LTL Decreases Risk Short LTL Increases Rlsk

Supplemental Figure 2.1. Forest plot of studies assessing LTL and CVD death. Results are reported based on the

fixed effect model.
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Events MNon-Events Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE  Total Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
5-Farzaneh-Far 2008 0.09531 0112712 118 BE2  29.4% 1.10[0.88,1.37]
S-Fyhrouist 2011 0.075107 0.079823 134 1137 A8.6% 1.08[0.92 1.26]
S-Willeit 2010 0424137 0176503 as 12 120% 1.69[1.20,2.39) -
Total (95% CI) 340 2511 100.0% 1.14[1.02, 1.29]

Heterogeneity: Chi*=5.55, df=2 (P=0.068); F=64%
Testfor overall effect 2= 221 (P=003

01 02 05 2 5 10
Short LTL Decreases Risk Short LTL Increases Rlsk

Supplemental Figure 2.2. Forest plot of studies assessing LTL and a MACE composite outcome. Results are

reported based on fixed effect model.
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Supplemental Figure 2.3. Funnel plot of studies assessing LTL and CVD death
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Supplemental Figure 2.4. Funnel plot of studies assessing LTL and a MACE

composite outcome.
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3. CHAPTER 3: A multi-ethnic evaluation of leukocyte telomere length as a
biomarker for cardiometabolic outcomes: the INTERHEART and

EpiDREAM study
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3.1. Introduction

Telomeres are repetitive nucleotide sequences that cap the ends of
chromosomes!. These gene poor regions help to stabilize the chromosome and
prevent deleterious mutations from occurring. Telomeres naturally shorten as a
result of cell division, but have also been shown to decrease in length due to
oxidative stress>® and chronic inflammation*® caused by endogenous and
environmental factors. Ultimately, apoptosis or cell cycle arrest (senescence) is
triggered when telomeres reach a critically short length®. Cellular senescence is a
key characteristic of many age-associated disorders and for this reason telomere

length has been postulated to be a marker of biological ageing’.

Senescence and tissue ageing are a central link between the pathologies
of cardiometabolic outcomes such as cardiovascular disease (CVD) and type 2
diabetes (T2D)8. Marked by oxidative stress and chronic inflammation, these
disease states are clearly related to age and have been increasingly studied in
relation to telomere length. Indeed, many lines of evidence indicate telomere
length does add predictive value (above chronological age and known risk
factors) with respect to age-related diseases'®!!. Thus, telomeres may not only
be able to explain variability in the onset of cardiometabolic outcomes, but also

reflect biological age.

To date, studies investigating the relationship between telomere length

and individual cardiometabolic outcomes have been mostly case-control studies
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with small sample sizes (n<1000) and variable telomere length measurement
techniques?4. Determining whether telomere length can be used to predict
future cardiometabolic outcomes, as opposed to being merely a marker of them,
is difficult because conflicting results are observed in studies that measure
baseline telomere length in prospectively followed participants >-17. Importantly,
the largest of association studies conducted have only looked at participants of a
single ethnic group®>'"*8, It is unknown whether reported effect estimates are
applicable to a number of ethnic groups which experience a disproportionally
greater burden of cardiometabolic events!®. These groups would undoubtedly

derive greater benefit from a predictor of such outcomes.

The aim of the current study is to investigate the association between
telomere length and cardiometabolic outcomes after accounting for known
cardiometabolic risk factors. Specifically, we will look at the association between
telomere length and both myocardial infarction (MI) and T2D in INTERHEART, a
large, international MI case-control study. Subsequently, we will assess the
ability of telomere length to predict incident T2D, coronary artery disease (CAD)
and major adverse cardiac events (MACE) in EpiDREAM, a second large,
international prospective cohort study. Additional objectives include determining
the relationship between telomere length and cardiometabolic risk factors, and

verifying whether associations are consistent across various ethnic groups.
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3.2.Methods

Study Population

The INTERHEART Study was a large, international, case-control study
conducted between February 1999 and December 2002 to determine global risk
factors for myocardial infarction (MI)?°. Cases of any age were recruited from
coronary care units (or equivalent wards) within 24 hours of presenting with
clinical characteristics of acute MI. Controls, obtained from a community or
hospital setting, had no history of CVD and were matched by age (+ 5 years) and

SexX.

The Diabetes Reduction Assessment with Ramipril and Rosiglitazone
Medication (DREAM) trial was a large, international, randomized controlled trial
conducted between July 2001 and August 20032L. Individuals at high risk of T2D
between the ages of 30 and 85 with impaired fasting glucose (6.1mmol/L —
7.0mmol/L) or impaired glucose tolerance (7.8 mmol/L - 11mmol/L) after 2 hour
oral glucose load were randomized in a 2-by-2 factorial format to receive either
Ramipril (15mg/day) or placebo and Rosiglitazone (8mg/day) or placebo.
Participants were included in the epidemiological arm of the trial (EpiDREAM) if
they either: 1) did not consent to be in the DREAM trial, but agreed to provide
baseline information or to be prospectively followed, or 2) consented to be in the

trial, but did not meet inclusion criteria. For the purposes of this study
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EpiDREAM and DREAM will be referred to as EpiDREAM unless otherwise

specified.

Outcome Assessment, Interim Contact, and Follow-up

Acute MI, the main outcome of interest in INTERHEART, was identified
through patients presenting with clinical symptoms and new pathological Q
waves, 1 mm ST elevation, left bundle branch block, persistent ST-T wave
changes, or raised concentration (>2 times normal) of troponin. In EpiDREAM we
defined two prospective cardiovascular outcomes: CAD and MACE. CAD
comprised of MI, angina, or coronary artery bypass. MACE comprised of non-
fatal stroke, non-fatal Ml, or all-cause death. All events were adjudicated by a
central committee for DREAM participants. For non-trial participants, events

reported by subjects or relatives were confirmed by a recruiting center.

T2D, the main outcome of interest in EpiDREAM and was defined based
on a fasting plasma glucose (FPG) = 7.0mmol/L or a 2-hr post-load glucose =
11.1mmol/L achieved during both an initial oral glucose tolerance test (OGTT) as
well as a confirmatory test 3 months later. Diabetes status within INTERHEART

was defined based on HbAlc = 6.5% or self-reporting.

Participants of the DREAM trial were followed up every 3 months for
incident T2D or CVD outcomes while non-trial participants that consented were

contacted once in the second and fourth year after the initial screening visit. The
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median (inter-quartile range) follow time up for all participants was 3.5 years (3.0-

4.0 years).

Telomere Length Measurement

Telomere length was measured in leukocyte DNA extracted from
peripheral blood samples. Leukocyte telomere length (LTL) is highly correlated
with telomere length in various tissues?? and is commonly measured within large
epidemiological studies'>?3, DNA was extracted from blood samples using the
QIAsymphony (Qiagen) sample prep module for INTERHEART participants and
the Autopure (Qiagen) sample prep module for EpiDREAM participants. DNA
was eluted into TE buffer, stored at -80°C, and thawed at 4°C prior to use. A
convenience sampling method was employed to select DNA samples for
measurement as only samples with sufficient DNA (>10ng) were utilized. LTL
was measured on the ViiA 7 real-time polymerase chain reaction system (Applied
Biosystems) using a validated monochrome multiplex quantitative polymerase
chain reaction method?*. Briefly, this method controls for variations in input DNA
by amplifying both telomere repeats (T) and a single-copy gene (S) within in each
well. Consequently, a standardized ratio (T/S) can be calculated and used to
compare telomere length across samples. The albumin gene was chosen as a
single copy gene for this assay. A detailed description of the assay components
and thermocycling parameters are provided in the supplementary materials.

Samples were run in quadruplicate. A 3-fold dilution standard curve (300ng,
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100ng, 33.3ng, 11.1ng, 3.70ng, 1.23ng) was run on each plate along with an
interplate control to account for plate-to-plate variation. Overall, the standard
curve efficiency for the telomere repeats and albumin was 91% and 89%,
respectively. The assay was highly reproducible with average inter-assay and
intra-assay coefficients of variation for the T/S ratio of 1.3% and 2.4%,

respectively.

Statistical Analysis

Continuous variables are presented as mean (standard deviation) and
dichotomous variables are presented as counts (percentage). For INTERHEART
participants comparisons between continuous variables and categorical variables
were made using Student’'s t-test and y? test, respectively. For EpiDREAM
participants trends across groups were identified using linear and logistic
regression models in which glycemic status (normoglycemic, dysglycemic, or

diabetic) was categorized as a continuous independent variable.

The distribution of measured telomere lengths was positively skewed and
therefore T/S ratios were loge transformed. These values were then multiplied by
-1 for regression models in order to provide effect estimates based on decreasing
telomere length. Linear regression was used to assess the association between
LTL and common risk factors for cardiometabolic outcomes at baseline in
INTERHEART controls and non-T2D EpiDREAM patrticipants. Logistic regression

was used to evaluate the association between LTL and Ml in INTERHEART. The
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area under the receiver operator curve (AUC) was used to assess model fit and
the integrated discrimination index (IDI) was used to measure the improvement in
discrimination after the addition of LTL to a fully adjusted model. Logistic
regression was also used to evaluate the association between LTL and T2D,
INTERHEART and EpiIDREAM participants (combined) at baseline.
INTERHEART participants with HbA1c<6% and normoglycemic EpiDREAM
participants were considered T2D-controls. Cox-proportional hazard models were
created to assess the predictive value of telomere length in EpiDREAM
participants prospectively followed for cardiometabolic events. The proportional
hazard assumption was confirmed through visually inspecting —log(log) graphs
and verifying that Schoenfeld residuals were not time dependent (p>0.05).
Subgroup analysis was carried out using the y? test to assess heterogeneity
between effect estimates. Population attributable risk (PAR) estimates were
calculated using a method based on logistic regression which allowed for

adjustment of confounders?°.

Minimally adjusted models accounted for age, sex, ethnicity, and variables
found to be significantly associated with telomere length. For the cross-sectional
analysis of T2D the minimally adjusted model also included terms for
current/previous Ml and DNA extraction technique. Fully adjusted models for
CVD outcomes were additionally adjusted for INTERHEART risk factors:
smoking status (current vs. former/never), diabetes, self-reported hypertension,
ApoB:ApoA ratio, physical activity (any activity vs. sedentary lifestyle), weekly
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alcohol consumption, waist to hip ratio, fruits and vegetables consumption (both
vs. none), and general stress. Fully adjusted models pertaining to T2D were
additionally adjusted for self-reported hypertension, smoking status (current vs.
former/never), waist to hip ratio, and physical activity (any activity vs. sedentary
lifestyle). Hazard estimates including DREAM patrticipants included a variable to

account for randomization group.

Two sided p-values <0.05 were considered significant unless otherwise

stated. All statistical analyses were performed using R Statistical Package.

3.3.Results

Baseline characteristics of INTERHEART and EpiDREAM participants are
presented in Table 3.1. LTL measurements were obtained for a total of 8293
participants from INTERHEART and 11026 from EpiDREAM. 78.3% (n=8635) of
EpiDREAM participants with baseline LTL measurements were followed
prospectively (Supplementary Table 3.1). INTERHEART cases had significant
shorter LTL than controls (p=3.37x102'). They were also more likely to be
diabetic, overweight, hypertensive, sedentary, current smokers, and have lower
ApoA and higher ApoB levels than controls (p<0.01 for all). No linear trend in
LTL was observed across EpiDREAM participants categorized as
normoglycemic, dysglycemic, or diabetic at baseline (p-trend=0.81). Conversely,
a linear increase in age, percent male sex, percent hypertensive, waist to hip

ratio, and ApoB levels was observed with increasing glycemic status (p<0.01 for

71



M.Sc. Thesis — M. D’Mello; McMaster University — Health Research Methodology

all). A linear decrease in physical activity and ApoA levels was also observed

with increasing glycemic status (p<0.01 for both).
Cardiometabolic Risk Factors and LTL

Age and ethnicity were factors significantly influencing LTL in controls
from INTERHEART and non-diabetic participants from EpiDREAM
(Supplementary Tables 3.2 and 3.3). After adjusting for sex and ethnicity, each
year increase in age was associated with a similar decrease in LTL
(INTERHEART: B=0.003, SE=4.01x10"4, p=1.3x101¢; EpiDREAM
normoglycemic: B=0.003, SE=0.001, p=9.2x10%; EpiDREAM dysglycemic:
B=0.004, SE=7.09x10%4, p=3.2x10°). Membership of any ethnic group was
associated with shortened LTL compared to Caucasians after accounting for age
and sex differences within INTERHEART controls. Conversely, in EpiDREAM
normoglycemic participants, the South Asian (B=-0.093, SE=0.018, p=1.0x10"7)
and Latin American (B=-0.110, SE=0.017, p=4.4x101!) ethnic groups were
associated with an increased LTL in comparison to Caucasians. In dysglycemic
EpiDREAM participants, the South Asian ethnic group was associated with
decreased LTL (B=0.147, SE=0.025, p=6.5x107°), while the African group was
associated with increased LTL ($=-0.092, SE=0.029, p=0.001). Lastly, increased
LDL levels were associated with longer LTL in INTERHEART participants after

accounting for age, sex, and ethnicity (=-0.014, SE=0.004, p=0.001).
LTL and Cardiometabolic Outcomes
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Within INTERHEART each unit decrease in LTL was associated with an
increased risk of Ml (OR=2.17, 95% CI=1.74-2.72) in the fully adjusted model.
The risk of Ml increased linearly (p-trend=1.35x10) when LTL was categorized
in tertiles and shorter tertiles were compared to the longest (middle vs. longest:
OR=1.39, 95% CI=1.22-1.58; shortest vs. longest: OR= 1.77, 95% CI=1.55-2.02).
The addition of LTL did not significantly improve the fully adjusted model
(IDI=0.007; z=0.359, p=0.359). See Supplementary Figure 3.1 for receiver
operator curves. The association between LTL and T2D was not significant on a

per unit basis nor across any of the tertiles (Table 3.2).

Subgroup exploration of T2D status, sex, hypertensive status, smoking
status, ethnicity, and age group did not significantly change effect estimates for
Ml in INTERHEART patrticipants and T2D in EpiDREAM participants (Figures 3.1
and 3.2). Significant heterogeneity (p=0.02) was observed in the association
between LTL and T2D in EpIDREAM participants who were active on a weekly
basis (OR=0.88, 95% CIl= 0.76-1.01) and those who were sedentary (OR= 1.24,
95% CIl= 0.97-1.57). When subdivided by ethnic group, PARs for Ml due to LTL
ranged from 5.50% for South Asians to 22.0% for Arabs (Supplementary Table

3.4).

LTL and Incident Cardiometabolic Outcomes

The hazard of cardiometabolic events based on decreasing LTL in

EpiDREAM participants is presented in Table 3.3. During follow-up 219
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participants experienced a CAD event: MI (n=58), angina (n=76), and
revascularization (n=85). The HR of CAD per unit decrease in LTL was 0.92
(95% CIl= 0.66-1.29). No trend was observed across tertiles (p-trend=0.80).
Furthermore, during follow-up 172 participants experienced a MACE event: Mi
(n=58), stroke (n=31), all-cause mortality (n=83). The HRs observed per unit
decrease in LTL and across each tertile were not significant. The hazards for
individual CVD outcomes are reported in Supplementary Table 3.5. Lastly, 800
participants developed T2D during follow-up. The HR per unit decrease in LTL
was 0.96 (95% CIl= 0.83-1.11). No trend was observed across tertiles (p-

trend=0.97).

Estimates of the hazard between decreasing LTL and T2D remained
consistent in subgroup exploration of diabetic status, physically active
participants, hypertensive state, ethnicity, and age group (Figure 3.3). Effect
estimates differed significantly (p=0.04) for participants who had never smoked
(HR=0.81, 95% CI= 0.67-0.99) and those who were current or former smokers

(HR=1.11, 95% CI= 0.89-1.37).

Sensitivity Analysis

Hazard estimates for T2D per unit decrease in LTL did not significantly
differ (p=0.07) between DREAM and EpiDREAM participants (Supplementary

Figure 3.2).
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3.4. Discussion

In this investigation of the relationship between telomere length and
cardiometabolic outcomes in two large, international studies we report a
significant association between decreased LTL and MI. An association between
LTL and diabetes was not observed in either study population nor was LTL found
to be a significant predictor of prospective cardiometabolic events. Our study
provides robust results primarily because of our large sample size (n=19319).
Due to design of each study it is possible to evaluate telomere length not only as
a marker for cardiometabolic outcomes, but also as a predictor for future events.
Utilizing two independent studies allows us to confirm associations with a single
LTL assay, thereby reducing the risk of spurious results. Also, the multi-ethnic
study population recruited from over 52 countries offers a unique opportunity to

explore whether risk estimates are consistent across various populations.

The observed association with Ml in INTERHEART provides support for
LTL having a strong predictive capacity above chronological age, sex, and known
risk factors. Our reported 2.25 times increase in risk of Ml per 1 unit decrease in
LTL is consistent with previous cross-sectional studies, all considerably smaller
than the present study. For instance, an adjusted OR of 1.50 (95% CI= 1.10-
1.47) per unit decrease in LTL was reported for 337 patients with MI and 337
controls from the Physicians Health Study?>. Biologically, the association

between LTL and MI is compelling as vascular tissue senescence is a key
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initiator of atherosclerosis which ultimately leads to acute MI?6. Indeed, shorter
telomeres, a marker of senescence, are present in vascular tissue with
atherosclerotic lesions?’. Short LTL is also strongly associated with advanced

atherogenesis® and high risk plaque morphology?8.

A notable finding was the consistency of effect estimates across six ethnic
groups after adjusting for known risk factors for Ml (p for heterogeneity=0.19). It
is intriguing to speculate that unexplained differences in disease burden between
ethnic groups may be reflected in varying strengths of association with telomere
length. We have shown, conversely, that differential exposure to environmental
or genetic risk factors associated with each ethnic group is more strongly
reflected in baseline LTL differences than in strength of association with telomere
length. It is also possible that individual ethnic groups have different rates of
telomere attrition over time or different mean telomere length at birth, and as a

result differences in baseline LTL may not directly translate into increased risk.

Interestingly, the association between baseline telomere length and
specific ethnic groups was not consistent in both INTERHEART and EpiDREAM.
For instance, the South Asian controls were associated with significantly shorter
telomeres than Caucasian controls in INTERHEART ($=0.119, SE=0.016,
p=2.4x10%%). On the other hand, in EpiDREAM, normoglycemic South Asians
were associated with longer telomeres than normoglycemic Caucasians (B=-

0.093, SE=0.018, p=1.0x10"7"). These dissimilar observations are likely due to the
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fact that all EpiDREAM participants were selected for being at high risk of T2D.
As such, the distribution of various risk factors that influence telomere length may
not be truly representative of differences commonly observed between ethnic

groups.

Furthermore, our findings suggest that LTL is a poor predictor of future
CVD events in individuals at high risk for diabetes (CAD: HR=0.92, 95% ClI=
0.66-1.29). To date, the largest study assessing ischemic heart disease in two
population-based cohorts (2038 events /19 838 participants) reported a very
modest association with LTL (HR= 1.06, 95% 1.00-1.11 per 1000 bp decrease in
LTL) over a 19 year follow-up period!®. Our conflicting findings are most likely
caused by a lack of power to detect significant associations due to too few events
(n=219) over a relatively short follow-up time (3.5 years). Of note, we cannot
exclude the possibility of confounding factors. Indeed, a causal association
between LTL and CAD has been demonstrated previously through an
association between single nucleotide polymorphisms (SNPs) related to
decreased LTL and an increased risk of CAD?°. Genetic variants such as SNPs
are not influenced by environment exposures and therefore better represent the

relationship between LTL and CAD.

The results of our study do not lend support for the use of telomere length
as a marker for T2D or predictor for incident T2D. After adjusting for common

T2D risk factors we were unable to find a significant association between LTL
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and T2D. This is in contrast to a study including 1936 T2D cases and 2080
controls from mainland China which reported an OR of 1.52 (95% CI= 1.23-1.88)
for T2D per unit decrease in LTL'8. A possible explanation for this discrepancy is
the extreme sampling used to obtained controls in their study. Unlike
INTERHEART which used hospital-based controls free of CVD and EpiDREAM
that selectively sought individuals at risk for diabetes, controls in their study were
free of all psychological and physical disabilities, cancer, stroke, CVD, and any
communicable disease. Thus, differences in participant telomere length within
their study could reflect lesser biological aging in controls rather than accelerated
aging in T2D cases. Nevertheless, our findings are in agreement with results
from the Women’s Health Initiative study (WHIS) in which no LTL-T2D
association was found across four ethnic groups (Ncaucasian=2035, Nglack=1219,
NHispanic=493, and nasian=308), after adjusting for known risk factorsé. Moreover,
SNPs associated with short LTL in WHIS participants were not associated with
increased risk of T2D, indicating a lack of genetic support for a causal

relationship?®.

There are some limitations to this study that warrant discussion. First,
telomere length is reported as a relative T/S ratio instead of nucleotide bases and
as such, risk cannot be estimated based on base differences. Moreover,
ascertainment of diabetes status differed between INTERHEART and
EpiDREAM. INTERHEART relied on HbAlc percentage, whereas EpiDREAM

used OGTT. Both have been previously found to be moderately correlated in
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their ability to assess glycemic control®°. Lastly, despite our large sample size,
power remains limited to detect interactions in EpiDREAM with respect to T2D.
Significant heterogeneity was observed for physical activity status (and baseline
T2D), and smoking status (incident T2D). While intriguing, these findings do not

survive adjustment for multiple hypothesis testing.
3.5. Conclusion

In summary, this study provides evidence supporting telomere length as a
universal marker of MI above known risk factors. The lack of an association with
T2D suggests that all age-related diseases do not reflect the same degree of
biological aging within the human body. Thus, LTL may serve as a better
biomarker for some age-associated diseases than others. Population based
studies with longer follow-up periods must be conducted in the future to clearly
elucidate the relationship between telomere length for incident cardiometabolic

outcomes.
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3.7. Tables & Figures

Table 3.1. Baseline characteristics of INTERHEART and EpiDREAM participants.*

INTERHEART EpiDREAM
Control Case p-value gllgzzr:err:?(; IFG and/or IGT T2D p-trend

n 4321 3972 - 5579 3906 1541 -
LTL, T/S Ratio 0.98 (0.42) 0.92 (0.37) 3.37x10% 1.11 (0.96) 1.16 (1.28) 1.12 (0.88) 0.81
Age, y 55.2 (12.1) 56.3 (12.0) 2.34x100% 50.5 (11.1) 55.1 (11.1) 56.1 (10.8) 6.90x10104
Male Sex, % 898 (20.8) 833 (21.0) 0.85 1982 (35.5) 1593 (40.8) 711 (46.1) 4.02x10°16
Smoker*, % 2211 (52.3) 2595 (67.9) 3.20x10%7 2586 (0.46) 1759 (0.45) 751 (0.48) 0.37
Diabetes, % 382 (8.86) 783 (20.1) 1.51x10%7 0 (0) 0 (0) 1541 (100) -
Hypertension, % 928 (21.5) 1502 (38.4) 6.60x10-63 1512 (27.1) 1724 (44.1) 742 (48.2) 1.19x10°78
Waist to Hip Ratio 0.92 (0.08) 0.95 (0.08) 6.87x104¢ 0.87 (0.09) 0.90 (0.09) 0.92 (0.09) 3.05x10%°
Physically Active 767 (17.8) 551 (14.3) 2.27x1005 765 (13.7) 467 (12.0) 175 (11.4) 3.00x102
ApoA, g/L 1.20 (0.27) 1.10 (0.23) 3.01x107* 1.42 (0.32) 1.39 (0.30) 1.40 (0.30) 2.95x10%
ApoB, g/L 0.96 (0.25) 1.02 (0.27) 1.90x103 0.90 (0.22) 0.94 (0.22) 0.98 (0.24) 3.54x1033
Ethnicity, %

European 868 (20.1) 931 (23.4) - 2883 (51.7) 2091 (53.5) 806 (52.3) -

South Asian 609 (14.1) 591 (14.9) - 838 (15.0) 458 (11.7) 208 (13.0) -

South East Asian 860 (19.9) 925 (23.3) - 57 (1.02) 53 (1.36) 32 (2.08) -

Arabic 804 (18.6) 527 (13.3) - - - - -

Hispanic 715 (16.5) 712 (17.9) - 883 (15.8) 726 (18.6) 199 (12.9) -

African 465 (10.8) 286 (7.20) - 378 (6.78) 300 (7.68) 148 (9.60) -

Native - - - 212 (3.80) 116 (2.97) 46 (2.99) -

Other - - - 328 (5.88) 162 (4.15) 102 (6.62) -

IFG, impaired fasting glucose; IGT, impaired glucose tolerance; T2D, type 2 diabetes; ApoA, apolipoprotein Al;

ApoB, apolipoprotein B;
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*Data are presented as mean (SD) unless otherwise indicated.

# Current/former vs never smoker

84



M.Sc. Thesis — M. D’Mello; McMaster University — Health Research Methodology

Table 3.2. Association between decreased LTL and cardiometabolic outcomes in INTERHEART and EpiDREAM

study participants.

OR (95% ClI)
Tertiles Groups of LTL

Per Unit
Outcome Study Cases/Controls Model Decrease in Long Medium Short p-trend
LTL
1# 2.05(1.75-2.40) 1.00 1.31(1.17-1.47)  1.70(1.52-1.90) 1.90x10-4
Ml INTERHEART 3972/4321
2# 2.17(1.74-2.72) 1.00 1.39(1.22-1.58) 1.77(1.55-2.02) 1.35x10-4
INTERHEART

T2D + EpiIDREAM 3260/9794 1$ 1.02(0.92-1.13) 1.00 0.92(0.83-1.02) 0.97 (0.88-1.08) 0.63

2% 0.99(0.89-1.11) 1.00 0.92(0.83-1.03) 0.98 (0.88-1.09) 0.80

MI, myocardial infarction; T2D, type 2 diabetes;

1#: adjusted for age, sex, and ethnicity

2#: Additionally smoking status, diabetes, hypertension, apoB:apoA ratio, physical activity, weekly alcohol
consumption, waist to hip ratio, fruits and vegetables consumption, general stress, and low density lipoprotein
1%: adjusted for age, sex, ethnicity, study, and Ml

2%: Additionally adjusted for smoking status, hypertension, physical activity, and waist to hip ratio

85



M.Sc. Thesis — M. D’Mello; McMaster University — Health Research Methodology

Table 3.3. Hazard of cardiometabolic outcomes based on decreased LTL in EpiDREAM study patrticipants.

HR (95% CI)
Tertile Groups of LTL

Study Events/ Per Unit .
Outcome (subset) Total Participants Model Decrease in LTL Long Medium Short p-trend

] 160/8795 1 0.93(0.67-1.29) 1.00 0.89(0.59-1.34) 1.03(0.71-1.50) 0.83

CAD EpiDREAM
150/8409 28 0.92(0.66-1.29) 1.00 0.85(0.56-1.30) 1.04(0.71-1.52) 0.80
] 167/8795 1 0.89(0.66-1.21) 1.00 0.93(0.64-1.35) 0.74(0.51-1.08) 0.70

MACE EpiDREAM
158/8409 25 0.91(0.66-1.23) 1.00 0.89(0.61-1.31) 0.76(0.52-1.11) 0.70
72D EpiDREAM 800/7780 1 0.96(0.83-1.11) 1.00 0.95(0.80-1.13) 1.00(0.84-1.19) 0.97
(non-T2D only) 798/7748 2# 0.96(0.83-1.11) 1.00 0.96(0.81-1.15) 1.00(0.84-1.20) 0.95

CAD, coronary artery disease: myocardial infarction, angina, revascularization; MACE, major adverse cardiac
event: myocardial infarction, stroke, all-cause mortality, T2D, type 2 diabetes;

Model 1: adjusted for age, sex, ethnicity and randomization group

Model 2%: additionally adjusted for hypertension, waist to hip ratio, physical activity, smoking status, diabetes
status and apoB:apoA ratio

Model 2#: additionally adjusted for hypertension, waist to hip ratio, physical activity, smoking status
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Subgroup Cases Controls Hetp Odds Ratio [959% CI]
Type 2 Diabetic

No 1876 2591 0.26 HEH 237[1.84, 3.04]
Yes 645 424 —— 172[105, 282]
FPhysically Active

No 3303 3548 0.44 HEH 227[178, 290]
Yes 551 767 —s— 1.79[104, 308]
Hypertensive

No 2408 3364 0.45 - 227[173, 297]
Yes 1902 928 —a— 1.89[1.27, 2.80]
Current Smoker

No 1225 2018 095 e 233[1.62, 3.36]
Yes 2595 2211 PoreH 230[1.74, 3.04]
Ethnicity

European 931 868 019 = 218[1.45, 328]
South Asian 591 609 = 144[074, 281
South East Asian 925 860 P 226[120, 424
Arabic 527 804 —— 415[2.34, 7.35
Latin American 712 715 —a— 169[1.03, 278
African 286 465 H—— 192[083, 441
Age

=40 281 389 070  E— 179[076, 419
40<60 2130 2355 - 224[163, 3.08
60<80 1449 1483 - 223[156, 318
80< 112 93 i——————+ 491[1.18,10.00
overall 3972 4321 T 217[174, 272]
| i |
0.10 1.00 10.00

OR per 1-U decrea

Figure 3.1. Subgroup analysis of the association of decreased LTL with Ml in
INTERHEART participants at baseline. Analyses were adjusted for age, sex,
smoking status, diabetes status, hypertension status, ApoB:ApoA ratio, physical
activity, alcohol consumption, waist to hip ratio, fruits and vegetable intake, home
stress, LDL, and self-reported ethnicity (when appropriate). Het p, y?p-value for

heterogeneity;
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Subgroup Cases Controls Hetp Odds Ratio [95% CI]
Sex
Male 830 3597 050 HiH 100[0.85,1.18]
Female 711 1982 e 092[076,1.11]
Physically Active
No 424 1457 0.02 = 12410897 ,157]
Yes 1113 4109 - 088[076,1.01]
Hypertensive
No 799 4063 0.84 HH 0971083 ,1.15]
Yes 742 1512 HaH 095[079,1.15]
Current Smoker
No 785 2979  0.34 o 090[ ,1.08]
Yes 751 2586 L 102] 1.22]
Ethnicity
European 806 2883 066 HaH 096[080,1.13]
South Asian 208 838 = 096[071,1.29]
South East Asian 32 57 i 086[030,249]
Latin American 199 883 k= 121[088,168]
African 148 378 e 0.83[0.53,1.29]
Native 46 212 : : ! 089[019,427]
Other 102 328 = 066[038,116]
Age
<40 102 995 0.16 I—'—| 061[039,096]
40<60 850 3364 e 105[0.90,1.24]
60<80 575 1192 Fe 093[075,1.16]
80< 14 28 : ; | 104[0.20,557]
overal 1541 5579 n 0.96[0.85,1.09]
¢
| i |
0.10 1.00 10.00

OR per 1-U decrease in LTL

Figure 3.2. Subgroup analysis of the association of decreased LTL with T2D in
EpiDREAM participants at baseline. Analyses were adjusted for age, sex,
hypertension status, waist to hip ratio, physical activity, smoking status, and self-
reported ethnicity (when appropriate). Normoglycemic participants used as

controls. Het p, y?p-value for heterogeneity;
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Subgroup Events Patients Hetp Hazard Ratio[95% CI]

Diabetic Status

Normaglycemic 167 4201 0.68 090[065, 1.26]
Dysglycemic 543 2856 098[082, 1.17]
Physically Active
No 233 2178 072 i 1.01[075, 1.36]
Yes 565 5570 HM 0957081, 1.11]
Hypertensive
No 448 5050 0.95 HH 096[079, 117]
Yes 350 2698 HiH 097[078, 1.20]
Current Smoker
No 408 4271 0.04 H 0.81[067, 0.99]
Yes 390 3477 Ha 1.11[0.89, 1.37]
Ethnicity
European 400 3420 0.09 HH 1.07[086, 1.33
S. Asian 134 1290 = 065[045, 094
SE Asian 12 101 P 013[010, 089
Arab 138 1591 = 081[058, 113
Latin American 46 625 == 1191071, 1.97
African 26 321 = 1.21[052, 2.81
Other 43 409 —— 1.03[056, 1.89
Age
<40 78 1213 0.37 F—=— 114067, 193]
40<60 504 4544 H 088[074, 105
60=80 209 1938 e 116085, 159
80< 8 62 | 5 | 1.88[0.18,10.00]
overal 798 7748 n 0.96[0.84, 1.10]

¢

[ I ]
0.10 1.00 10.00

HR per 1-U decrease in LTL

Figure 3.3. Subgroup analysis of the association of decreased LTL with
prospective T2D in EpiDREAM patrticipants. Analyses were adjusted for age,
sex, randomization group, hypertension status, waist to hip ratio, physical
activity, smoking status, and self-reported ethnicity (when appropriate). Het p,

v?p-value for heterogeneity;
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3.8. Supplementary Materials

Supplementary Methods

The reaction mixture (4uL per well) for the monochrome multiplex gPCR

comprised of:

» 1X QuantiFast SYBR Green Master Mix (Qiagen)

» 300 nmol/L forward telomere primer (Sigma-Aldrich)

o (59’ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT-‘3)
» 300 nmol/L reverse telomere primer (Sigma-Aldrich)
o (5-TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA-3)
» 350 nmol/L forward albumin primer (Sigma-Aldrich)
o (5-
CGGCGGCGGGCGGCGCGGGCTGGGCGGAAATGCTGCACAGAATCCTT
G-3)
» 350 nmol/L reverse albumin primer (Sigma-Aldrich)
o (5-
GCCCGGCCCGCCGCGCCCGTCCCGCCGGAAAAGCATGGTCGCCTGTT-

3)

1uL of DNA sample was dispensed into 4uL of reaction mix using the Bravo

Automated Liquid Handling System (Agilent Technologies).

The thermal cycling profile was set as follows on the ViiA7 system (Applied

Biosystems):
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» Stage 1: 15 min at 95°C;

» Stage 2: 2 cycles of 15 s at 94°C, 15 s at 49°C;

» Stage 3: 32 cycles of 15 s at 94°C, 10 s at 62°C, 15 s at 73°C with signal
acquisition,

10 s at 84°C, 15 s at 87°C with signal acquisition;
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Supplementary Table 3.1. Baseline characteristics EpiDREAM participants

followed prospectively*

EpiDREAM
;i’lgr?]?é IFG and/or IGT T2D p-trend

n 4214 3566 1140 -
LTL, T/S Ratio 1.12 (0.92) 1.16 (1.32) 1.11 (0.85) 0.24
Age, y 49.40 (11.1) 54.80 (11.1) 55.30 (11.1) 6.18x10°%7
Male Sex, % 1502 (35.6) 1429 (40.1) 519 (45.5) 1.19x10%0
Smoker*, % 1894 (44.9) 1597 (44.8) 544 (47.7) 0.20
Diabetes, % 0(0) 0(0) 1140 (100) -
Hypertension, % 1128 (26.8) 1584 (44.4) 529 (46.4) 4.37x10°5°
Waist to Hip Ratio 0.87 (0.09) 0.90 (0.09) 0.92 (0.08) 2.65x107*
Physically Active 516 (12.3) 401 (11.3) 110 (9.65) 0.01
ApoA, g/L 1.38 (0.30) 1.38 (0.29) 1.36 (0.28) 0.04
ApoB, g/L 0.88 (0.22) 0.94 (0.22) 0.97 (0.24) 5.37x10°%7
Ethnicity, %

European 1644 (39.0) 1786 (50.1) 441 (38.7) -

South Asian 833 (19.8) 457 (12.8) 206 (18.1) -

South East Asian 51 (1.21) 50 (1.40) 31 (2.72) -

Arabic - - - -

Hispanic 873 (20.7) 722 (20.2) 196 (17.2) -

African 338 (8.02) 290 (8.13) 142 (12.5) -

Native 205 (4.86) 116 (3.25) 42 (3.68) -

Other 270 (6.41) 145 (4.07) 82 (7.19) -

IFG, impaired fasting glucose; IGT, impaired glucose tolerance; T2D, type 2
diabetes; ApoA, apolipoprotein Al; ApoB, apolipoprotein B;
*Data are presented as mean (SD) unless otherwise indicated.

#Current/former vs never smoker
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Supplementary Table 3.2. Risk factors associated with decreasing LTL in

INTERHEART controls at baseline*

INTERHEART Controls (n=4321)

Risk Factor B SE p-value
Age 0.003 4.01x10* 1 3x1016%*
Male Sex -0.012 0.012 0.303
Smoking (vs. Never) - - -

Former -0.007 0.012 0.587

Current 0.011 0.011 0.336
Diabetes -0.002 0.015 0.903
Hypertension 0.004 0.011 0.724
Waist to Hip Ratio -0.001 0.062 0.984
Fruits and Vegetables (vs. None) - - -

Either -0.014 0.013 0.283

Both -0.021 0.013 0.127
Physically Active 0.025 0.012 0.041
Weekly Alcohol Intake 0.025 0.012 0.041
HDL -0.036 0.013 0.006
LDL -0.014 0.004 0.001**
Family History of MI 0.018 0.014 0.195
ApOA -0.035 0.018 0.050
ApoB -0.035 0.018 0.055
Work/Home Stress vs. None -0.004 0.009 0.635
HbAlc 0.009 0.006 0.154
Ethnicity (vs. Caucasian) - - -

South Asian 0.119 0.016 2.4x1014%*

South East Asian 0.308 0.015 2.1X1093%*

Arabic 0.118 0.015 2.0x1015%*

Hispanic 0.081 0.015 5.1x10-08%*

African 0.103 0.017 2.1x10-09%*

HDL, High density lipoprotein; LDL, low density lipoprotein; ApoA, apolipoprotein
Al; ApoB, apolipoprotein B; HbA1C, glycated hemoglobin;

* Analyses were adjusted for age, sex, and self-reported ethnicity (when
appropriate)

**Significant at bonferroni corrected p-value < 0.05/23 = 0.002
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Supplementary Table 3.3. Risk factors associated with decreasing LTL in

EpiDREAM participants at baseline*

Normoglycemic (n=5579)

IFG and/or IGT (n=3906)

Risk Factor B SE p-value B SE p-value
Age 0.003 0.001 9.2x10708*x 0.004 7.09x10%  3.0x10708**
Male Sex 0.019 0.012 0.111 -0.017 0.015 0.269
Smoker (vs. Never) - - - - - -
Former 0.010 0.017 0.538 0.018 0.024 0.456
Current 0.025 0.014 0.067 -0.027 0.018 0.120
2 hour Plasma Glucose -0.003 0.002 0.044 -0.003 0.004 0.502
Fasting Plasma Glucose -0.011 0.004 0.006 0.009 0.012 0.439
Hypertension -0.019 0.013 0.148 -0.010 0.016 0.515
Waist to Hip Ratio 0.086 0.075 0.251 0.048 0.101 0.634
Physically Active 0.013 0.020 0.530 -0.005 0.027 0.842
ApoA -0.020 0.021 0.348 0.023 0.028 0.418
ApoB 0.007 0.026 0.774 -0.022 0.034 0.516
Ethnicity (vs. ) i i i i )
Caucasian)
South Asian -0.093 0.018 1.0x10°07** 0.147 0.025 6.5x10708**
South East Asian -0.038 0.051 0.457 0.032 0.065 0.620
Hispanic -0.110 0.017 4.4x10-11* 0.003 0.020 0.891
African -0.041 0.022 0.067 -0.092 0.029 0.001**
Native 0.237 0.031 0.237 -0.044 0.045 0.323
Other 0.851 0.024 0.851 -0.035 0.038 0.354

IGT, impaired glucose tolerance; IFG, impaired fasting glucose; ApoA,

apolipoprotein Al; ApoB, apolipoprotein B; S, South; SE, South East;

* Analyses were adjusted for age, sex, and self-reported ethnicity (when

appropriate)

**Significant at bonferroni corrected p-value < 0.05/19 = 0.003
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Supplementary Table 3.4. Population attributable risk (PAR) for each ethnic

group in INTERHEART.

PAR due to 1-unit decrease in

Ethnicity LTL (95% CI)*
European 16.6 (10.2-22.7)
South Asian 5.50 (1.08-9.75)
South East Asian 12.6 (3.41-21.3)
Arabic 22.0 (8.11-35.2)
Latin American 12.0 (3.00-21.0)
African 6.05 (2.03-11.4)

*PAR estimates adjusted for age, sex, smoking status, diabetes, hypertension,
apoB:apoA ratio, physical activity, weekly alcohol consumption, waist to hip ratio,

fruits and vegetables consumption, general stress, and low density lipoprotei
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Supplementary Table 3.5. Hazard of composite and individual CVD endpoints based on decreased LTL in

EpiDREAM study participants.

HR (95% CI)

Tertile Groups of LTL

Events/ Per Unit p-

Outcome Total Participants Model Decrease in LTL Long Medium Short trend

CAD 160/8273 1 0.93(0.67-1.29) 1.00 0.93(0.62-1.40) 1.03(0.71-1.50) 0.85

150/7916 2 0.92(0.66-1.29) 1.00 0.90(0.59-1.36) 1.04(0.71-1.52) 0.82

MACE 167/8273 1 0.89(0.66-1.21) 1.00 0.94(0.65-1.37) 0.75(0.51-1.09) 0.76

158/7916 2 0.91(0.66-1.23) 1.00 0.91(0.62-1.33) 0.77(0.52-1.13) 0.76

M 58/8273 1 0.93(0.56-1.55) 1.00 1.13(0.59-2.17) 0.91(0.48-1.72) 0.70

53/7916 2 0.91(0.54-1.53) 1.00 0.97(0.49-1.91) 0.89(0.46-1.71) 0.70

Stroke 31/8273 1 1.00(0.46-2.19) 1.00 1.96(0.78-4.92) 1.11(0.42-2.94) 0.15

30/7916 2 1.01(0.46-2.23) 1.00 1.82(0.72-4.64) 1.15(0.43-3.06) 0.15

Angina 7618273 1 0.86(0.54-1.37) 1.00 0.98(0.56-1.71) 0.88(0.5-1.53) 0.94

73/7916 2 0.85(0.53-1.36) 1.00 1.00(0.56-1.77) 0.90(0.51-1.58) 0.94

- 85/8273 1 0.86(0.56-1.32) 1.00 1.08(0.63-1.87) 0.97(0.58-1.65) 0.78
Revascularization

80/7916 2 0.86(0.55-1.33) 1.00 1.04(0.59-1.82) 0.98(0.57-1.69) 0.78

All Cause Death 83/8273 1 0.86(0.56-1.31) 1.00 0.59(0.34-1.03) 0.64(0.38-1.07) 0.06

80/7916 2 0.89(0.58-1.36) 1.00 0.62(0.35-1.07) 0.68(0.40-1.15) 0.06

CAD, coronary artery disease: myocardial infarction, angina, revascularization; MACE, major adverse cardiac

event: myocardial infarction, stroke, all-cause mortality, T2D, type 2 diabetes;
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Model 1: adjusted for age, sex, ethnicity and randomization group
Model 2°%: additionally adjusted for hypertension, waist to hip ratio, physical activity, smoking status, diabetes
status and apoB:apoA ratio

Model 2#: additionally adjusted for hypertension, waist to hip ratio, physical activity, smoking status
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Supplementary Figure 3.1a) Receiver operator curve (ROC) for INTERHEART
risk factors only. This model has an AUC of 0.728 (95% CI= 0.722-0.734). 3.1b)
ROC for INTERHEART risk factors and LTL. This full model includes the model
in 1a) in addition to LTL and has an AUC of 0.735 (95% CI = 0.730-0.740). No
significant increase in discriminability was observed by the addition of LTL

(IDI=0.007; z=0.359, p=0.359).
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Subgroup Events Patients Hetp Hazard Ratio [95% Cl]
Trial Participants 523 2858 * 1.06[0.73,154]
Non-Trial Participants 275 4870 - 0.93[0.72,1.20]

Overall 798 7748 007 - 0.99[0.78,1.24]
[ I |
0.10 1.00 10.00
HR per 1-U decrease in LTL

Supplementary Figure 3.2. Sensitivity analysis of the association between
decreased LTL and prospective T2D in DREAM participants versus non-trial
(EpIDREAM) patrticipants. All analyses were adjusted for age, sex, hypertension
status, waist to hip ratio, physical activity, smoking status, and ethnicity. Het p,

y?p-value for heterogeneity; Ram, Ramipril; Rosi, Rosiglitazone;
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4. Chapter Four: Discussion
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4.1. Summary of Findings

The current meta-analysis and systematic review (chapter 2)
demonstrates that an association between telomere length and stroke, MI, and
T2D is supported by current literature. For each standard deviation decrease in
leukocyte telomere length there was a subsequent increase in risk for stroke
(OR=1.21, 95% CI =1.06-1.37; 1°=61%), MI (OR=1.24, 95% CI| =1.04-1.47
12=68%), and T2D (OR=1.37, 95% CI=1.10-1.72; 1°>=91%). These findings confirm
the hypothesis set out for the first section of the thesis. Substantial heterogeneity
was observed for each of the primary outcomes measured. This heterogeneity
was not consistently explained (across all outcomes) when stratifying by
measurement technique, study design, study size, or ethnicity. Emerging
evidence suggests that reasons for heterogeneity may be complex. Variations in
DNA extraction methods?, differences between population-based vs hospital-
based controls?, and the diminishing predictive value of telomere length with age?
are all factors that likely work in unison to create the heterogeneity present in
literature. Due the relatively low number of articles retrieved and only having
access to study level data, we were unable to explore complex combinations of
factors. Although evidence supporting telomere length as a biomarker for stroke,

MI, and T2D is strong, further research is needed to explain heterogeneity.

To further elucidate the relationship between telomere length and

cardiometabolic outcomes, we measured telomere length in 19 384 participants
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from the INTERHEART and EpiDREAM studies (chapter 3). Age and ethnicity
were both factors influencing baseline telomere length across both studies. After
adjusting for age, sex, and known modifiable risk factors, a 1 unit decrease in
telomere length was associated with an increased risk of Ml (OR=2.17, 95%
CI=1.74-2.72) in INTERHEART. This relationship was consistent across all ethnic
groups (p for heterogeneity = 0.19). Moreover, in EpiDREAM, telomere length
was not associated with T2D nor did it appear to predict incident cardiometabolic
events such as T2D, CAD, and MACE. Although no association was observed
with T2D diabetes at baseline, we cannot exclude the fact that participants in
EpiDREAM were selected for being at high risk for diabetes and may have
already been experiencing T2D related pathologies. This would undoubtedly
attenuate differences between groups and the predictive value of telomeres.
Furthermore, due a low number of CVD events (CAD: n=160, MACE: n=167) in
EpiDREAM, we likely lacked statistical power to detect associations with incident

CVD events.

Together the findings from both studies (chapter 2 and chapter 3) provide
insight into the complex relationship between telomere length and
cardiometabolic outcomes. Undoubtedly age is the strongest factor influencing
telomere length shortening. This is supported by the fact that telomeres naturally
shorten with age. Moreover, ethnicity does significantly influence baseline
telomere length after accounting for age and sex differences, but the effect of

membership in each group on baseline telomere length varies depending on the
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study population. MI appears to be the outcome most strongly related to telomere
length, even after accounting for known risk factors. This exciting finding
indicates that MI may reflect a greater degree of biological aging than other
cardiometabolic outcomes such as T2D. Concordant with results from the meta-
analysis, the lack of heterogeneity observed amongst effect estimates stratified
by ethnicity suggests that results of previously reported studies can be applied to
non-Caucasian populations. The lack of significant findings with respect to T2D in
EpiDREAM is in contrast to results from the meta-analysis. These discordant
findings suggest confounding factors (such as using a population at high risk for
diabetes) may attenuate the relationship between telomeres and T2D.
Additionally, the lack of significant findings with respect to CVD outcomes in
EpiDREAM suggest that much larger sample sizes (with more events) are

required to detect associations with telomere length.

4.2.Current Research Implications

The methods and results presented in this thesis have many implications
for designing LTL assays, analyzing results, and critically appraising

epidemiological literature on telomeres.

Prior to beginning the assay, care must be taken to standardize sample
DNA preparation processes as differences in extraction techniques have been
shown to result in systematic differences in LTL measurements. We have used

an extensively validated method to measure LTL, however a great deal of time is
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required to adapt components of the gPCR assay to individual laboratory
equipment and reagents. Ideally methods should be optimized so that both
telomere and albumin amplification is as close as possible to 100%, the
difference between telomere and albumin efficiency is <10%, and the coefficient
of variation (CV) between replicates is <10%. Primer selection, gPCR reaction
components, and thermocycling conditions can improve amplification efficiency,
whereas variation between replicates can be reduced through automating assay

setup.

When analyzing results great attention must be paid to ensuring that LTL
measurements are reliable. This can be achieved by monitoring the variation in
LTL estimates of a control sample placed on each plate run on the real-time
PCR. In the analysis stage we used 10% variation as a cut-off point and repeated
batches with >10% variation between plates in the control sample. Chance
issues with reagents, assay preparation, and running of the real-time PCR
instrument are all likely causes of high variation. Moreover, when constructing
regression equations during statistical analyses it is important to always adjust
for ethnicity and age when identifying associations with telomere length. As we

have shown, both factors strongly influence baseline telomere length.

Finally, there are a many aspects of epidemiological studies that can be
scrutinized in order to assess quality. As mentioned previously, ensuring that

DNA extraction technique is standardized for all samples is crucial as well as
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verifying the accuracy and reliability of LTL measurements. For gPCR assays,
such as the one used in this thesis, the CV of T/S ratios reported for controls and
replicates should be <10%. Studies often misrepresent the accuracy and
reliability of their assay by reporting the CV for the telomere and single copy
gene amplicon separately. One should also be weary of studies that do not report
an association between age and telomere length. Unless the sample size is small
(<100) or the range of ages is tight (<20 years), the lack of an age-telomere

length association is indicative of poor quality LTL measurements.
4.3. Future Directions

Future studies looking at the association between telomere length and
cardiometabolic outcomes are required to confirm results reported in the present
thesis. Prospective studies featuring longer follow-up times and a greater number
of events would allow for a more accurate assessment of telomere length as a
predictor for future cardiometabolic events. This has already been accomplished
in a study following approximately 19 838 participants over a 19 year follow-up
period for incident MI (n=929)*. Studies of this magnitude do not currently exist
for other cardiometabolic outcomes such as stroke or T2D. We present the
largest prospective investigation of T2D with respect to telomere length in

EpiDREAM (n=11 367).

An area of increasing interest is telomere attrition rate®. As opposed to

assessing an individual’s risk for a cardiometabolic event based on a telomere
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length measurement taken at one point in time, telomere attrition rate requires
two measurements taken over a span of time. This is of considerable interest
because even though an individual may have short telomeres, their telomere
length may not substantially decrease over a period of time due to healthy
lifestyle changes. Therefore, they may be at a lower risk of disease over time
compared to another individual who has longer telomeres at baseline, but a
greater attrition rate due to an unhealthy lifestyle. Research in to the association
between telomere attrition rate and cardiometabolic outcomes is rare most likely
because it is difficult to obtain multiple blood samples from participants over a

long timeframe.

Innovative genetic study designs may also be used in the future to infer a
causal relationship between telomere length and cardiometabolic outcomes.
Since genes are not confounded by environmental factors they may be used to
study genetic predispositions to short telomere length and their role in increased
risk for disease. Recently, a group of 8 single nucleotide polymorphisms
associated with short telomere were found to be associated with increased risk of
CAD in approximately 37 684 participants from the CARDIOGRAMplusC4D
consortium®. This finding provides support for a causal relationship between
telomere length and CAD. Analyses of similar size (and design) investigating

stroke and T2D would be quite informative, but have yet to be conducted.
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4.4.Concluding Remarks

Telomeres protect the most precious information living organisms’
possess— their DNA. Erosion of telomeres occurs naturally, but can be
accelerated due to numerous factors such as oxidative stress and chronic
inflammation. As such, telomeres provide information above and beyond
chronological age. In relation to many age-related diseases telomere length
serves as an exciting new tool to not only better predict harmful events, but also
identify situations in which conventional risk factors do not fully explain biological
age. With respect to the association between telomere length and
cardiometabolic outcomes, great heterogeneity still exists in reported effect
estimates. We demonstrate that telomere length may serve as a universal
biomarker for MI, however further research is required to understand this
relationship biologically and investigate if (and how) it can be utilized in current

health care settings to better assess disease risk.
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