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Supplementary Table 1. PRISMA 2020 for Abstracts Checklist and PRISMA 2020 Checklist 
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Supplementary Table 2. Database Search Queries for Selection Process 

 

 PubMed Embase 

Epigenetic 

Aging 

Clocks 

(("epigenetic"[Title/Abstract] AND 

"aging"[Title/Abstract]) OR "epigenetic 

age"[Title/Abstract] OR "DNAm 

age"[Title/Abstract] OR "DNA methylation 

age"[Title/Abstract] OR "epigenetic 

clock"[Title/Abstract] OR 

"Hannum"[Title/Abstract] OR 

"Horvath"[Title/Abstract] OR 

"GrimAge"[Title/Abstract] OR 

"PhenoAge"[Title/Abstract]) AND 

("osteoporosis"[Title/Abstract] OR 

"BMD"[Title/Abstract] OR 

"fracture"[Title/Abstract] OR "bone 

loss"[Title/Abstract] OR "bone mineral 

density"[Title/Abstract]) NOT (review[pt] OR 

systematic[sb] OR congress[pt]) AND 

("2013"[Date - Publication] : "3000"[Date - 

Publication]) 

('epigenetic':ti,ab,kw AND 

aging:ti,ab,kw OR 'epigenetic 

age':ti,ab,kw OR 'dnam age':ti,ab,kw 

OR 'dna methylation age':ti,ab,kw OR 

'epigenetic clock':ti,ab,kw OR 

hannum:ti,ab,kw OR horvath:ti,ab,kw 

OR grimage:ti,ab,kw OR 

phenoage:ti,ab,kw) AND 

(osteoporosis:ti,ab,kw OR 

bmd:ti,ab,kw OR fracture:ti,ab,kw 

OR 'bone loss':ti,ab,kw OR 'bone 

mineral density':ti,ab,kw) AND 

[2013-2025]/py NOT ('review'/exp 

OR 'systematic review'/exp OR 

'conference abstract'/exp OR 

'conference paper'/exp) 

Leukocyte 

Telomere 

Length 

("leukocyte telomere length"[Title/Abstract] 

OR "telomere length"[Title/Abstract] OR 

"LTL"[Title/Abstract]) AND ("bone mineral 

density"[Title/Abstract] OR 

"osteoporosis"[Title/Abstract] OR 

"BMD"[Title/Abstract] OR "bone 

loss"[Title/Abstract] OR 

"fracture"[Title/Abstract]) NOT (review[pt] 

OR systematic[sb] OR congress[pt]) AND 

("2002"[Date - Publication] : "3000"[Date - 

Publication]) 

('leukocyte telomere length':ti,ab,kw 

OR 'telomere length':ti,ab,kw OR 

LTL:ti,ab,kw) AND ('bone mineral 

density':ti,ab,kw OR 

osteoporosis:ti,ab,kw OR 

BMD:ti,ab,kw OR 'bone loss':ti,ab,kw 

OR fracture:ti,ab,kw) AND [2002-

2025]/py NOT ('review'/exp OR 

'systematic review'/exp OR 

'conference abstract'/exp OR 

'conference paper'/exp) 
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Supplementary Table 3. Reasons for Exclusions after Full-text Assessment for Epigenetic Aging-

related Literature 

 

Literature Reason for Exclusion 

Jintaridth, 2013 Examined global methylation of Alu repetitive elements, not epigenetic aging 

clocks. 

Riancho, 2015 Commentary, no mentions of epigenetic aging clocks 

Del Real, 2017 Analyzed methylation signatures in mesenchymal stem cells rather than blood-

based epigenetic aging clocks. Did not check associations between epigenetic 

aging measures and osteoporosis-related outcomes. 

Simpkin, 2017 Primarily investigates child and adolescent development instead of adult bone 

outcomes. 

Zhang, 2024 Review article, no original data 

Tarpada, 2025 Research outcome defined as 1-year mortality following hip fracture, which is 

not one of our primary osteoporosis-related outcomes. 
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Supplementary Table 4. Reasons for Exclusions after Full-text Assessment for Telomere Length-

related Literature 

 

Literature Reason for Exclusion 

Price, 2002 Telomere length measured through TRF in osteoarthritic cartilage 

chondrocytes. No required osteoporosis-related outcomes. 

Bekaert, 2005 Telomere length measured through TRF. 

Valdes, 2007 Telomere length measured through TRF. 

Harley, 2013 Primary exposure was a telomerase-activating supplement instead of telomere 

length. BMD was evaluated as a treatment response. 

Ribero, 2015 Primary exposure was naevus count. Telomere length evaluated as covariate.  

Woo, 2016 Primary exposure is walking speed. Primary outcome is frailty. No 

examination of osteoporosis-related outcomes. 

Kalyan, 2017 Telomere length was not the primary exposure. Association with bone 

outcomes not evaluated. 

Lee, 2021 Local tissue TL and osteonecrosis outcome. No blood TL or osteoporosis-

related outcomes. 

Hong, 2023 Primarily investigates children instead of adult bone outcomes. Bone mass as 

exposure and LTL as outcome. 

Yeung, 2023 Did not include any osteoporosis-related outcomes. 

Du, 2024 Outcomes were serum bone metabolism markers, which are not our primary 

osteoporosis-related outcomes. 

Shiau, 2024 Explored epigenetic aging markers and DNAmTL instead of LTL 

measurements.   

Schoeler, 2025 Examined telomere length and bone mineral density as MR risk factors for 

cognitive and physical decline, instead of evaluating association between 

telomere length and osteoporosis-related outcomes. 
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Supplementary Table 5. Risk of Bias Assessment for Epigenetic Aging-related Studies 

 

Case-control, cohort studies 

 Selection (4) Comparability (2) Outcome (3) Total (9) 

Fernandez-

Rebollo, 2018 
★  ★★★ ★★★★ 

Wei, 2024 

(cohort portion) 
★★★★ ★★ ★★★ ★★★★★★★★★ 

Cross-sectional studies 

 Selection (5) Comparability (2) Outcome (3) Total (10) 

Shiau, 2024 ★★★  ★★★ ★★★★★★ 

Wei, 2024 

(cross-sectional 

portion) 

★★★★ ★★ ★★★ ★★★★★★★★★ 

Zhu, 2024 ★★★★ ★ ★★★ ★★★★★★★★★ 

Mendelian randomization studies 

Liang, 2023 Core assumptions: 

Genetic instruments were strong and pleiotropy was formally assessed, but 

limited SNP numbers mean residual pleiotropy cannot be fully excluded. 

Methods reporting: 

This was a clearly reported assumed independent two-sample MR using 

European GWAS data with LD-pruned instruments. 

Data presentation: 

Instrumental variable estimates and multiple sensitivity analyses were 

presented transparently. Results were not compared with observational 

estimates. 

Interpretation: 

Most findings were null or method-inconsistent, with wide confidence 

intervals limiting interpretability. 

Clinical implications: 

Evidence is insufficient to guide clinical practice. 

Case-control, cohort, cross-sectional studies: Newcastle–Ottawa Scale. An adjusted version was used 

for cross-sectional studies. 

Mendelian randomization studies: Davies et al. 2018 Box 2. Critical appraisal checklist for evaluating 

Mendelian randomisation studies. 
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Supplementary Table 6. Risk of Bias Assessment for Telomere-related Studies 

 

Case-control, cohort studies 

 Selection (4) Comparability (2) Outcome (3) Total (9) 

Sanders, 2009 

(cohort portion) 
★★★ ★★ ★★ ★★★★★★★ 

Tang, 2010 

(cohort portion) 
★★★ ★★ ★★★ ★★★★★★★★ 

Curtis, 2022 ★★★ ★★ ★★★ ★★★★★★★★ 

Kirk, 2022 ★★★★ ★★ ★★★ ★★★★★★★★★ 

Han, 2024 ★★★★ ★★ ★★★ ★★★★★★★★★ 

Kirk, 2024 ★★★★ ★★ ★★★ ★★★★★★★★★ 

Di, 2025 ★★★★ ★★ ★★★ ★★★★★★★★★ 

Cross-sectional studies 

 Selection (5) Comparability (2) Outcome (3) Total (10) 

Sanders, 2009 

(cross-sectional 

portion) 

★★★ ★★ ★★★ ★★★★★★★★ 

Tang, 2010 

(cross-sectional 

portion) 

★★ ★★ ★★★ ★★★★★★★ 

Tamayo, 2010  ★ ★★★ ★★★★ 

Nielsen, 2015 ★★ ★ ★★★ ★★★★★★ 

Kalyan, 2018 ★★★ ★★ ★★★ ★★★★★★★★ 

Tao, 2019 ★★★ ★★ ★★★ ★★★★★★★★ 

Guo, 2023 ★★★★ ★★ ★★★ ★★★★★★★★★ 

Mendelian randomization studies 

Wu, 2021 Core assumptions:  

Strong instruments were used (F = 24.19), confounder-associated SNPs were 

excluded, and pleiotropy was assessed, though residual pleiotropy cannot be 

fully excluded. 

Methods reporting: 

Assumed independent two-sample MR using predominantly European 

GWAS summary data, with LD-pruned independent SNPs and allele 

harmonization. 

Data presentation: 

Results were presented as instrumental variable estimates with extensive 

sensitivity analyses, not compared with observational estimates. Full SNP 

and GWAS data were provided for reproducibility. 

Interpretation: 

Most findings were null and method-consistent, suggesting no causal effect 

of leukocyte telomere length on bone mineral density, though with wide 

confidence intervals. 

Clinical implications: 

Evidence is insufficient to guide clinical practice. 
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Sun, 2024 Core assumptions:  

Genetic variants strongly associated with LTL and SHBG, confounder 

associations screened, and horizontal pleiotropy assessed, though residual 

pleiotropy cannot be fully excluded. 

Methods reporting: 

Assumed independent two-sample MR using predominantly European 

GWAS summary data, with LD-pruned independent SNPs and allele 

harmonization. 

Data presentation: 

Results were presented as instrumental variable estimates with extensive 

sensitivity analyses, not compared with observational estimates. Full SNP 

and GWAS data were provided for reproducibility. 

Interpretation: 

Univariable MR suggested a protective effect of longer LTL on osteoporosis 

while multivariate MR not, with wide confidence intervals, limiting 

interpretability. 

Clinical implications: 

Evidence is insufficient to guide clinical practice. 

Case-control, cohort, cross-sectional studies: Newcastle–Ottawa Scale. An adjusted version was used 

for cross-sectional studies. 

Mendelian randomization studies: Davies et al. 2018 Box 2. Critical appraisal checklist for evaluating 

Mendelian randomisation studies. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 


