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Objective: The joint effect of leukocyte telomere length (LTL) and type 2

diabetes (T2D) on the risk of all-cause death has been sparsely explored. The

study designed to examine the joint effect of T2D and LTL on the probability of

death in American adults.

Methods: A cohort of 6862 adults with LTL measurements and with or without

T2D from the NHANES 1999-2002 with follow-up information until 2015 was

studied. Quantitative PCR was used to measure the length of telomeres relative

to standard reference DNA (T/S ratio). Individuals were grouped into three

tertiles according to the LTL levels, with the first tertile demonstrating the

lowest one and used as the reference group. The effects of LTL and T2D status

on death were evaluated using Kaplan–Meier curves along with log-rank test.

Three Cox proportional hazards models with adjustment for various

confounders were used to examine the links between TL and all-cause death

possibility using adjusted hazard ratios (HRs).

Results: Adults in the sample averaged 45.54 years of age, with 49.51% being

male. After a median follow-up period of 14.4 years, 1543 (22.5%) individuals

died from all cause. The probability of all-cause mortality was higher among

individuals with LTL in the highest tertile than individuals in the lowest tertile

(aHR = 0.89; 95%CI: 0.77-1.03); however, the difference did not reach the level

of statistical significance (P = 0.11). Conversely, the individuals with T2D had a

higher probability of death than individuals without (aHR = 1.26; 95%CI: 1.06-

1.50; P = 0.0092). When LTL and T2D status were investigated jointly, subjects

in the highest TLT tertile and with T2D had the highest probability of mortality

compared with their counterparts (aHR = 1.34; 95%CI: 1.07-1.68; P = 0.0101).

However, there was no independent effect of low TLT on mortality as

demonstrated among individuals with diabetes (aHR = 1.14; 95%CI: 0.95-

1.38; P = 0.1662).
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Conclusion: The joint effect of TLT and T2D was larger than the sum of the

independent effects on the risk of all-cause death. Participants with high TLT and

diabetes showed the highest possibility of death compared with other groups.
KEYWORDS

telomere length, diabetes, mortality, NHANES, database
Introduction

The worldwide prevalence of diabetes in adults has increased

dramatically over recent decades, which has become as a

significant cause of morbidity and mortality globally (1). Type

2 diabetes (T2D) is a chronic metabolic disorder related to

multiple complications with a worldwide distribution, which

characterized by insulin resistance and hyperglycemia and can

affect multiple organ systems (2). Among the numerous chronic

diseases, T2D is now one of the most recognized diseases

globally and it is anticipated that by the year 2030 around 580

million individuals will suffer from it (3, 4).

The telomeres at the ends of chromosomes serve as protective

structures for the ends of eukaryotic chromosomes (5). Telomere

shortening is associated with older age as well as undesirable

lifestyle factors such as smoking, overweight and alcohol abuse

(6). There is emerging evidence that the length of leukocyte

telomeres (LTL) can serve as a marker for organismal aging, as

well as for well-established age-related diseases such as coronary

heart disease, Alzheimer’s disease, and diabetes (7–10). As T2Dhas

been commonly considered as an adult age−related disease, it may

beassociatedwithLTL.However, the relationshipbetweenLTLand

T2D is still not clear. Previous studies have detected telomere

shortening in T2D, while others have revealed a negative co

−relation of LTL and T2D (11, 12). Furthermore, the significance

of LTL as a prognostic indicator for death in the general population

is conflicting.Twopreviouscohort reportshave revealed thatLTL is

a biomarker of mortality (13, 14), while other prospective studies

have failed todemonstrate suchassociation (15, 16).As for diabetes,

two studies in European populations with relatively small sample

size found that LTL was associated with all-cause death in type 1

diabetes, and LTL combined with clinicopathological

characteristics can provide additional prognostic significance on

death probability inT2D individuals (17, 18). According to a recent

study, shorter LTL was associated with an elevated mortality rate

among individuals with T2D in the Chinese population (19). Both

T2D and LTLwere related to aging, however, the effect of exposure

to T2Dwith LTL on all-causemortality in American adults has not

been evaluated till now.

This study designed to explore whether LTL can,

independently and jointly with T2D, influence the possibility
02
of all-cause death using data from the NHANES. Understanding

this association could contribute to prevent T2D and develop

health promotion programs.
Materials and methods

Study populations

Information of individuals enrolled in the NHANES 1999–

2002, a nationally representative survey sample of civilian

noninstitutionalized US population was utilized. In brief, as an

ongoing cross-sectional survey, the NHANES surveys using

complex, multi-stage and probability sampling approaches to

estimate the health and nutritional status of the civilians in US

and to provide vital and health statistics for the nation.

NHANES organizes the family face-to-face interviews, medical

examination, laboratory examination, and further gathers the

details about the demographics, lifestyles factors, dietary intake,

health status and medical history.

A total of 21,004 individuals were recorded in the initial

analysis. Individuals with missing records for telomere test were

excluded (N = 13,177). We further ruled out 751 subjects

without reporting diabetes status. Because NHANES recorded

who were ≥85 years old as 85 years, subjects younger than 18

years and older than 85 years were excluded (N = 211). Finally,

missing data regarding follow-up were excluded (N = 3), thus

yielding the sample size to 6,862 eligible adults (Figure 1).
Measurements of LTL

LTL measures are available for two cycles of NHANES from

1999 to 2002. Blood samples containing their DNA were

collected from all adults and stored at −80°C at the Centers

for Disease Control and Prevention (CDC). For DNA analysis,

qPCR assays were carried out at a laboratory in San Francisco,

California to measure the telomere length relative to standard

reference DNA, as described in detail elsewhere previously (20).

LTL was determined and compared as telomere-to-single copy

gene ratio (T/S ratio). According to NHANES, qPCR was carried
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out three times on three different days, and the samples were

assayed in duplicate wells to gain 6 data points. Full details

regarding the LTL measurement are open and available and

listed on the NHANES web at: https://wwwn.cdc.gov/Nchs/

Nhanes/2001-2002/TELO_B.htm. The CDC Institutional

Review Board provided human subject approval for the study.
Study variables

The NHANES physical examination in our study mainly

involved measurement of waist circumference, height, weight,

and body mass index (BMI), which was computed as weight in

kg divided by height in m, squared. Information on age (years),

sex (male, female), family poverty income ratio, race/ethnicity

(Mexican American, non-Hispanic Black, non-Hispanic White,

and others), education (less than high school, high school

diploma, and more than high school), marital status (married,

unmarried), smoking (current smoker, former smoker and never

smoker), history of antidiabetic drug, and alcohol drinking was

based on self-report during the questionnaire portion of the

survey. For simplicity, there were two categories of marital

status, namely, unmarried (widowed/divorced/separated/never

married) and married (living as married). Alcohol drinking was

defined as an individual who had alcohol abuse at least 12 times

per year. Furthermore, individuals’ history of cardiovascular

disease (CVD), cancer, asthma, and hypertension was

obtained. Metabolic Syndrome (MetS) was defined as
Frontiers in Endocrinology 03
individuals with the evidence of three or more of five

components (abdominal obesity, elevated triglycerides, blood

pressure, fasting blood glucose, and reduced high-density

lipoprotein cholesterol) (21). Participants were considered to

have a history of CVD if they had been told that they had

congestive heart failure, angina, stroke, coronary heart disease,

or heart attack. According to the American Diabetes Association

(22), the diagnostic criteria for T2D are made if any of the

following conditions presented (1): doctor told you have diabetes

(2); glycohemoglobin HbA1c (%) > 6.5; (3) fasting glucose ≥

7mol/L; (4) random blood glucose ≥ 11.1 mmol/L; (5) Oral

antidiabetic medication. Using the Chronic Kidney Disease

Epidemiology Collaboration (CKD-EPI) equation, we

estimated the glomerular filtration rate (eGFR) (23). In regard

to general biochemistry tests, creatinine (mg/dl), serum albumin

(g/dl), C-reactive protein (mg/dl), high-density lipoprotein

(HDL) cholesterol (mg/dl), uric acid (mg/dl), and total

cholesterol (mg/dl) were enrolled. Details regarding the full

procedures of laboratory tests can be obtained on the official

website at https://wwwn.cdc.gov/nchs/nhanes.
Mortality follow-up data

Survival status data was downloaded from the National

Death Index (NDI). The NHANES data was merged with the

NDI using a unique study identifier. The detailed mortality

records are available online at https://www.cdc.gov/nchs/
FIGURE 1

The detailed flow-chart of study population selection.
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datalinkage/mortality-public.htm. Adult individuals were

followed for mortality through December 31, 2015 to ascertain

survival status. The primary endpoint event was all-cause death.

The cause of death in the present study was based on ICD-10

system codes.
Statistical analysis

According to the NHANES recommendation and guidelines,

an appropriate sampling weight for the variable of interest that

was collected on the smallest number of respondents was

calculated and accounted for complex multistage survey design

strategies in the analysis. In the survey, continuous variables

were expressed as a survey-weighted mean with 95% confidence

intervals (CI), whereas categorical variables were expressed as

survey-weighted percentages with 95% confidence intervals (CI).

The LTL levels were divided into three tertiles, with the first

tertile representing the lowest level and being considered the

reference group. In comparison with those in tertile 1, the hazard

ratios (HRs) and 95% CIs for subjects in tertile 2 and 3 were

computed. A potential confounder was selected if it altered LTL

estimates by more than 10% or was notably associated with

mortality (24). The effects of LTL and T2D status on death were

evaluated using Kaplan–Meier curves along with log-rank test.

Three Cox proportional hazards models were utilized with

adjustment for potential confounders. As for model 1, no

confounding factors were adjusted. A model 2 had adjustment

for age, sex, and smoking. Model 3 was further adjusted for

cancer, hypertension, CVD, MetS, eGFR, albumin, and

antidiabetic drug. It was considered statistically significant if

the P-value was less than 0.05. A variety of analyses were

performed with Empower software (www.empowerstats.com;

X&Y Solutions, Inc., Boston, MA, USA) and R version 3.6.3

(http://www.Rproject.org, The R Foundation).
Results

A description of a person’s
characteristics

In total, 6862 adults participated in the study, which

included 954 individuals with T2D and 5908 without. An

overview of the demographic baseline characteristics of the

included individuals can be found in Table 1. People on

average were 45.5 years old, with 49.5% being males. The

weighted mean (95% confidence interva l ) of LTL

concentration was 1.06 (1.03, 1.09).

Compared with individuals with LTL in the lower tertile

(T1–T2), individuals in the highest tertile (T3) had a lower mean

age, BMI, waist circumference, C-reactive protein, creatinine,

total cholesterol, high school diploma, married status, history of
Frontiers in Endocrinology 04
cancer, hypertension, CVD, and MetS at baseline, and had a

higher albumin, eGFR, and now smoking. Compared with

individuals without T2D, individuals with T2D had higher

mean age, BMI, waist circumference, C-reactive protein,

creatinine, total cholesterol, uric acid, and more male, Mexican

American, non-Hispanic Black, former smoking, history of

cancer, hypertension, CVD, and MetS at baseline. Participants

with T2D had lower family poverty income ratio, albumin,

HDL-cholesterol, eGFR, alcohol drinking, never smoking, and

now smoking.
Association between LTL, T2D
and mortality

During a mean of 160 months of follow-up, 1543 deaths

from all causes were identified. In Table 2, Cox regression

analysis was adopted to assess the individual effect of LTL and

T2D on all-cause risk. When LTL was used as continuous

variable, LTL was associated with reduced risk of death in the

crude model (HR = 0.10, 95%CI= 0.08-0.12; P < 0.0001), and

model I (aHR = 0.78, 95%CI = 0.62-0.99; P = 0.0389). However,

in the full adjusted model, LTL was not associated with a lower

risk of death (aHR = 0.82, 95%CI= 0.65-0.1.04; P = 0.0944). The

results remained when LTL was used as categorical variable. LTL

in the higher tertiles (T2, T3) was not associated with decreased

risk of death in the full adjusted model (aHR = 0.95, 95%CI =

0.85-1.07; P = 0.4207; aHR = 0.89, 95%CI = 0.77-1.03; P =

0.1100, respectively). When individuals without T2D were used

as reference, it was found a significant association between LTL

and all-cause mortality in the crude model (HR = 2.95, 95%CI=

2.64-3.29; P < 0.0001), model I (aHR = 1.57, 95%CI = 1.40-1.75;

P < 0.0001), and the full adjusted model (aHR = 1.26, 95%CI =

1.06-1.50; P = 0.0092).

When LTL and T2D were investigated together, the Kaplan-

Meyer curves demonstrated that the cumulative hazard of death

notably differed among the four groups defined by LTL and T2D

categories (comparing LTL in the T1-T2 and T3 among those

individuals without T2D, the P < 0.001; comparing LTL in the

T1-T2 and T3 among those individuals with T2D, the P <

0.0001; Figure 2). As presented in Figure 3, within each stratum

of diabetes, there was a negative association between tertiles of

LTL and risk of death in unadjusted model (P for trend < 0.001).

However, the all-cause death risk was higher among the

individuals with T2D.

The Cox proportional hazards regression analyses in Table 3

revealed that the highest probability of all-cause death was in the

group with highest LTL tertile and T2D, with an HR of 1.34

(95% CI = 1.07–1.68; P = 0.0101) after adjusting for age,

smoking, cancer, sex, CVD, MetS, hypertension, eGFR,

albumin, and antidiabetic drug. However, for individuals in

lower LTL tertile (T1-T2), the all-cause mortality was

comparable regardless of the T2D status (aHR = 1.14,
frontiersin.org
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TABLE 1 Baseline characteristics of participants by telomere length tertiles and status of diabetes, weighted.

Characteristics First to two tertiles
(0.39-1.11)

Third tertiles
(1.11-3.31)

P-value Without
diabetes

With diabetes P-value

Age, years 49.46 (48.56,50.36) 38.92 (37.65,40.20) <0.0001 44.26 (43.55,44.98) 57.80 (56.22,59.37) <0.0001

Body mass index, kg/m2 28.34 (28.03,28.65) 27.44 (27.05,27.83) 0.0002 27.57 (27.31,27.83) 32.31 (31.43,33.20) <0.0001

Waist circumference (cm) 97.11 (96.31,97.91) 93.50 (92.48,94.51) <0.0001 94.48 (93.82,95.14) 108.52
(106.47,110.58)

<0.0001

Family poverty income ratio 3.05 (2.90,3.21) 2.95 (2.79,3.12) 0.2175 3.06 (2.91,3.20) 2.62 (2.44,2.79) <0.0001

Albumin (g/dl) 4.36 (4.34,4.38) 4.42 (4.38,4.45) 0.0014 4.40 (4.37,4.42) 4.25 (4.21,4.28) <0.0001

C-reactive protein(mg/dl) 0.45 (0.42,0.48) 0.35 (0.31,0.38) 0.0001 0.39 (0.36,0.41) 0.66 (0.60,0.72) <0.0001

Creatinine (mg/dl) 0.85 (0.83,0.87) 0.81 (0.80,0.83) 0.0205 0.83 (0.81,0.84) 0.92 (0.87,0.96) 0.0006

HDL-cholesterol (mg/dl) 50.77 (49.72,51.83) 51.37 (50.52,52.22) 0.3547 51.60 (50.75,52.45) 45.18 (44.05,46.30) <0.0001

Total cholesterol (mg/dl) 205.71 (203.26,208.17) 197.67
(195.80,199.53)

<0.0001 202.16
(200.22,204.10)

208.08
(203.06,213.10)

0.0293

eGFR (CKD-EPI formula), ml/min per 1.73
m2

90.32 (89.38,91.26) 100.24 (99.16,101.33) <0.0001 95.03 (94.00,96.05) 84.25 (82.35,86.15) <0.0001

Uric acid (mg/dl) 5.41 (5.35,5.47) 5.31 (5.22,5.39) 0.0682 5.34 (5.29,5.39) 5.65 (5.49,5.82) 0.0011

Sex (%) 0.5851 0.0016

Female 50.82 (49.02,52.62) 49.94 (47.93,51.95) 51.00 (49.89,52.10) 45.67 (42.53,48.84)

Male 49.18 (47.38,50.98) 50.06 (48.05,52.07) 49.00 (47.90,50.11) 54.33 (51.16,57.47)

Race (%) 0.0017 <0.0001

Mexican American 6.94 (5.05,9.46) 6.84 (5.11,9.11) 6.89 (5.36,8.83) 7.03 (4.79,10.20)

Non-Hispanic Black 7.69 (5.82,10.10) 11.90 (9.31,15.09) 8.84 (6.98,11.13) 13.34 (10.20,17.27)

Non-Hispanic White 75.89 (71.24,80.00) 68.26 (63.45,72.70) 73.90 (70.14,77.33) 64.86 (58.72,70.55)

Others 9.48 (6.23,14.16) 13.00 (9.15,18.15) 10.37 (7.37,14.42) 14.77 (9.34,22.57)

Education (%) 0.0004 <0.0001

Less Than High School 22.51 (20.25,24.93) 18.15 (16.35,20.11) 19.46 (17.61,21.46) 34.55 (30.22,39.16)

High School Diploma 26.48 (24.15,28.94) 25.62 (22.96,28.47) 26.18 (24.00,28.49) 25.91 (22.02,30.23)

More Than High School 51.02 (47.50,54.53) 56.23 (52.91,59.50) 54.35 (51.02,57.65) 39.54 (35.22,44.03)

Marital status (%) 0.0001 0.6852

Unmarried* 32.35 (30.39,34.38) 39.26 (35.86,42.77) 34.74 (32.54,37.02) 35.96 (30.78,41.48)

Married 67.65 (65.62,69.61) 60.74 (57.23,64.14) 65.26 (62.98,67.46) 64.04 (58.52,69.22)

Alcohol drinking (%) 0.1254 <0.0001

No 28.11 (24.79,31.68) 24.95 (20.00,30.65) 25.66 (21.93,29.79) 39.24 (35.52,43.08)

Yes 71.89 (68.32,75.21) 75.05 (69.35,80.00) 74.34 (70.21,78.07) 60.76 (56.92,64.48)

Smoking (%) <0.0001 <0.0001

Never 48.12 (45.48,50.77) 53.07 (48.95,57.14) 50.37 (47.71,53.03) 45.96 (41.04,50.96)

Former 28.14 (25.77,30.65) 19.81 (17.71,22.08) 24.10 (22.32,25.98) 34.10 (30.20,38.23)

Now 23.74 (21.53,26.10) 27.13 (23.83,30.69) 25.52 (23.53,27.63) 19.94 (16.88,23.40)

Cancer (%) <0.0001 <0.0001

No 90.74 (89.29,92.00) 95.48 (94.14,96.52) 93.05 (92.01,93.96) 87.21 (83.92,89.90)

Yes 9.26 (8.00,10.71) 4.52 (3.48,5.86) 6.95 (6.04,7.99) 12.79 (10.10,16.08)

Hypertension (%) <0.0001 <0.0001

No 69.30 (66.70,71.77) 79.66 (77.16,81.96) 76.21 (74.02,78.26) 43.79 (39.38,48.29)

Yes 30.70 (28.23,33.30) 20.34 (18.04,22.84) 23.79 (21.74,25.98) 56.21 (51.71,60.62)

Asthma (%) 0.5392 0.935

No 88.32 (86.69,89.78) 88.97 (86.95,90.70) 88.55 (87.14,89.82) 88.70 (84.38,91.94)

Yes 11.68 (10.22,13.31) 11.03 (9.30,13.05) 11.45 (10.18,12.86) 11.30 (8.06,15.62)

CVD (%) <0.0001 <0.0001

No 89.64 (88.42,90.74) 96.14 (94.78,97.16) 93.63 (92.75,94.42) 76.89 (72.14,81.04)

Yes 10.36 (9.26,11.58) 3.86 (2.84,5.22) 6.37 (5.58,7.25) 23.11 (18.96,27.86)

(Continued)
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95% CI = 0.95–1.38; P = 0.1662). Nevertheless, in individuals

without T2D, higher LTL tertile was associated with a decreased

risk of all-cause death when compared with those individuals with

lower LTL tertile (aHR = 0.86, 95% CI = 0.75–0.98; P = 0.0240).
Discussion

T2D is characterized by increased blood glucose values,

while the LTL is used as a biological biomarker of cell ageing.

Previous studies have demonstrated that shortened LTL was

significantly associated with incident T2D (11, 25). Thus, this

study designed to find the joint effect of T2D and LTL on the risk

of mortality in American adults. In this prospective cohort study,

the results indicate that regarding all-cause death the joint effect

of T2D and elevated LTL is larger than the sum of their

individual effects. These results demonstrate that controlling

T2D may bring an additional risk reduction regarding all-

cause death.

Telomere shortening is confirmed as a key molecular

mechanism of vascular aging (26), and shorter telomere length

has been related to age-related diseases including T2D (27).

Telomere length shortens gradually during each cell division
Frontiers in Endocrinology 06
cycle, and is inversely associated with the total times of cell

divisions (28). Previous studies have exhibited an association of

mean LTL shortening in patients with T2D (29, 30). The study

has contributed new insights to LTL and T2D. So far, the role of

T2D and LTL on the risk of mortality has not been

examined thoroughly.

In our study, we demonstrated a joint effect of T2D and LTL

on the risk of mortality in American adults. The highest

probability of all-cause death was noted in the group with

highest LTL tertile and T2D. Furthermore, we also found that

in individuals without T2D, higher LTL tertile was associated

with a decreased risk of all-cause death when compared with

those individuals with lower LTL tertile. A recent meta-analysis

contained 6,991 individuals and 2,011 incident T2D events

concluded that the combined relative risk for T2D incidence

was 1.31 when comparing the lowest with the highest LTL at

baseline (31). These findings support the view that telomere

shortening is a pivotal hallmark of cellular senescence and

organismal aging. Individuals with shorter LTL at baseline

exhibit a higher probability of mortality during follow-up

when compared to those with longer LTL in general

population after adjusting for multiple traditional risk factors

(19). However, not all studies supported a positive link between
TABLE 1 Continued

Characteristics First to two tertiles
(0.39-1.11)

Third tertiles
(1.11-3.31)

P-value Without
diabetes

With diabetes P-value

MetS (%) 0.0005 <0.0001

No 89.96 (88.87,90.97) 93.22 (91.60,94.54) 94.52 (93.74,95.20) 59.01 (54.55,63.32)

Yes 10.04 (9.03,11.13) 6.78 (5.46,8.40) 5.48 (4.80,6.26) 40.99 (36.68,45.45)

Antidiabetic <0.0001

No 93.64 (92.66,94.50) 96.17 (94.77,97.20) 0.0018 100.0(100.0, 100.0) 42.32 (37.66,47.11)

Yes 6.36 (5.50,7.34) 3.83 (2.80,5.23) 0.0(0.0, 0.0) 57.68 (52.89,62.34)
front
*Included divorced/never married/separated/widowed.
TABLE 2 Individual effect of telomere length (T/S ratio) and diabetes on all-cause mortality.

Exposure Non-adjusted Adjust I Adjust II

Telomere Length (T/S ratio) 0.10 (0.08, 0.12) <0.0001 0.78 (0.62, 0.99) 0.0389 0.82 (0.65, 1.04) 0.0944

Telomere Length (T/S ratio) tertiles

Tertile 1 1 (Ref) 1 (Ref) 1 (Ref)

Tertile 2 0.51 (0.46, 0.58) <0.0001 0.91 (0.81, 1.02) 0.1172 0.95 (0.85, 1.07) 0.4207

Tertile 3 0.30 (0.26, 0.34) <0.0001 0.86 (0.75, 0.99) 0.0400 0.89 (0.77, 1.03) 0.1100

Diabetes

No 1 (Ref) 1 (Ref) 1 (Ref)

Yes 2.95 (2.64, 3.29) <0.0001 1.57 (1.40, 1.75) <0.0001 1.26 (1.06, 1.50) 0.0092
Non-adjusted model adjust for: None.
Adjust I model adjust for: Age, sex, and smoking.
Adjust II model adjust for: Age, sex, smoking, cancer, hypertension, CVD, MetS, eGFR, albumin, and antidiabetic drug.
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FIGURE 3

Dose–response relationship between baseline leukocyte telomere length quartiles and crude hazard ratios and 95%CI of all-cause death,
stratified by status of T2D.
FIGURE 2

Kaplan–Meier curves of cumulative hazards of all-cause death by baseline leukocyte telomere length (T1–T2 vs T3) and type 2 diabetes status
(with, without).
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shorter telomeres and elevated probability of mortality in

general population in previous studies that focused on older

patients (27, 32). The possible explanation is that telomere

shortening has telomeres have ahead presented among elderly

individuals. Besides, considering the influence of other potential

risk factors for mortality (such as myocardial infarction,

malignancy), the independent effect of LTL on all-cause death

becomes less significant. Glucose-induced oxidative stress and

proinflammatory conditions may be involved in T2D-induced

LTL shortening (33). It has confirmed that inflammation

contributes to the loss of telomere length in cultured

proliferative cells. Therefore, theoretically, telomere length is

impacted by the number of replications and inflammation (34).

Furthermore, in animal studies, it has established that

hyperglycemia reduce endothelial cell nitric oxide production,

contributed to inflammation and oxidative stress, and stimulated

LTL shortening and vascular atherosclerotic processes (35, 36).

In addition, oxidative stress is elevated both in leukocytes and

pancreatic b-cells, which may lead to LTL aberrantly shortening

of b-cell and dysfunction during progressive cell divisions in

insulin secretion (37). Those persons with T2D are particularly

prone to obesity, hyperglycemia, and chronic inflammation,

which exacerbates the LTL shortening process while

contributing to atherogenesis (38). Telomere shortening was

related to T2D complications, such as diabetic nephropathy, and

microalbuminuria, while telomere shortening appears to be

weakened in individuals with fairly well controlled T2D (39).

These studies showed that oxidative stress may contribute to the

decline of telomeres and the development of T2D. These

findings further support the results that regarding all-cause

death the joint effect of T2D and elevated LTL is larger than

the sum of their individual effects.

In this prospective cohort study, a nationally representative

survey of US adults is used to examine the joint effect of T2D and

long-term care on mortality from all causes. However, there are

several shortcomings in this study that need to be addressed.

Firstly, it is possible that the measurement of LTL at baseline

does not reveal all behavioral changes during follow-up.

Furthermore, although multiple factors were adjusted in

different models, unmeasured confounders associated with

T2D and LTL may influence the findings.
Frontiers in Endocrinology 08
Conclusion

In a large survey conducted among US adults, it was found

that the joint effect of TLT and T2D was larger than the sum of

the independent effects on the risk of all-cause death.

Participants with high TLT and diabetes had the highest risk

of death compared with other groups.
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TABLE 3 Joint effects of baseline telomere length (Tertile 1-2 vs Tertile 3) and status of diabetes (Yes, No) on all-cause mortality.

Combined Groups Non-adjusted Adjust I Adjust II

DM telomere length (T/S ratio)

No Tertile 1-2 1 (Ref) 1 (Ref) 1 (Ref)

No Tertile 3 0.37 (0.33, 0.42) <0.0001 0.85 (0.74, 0.97) 0.0178 0.86 (0.75, 0.98) 0.0240

Yes Tertile 1-2 2.18 (1.91, 2.50) <0.0001 1.44 (1.26, 1.65) <0.0001 1.14 (0.95, 1.38) 0.1662

Yes Tertile 3 1.57 (1.31, 1.89) <0.0001 1.63 (1.36, 1.96) <0.0001 1.34 (1.07, 1.68) 0.0101
Non-adjusted model adjust for: None.
Adjust I model adjust for: Age, sex, and smoking.
Adjust II model adjust for: Age, sex, smoking, cancer, hypertension, CVD, MetS, eGFR, albumin, and antidiabetic drug.
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