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. The relationship between telomere length and stroke was inconsistent mostly due to different

. pathogenesis of subtypes, environment and genetics. We aimed to assess whether leukocyte telomere
contributes to stroke in Southern Chinese by investigating a case-control study comprising 543 cases
(224 atherothrombotic stroke, 94 hemorrhagic stroke and 225 lacunar infraction) and 616 controls and
replicated the investigation in an independent study comprising 773 cases and 875 controls with the
same diagnostic criteria. Telomere was inversely correlated with increasing age in controls (correlation
coefficienty= —0.28, P < 0.001) and in cases with atherothrombotic stroke (= —0.17, P=0.012).
Individuals within the lowest tertile of telomere showed a higher risk for atherothrombotic stroke [odds
ratio 2.33, 95% confidence (Cl) 1.42-3.83; P =0.003], whereas had a lower presence of lacunar infarction

: (OR0.49,95% Cl 0.30-0.81; P=0.007). Similar results were obtained in the second replication study.

. Afurther meta-analysis showed a 12% increased pooled risk of ischemic stroke (95% CI 1.04-1.18) in

. relation to shorter telomere, but this association was stronger in the retrospective studies and in Asians

. when stratified by study design and ethnicity. Our data provided the first evidence that in Southern

. Chinese stroke population, leukocyte telomere is independently associated with atherothrombotic
stroke and lacunar infarction.

Stroke, prone to elderly, is one of major causes of mortality and disability worldwide and in China. Chronological
© age is an important predictor of cardiovascular disease including stroke, however, biologically cellular aging may
. be better at predicting risk of vascular diseases which particularly imply the accumulation of vascular damage
. over the lifetime, such as exposure to oxidative and inflammatory stress2. Although traditional risk factors such

as smoking, drinking, dyslipidemia, diabetes, etc., explain most of stroke, there is wide difference in the onset

of stroke and clinic features at an individual level, even in those persons with similar risk factor profiles. The
inter-individual difference in biological aging is potential to affect the susceptibility to stroke.
Telomere, a specialized DNA-protein composite structure with repetitive nucleotides sequence “TTAGGG’
. at the end of each chromosome, has a key role in preserving the stability and integrity of chromosome end>.
© Attrition rate of telomere represents the biological and functional status of a person more precisely than chron-
ological age, and hence has been an appealing research target. Emerging evidence has clearly established that
age-dependent telomere shortening of circulating leukocytes is correlated with atherosclerosis and cardiovascular
diseases*”, indicating that leukocyte telomere is a valuable biomarker to represent the biological aging of vascular
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Stroke patients

Control subjects | Total cases Hemorrhagic Atherothrombotic | Lacunar infarction
Characteristics (n=616) (n=543) stroke (n=94) stroke (n=224) (n=225)
Age, years 63.6£11.9 65.9+12.2%* 63.5+£13.8 65.9+11.6* 70.0 £ 11.9%*
Male, n (%) 284 (46.1%) 336 (56.3%)** 54 (36.5%) 121 (54.0%)* 130 (57.8%)*
Body mass index, kg/mZ 24.00£2.28 23.90+2.89 23.86+2091 24.18+2.97 23.66+2.77
Systolic B>, mmHg 136+10 146 4+-23%* 164 +28%%* 143 +19%%* 143 +22%%*
Diastolic B>, mmHg 83+8.23 88 £ 14%* 99 4 18** 86+ 11%* 86+ 127%**
Glucose, mmol/L 5.414+1.59 6.19£2.52%%* 6.82£3.38%* 6.31£2.17%* 5.81+£2.37*
Total cholesterol, mmol/L 5.16+0.98 4.64 £ 1.99%* 491+1.36* 4.68 £ 2.64%* 449+ 1.35%*
Triglycerides, mmol/L 1.40 (0.95-1.77) | 1.31(0.91-1.92) 1.09 (0.82-1.80)* | 1.42(1.0-2.13) 1.31 (0.93-1.80)
Plasma uric acid, pmol/L 280.79£61.89 306.29+103.76%* | 336.07 & 129.00** | 303.06 & 100.01** | 296.79 +92.94*
Smoking, n (%) 36 (5.8%) 145 (26.7%)** 30 (20.3%)** 52(23.2%)** 63 (28.0%)**
Alcohol intake, n (%) 47 (7.6%) 120 (22.1%)%** 28 (18.9%)%** 48 (21.4%)** 44 (19.6%)**
History of hypertension, n (%) 313 (50.8%) 324 (59.7%)* 69 (46.6%)** 138 (61.6%)* 118 (52.4%)
History of diabetes, n (%) 102 (16.6%) 110 (20.3%) 17 (11.5%) 58 (25.9%)* 36 (16.0%)
History of CHD, n (%) 2(0.3%) 77 (14.2%)** 13 (8.8%)** 38 (17.0%)** 26 (11.6%)**
Telomerase length (Ln-T/S ratio) | 1.7540.71 1.65+£0.95 1.62+1.04 1.45+£0.95%* 1.87 £0.87*

Table 1. Clinical characteristics of the first case/control study in Southern Chinese population. Abbreviations:
BP, blood pressure; CHD, coronary heart disease. Telomere length is expressed as a relative telomere repeat
copy/single-copy gene (T/S) ratio, and Ln(T/S) is natural logarithm transformed leucocyte telomere length T/S
ratio. Values are mean =+ SD, number (percentage), or median (interquartile range). *P < 0.05, **P < 0.01, stroke
patients vs. control subjects. The two-sample t-test was used for comparison of continuous variables, the chi-
square test for categorical variables, and the Mann-Whitney U test for Triglycerides and relative T/S ratio.

system. In addition, studies by Wilson et al.® and Zhang et al.” showed that leukocyte telomere can serve as an
appropriate indicator of telomere in vessel wall as well as in human atherosclerotic plaque tissues.

To date, studies have not drawn convincing conclusions with respect to the relationship of telomere length
with stroke risk. These studies differed in study design, end-point definitions for stroke, follow-up years, and
ethnicity of the population. Two nested case-control studies from USA have not found the positive association
between leukocyte telomere and stroke!®!!, whereas prospective studies from USA showed positive association
between shorten telomere and increased risk of stroke, but not mortality in stroke>'>!*. Another study from
European showed no relation between leukocyte telomere and stroke in elderly high-risk hypertensive patients!“.
A positive susceptibility to the risk of ischemic stroke and all-cause mortality related to telomere length has
recently been reported in the Chinese population®!>!¢. In China, the prevalence of stroke is markedly higher in
the North (486 per 100,000 person-years) than in the South (136 per 100,000 person-years) because of different
lifestyles, genetics and environments'”'®. Telomere length has been observed a remarkable difference across the
geographical areas of Europe'?, however, pathogenesis underlying the geographical difference of stroke risk in
China has not been investigated.

In this study, we aimed to further assess the relation between leukocyte telomere and stroke and subtypes
in a Southern Chinese cohort using a case-control study design in Huainan city, Anhui province at southeast
of China. A replication study was conducted in an additional independent case-control stroke cohort enrolled
from November 2000 to November 2001 from 3 clinic centers located at Wuhan city and Chongqing city in the
Southern China. The criteria of diagnosis, recruitment and collection of clinical characteristics were same in
the two studies. In addition, we performed a meta-analysis and systematic review of previous prospective and
retrospective studies.

Results

Characteristics of studied participants. 1In the first case-control stroke study, patients with stroke were
more likely to have traditional risk factors, such as alcohol intake, smoking, hypertension, coronary heart disease,
and higher blood pressure, dyslipidemia, fasting glucose, and serum uric acid (Table 1). There was significantly
inverse correlation between leucocyte telomere and increasing age in control subjects (correlation coefficient
~=—0.28, P<0.001) and in cases with atherothrombotic stroke (y=0.17, P=0.012) (Fig. 1), but not in patients
with intracerebral hemorrhage (y=—0.06, P=0.55) or lacunar stroke (y=—0.12, P=0.09). We observed that
mean leukocyte telomere was remarkably lower in the atherothrombotic stroke patients (median 1.56, inter-quar-
tile ranges 0.93-2.02) when compared with control subjects (median 1.76, inter-quartile range 1.34-2.23). But
the telomere length ratio was markedly higher in lacunar stroke patients (median 1.93, inter-quartile range,
1.26-2.41).

Next, the telomere length ratio was divided into the tertile and clinical characteristics by tertile of the telomere
length ratio were analyzed in the first stroke study participants (Supplementary Table S1) and 3 subtypes of stroke
(Supplementary Table S2), respectively. The results found that the prevalence of conventional vascular risk factors
was not significantly different among the highest, middle, and lowest tertile groups, except for blood pressure and
fasting glucose.
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Figure 1. Telomere length as a function of age in control subjects and patients with atherothrombotic stroke
Controls are shown as blue circles (n =616) and atherothrombotic stroke cases as green circles (n =224).
Telomere length is expressed as the natural log (Ln) of relative telomere to single-copy gene (T/S) ratio. Slope
of the line indicates the annual telomere-shortening rate in control subjects (coeflicient correlation y= —0.28,
P <0.001; blue line) and cases with atherothrombotic stroke (y=—0.17, P=0.012; green line), respectively.

Association of leukocyte telomere with risk of first-onset stroke. In the first stroke study, in mul-
tivariable analysis adjusting age, gender, and other conventional risk factors, those persons within the lowest
tertile of telomere showed a remarkably higher risk for subtype of atherothrombosis (OR 2.33, 95% CI 1.42-3.83;
P=0.003), whereas had a lower presence for lacunar infarction (OR 0.49, 95% CI 0.30-0.81; P=0.007) than
those within the highest tertile (Table 2). No significant association was found between shorter telomere and
risk of hemorrhagic stroke. In secondary analysis, when telomere was treated as a continuous variable, per 1 S.D.
decrease of leukocyte telomere length was associated with approximate 48% higher susceptibility to atherothrom-
botic stroke whereas with 28% decreased susceptibility to lacunar stroke (P < 0.05; Table 2).

In addition, considering that this association between shorter telomere and stroke risk could be biased because
of confounding effects from hypertension, coronary heart disease and diabetes, we performed a secondary sen-
sitivity analysis in which persons with hypertension, coronary heart disease, and diabetes were excluded respec-
tively, and the results were not obviously changed comparing to those of the primary analyses (Supplementary
Tables S3, S4, and S5).

Combined effect of telomere attrition and history of hypertension. To explore the modified effects
of age, gender, BMI, alcohol intake, smoking, hypertension and diabetes, we conducted deep analyses by evaluat-
ing the interaction terms of above variables in the first stroke study (Table 3). As for atherothrombotic stroke, per-
sons had an increased risk in the age groups of 51-60 years (OR 1.59, 95% CI 1.15-2.19) and >60 years (OR 1.33,
95% CI 1.10-1.73) for per 1S.D. decrease of leukocyte telomere length, but not in the younger age group (<50
years). Associations of stroke risk were positive in both men and women, and in overweight and normal-weight
individuals, and stronger in patients without conventional vascular risk factors such as smoking and alcohol
intake than those with (Table 3). The tests for interaction of history of hypertension were statistically significant
(Pinteraction = 0.001). Next, we examined whether telomere attrition contributed additional information to risk of
atherothrombotic stroke for persons without history of hypertension. We observed that persons within the lowest
tertile of telomere length and also without hypertension had a 4.13-fold higher risk for atherothrombotic stroke
(95% CI 2.01-8.49; P, < 0.001) (Fig. 2).

For lacunar stroke, individuals had a decreased risk in the age groups of >60 years (OR 0.67, 95% CI 0.53-
0.85) for per 1S.D. decrease of telomere length, but not in younger age group (<60 years). The association has
no gender-specific difference and was only observed in patients without conventional vascular risk factors such
as overweight, smoking, alcohol intake, hypertension and diabetes (Table 3). The test for interaction was not
significant.

Association of leukocyte telomere with stroke in the replication stroke study. The associations
between telomere and atherothrombotic stroke or lacunar infarction were next replicated in the second inde-
pendent case-control study population from Southern China (Table 4). The clinical features were summarized in
Table S6 (Supplemental materials). Similar as in the first stroke study, the replication analysis showed that after
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Highest tertile | Middle tertile Lowest tertile Per 1-S.D. decrease in Ln-
Variables (>2.06) (1.52-2.06) (<1.52) Ptrend | transformed telomere length | P
Controls (n=616) 206 205 205
Total cases (n =543) 179 147 217
ORs (95% CI)
No adjustment 1.0 0.83 (0.62-1.11) | 1.22(0.92-1.61) | 0.03 1.11 (1.00-1.22) 0.048
Model I 1.0 0.79 (0.55-1.13) | 1.04 (0.74-1.47) | 0.23 1.07 (0.95-1.21) 0.27
Model IT 1.0 0.82 (0.56-1.20) | 1.05(0.72-1.51) | 0.38 1.07 (0.94-1.22) 0.33
ge:;;;hagic stroke 33 21 40
ORs (95% CI)
No adjustment 1.0 0.64 (0.36-1.14) | 1.22(0.74-2.01) | 0.08 1.16 (0.96-1.42) 0.13
Model I 1.0 0.82(0.34-1.97) | 0.91 (0.40-2.07) | 0.91 1.08 (0.80-1.46) 0.61
Model II 1.0 0.73(0.27-1.97) | 0.89(0.36-2.20) | 0.82 1.05 (0.75-1.46) 0.78
33;7{2“;:’;’;‘;‘;‘;““ 51 67 106
ORs (95% CI)
No adjustment 1.0 1.32(0.87-1.99) | 2.09 (1.42-3.07) | 0.001 | 1.39 (1.21-1.60) <0.001
Model I 1.0 1.47 (0.90-2.40) | 2.39(1.50-3.80) | 0.001 1.49 (1.26-1.75) <0.001
Model IT 1.0 1.43 (0.84-2.41) |2.33(1.42-3.83) | 0.003 1.48 (1.24-1.76) <0.001
%l':\c:u;za;)infarction 95 59 71
ORs (95% CI)
No adjustment 1.0 0.62 (0.43-0.91) | 0.75(0.52-1.08) | 0.04 0.87 (0.75-1.00) 0.053
Model I 1.0 0.50 (0.31-0.79) | 0.51 (0.32-0.80) | 0.003 0.74 (0.61-0.88) 0.001
Model IT 1.0 0.52(0.31-0.85) | 0.49(0.30-0.81) | 0.007 0.72 (0.59-0.88) 0.001

Table 2. Associations between leucocyte telomere length and stroke in the first case/control study of Southern
Chinese population. The cut-off values of tertile of leucocyte telomere length (relative T/S ratio) were derived
from the control group, with <1.52 for the lowest, 1.52-2.06 for the middle and >2.06 for the highest tertile (as
the reference). OR (95% CI) was obtained with multivariate logistic regression analysis. Model I: adjustment
for age, gender, systolic and diastolic BP, fasting glucose, total cholesterol, triglycerides, plasma uric acid, and
body mass index. Model II: adjustment for the covariates mentioned above plus smoking status, alcohol intake,
history of hypertension, diabetes, and previous CHD.

adjusting age, gender, and other conventional risk factors, individuals within the lowest tertile of telomere showed
a lower risk for lacunar infarction (OR 0.60, 95% CI 0.39-0.93; P=0.02), and in secondary analysis, per 1S.D.
decrease of leukocyte telomere was associated with approximate 21% decreased susceptibility to lacunar stroke
(P=0.003). The multivariable regression analysis also showed a positive association between shorter telomere
and the risk for subtype of atherothrombotic stroke (OR 1.52, 95% CI 1.08-2.14; P=10.01). No significant associ-
ation was found between telomere and hemorrhagic stroke.

A meta-analysis of relation between telomere and stroke. The flowchart of the literatures search was
shown in Supplementary Figure S1. We retrieved 341 articles from the literature search through June 30, 2017.
Of these, 13 articles were identified for full review to assess for their eligibility. The study by Zee et al.'® was not
included because telomere length was not used as a category variable. After detailed assessment, 9 previous stud-
ies were included, in which 2 studies reported unclassified stroke events'>!%, 4 prospective studies reported results
on ischemic stroke or its related death>>!"13, and 3 retrospective studies on ischemic stroke”!>1°. Two studies
also reported results on hemorrhagic stroke and lacunar stroke®!®. Characteristics of these included studies were
shown in the Supplementary Table S7. All the original studies were adjusted for multiple covariates including age,
gender, BMI, and other risk factors.

Compared with the longest category of leukocyte telomere length level, shorter telomere length was associ-
ated with a significant 11% higher risk for stroke (pooled RRs 1.12, 95% CI 1.05-1.19; Supplementary Figure S2),
although with significant heterogeneity between studies (I> =81.1%, P}, < 0.001). A meta-regression analysis was
performed to further explore the possible source of heterogeneities in this meta-analysis according to publication
year, number of participants, mean age of the study population, gender, ethnicity, study design, country, and med-
ical history of hypertension and diabetic mellitus. Significant between-study heterogeneity was identified mainly
from different study design in the original articles (P=0.02), that is, the perspective or retrospective study design.
Next, we therefore performed the stratified analysis by the study type of the perspective or retrospective studies.
When stratified by study design, significant association between shorter telomere length and ischemic stroke was
not found in those prospective studies (pooled RRs 1.03, 95% CI 0.96-1.09) although found in the retrospective
studies (pooled RRs 1.81, 95% CI 1.54-2.13) (Fig. 3). There was no evidence of heterogeneity and publication bias
in prospective or retrospective studies with Egger’s test (P=0.67 and P=0.36, respectively).
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Atherothrombotic stroke Lacunar stroke
Variables | Cases/control | OR (95% CI) \ p* \ Pirteraction” | Cases/control | OR (95% CI) \ p* \ Piteraction”
Gender
Male 121/284 1.46 (1.13-1.89) 0.004 0.06 130/284 0.68 (0.52-0.89) 0.005 0.40
Female 103/332 1.43 (1.11-1.85) 0.005 95/332 0.70 (0.52-0.94) 0.019
Age
<50 23/99 1.66 (0.88-3.13) 0.12 20/99 0.79 (0.37-1.70) 0.55 0.09
51-60 57/134 1.59 (1.15-2.19) 0.005 0.07 42/134 0.75(0.50-1.12) 0.16
>60 144/383 1.38 (1.10-1.73) 0.006 163/383 0.67 (0.53-0.85) 0.001
BMI
<25 144/464 1.44 (1.14-1.82) 0.002 0.25 163/464 0.58 (0.45-0.75) | <0.001 0.09
>25 80/152 1.66 (1.25-2.20) <0.001 62/152 1.12 (0.80-1.58) 0.51
Smoking
No 172/580 1.48 (1.22-1.80) <0.001 0.81 162/580 0.69 (0.55-0.86) 0.001 0.92
Yes 52/36 1.40 (0.91-2.14) 0.12 63/36 0.72 (0.45-1.13) 0.15
Alcohol intake
No 176/569 1.41 (1.17-1.71) <0.001 0.79 181/569 0.70 (0.56-0.86) 0.001 0.82
Yes 48/47 1.50 (0.93-2.41) 0.10 44/47 0.74 (0.47-1.16) 0.10
Hypertension
No 86/303 1.86 (1.42-2.45) <0.001 0.001 107/303 0.59 (0.43-0.81) 0.001 0.055
Yes 138/313 1.35(1.06-1.72) 0.016 118/313 0.83 (0.63-1.10) 0.19
Diabetes
No 166/514 1.40 (1.14-1.71) 0.001 0.55 189/514 0.67 (0.54-0.83) 0.001 0.37
Yes 58/102 1.83 (1.22-2.74) 0.004 36/102 0.97 (0.55-1.72) 0.91

Table 3. Stratified association analysis of per 1-S.D. decrease of In-transformed telomere length in stroke
subtypes. “OR (95% CI) and P values were obtained with multivariate logistic regression analysis after
adjustment for conventional vascular risk factors, including age, gender, systolic and diastolic BP, fasting
glucose, total cholesterol, triglycerides, plasma uric acid, body mass index, smoking status, alcohol intake,
history of hypertension, diabetes and previous CHD, except for the stratification variable. Py ociion WaS
obtained by evaluating interaction terms.

For hemorrhagic stroke, comparing shortest to highest category of telomere length, the pooled relative risk
was 1.36 (95% CI 1.04-1.77) without significant heterogeneity (1> =0.01%, P, = 0.53) between studies while with
a significant publication bias (Egger’s test P=10.06). For lacunar infarction risk, no significant association was
found (pooled RRs 1.22, 95% CI 0.99-1.51; I? =93.6%, P, < 0.001) (Supplementary Figure S3), along without
significant publication bias (P=10.99).

Discussion

In this stroke study of Southern Chinese population, our data showed a positive association between shorter leu-
kocyte telomere and the risk for atherothrombotic stroke, independent of conventional vascular risk factors such
as smoking status, alcohol consumption, hypertension and diabetes history. In particular, this increased risk for
atherothrombotic stroke was much pronounced in persons without hypertension, which was up to approximate
4-fold. In contrast, shorter telomere were significantly associated with the lower presence of lacunar infarction
and further stratified analysis showed that the effect were mainly present in those old individuals with healthier
lifestyle such as no current smoking, no alcohol consumption, and without history of hypertension and diabetes.
These findings were also verified in an additional independent stroke case-control study in Southern Chinese
population. No significant difference was observed in telomere length between hemorrhagic stroke patients and
controls. These findings together imply the complex and key roles of telomere shortening in vascular biology and
age-related cerebrovascular diseases.

Our meta-analysis of previous prospective and retrospective studies including our present study showed a
12% increased pooled risk of ischemic stroke and the related death in relation to shorter telomere length, but this
association was stronger in the retrospective studies and in the Asian population when further stratified by the
study design and ethnicity. The reasons of difference may be partly due to racial and geographical factors, and the
incidence of stroke and related vascular risk factors profile in different countries.

Leukocyte telomere length is inheritable and defined at birth®. The progression of cellular aging throughout
the whole lifetime which can be reflected by the rate of telomere attrition, is related to vascular damage, inde-
pendently from cardiovascular risk factor exposure?'. Study by Salpea et al.? has reported that a significant differ-
ence in leukocyte telomere exists in different geographical areas of Europe. In China, the population structure of
‘North-South’ has been revealed and there is a close relation between the geographical regions and genetic struc-
ture of Han ethnicity?. The prevalence of stroke is markedly higher in the North (486 per 100,000 person-years)
than in the South (136 per 100,000 person-years) because of different lifestyles, genetics, and environments!”!8.
Study by Zhao et al. has reported that systolic and diastolic pressures were averagely higher by 7.4 and 6.9 mmHg
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Figure 2. Combined effects of shorter telomere length and hypertension history on stroke risk The cutoff values
of tertile of leukocyte telomere length were defined as that in the Table 2. The common reference category for
comparisons was subjects at the highest tertile of telomere and no history of hypertension, and ORs (95% CI)
were obtained with multivariate logistic regression analysis by adjusting for conventional risk factors as in

Table 2.
Controls (n=2875) 292 292 291
Total cases (n=773) 209 306 258
ORs (95% CI) 1.00 1.15(0.86-1.54) | 0.85(0.63-1.15) | 0.27 0.92 (0.83-1.03) 0.13
Atherothrombotic stroke (n=329) | 78 130 121
ORs (95% CI) 1.00 1.38(0.93-2.04) | 1.52(1.08-2.14) | 0.01 1.11 (1.00-1.23) 0.05
Lacunar infarction (n=222) 71 90 61
ORs (95% CI) 1.00 1.10 (0.73-1.64) | 0.60 (0.39-0.93) | 0.02 0.79 (0.68-0.92) 0.003
Hemorrhagic stroke (n=222) 60 86 76
ORs (95% CI) 1.00 1.15(0.72-1.84) | 0.84(0.52-1.36) | 0.45 0.97 (0.83-1.14) 0.72

Table 4. Associations between leucocyte telomere length and stroke in the second case/control study of
Southern Chinese population. “OR (95% CI) was obtained with multivariate logistic regression analysis after
adjusting age, gender, BMI, and conventional vascular factors as mentioned in Table 2.

in the Northern than Southern. Southern individuals had lower BMI, lower intake of sodium and sodium/
potassium ratio, while higher intake of vitamins A and C, calcium, and magnesium?*. Urinary metabolites such
as branched-chain amino acids, alanine, lactate, and dimethylglycine, are found to be significantly higher in
Northern than Southern Chinese populations and®. A small sample study showed that of Chinese population
showed that leukocyte telomere length in the Northern people was lower than in the Southern (1.25+0.59 vs.
1.71 £0.61)'¢. Similarly, our evidence showed that leukocyte telomere length of individuals resident in Huainan
area at the Southern China was 1.75 £ 0.61. Although the geographical difference, in consistent with previous
studies from the North of China®!*, shorter leukocyte telomere length was correlated with the presence of athero-
thrombotic stroke no matter in the Southern or Northern Chinese people.

The pathogenesis of atherothrombotic stroke is mainly involved in the formation and rupture of atheroscle-
rotic plaque in large cerebral vessels, such as anterior, middle and posterior cerebral artery, internal and external
carotid artery, vertebral and basilar artery, etc. Emerging evidence has shown that telomere attrition, as a marker
of biology aging, is linked to endothelial cell apoptosis and senescence and thus contribute to atherogenesis*.
When atherosclerotic plaque evolves to the late stage, the telomerase functions of vascular smooth muscle cells
and endothelial cell change, leading to the progressively telomere shortening, then triggering aging and dysfunc-
tion of endothelial cells or smooth muscle cells, which promotes the progression of atherosclerotic plaque?*2°.
However, further experimental and epidemiological evidence needed to assess the causative contribution of tel-
omere attrition to the pathogenesis of atherothrombotic stroke’®.

Obviously, the pathogenesis of hemorrhagic stroke and lacunar infarction is different from atherothrombotic
stroke. Spontaneous (non-traumatic) intracerebral hemorrhage (ICH) is a catastrophic form of stroke with high
morbidity and mortality, often resulting from long-term arterial stiffness and arteriolosclerosis, micro-aneurysms,
lipohyalinosis, and cerebral amyloid angiopathy occurring in older people®. The pathogenic vessels were mostly
involved in lenticulostriate arteries which was small deep arteries of the middle cerebral artery, supplying the
basal ganglia and deep white matter, and thus resulting in hemorrhagic stroke in deep and lobar brain regions
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Study Outcome Events Participants Relative Risk (95%CI) ‘Weight
A
prospective ischemic stroke
Willeit et al, 2010 Ischemic stroke death 46 800 T 2.24(0.93-541) 8.07%
Fitzpatrick et al, 2011 Ischemic stroke death 33 1,136 1.27 (0.34-4.74)  3.61%
Schruks et al, 2013 Ischemic stroke 504 1,008 —_— 0.98 (0.54-1.78)  17.45%
Zhang et al, 2013 poststrokedeath atherothrombosis 146 1662 ’ i o 1.69 (1.07-2.67) 24.97%
Weischer et al, 2014 Ischemic stroke 295 4,576 0.95 (0.64-1.41)  40.90%
Overall 1024 9182 Z 1.23 (0.96-1.58)  100%
Heterogeneity: Q=5.86 df=4 (P=0.210); 1>=31.7% '., 1 3 5.4
Test for overall effect: Z=1.62 (P=0.106)
B
re.trospective ischemic stroke . 1081 2618 212 (1.62-2.77)  40.98%
D.lng et al, 2012 Ischemfc stroke 150 450 4.00 (1.27-12.61) 2.23%
Jiang et al, 2013 Ischemic stroke ) 767 3557 i 137 (1.06-1.77)  44.82%
Zhang et al, 2013 Atherothrombosis 224 1159 233 (1.42-3.83)  11.97%
Present study, 2015 Atherothrombosis ’ —

1.79 (1.51-2.12 100%
Overall 2450 7,778 <> ( ) o

1 a 12.6

Heterogeneity: Q=8.67 df=3 (P=0.034); I=65.4%
Test for overall effect: Z=6.64 (P<0.001)

Figure 3. Meta-analysis for the association between shorter telomere length and ischemic stroke by different
study design. (A) Pooled risk estimate and 95% CI for atherothrombotic stroke susceptibility in prospective
cohort studies. (B) Pooled risks estimate and 95% CI for atherothrombotic stroke susceptibility in retrospective
case-control studies.

when ruptured. The relationship between telomere and risk of hemorrhagic stroke was not detected in our work
and consistently not in our further systematic meta-analysis.

As for lacunar infarction, lacunas result from the occlusion of those small deep penetrating cerebral arteries
(with a diameter of <15mm). Lacunar infarction can be classified as proximal vessel lacunar infarction (branch
atheromatous disease) that is usually due to a localized atheromatous lesion at the mouth of the perforating
branches of stem arteries or microatheroma in the orifice of the branch, and distal vessel lacunar infarction (small
vessel disease) that is primarily due to lipohyalinosis or fibrinoid necrosis of the distal part of small perforating
arteries, arterioles, capillaries, and venules®!. The symptoms of lacunar infarction are usually the least serious in
all cerebrovascular diseases whereas the recurrent attacks of lacunar infarction can predict future occurrence of
atherothrombotic stroke. Unlike in atherothrombotic stroke, our study found that shorter telomere was associ-
ated with lower presence of lacunar infarction and the effect was mainly pronounced in those older individuals
with normal BMI and healthier lifestyle such as no current smoking, no alcohol consumption, and without his-
tory of hypertension and diabetes. The relationship between telomere and lacunar infarction was also verified
in the second independent stroke case-control study in Southern Chinese population. To date, experiments and
population data are sparse about telomere and lacunar infarction. Telomere attrition is believed to reflect the
accumulation of vascular damage over the lifetime, such as exposure to oxidative and inflammatory stress, at least
in part. Neuroimaging examination showed that markers of cerebral small vessel disease are shown in virtually
every individual over 60 years of age®?, however, the evidence from study of the Cerebrovascular Aosta Registry
in Northern Italy® found that the prevalence of lacunar infarction increased with aging before 60 years whereas
decreased with aging after 69 years; on the other hand, individuals easily suffer from the risk of atherothrombotic
stroke with age after 50 years and there was linear correlation between age and risk of atherothrombotic stroke
once the age reaches 50 years. Therefore, the complex roles of telomere shortening may be different in the patho-
genesis of large and small vessels, which may open a new viewpoint for the treatment of age-related cerebrovascu-
lar diseases. But, it is still essential to further verify these findings in larger and prospective stroke cohort.

Lifestyle factors and conventional vascular factors are known to contribute to the development of cardiovas-
cular diseases, and several cross-sectional studies have shown that these risk factors such as smoking, alcohol
intake, body weight and physical activity, can also affect the telomere attrition®**. However, Weischer et al.*
repeatedly measured telomere length with 10 years part in a general populationt (4,576 participants) from the
prospective Copenhagen City Heart Study and found that these factors are not associated with telomere length
change during 10 years observation. Thus, it still remains inconclusive whether they can modify the relationship
between telomere shortening and susceptibility to stroke. The study by Jiang et al.’® recently reported that in 150
cases with ischemic stroke and 150 healthy siblings (brothers and sisters of stroke patients), shortening telomere
is associated with stroke risk but may not be a causal factor. Considering that the sample size was relatively small
and a high selected young stroke cases were recruited in Jiang’s study, the generalizability may be cautious. On the
other hand, there is suggestive evidence from European Atherosclerosis Research Study II that inherited short tel-
omere in young men is one of potential mechanisms for a paternal history of premature myocardial infarction®.

In this study, we showed that telomere length was independently associated with the risk of atherothrombotic
stroke and lacunar infarction after adjusting conventional risk factors in a multivariable logistic regression model,
including age, body mass index, systolic and diastolic blood pressure, dyslipidemia, diabetes and hypertension.
Considering that some complications such as hypertension, diabetes, and coronary heart disease are likely to
result in accelerated vascular aging, to further assess the independence of telomere length from these potential
effects as a predisposing factor to stroke, secondary sensitivity analysis were further performed in which persons
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with hypertension, coronary heart disease, and diabetes were excluded respectively. The results were consistent
with the primary analyses (supplemental materials). Even so, we cannot draw a causative conclusion although the
inherited factor is important. Future studies of stroke in twins would help clarify the underlying pathogenesis of
telomere in stroke process.

Some potential limitations in our study must be mentioned. First, since the present study is a case-control
design, selection bias of stroke patients and controls cannot be excluded. In the two independent stroke studies
in Southern Chinese population, although patients with stroke and age-, gender- and resident area-matched con-
trols were enrolled at the same time and at the same demographic area, some cases and controls were excluded
due to incomplete plasma sample, insufficient DNA or poor DNA quality before performing experiment and data
analysis. No remarkable differences in clinical characteristics were observed between those excluded and included
subjects. However, it would have been more appropriate to match stroke patients and controls according to the
age and gender so as to avoid a statistical difference between cases and controls. Second, the sample of stroke
patients, particularly the number of hemorrhagic stroke, is small, thus the power is limited to reflect the relation
between the telomere length and stroke. Third, in this study we measured mean telomere length of leukocytes
which can be affected by changes in leukocyte composition. However, our findings were corroborated by an addi-
tional independent case-control stroke study and the meta-analysis of previous studies. Further experimental
evidence will be useful for clarifying the role of telomere attrition in vascular risk.

Clinical Perspectives

Our data provided the first evidence that in Southern Chinese stroke population, shorter leukocyte telomere was
independently associated with susceptibility to atherothrombotic stroke, particularly pronounced in those per-
sons without history of hypertension, which is also corroborated by our meta-analysis of previous studies about
the association between telomere and stroke. In contrast, shorter telomere length was independently related to a
lower presence of lacunar infarction which is further verified in an independent replication case-control stroke
study. These findings suggest that telomere attrition may exert a differential role in the pathogenesis of stroke sub-
types and serve as a potential genetic marker for the presence of atherothrombotic stroke or lacunar infarction.

Methods

Stroke sample population. A case-control study was conducted to assess the relation between leukocyte
telomere and stroke. The criteria of diagnosis and recruitment, collection of clinical characteristics, and measure-
ment of plasma biochemical variables were given in details in the Supplemental materials. Initially, a total of 651
consecutive cases with first-onset stroke were recruited from January 2012 to January 2014 from the department
of neurology at Huainan First People’s Hospital, Anhui province in Southern China. Stroke was defined by the
criteria of World Health Organization (WHO)* and the details were presented in the supplemental materials. The
diagnosis of stroke includes neurological examinations and computed tomography (CT) or magnetic resonance
imaging (MRI). Three subtypes were recruited: cerebral thrombosis (atherothrombotic), intracerebral hemor-
rhage (ICH), and lacunar infarction (lacunar).

A total of 651 age-, and gender- and resident area-matched controls were recruited at the same time from
January 2012 to January 2014 and at the same demographic area from the local community-based inhabitants.
Eligible Individuals were grouped by age with 5-year range, and the controls were randomly chosen from the
corresponding matched age group. All recruited controls had no history of neurological condition and used the
exclusion criteria as case subjects. Before performing experiment and data analysis, 108 patients and 35 control
subjects were excluded because of incomplete plasma data, insufficient DNA or poor DNA quality. No remarka-
ble differences in clinical characteristics were observed between those excluded and included subjects. A total of
543 cases with stroke and 616 controls were included in the present study. The study was approved by Huainan
Hospital Ethics Committee and written informed consent was provided. All methods were conducted in accord-
ance with the relevant guidelines and regulations. All participants reported to be Han nationality and their imme-
diate family members within three generations lived in the Huainan area.

An additional independent study comprised 880 consecutive patients with first onset stroke (age 61.6 +£9.4
years) and 880 age-, gender- and resident region-matched controls (age 61.4 = 8.0 years) that were enrolled from
November 2000 to November 2001 from 3 clinical centers located at Wuhan city and Chonggqing city in the
Southern China. This study population has been used to investigated risk factors of stroke®®. The criteria of diag-
nosis and recruitment and collection of clinical characteristics were same as the first case-control stroke study in
Huainan city. After excluding 107 patients and 5 control subjects due to incomplete plasma data, insufficient DNA
or poor DNA quality, a total of 773 stroke patients and 875 controls were included in the second replication study.
The study was approved by the local ethics committees of collaborating hospitals and all participants were from
Han nationality and signed the informed consent.

Telomere measurement. Relative mean telomere length in circulating leukocyte was calculated as the ratio
(T/S) of telomere repeat copy number (T) to single-copy gene copy number (3-globin (S) which were measured
by a quantitative real-time polymerase chain reaction (QPCR) method*. The thermal cycling profiles and primer
sequences were described in our previous study®. All experiments were conducted by laboratory technician who
was blinded to the outcome status.

Systematic review with a meta-analysis. We performed a meta-analysis of the relation between tel-
omere and stroke risk. A systematic literatures search was conducted using the PubMed, Cochrane library, and
EMBASE databases and was further supplemented by manually reviewing the reference of obtained articles up to
June 30, 2017. Our systematic review complied with the Meta-analysis of Observational Studies in Epidemiology
guidelines (MOOSE)*. The details were described in the Supplementary data. In brief, studies were included
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for meta-analysis based on the following criteria: the exposure was leukocyte telomere length; the outcome
was ischemic stroke, or hemorrhagic stroke, or lacunar infarction. The unclassified cerebrovascular disease was
excluded. We included case-control studies, cross-sectional studies, nested case-control studies and prospective
cohort studies.

Two authors (J.L. and C.E) independently conducted the data extraction with a standardized form. We used
the Newcastle-Ottawa Scale to assess study quality which incorporates characteristics on participant selection,
exposure ascertainment, outcome ascertainment, and the potential for confounding, varying from zero to a max-
imum score of 9.

Statistical analysis. Data distribution was assessed by the 1-sample Kolmogorov-Smirnov test. The T/S
ratio representing leukocyte telomere was transformed by natural logarithm due to a skewed distribution. Values
are mean &+ SD, medians (interquartile range), or numbers (percentage). Clinical features of cases and control
subjects were compared by ANOVA for quantitative variables and x 2 tests for categorical variables. The linear
regression model was used to examine the correlation between telomere and age in cases and control subjects.

Telomere length were divided by tertile according to the distribution among control subjects, and the cut-off
values were <1.52 for the lowest, 1.52-2.06 for the middle, and >2.06 for the highest tertile. The logistic regres-
sion model was used to estimate the association between telomere and stroke by ORs and 95% CI. In multivariate
models, we first adjusted for age, gender, BMI, blood pressure, total cholesterol, triglycerides, fasting glucose,
plasma uric acid level (model I), and the above variables plus alcohol intake, smoking status, hypertension, coro-
nary heart disease, and diabetes (model II). The significance of multiplicative interaction between telomere length
and history of hypertension was assessed by the likelihood-ratio test. Data were analyzed by SPSS Statistics 20.0
(SPSS Inc, Chicago, USA), and P < 0.05 was considered to be significant.

In a case-control study, data are usually estimated in odds ratio when the outcome variable of interest is cate-
gorical. If p; and p, respectively are proportion of cases and controls exposed to a risk factor, and then: Odds

1+1)? 75
Ratio = OR = —P (=p,) Ut ot 21p). ;lﬁ 1-0)

r(in OR)[p(1 = p)]
where ris the ratlo of case number to control number, Z,j, and Z, _; are respectively normal parameters for type I
error (significance level) and power of study*!. Our study is interested to estimate the risk of stroke in relation to
telomere length; at a significance level of 5% (two-sided), to detect an association with ORs >1.30 for stroke risk
among individuals within the lowest tertile group of telomere, the first case-control stroke study had >80% power
for overall stroke risk, >80% power for hemorrhagic stroke, >86% power for atherothrombotic stroke and >85%
power for lacunar infarction, respectively; the replication case-control stroke study had >90% power for overall
stroke risk, >84% power for hemorrhagic stroke, >90% power for atherothrombotic stroke, and >88% power for
lacunar infarction, respectively.

A meta-analysis was further conducted to assess the relationship between telomere length and stroke with
STATA 12.0 software (STATA Corp, College Station, Texas, USA). The multivariate-adjusted hazard ratio and
odds ratio presented in the original studies were used to estimate stroke risk. The pooled risk and 95% CI were
estimated using random-effect models by comparing the shortest and longest category of leukocyte telomere
length. As for the between-study heterogeneity, Der Simonian and Laird’s method was used*?. The Cochran Q
test and the I? statistics were used to examine the heterogeneity across the studies, and 12 was calculated with the
equation: I’=100% x (Q — df)/Q. A meta-regression analysis was used to examine the source of heterogeneities
and the significance of differences. The Egger’s regression test** and visual inspection of a funnel plot** were
conducted to assess the publication bias, which is considered to be significant if the P value of Egger’s test is less
than 10%.

,p= h p =L =2, the sample size N for estimating an ORisN = , in which

Data availability statement. All data generated or analyzed during this study are included in this pub-
lished article (and its Supplementary Information files).
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