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Abstract

Critically short telomeres indicate cellular senescence. Leukocyte telomere length (LTL) is regarded as an aging predictor.
Osteoporosis is an age-related disease. The purpose of our study is to examine the association between LTL, and BMD and
osteoporosis among an elderly Chinese population. A total of 1017 participants (584 postmenopausal women) with a mean
age of 66.4 years were recruited from April 2016 to August 2017. Dual-energy X-ray absorptiometry was used for BMD
measurement at skeleton sites of lumbar spine (LS), femoral neck (FN), and total hip (TH). LTL was measured using quan-
titative real-time polymerase chain reaction. Among women, age significantly modified the effect of LTL on BMD at FN.
Additionally, significant age modification was observed for the association between LTL and LS BMD category (indicative
of control or osteopenia or osteoporosis), and the number of osteoporotic sites at LS or TH. The corresponding estimates
(95% CI) for the relative excess risk due to interaction (RERI) were — 0.07 (— 0.11, — 0.01) and — 0.11 (- 0.16, — 0.03)
sequentially in ordinal logistic regression models. The estimated RERIs (95% CI) were — 0.11 (— 0.25, — 0.02) and — 0.23
(= 0.39, — 0.10) in multinomial logistic regression models for LS/FN/TH BMD category, and — 0.20 (- 0.31, — 0.09) and
—0.34 (- 0.49, — 0.21) for FN BMD category. However, similar findings did not show in men. The effect of LTL on BMD
and osteoporosis risk is modified by age in elderly women but not in men, suggesting that the predictive role of LTL in bone
loss differs by sex.
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biomarker of cellular aging due to the indication of oxida-
tive stress and replicative senescence with critically short
length [9, 10].

Telomeres consist of repeats of the sequence TTAGGG/
CCCTAA at the ends of chromosomes, which are essential
for chromosomal stability in humans [11]. The ribonucleo-
protein enzyme telomerase adds telomeric DNA independ-
ent of normal DNA synthesis. In most somatic cells, telom-
erase is inactive; thus, telomeres shorten progressively at
each round of replication, resulting in chromosomal insta-
bility and senescence with critically short length. Findings
that associate the age-related impaired homeostasis of bone
cells with telomere shortening, as well as telomere dys-
function, have been reported. Murine models have demon-
strated that telomerase deficiency and telomere shortening in
Terc™'~ mice (telomerase-deficient mice) lead to age-related
bone loss due to intrinsic osteoblastic defects and increased
osteoclastogenesis by inflammatory microenvironment [12]
and premature aging [13]. In humans, osteoporosis com-
monly occurs with premature aging diseases including dys-
keratosis congenita and Werner syndrome which are char-
acterized by telomere dysfunction [14, 15].

Considering that bone cells are not easily available in
clinical settings and shortened leukocyte telomere length
(LTL) is associated with oxidative stress [16] and cumula-
tive inflammation [17], LTL may be a candidate that reflects
bone cell aging. Therefore, we hypothesize that LTL may be
associated with BMD and osteoporosis and can be a predic-
tor of osteoporosis. The association of LTL with BMD and
osteoporosis has been reported [18-23], but inconsistencies
need to be addressed. Given that study population charac-
teristics play important roles in the association between LTL
with BMD and osteoporosis, and the interaction between age
and LTL is rarely discussed, we examined the association
with interactions considered among an elderly population
in both men and women.

Materials and methods
Study population

All participants were enrolled from a health check-up center
and two community centers in Wuhan City, central China,
from April 2016 to August 2017. We recruited the individu-
als aged about 60 years or above. Women had been non-
surgically menopausal (menopause was defined as menstru-
ation that had not occurred for a year) for approximately
10 years. The exclusion criteria for participants were imple-
mented as follows: (1) ever diagnosed with hypothyroidism/
hyperthyroidism, (2) ever taking medications regularly for
treating these mentioned diseases, (3) ever treated by hor-
monal drugs (e.g., glucocorticoid and estrogen) for a period

of more than 6 months, and (4) self-reporting a previous
osteoporosis diagnosis by a physician.

A self-made questionnaire was used to collect sociode-
mographic data of the participants (e.g., age, gender, and
occupation), lifestyle (e.g., smoking and alcohol drinking),
and menopause status and reproductive history of women.

This study was approved by the Ethics Committee of
Tongji Medical College of Huazhong University of Science
and Technology. All participants presented written informed
consent prior to enrollment.

BMD measurement

Dual-energy X-ray absorptiometry (DXA, GE Healthcare
Lunar Prodigy), weekly calibrated, was used to measure
BMD at skeleton sites of lumbar spine (LS) (L1-L4) and
left hip of all participants. BMD measurements of the right
hip were used in case of a previous fracture or surgery in
the left hip. Specially, all DXA images were reviewed by a
radiologist. Consistent with the WHO criteria [24], a nor-
mal BMD, osteopenia, and osteoporosis were defined as T
scores > — 1.0, between —2.5 and — 1.0, and < —-2.5, respec-
tively. A diagnosis for LS, femoral neck (FN), and total hip
(TH) was separately considered based on the representative
T scores.

DNA extraction

A peripheral blood sample was taken from every participant
during the visit of DXA screening. Genomic DNA (gDNA)
was extracted from peripheral blood cells using RelaxGene
blood DNA system DP319-02 (Tiangen, Beijing, China).
The concentration and purity of gDNA were tested using
a NanoDrop 1000 spectrophotometer (Thermo Scientific,
USA). For gDNA samples, the concentration was 50 ng/ul or
above, and the 260/280 and 260/230 optical densities ranged
from 1.75 to 2.0 and 2.0 or above, respectively. Successfully
extracted gDNA was stored at — 80 °C until the preparation
of a working solution of 20 ng/pl and quantitative real-time
polymerase chain reaction (QPCR).

LTL measurement

LTL was measured using the qPCR method described by
Cawthon [25] with slight modifications. In brief, the T/S
ratio was calculated by the sample difference from a ref-
erence DNA sample in its ratio of telomere repeat copy
number to single copy gene copy number. This ratio should
be proportional to the average LTL. When calculating the
T/S ratio, the amplification efficiency was considered [26]
using the standard curve method. In particular, telomere (T)
and single copy gene (S) PCRs were conducted in sepa-
rate 384 well plates, wherein each sample was assayed in
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triplicate on an ABI 7900HT Sequence Detection System
(Applied Biosystems). For both T PCRs and S PCRs, the
10 pl reaction consisted of 5 ul of SYBR green PCR master
mix (A25742, Applied Biosystems), 1 ul of DNA temple
(or 1 pl of ddH,0), and a pair of primers. For each sample
in triplicate, the median was obtained, and the acceptable
standard deviation was 0.4 and less; otherwise, a potential
outlier was excluded. Any sample with cycle threshold value
beyond the range of mean +4 SD was excluded as an outlier.
Reproducibility was considered and tested. The intra-assay
coefficient of variation in T and S PCRs was 1.77% and
0.94%, respectively. The inter-assay coefficient of variation
was 13.56%.

Statistical analysis

All analyses were separately performed among men and
women. The mainly used methods were one-way ANOVA,
Student’s 7 test, and Chi-square tests. Correlation analysis
was conducted to explore the relationship between LTL
and other continuous covariates. In this study, the putative
interaction between age and LTL was considered. Multiple
linear and ordinal/multinomial logistic regressions [27] were
modeled to explore the dependency of outcome variables on
age, log-transformed LTL, and the interaction between age
and log-transformed LTL adjusting for covariates including
BMI, age at menarche (only for women), age at menopause
(only for women), smoking status, alcohol drinking. Each
of LS, FN and TH BMD measurements was the dependent
variable in the multiple linear regression modeling. Total of
six models fitted with categorized BMD (indicating control,
osteopenia, and osteoporosis) at skeleton sites of LS/FN/TH
and each of LS, FN and TH, and with the number (0-2) of
osteoporotic sites at skeleton sites of LS/TH and LS/FN as
dependent variables in ordinal/multinomial logistic regres-
sions, sequentially. The interaction between age and LTL
was measured on an additive scale with the relative excess
risk due to interaction (RERI) provided [28]. All analyses
were performed using SAS 9.4 (SAS Institute Inc., Cary,
NC, USA), and a two-tailed p value was considered statisti-
cally significant at 0.05.

Results

The sex-specific demographic data are shown in Table 1. A
total of 433 men and 584 women were included in our study.
Compared with women, men were older and possessed a
shorter LTL. BMD at the three skeletal sites of LS, FN,
and TH among women was lower than that among men.
Additionally, age was significantly and negatively correlated
with LTL among men (Pearson’s r=—0.1202; p=0.0302)
and among women (Pearson’s r=—0.1158; p=0.0055).
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Table 1 Descriptive characteristics of the participants by sex

Men (N=433) Women (N=584) p value

Age, year 68.7 (6.3) 66.4 (5.7) < 0.0001
Height, cm 166.2 (6.1) 154.8 (5.5) < 0.0001
Weight, kg 67.7 (10.1) 58.3 (8.6) < 0.0001
BMI, kg/cm? 24.5(3.2) 24.3 (3.3) 0.4561
Reproductive history 308 (2.3%) 403 (4.7%)
Age at menarche, NA 14.1 (1.9) NA
year
Age at menopause, NA 49.6 (3.8) NA
year
Lifestyle
Cigarette smoking
Ever or current 161 (37.8%) 12 (2.1%) < 0.0001
Never 265 (62.2%) 557 (97.9%)
Alcohol drinking
Ever or current 145 (34.1%) 10 (1.8%) < 0.0001
Never 280 (65.9%) 557 (98.2%)
LTL 0.94 (0.28) 1.01 (0.30) 0.0003
BMD
LS (L1-L4), g/lem®  1.13 (0.20) 0.95 (0.17) < 0.0001
Left FN, g/cm? 0.85 (0.12) 0.75 (0.12) < 0.0001
Left TH, g/cm? 0.93 (0.14) 0.82 (0.12) < 0.0001
Diagnosis (control/OPA/OP)
LS (L1-L4) 236/133/56 141/215/203 < 0.0001
Left FN 108/231/88 109/285/174 0.0003
Left TH 204/165/56 171/288/97 < 0.0001
LS (L1-L4)/FN/TH  100/271/59 63/340/171 < 0.0001

The total numbers in the cells may vary slightly due to missing data
The data were reported as mean (SD), N (percentage) or N

All continuous and categorical data were analyzed using Student’s ¢
test and Chi-square test, respectively

BMIbody mass index, LTLleukocyte telomere length, BMDbone
mineral density, LSlumbar spine, THtotal hip, FNfemoral neck,
OP osteoporosis, OPAosteopenia, SDstandard deviation, NAnot
applicable

Nevertheless, no significant correlations were observed
between LTL and the other continuous variables.

Results of multiple linear regression analysis are dis-
played in Table 2. Significant associations were found
between the log-transformed LTL (#=0.346; 95% CI,
0.095-0.598) and BMD at FN among women. Age modifica-
tion (f=-0.008; 95% CI, —0.010-0.007) was found in the
association. Short LTL contributed to decreased FN BMD
among women under 60 years old, and the effect slowly
declined with increasing ages (Fig. 1a). However, such
findings did not show among men. In addition, a significant
effect of age at menarche on FN BMD was observed, and
age at menopause was significantly and positively associ-
ated with BMD at the three skeletal sites. In particular, BMI
was significantly (all p <0.0001) and positively (all > 0)
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Table 2 Sex-specific multiple linear regression analysis of associations between LTL and BMD measurements at skeleton sites of LS, FN, and

TH
LS FN TH
Estimate (95% CI) Estimate (95% CI) Estimate (95% CI)
Men
Age, year 0.003 (- 0.001, 0.006) — 0.004 (— 0.006, — 0.001)" —0.001 (= 0.004, 0.002)
BMI, kg/cm? 0.025 (0.019, 0.031)" 0.013 (0.009, 0.017)" 0.017 (0.012, 0.021)"*
Cigarette smoking® —0.029 (— 0.075, 0.016) —0.021 (= 0.051, 0.009) —0.013 (= 0.046, 0.019)
Alcohol drinking? —0.023 (- 0.068, 0.022) — 0.005 (- 0.034, 0.025) — 0.007 (= 0.040, 0.025)
Log LTL —0.012 (- 0.525, 0.502) —0.119 (- 0.455,0.217) —0.193 (= 0.563, 0.176)
AgexLog LTL 0.000 (— 0.007, 0.007) 0.002 (— 0.003, 0.006) 0.003 (- 0.003, 0.008)
Model R?=0.18 Model R?=0.16 Model R2=0.16
‘Women
Age, year — 0.005 (- 0.007, — 0.002)"*" —0.008 (- 0.010, — 0.007)"* —0.008 (— 0.009, — 0.006)"
BMI, kg/cm? 0.019 (0.015, 0.023)™*" 0.010 (0.008, 0.013)" 0.015 (0.012, 0.017)""

Age at menopause, year
Age at menarche, year
Cigarette smoking®

0.005 (0.002, 0.009)™
0.001 (- 0.006, 0.009)
—0.003 (— 0.093, 0.086)

Alcohol drinking® —0.088 (- 0.191, 0.016)
Log LTL 0.369 (- 0.011, 0.750)
AgexLog LTL —0.005 (- 0.011, 0.000)

Model R*=0.18

0.003 (0.001, 0.006)""

0.007 (0.002, 0.012)""
—0.020 (— 0.078, 0.039)
—0.030 (= 0.097, 0.038)
0.346 (0.095, 0.598)""

— 0.006 (- 0.009, — 0.002)"
Model R?=0.24

0.004 (0.002, 0.007)""
0.004 (- 0.001, 0.009)
—0.011 (= 0.073, 0.051)
—0.016 (= 0.087, 0.056)
0.209 (- 0.061, 0.478)
—0.003 (= 0.007, 0.001)
Model R?=0.27

BMDbone mineral density, LS lumbar spine, FNfemoral neck, THtotal hip, BMIbody mass index, LTLleukocyte telomere length, C/confidence

interval
*#%p <0.001, **p <0.01, *p<0.05

#Reported in ever or current, and never; the ‘never’ group is referenced

associated with BMD at the three skeletal sites among men
and women.

Results of ordinal logistic regression analysis among
women are shown in Table 3. The effect of LTL on osteo-
penia/osteoporosis risk was statistically significant in the
two models for women but not men. The associations were
modified by age. The estimated RERIs (95% CI) were — 0.07
(=0.11to—0.01) and — 0.11 (— 0.16 to — 0.03) in the two
models. Short LTL was associated with increased risk of
osteoporosis at LS (Fig. 1b) and the number of osteoporo-
tic sites at LS/TH (Fig. 1c) among women below 65 years
old. However, the association declined with increasing age.
Results of multinomial logistic regression analysis among
women are shown in Table 4. The estimated RERIs (95%
CI) were — 0.11 (— 0.25 to — 0.02) and — 0.23 (- 0.39
to — 0.10) for LS/FN/TH BMD category, and were — 0.20
(= 0.31 to — 0.09) and — 0.34 (— 0.49 to — 0.21) for FN
BMD category. No significant effect of LTL was observed
on TH BMD category (Table S1) and number of osteoporo-
tic sites at LS/FN (Table S2) among women. Meanwhile, all
models did not achieve significance in men (Table S3-S4).
In the models with BMD category at LS/FN/TH (Table 4)
and TH (Table S1) as dependent variables, ORs for alco-
hol drinking seemed to be poorly estimated among women.

Hence, we further performed the models without adjustment
of alcohol drinking to observe the associations still of sig-
nificance (Table S5). In addition, high BMI was a preventive
factor for osteoporosis in all models among men and women.
In particular, among women, increasing age at menopause
decreased the risk of osteopenia/osteoporosis at the three
skeleton sites except LS.

Discussion

Our study observed that age modified the effect of LTL on
FN BMD, osteoporosis/osteopenia risks at skeleton sites of
LS/FN/TH, LS and FN, and number of osteoporotic sites at
LS/TH in elderly women. The effect of LTL was depend-
ent on age among women. Short LTL was associated with
low BMD at FN and high osteoporotic risk in women aged
60-65 years, thereby suggesting that LTL could be a predic-
tor of osteoporosis in women only.

In the present study, with advancing age under the cut-
off of 65 years, the effect of LTL on BMD and osteoporo-
sis gradually decreased and eventually disappeared. How
age modifies the effect of LTL on BMD and osteoporosis
is complex. Aging is characterized as a global reduction
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a at Aqe=55.0 : Table 3 Ordinal logistic regression analysis of associations between
=55.0- ——————
9 ’ ' LTL and LS BMD category and the number of OP sites at LS/TH
at Age=57.5+ N among women
S, at Age=60.0- —————
% at Age=62.5 I—b—i BMD category Number of OP sites
S at Age=65.0 —e—i LS LS/TH
§ at Age=67.5- —e—ii OR (95% CI) OR (95% CI)
S atAge=70.0 —— - -
O atAge=7251 — e Age, year 1.07 (1.03, 1.10)™  1.11 (1.07, 1.15)"™"
at Age=75.0{ +————o——— BMI, kg/cm? 0.81 (0.76, 0.85)""  0.79 (0.74, 0.84)"""
010 005 000 0.05 010  Ageat menopause, year 0.96 (0.92,1.00)  0.93 (0.89, 0.98)"
Estimate of FN BMD change for Log LTL Age at menarche, year 0.99 (0.91, 1.09) 0.97 (0.88, 1.08)
Cigarette smoking® 0.63 (0.21, 1.90) 1.11 (0.35, 3.57)
b H inking?
at Age=55.0 : Alcohol drinking . 2.26 (0.63, 8.15)* 2.42 (0.63, 9.22)*
at Age=57.5- Log LTL by 0.1 unit 0.60 (0.38, 0.96)* 0.54 (0.33, 0.90)*
9 at Age=60.0- i AgexLog LTL 1.08 (1.01, 1.16) 1.10 (1.02, 1.19)
© :
5 2tAge=62.5q e Measure of age and log-transformed LTL interaction on additive
§ at Age=65.0 H—‘ scale; RERIs (95% Cls) were — 0.07 (— 0.11, — 0.01) and — 0.11 (-
T atAge=67.54  He— 0.16, — 0.03), respectively
§ at Age=70.0 H—e—— Score test of the proportional odds assumption, p; = 0.4243 and
at Age=72.5- H———— p,=0.2249
at Age=75.0 [ . | BMDbone mineral density, LS lumbar spine, TH total hip, FN femoral
0 ‘II 2' é "1 é é } nec.k, BMIbody mass index, LTL leuko?yte telomer.e length, QR odds
ratio, CIconfidence interval, RERIrelative excess risk due to interac-
OR (95%Cl) of OP/OPA at LS for Log LTL tion
c 5 < 0,001, ¥¥p < 0.01, ¥p < 0.05
at Age=55.0- ~e—+ #Reported in ever or current, and never; the ‘never’ group is refer-
at Age=57.5- —e— enced
8 atAge=60.0- e
< atAge=625{ e
& atAge=65.04  i—e—i we argued that the immune system, chronic inflamma-
'-§ at Age=67.5 —e—o tion, and oxidative stress may play important roles in how
] atAge=70.01 —— age interacts with LTL to influence the development of
at Age=72.5 ¢ osteoporosis. The competitive and antagonistic response
at Age=75.01 : . M . . L in these pathological processes of osteoporosis involved
0 1 2 3 4 5 6 7

OR (95%Cl) of OP sites at LS/TH for Log LTL

Fig.1 LTL’s effect on BMD and BMD category (indicative of con-
trol/OPA/OP) at conditional age ranging from 55.0 to 75.0 years
derived from the multiple linear regression and ordinal logistic
regressions, respectively, among women. a Estimate (95% CI) of
BMD change at FN for log-transformed LTL. b OR (95% CI) of OP/
OPA at LS for log-transformed LTL. ¢ OR (95% CI) of the number
of osteoporotic sites at LS/TH for log-transformed LTL. LTLleuko-
cyte telomere length, BMDbone mineral density, LSlumbar spine,
FN femoral neck, TH total hip, OP osteoporosis, OPA osteopenia

in the capability to cope with a variety of stressors and
a concomitant progressive increase in the proinflamma-
tory status, namely, “inflamm-aging” [29]. Such chronic
low-grade inflammation can reflect the consequences of
immunosenescence. Additionally, the accumulation of
DNA damage caused by oxidative stress can accelerate
aging [30, 31]. Chronic inflammation and oxidative stress
are correlated with telomere erosion [16, 17]. Therefore,
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age and LTL, leading to the negative interaction on an
additive scale for FN BMD, BMD categories at skeleton
sites of LS/FN/TH, LS and FN, and the number of osteo-
porotic sites at LS/TH. However, with advancing age over
the cutoff, the effect of LTL on BMD and osteoporosis
seemed paradoxical compared with that under the cut-
off age. Although the ORs were greater than one among
women aged over 65 years, the ranges of the confidence
interval dramatically broadened, which weakened its reli-
ability. This observation appeared to be related to the
decline in the stability of the models among those aged
over 65 years, which may be linked to the small sample
size aged over 65 years in our study and high heterogeneity
among elderly populations. The small sample size, aged
65 years, was derived from the relatively limited acces-
sibility to the oldest group when we conducted the enroll-
ment. In addition, the increasing occurrence of chronic
diseases, such as cerebrovascular disease and arthritis,
results in functional impairment among elderly individu-
als [32], contributing to high heterogeneity.
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Table 4 Multinomial logistic regression analysis of association between LTL and BMD category among women

BMD category
LS/FN/TH FN
ORP (95% CI) OR® (95% CI) ORP (95% CI) OR® (95% CI)

Age, year
BMI, kg/cm2

Age at menopause, year
Age at menarche, year

Cigarette smoking®
Alcohol drinking®
Log LTL by 0.1 unit
AgexLog LTL

1.11 (1.04, 1.19)™
0.88 (0.81, 0.96)™
0.94 (0.87, 1.02)
0.92 (0.79, 1.08)
0.15 (0.02, 0.89)

> 99 (<0.001,>99)
0.29 (0.12, 0.69)""
1.21 (1.06, 1.38)™

1.23 (1.14, 1.32)™"
0.69 (0.62, 0.77)""
0.90 (0.83, 0.99)"
0.95 (0.80, 1.14)
0.54 (0.09, 3.13)

> 99 (<0.001,>99)
0.25 (0.10, 0.67)""
1.24 (1.07, 1.43)™

sk

1.20 (1.12, 1.28)
0.92 (0.85, 0.99)*
0.97 (0.91, 1.03)
0.86 (0.75, 0.98)
0.38 (0.06, 2.20)
3.59 (0.39, 32.86)
0.29 (0.13, 0.65)""
1.22 (1.07, 1.38)™

sk

1.34 (1.24, 1.44)
0.73 (0.66, 0.81)
0.92 (0.85, 0.99)"
0.81 (0.69, 0.95)"
1.02 (0.18, 5.95)

7.58 (0.65, 88.56)
0.23 (0.09, 0.59)"
1.26 (1.10, 1.46)™

sk

Measure of age and log-transformed LTL interaction on additive scale; RERIs (95% Cls) were — 0.11 (— 0.25, — 0.02), — 0.23 (- 0.39, — 0.10),
—0.20 (- 0.31, — 0.09), and — 0.34 (— 0.49, — 0.21) sequentially for above models

BMDbone mineral density, LSlumbar spine, TH total hip, FN femoral neck, BMIbody mass index, LTLleukocyte telomere length, OR odds ratio,

CI confidence interval, RERIrelative excess risk due to interaction
##%kp <0.001, **p <0.01, *p<0.05

*Reported in ever or current, and never; the ‘never’ group is referenced
®The OR of osteopenia with the normal BMD group as the reference

“The OR of osteoporosis with the normal BMD group as the reference

The association between telomere and bone turnover may
contribute to interpreting our findings. It has been observed
that two mechanisms responsible for age-related bone loss
caused by telomerase deficiency are intrinsic osteoblastic
defects and creation of a proinflammatory osteoclast-acti-
vating microenvironment in telomerase-deficient mice [12].
Telomere shortening owing to telomerase deficiency results
in accelerated senescence of human bone marrow stromal
cells (hMSCs) in vitro [33]. On the other hand, it has been
found that osteoclast-associated receptor (OSCAR), as a
novel member of the leukocyte receptor complex (LRC)-
encoded family, is expressed specifically in osteoclasts
and its putative ligand (OSCAR-L) is expressed primarily
in osteoblasts/stromal cells; moreover, OSCAR may be an
important bone-specific regulator of osteoclast differentia-
tion and involved in osteoimmunology [34]. Such evidence
suggested that telomere attrition may lead to bone resorp-
tion overriding bone formation, and further to osteoporo-
sis in elderly people. However, epidemiologic studies of
the association between LTL and bone turnover markers
(BTMs) are still scarce. In clinical practice, bone turnover
assessment can provide essential information for untreated
patients to predict osteoporosis and fracture risk, while
DXA is a primary method. Although we failed to explore
the association between LTL and bone turnover markers
(BTMs), it deserves to be paid important attention. In one
previous study, six BTMs, half for bone resorption, were
assessed [19]. Only two BTMs for bone resorption [serum
C-terminal telopeptides of type I collagen (S-CTX) and uri-
nary deoxypyridinoline levels (U-DPD)] were found to be

significantly and positively correlated with LTL, suggesting
that the association between short telomeres and higher bone
loss may be independent of bone turnover. Given the com-
plexity of telomere biology and bone remodeling, it deserves
thorough and complex research for clarification on the asso-
ciation of LTL and bone remodeling as well as BTMs.

The mechanisms underlying the effect of the interaction
between age and LTL on BMD and osteoporosis differed
by sex in our study remains unclear. This mechanism may
mainly result from the differences in estrogen, BMD, and
telomere dynamics. Estrogen deficiency among postmeno-
pausal women is an important contributor to osteoporosis
[5, 6], and estrogen is also involved in telomere mainte-
nance [35]. Thus, estrogen may be linked to the mecha-
nisms underlying sex-specific differences in osteoporosis.
Moreover, osteoporosis prevalence and fracture incidence
are higher in women than in men [36, 37]. Additionally,
men exhibited faster telomere attrition rates than women,
leading to short telomeres; whereas, no sex differences in
telomere length at birth were present [38, 39]. The regula-
tion of telomere length is multifactorial, such as genetic
factors [40] and lifestyle [41, 42], and these factors are
responsible for the differences in the effect of LTL on
BMD and osteoporosis among men and women. However,
other similar determinants of BMD and osteoporosis in
men and women have been reported. Moreover, consistent
with previously published results, we observed that high
BMI, to some extent, was a significant preventive factor
independent of age among men and women.
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Explorations on the joint effect of age and LTL on osteo-
porosis are rare, and wide discrepancies on the issue of the
association between LTL and osteoporosis have been found
[43]. A prospective study revealed that LTL is correlated
with BMD at FN, LS (L1-L4), and forearm without any
covariates adjusted among 2150 women aged 18-80 years;
however, after adjustment for confounding variables, the
correlation appeared insignificant at FN and it remained
significant at the other two sites [18]. By contrast, our find-
ings revealed that LTL was associated with BMD at FN only
among women after adjustment rather than without adjusted
covariates. This prospective study also demonstrated that
LTL decreases in women with osteoporosis, which suggests
that short LTL increases the risk of osteoporosis. Another
prospective study of 110 elderly men showed that LTL is
associated with longitudinal bone loss rather than BMD at
baseline at specific distal forearm sites [19]. Telomere length
can play a crucial role as a biomarker of the aging pheno-
type. However, the two studies failed to provide results of
the comparisons between men and women simultaneously,
accounting for the limitation of populations. Nevertheless,
some reports regarding the effect of LTL on the risk of oste-
oporosis are conflicting. Telomere from osteoblasts in vitro
shortens with aging, but LTL between patients with osteopo-
rosis and age-matched controls does not significantly differ,
suggesting that generalized premature cellular aging may not
occur in patients with osteoporosis [20]. Moreover, a large
longitudinal Health Aging and Body Composition (ABC)
Study indicated that LTL is not associated with hip BMD,
osteoporosis, or fracture among older men and women [21].
Another large prospective study revealed no association
between LTL and baseline BMD, as well as BMD changes
at hip, among Chinese elderly men and women aged 65 years
and over [22]. In a study of 460 women aged 25-93 years,
although interactions between LTL and age, BMI, and meno-
pausal status were considered, no significant associations
were found between LTL and BMD at LS, FN, and TH
[23]. These studies presented inconsistent results because
of various reasons, including study design, populations, LTL
measurements, and statistical techniques in data analysis.
Considering the comparisons among these previous studies
and our study, ethnics, age, and sex may be crucial factors
to explore the association between LTL and osteoporosis.

The strengths of our study mainly lay in statistical meth-
ods, especially ordinal/multinomial logistic regression and
interaction analyses and LTL being log-transformed when
performing regression analyses. However, the present study
had some limitations. First, compared with the prospec-
tive studies, our study, as a cross-sectional study, failed to
directly investigate the relationships between LTL and bone
loss or fracture incidence; thus, our evidence may not be
sufficiently conceivable. Additionally, although we excluded
the participants whose BMD condition may be potentially
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affected by some factor related to secondary osteoporosis,
our study may also be biased due to our selection criteria
because the participants we recruited were free from bone
diseases, and individuals who were diagnosed with osteo-
porosis were oriented toward the hospital outpatient depart-
ment. Moreover, this study used a small sample size and a
narrow age range, which limited the generalization of results
to wide populations. Furthermore, Southern blot analysis is
currently considered as the standard method to obtain LTL
with some compelling advantages in reliability and accu-
racy. Despite qPCR’s relatively low cost, high throughput,
and low DNA requirement, its constraints include high
CV and measurements in relative and mean length. Some
weaknesses in regression analysis were considered by few
independent variables. More inflammatory comorbidities or
lifestyle-related independent variables should be included.
We may have overlooked some important confounding fac-
tors that could influence the development of osteoporosis,
which undermined the power to detect the effects of LTL on
0Steoporosis.

In conclusion, we observed that the interaction between
age and LTL was associated with BMD and osteoporosis
in Chinese elderly women, suggesting that LTL could be a
possible predictor of osteoporosis, and its predictive role dif-
fered by sex. Longitudinal studies with rigorous design, large
sample size, and powerful data analysis could be informative
to conclusively show the true effect of LTL on bone mass.
Further research concerning the biological mechanisms of
how age interacts with LTL in the development of osteopo-
rosis must be conducted.
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