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This study investigated the relationship between essential plasma metals (Co, Cr, Cu, Mn, Mo, Se, Zn) 
and telomere length in 2,194 Chinese adults aged ≥ 30 years. Metal concentrations were measured 
using ICP-MS, and leukocyte relative telomere length (rTL) was assessed by qPCR. In the elderly, 
Cr and Mn were significantly positively correlated with rTL, while Mo, Zn, and Cu showed negative 
correlations. In the 30–59 age group, the overall metal mixture was significantly negatively associated 
with rTL (estimate = -0.069, P = 0.003), with Zn as the dominant contributor. In the elderly, the metal 
mixture was positively associated with rTL (estimate = 0.040, P = 0.031), with Cr and Mn as main 
contributors. The findings highlight the importance of maintaining adequate Cr and Mn levels in older 
adults, and the potential adverse impact of Cu, Mo, and Zn on telomere length.
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Telomeres are nuclear protein structures composed of specific proteins and tandem repeats of the TTAGGG 
sequence, located at the ends of the chromosomes1. Telomere damage can lead to the inability of DNA polymerase 
to complete the replication of the telomeric region of eukaryotic DNA. As a result, after several rounds of cell 
division, telomeres undergo significant shortening, triggering genomic instability and ultimately leading to cell 
apoptosis or senescence. Telomere shortening is associated with age-related susceptibility to diseases, including 
type 2 diabetes, atherosclerosis, coronary heart disease, stroke, and cancer2,3. The study of the determinants of 
telomere shortening is crucial for understanding the pathophysiology of chronic diseases.

In recent years, the critical role of essential trace elements in biological and physiological processes has received 
growing attention. Research indicates that these elements are not only vital for cell division, proliferation, and 
growth, but may also influence telomere length4. Epidemiological studies have provided compelling evidence 
linking essential metal elements to telomeres. For instance, a birth cohort study conducted in China found that 
maternal urinary manganese and selenium concentrations were positively correlated with newborn telomere 
length5,6. Another study from Myanmar suggested that selenium has a protective effect and can counteract 
telomere shortening caused by heavy metal exposure7. Existing studies indicate that essential metal elements 
may affect telomere length through mechanisms including the promotion of oxidative stress, DNA damage, and 
the regulation of telomerase activity8. However, the dose-response relationship between essential metal elements 
and telomere length is yet to be determined9, and this aspect requires further exploration. Although many studies 
focus on the impact of individual metals on telomeres, in real-world scenarios, humans are typically exposed to 
a combination of metal elements. Therefore, studying the effects of metal mixtures on telomere length offers a 
more accurate representation of actual human exposure10. Existing epidemiological studies have predominantly 
focused on infants, pregnant women, or specific occupational groups, with fewer studies examining the general 
population, particularly the elderly. The elderly often face challenges such as inadequate dietary intake and 
reduced nutrient absorption capacity, making them more sensitive to trace element intake and more vulnerable 
to both deficiencies and excesses11.
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Currently, a limited number of epidemiological studies have indicated that mixed exposure to multiple 
metals can affect telomere length. However, existing studies mainly focus on specific groups, such as infants or 
occupational populations12–14. , Moreover, studies on the relationship between trace metal elements and telomere 
length in the general population remain limited, and there is a lack of systematic assessment of the elderly 
population, particularly in countries with significant aging populations, such as China. Considering the unique 
characteristics of the elderly population, this study aims to evaluate the relationship between combined exposure 
to eight essential metal elements in plasma and relative leukocyte telomere length in the general population.

Methods
Study population
This cross-sectional study was conducted in rural areas of Guangxi, southern China. From 2018 to 2019, we 
recruited local residents aged 30 and above in Gongcheng Yao Autonomous County. All procedures involving 
human subjects in this study were approved by the Ethics Committee of Guilin Medical University (No: 
20180702-3). Each participant was informed about the purpose and content of the survey and provided written 
informed consent. Our exclusion criteria were as follows: (a) participants with incomplete laboratory tests and 
questionnaire data. (b) individuals with abnormal values in the metal element detection (defined as three times 
the 99th percentile). (c) Individuals with white blood cell counts exceeding 10 (10^9/L)15and C-reactive protein 
levels surpassing 10 (mg/L)16, because heightened cell division during infection can result in the depletion of 
telomeric repeat sequences. Consequently, a total of 2194 subjects were encompassed in the present study.

Blood routine blood biochemical examination
All study participants provided fasting blood samples from the antecubital vein in the morning after a minimum 
of 12  h of fasting. White blood cell counts were analysed using a haematology analyser (Sysmex CS-1600, 
Shanghai, China), and C-reactive protein (CRP) levels were examined using a blood biochemistry analyser 
(Hitachi 7600-020, Kyoto, Japan). The remaining blood samples were aliquoted into 1.5 mL centrifuge tubes and 
stored in a − 80 ℃ freezer.

Measurement of metals
Plasma samples were analysed for Cobalt(Co), Chromium(Cr), Copper(Cu), Iron(Fe), Manganese(Mn), 
Molybdenum(Mo), Selenium(Se) and Zin(Zn) using ICP-MS (Thermo Fisher scientific iCAPRQ01408). The 
detection method has been described in a previous study17. An acidic solution containing 1% nitric acid (ultra-
pure), 0.01% Triton (Triton X-100, Inc.) and 0.5% butanol (Across, Denmark) was prepared, and 0.1 ml of plasma 
was diluted 20 times using the acidic solution. A quality control solution (ClinChek human plasma controls for 
trace metals Level 1 [No.8883] and Level 2 [No.8884]; Recipe Chemicals) was tested every 25 samples. The 
sample recovery rate ranged from 80.16 to 114.65%. The number of samples with Fe concentrations below the 
detection limit was 0.06%, whereas the detection values for other elements were above the detection limit. The 
replacement value of metal concentrations below the detection limit was calculated by dividing the detection 
limit by the square root of 218.

Relative leucocyte telomere length
We used a DNA extraction kit provided by Beijing Edilai Biotechnology Co., Ltd. to extract DNA. The DNA 
concentration and purity were measured using a UV spectrophotometer from BioTek, USA. Samples with an 
OD260/OD280 ratio between 1.8 and 2.0 were considered qualified. The primer sequences for the telomere 
gene (TEL) and 36B4, as well as the qPCR thermal cycling conditions, have been described in detail in previous 
studies19–21. Real-time qPCR was performed using the StepOne-Plus system (Applied Biosystems). The TEL 
gene and 36B4 gene were analysed separately in individual 96-well plates. Each sample was subjected to 
duplicate measurements for the TEL gene and the 36B4 gene. Standard reference genomic DNA samples were 
randomly selected. The standard genomic DNA was diluted to concentrations of 3.125, 6.25, 12.5, 25, 50, 100, 
and 200 ng/µL, and standard curves were constructed on each 96-well plate. All samples in this study satisfied 
the following criteria: (a) qPCR amplification efficiency between 90% and 110% (b) a correlation coefficient (R2) 
of the standard curve greater than 0.98 (c) CT values of each sample on the 96-well plate within the range of the 
standard curve and (d) a maximum difference of 0.5 in CT values between replicate wells of the same sample21,22. 
The mean relative TL was calculated by the 2-△△Ctmethod23.

Covariate assessment
Covariates include age, education level (0 years, ≤ 6 years, > 6 years), ethnicity (Yao and other nationalities), 
smoking status (yes or no), alcohol consumption (yes or no), agricultural physical activity (yes or no), energy 
intake (continuous), and dietary fiber intake (continuous). Energy intake and dietary fiber intake were assessed 
using the FFQ questionnaire24. Overweight was defined as 23.0 kg/m2 ≤ BMI < 27.5 kg/m2, and general obesity 
was defined as BMI ≥ 27.5 kg/m225.

Statistical analyses
Prior to the statistical analysis, the plasma metal detection values were log10 transformed, and the relative 
telomere length (rTL) was transformed using the natural logarithm (Ln), to improve normality and enhance the 
model’s fit within a relatively concentrated range. We conducted a stratified analysis of the population based on 
age, considering that age can alter the relationship between metals and metal mixtures with rTL10.

Initially, the bivariate correlation between metal elements was assessed using Spearman correlation analysis. 
In addition, restricted cubic spline (RCS) regression was used to explore the linear or nonlinear associations 
between each metal and RTL. In the RCS, three knots were set at the 10th, 50th and 90th percentiles of the 
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metal concentrations, and the 10th percentile served as the reference. Based on reported confounding factors 
that affect RTL, we adjusted the gender, age, educational level, ethnicity, smoking status, alcohol consumption, 
overweight, obesity10,26 and agricultural physical activity.

Furthermore, we employed Bayesian kernel machine regression (BKMR) and Quantile g-computation (Q-g 
computation) to evaluate the relationship between multiple metal levels and RTL. BKMR is highly flexible 
in modelling joint effects, allowing potential interactions and nonlinear effects in mixed components27. Q-g 
computation is capable of effectively inferring the overall impact of mixtures and the individual contributions to 
mixtures, without requiring a prior assumption of positive or negative effects between mixtures and outcomes28. 
The difference between BKMR and Q-g computation lies in that BKMR represents the overall impact of 
exposure mixtures using increments of 10th percentiles, without generating mixture dose-response parameters. 
On the contrary, Q-g computation can estimate mixture dose-response parameters and evaluate the estimated 
contributions of each metal to the overall impact of the mixture28,29. n this study, the BKMR model was iterated 
10,000 times, and efficiency was improved with a speed of 50 knots. Finally, we conducted sensitivity analysis by 
further adjusting the energy intake to examine the stability of the results. All data were analysed using R version 
4.1.2. P-values were calculated using two-tailed tests, and values less than 0.05 were considered statistically 
significant.

Confirm
All procedures involving human subjects and all experimental methods in this study were conducted in 
accordance with relevant guidelines and regulations and were approved by the Ethics Committee of Guilin 
Medical University (Approval No: 20180702-3).

Results
Characteristics of the study population
As shown in Table 1, this study included 2194 participants, with 1060 individuals aged 30–59 and 1134 individuals 
aged 60 and above. The proportion of males was 36.4%, and that of the Yao ethnic group was 74.6%. Participants 
with at least a junior high school education accounted for 35%. The proportions of smokers, drinkers, overweight 
individuals, obese individuals, and those engaged in agricultural physical activities were 18.2%, 32.0%, 35.1%, 
7.7%, and 65.5%, respectively. The median energy intake was 1435.74 kcal/day. The median concentrations of 
plasma Cobalt (Co), Chromium (Cr), Copper (Cu), Iron (Fe), Manganese (Mn), Molybdenum (Mo), Selenium 
(Se), and Zinc (Zn) were 0.25, 2.93, 913.15, 1079.09, 2.07, 1.60, 109.26, and 1082.60 µg/L, respectively.

Correlation of metals
In the population aged 30–59 years (Fig. 1A), we found a strong correlation between Mn and Zn (rs = 0.60 and 
P < 0.05). We also observed moderate correlations between Cr and Mn, Mn and Mo, Mo and Zn (all rs ≥ 0.30, 
rs < 0.50 and P < 0.05). In the population aged 60 years and above (Fig. 1B), moderate correlations were observed 
between Co and Cr, Co and Se, Cr and Mn, Cr and Zn, and Mn and Zn (all rs ≥ 0.30, rs < 0.50 and P < 0.05). 
BKMR and Q-g computation allow interactions between independent variables given that essential metals are 
interrelated. Therefore, BKMR and Q-g computation were suitable tools for this study.

Association between individual metal and telomere length
The RCS model established the relationship between individual essential trace metals and rTL. As shown in Fig. 2, 
Zn showed a linear negative correlation with rTL (P for nonlinear > 0.05) in the 30–59 years old population. As 
shown in Fig. 3, Co, Fe, Mn and rTL displayed nonlinear associations (all P for nonlinear < 0.05), whereas Cr, 
Mo, and Zn showed linear associations with rTL (all P for nonlinear > 0.05) in the ≥ 60-year-old population.

The shaded area represents the confidence interval, while the P-value indicates the strength of the correlation. 
In the plots where the line slopes upwards, it indicates a positive correlation between the metal and rTL. This 
means that as the metal concentration increases, the telomere length (rTL) also increases. In the plots where 
the line slopes downwards, it indicates a negative correlation between the metal and rTL. This means that as the 
metal concentration increases, the telomere length (rTL) decreases. Models were adjusted for smoke, drink, sex, 
age, ethnic, education, overweight and fat.

Association between metal mixture and telomere length
In the 30–59 years old population, the increasing level of the metal mixture was significantly negatively 
associated with shortened rTL in the 55th to 75th range when compared with the 50th percentile of the metal 
mixture, The effect estimates range between − 0.023 and − 0.153 (Fig. 4A). As shown in Fig. 4B, Zn exhibited 
significant negative associations with rTL when other metals were set at different 25th, 50th, or 75th percentiles, 
respectively, in the 30–59 years old population. In the ≥ 60-year-old population, the increasing level of the 
metal mixture was linearly associated with longer rTL in the 25th(estimate= −0.062) to 70th(estimate = 0.009) 
range (Fig. 4C). As shown in Fig. 4D, when other metals were fixed at specific percentiles, Cr and Mn showed 
significant positive associations with rTL, while Cu, Mo, and Zn showed significant negative associations with 
rTL in the ≥ 60-year-old population.

Figure S1 illustrates the exposur–response relationship between individual metals and rTL when other metals 
are fixed at the median level. In the ≥ 60-year-old population, Co and Fe did not exhibit an evident nonlinear 
correlation with the length of telomeres. The exposur–response relationship between the remaining essential 
metals and rTL was generally consistent with the RCS model fitting.

As shown in Fig. 5A, in the 30–59 years old population, Q-g computation indicated a significant correlation 
between overall exposure to trace metals and rTL (estimate = −0.069, P = 0.003). Zn (weight 71.2%) was the 
relatively dominant metal that contributed to negative association. As shown in Fig. 5B, in the ≥ 60-year-old 
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population, a significant correlation between overall exposure to trace metals and rTL was found (estimate = 0.040, 
P = 0.031). The weights of Cr and Mn (weights 59.2% and 32.1%, respectively) were the relatively dominant 
metals for positive association.

Sensitivity analyses
As shown in Fig. S2, after the additional adjustment of energy intake and detary fiber intake, the independent 
and overall effects of various essential trace metals on individuals aged 30–59 remain unchanged. As shown in 
Fig. S3, in the ≥ 60-year-old population, the strength of the association between Cu and rTL decreased after 
adjusting the energy intake and detary fiber intake, and the relationships between other metals and rTL were 
essentially consistent. Meanwhile, the overall effects of trace metals remain unchanged.

Discussion
This study, using the BKMR and Q-g models, reveals a significant association between exposure to essential trace 
metal mixtures and telomere length (rTL), with notable differences observed across age groups. In the 30–59 age 
group, a negative correlation between essential trace metal mixtures and telomere length was found, whereas in 

Variables Overall 30–59 years old ≥ 60 years old

General characteristics 

Gender, n (%)

 Males 799 (36.4) 351 (33.1) 448 (39.5)

 Females 1395 (63.6) 709 (66.9) 686 (60.5)

Ethnicity

 Yao 1637 (74.6) 895 (84.4) 742 (65.4)

 Other 557 (25.4) 165 (15.6) 392 (34.6)

Education, years, n (%)

 0 years 350 (16.0) 34 (3.2) 316 (27.9)

 ≤ 6 years 1076 (49.0) 499 (47.1) 577 (50.9)

 > 6 years 768 (35.0) 527 (49.7) 241 (21.3)

Smoking status, n (%)

 Yes 399 (18.2) 172 (16.2) 227 (20.0)

 No 1795 (81.8) 888 (83.8) 907 (80.0)

Drinking status, n (%)

 Yes 701 (32.0) 302 (28.5) 399 (35.2)

 No 1493 (68.0) 758 (71.5) 735 (64.8)

BMI, kg/m2

 < 23 1257 (57.3) 530 (50.0) 727 (64.1)

 23–27.49 769 (35.1) 421 (39.7) 348 (30.7)

 ≥ 27.5 168 (7.7) 109 (10.3) 59 (5.2)

Agricultural physical activity

 Yes 1438 (65.5) 816 (77.0) 622 (54.9)

 No 756 (34.5) 244 (23.0) 512 (45.1)

 rTL 0.69 (0.56, 0.90) 0.76 (0.60, 1.00) 0.64 (0.53, 0.81)

 Energy intake
(kcal/day, n = 1591)

1435.74
(1032.52, 1972.66)

1554.48
(1118.51, 2187.82)

1315.91
(967.32, 1748.21)

 Dietary fiber intake
(g, n = 1591) 6.97(4.16,11.72) 8.48(4.89,13.92) 6.01(3.72,9.84)

Plasma metals, (µ g/L)

 Cobalt (Co) 0.25 (0.16, 0.5) 0.29 (0.19, 0.52) 0.21 (0.14, 0.43)

 Chromium (Cr) 2.93 (1.88, 4.10) 3.43 (2.49, 4.46) 2.41 (1.63, 3.67)

 Copper (Cu) 913.15
(796.64, 1030.03)

889.51
(783.95, 1003.20)

932.29
(815.66, 1056.16)

 Iron (Fe) 1079.09
(827.42, 1340.30)

1097.20
(827.82, 1365.43)

1068.95
(826.83, 1322.06)

 Manganese (Mn) 2.07 (1.55, 2.95) 2.41 (1.79, 3.24) 1.78 (1.43, 2.69)

 Molybdenum (Mo) 1.60 (1.23, 2.09) 1.50 (1.21, 1.91) 1.71 (1.31, 2.24)

 Selenium (Se) 109.26 (94.38, 123.89) 107.97 (94.56, 122.1) 110.30 (94.24, 126.68)

 Zinc (Zn) 1082.6
(766.97, 4714.95)

1352.95
(812.83, 6968.28)

978.95
(736.15, 1878.04)

Table 1.  Basic characteristics of study population.
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the elderly population, a positive correlation was observed. These findings suggest that the relationship between 
trace metal mixtures and telomere length may change with age, offering further insights into the aging process.

Trivalent Cr is a trace element that has beneficial effects on oxidative stress parameters and inflammation30. 
Oxidative stress causes telomere shortening; it induces single-strand breaks that preferentially accumulate in 
telomeres, leading to an accelerated loss of telomeres during DNA replication31. Cr can reduce oxidative stress 
by activating glutathione reductase or other antioxidant enzymes32, and results from cellular experiments also 
indicate that Cr chloride can prolong telomere length in liver cancer cells4. In this study, the median concentration 
of plasma Cr was 2.93 µg/L, which is higher than in another cross-sectional study (0.15 µg/L)33, but lower than 
that of the Dongfeng-Tongji cohort participants (5.07 µg/L)34, this may be related to the different environmental 
exposures of the population in our study. Cr levels decrease with age due to reduced energy intake, changes in 
food patterns, decreased absorption or increased Cr loss35. We found a linear positive association between Cr 
and rTL in older participants. However, epidemiological evidence to confirm the positive relationship between 
Cr and rTL is currently insufficient. Bai et al.13found a significant positive correlation between plasma Cr and 

Fig. 2.  The RCS model established the relationship between individual essential trace metals and rTL in the 
30–59 years old population. The shaded area represents the confidence interval, while the P-value indicates 
the strength of the correlation. In the plots where the line slopes upwards, it indicates a positive correlation 
between the metal and rTL. This means that as the metal concentration increases, the telomere length (rTL) 
also increases. In the plots where the line slopes downwards, it indicates a negative correlation between the 
metal and rTL. This means that as the metal concentration increases, the telomere length (rTL) decreases.
Models were adjusted for smoke, drink, sex, age, ethnic, education, overweight and fat.

 

Fig. 1.  Correlation analysis between essential trace metal mixtures and telomere length. (A) 30–59 years old; 
(B) ≥ 60 years old.Models were adjusted for smoke, drink, sex, age, ethnic, education, overweight and fat.
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rTL in blast furnace workers in a single metal model. Unfortunately, after adjusting other metals, no significant 
association between Cr and rTL was found. In addition, two cross-sectional studies from China and Japan did 
not find a significant association between urinary Cr and telomere length29,36. Further prospective research is 
required to confirm the anti-aging ability of Cr.

In this study, the BKMR model suggested that Cu was negatively correlated with rTL in the elderly population. 
Although Cu is a component of superoxide dismutase and has a resistance effect on oxidative stress, abnormal Cu 
concentration may also induce the generation of hydroxyl radicals and cause oxidative stress37. ROS produced by 
copper exposure can induce telomere shortening in cells38. A cross-sectional study conducted by Vriens et al.39 
found a negative correlation between urinary Cu and rTL in Belgian adults aged 50 to 65 years. Lai et al.10 found 
in their study on the Dongfeng–Tongji cohort that the median level of plasma copper in middle-aged and elderly 
individuals was 964.7 µg/L, which is similar to the plasma copper level of 913.15 µg/L in the current study. In this 
study, we also found a significant negative correlation between copper and rTL. However, we should consider 
the influence of diet on this relationship because the strength of the association between Cu and rTL decreased 
after adjusting the energy intake.

Mn, as an auxiliary factor of manganese superoxide dismutase and other antioxidants, participates in protection 
against DNA damage. Manganese deficiency is extremely rare because adequate amounts of manganese can be 
obtained from most diets40. The median level of Mn in this study was 2.07 µg/L, which is lower than the reference 
values for blood manganese in the Brazilian population (18.54 µg/L for men and 20.15 µg/L for women)41and 
the National Health and Nutrition Examination Survey (NHANES)in the United States (9.42 µg/L)42. In this 
study, the RCS result indicated that although the correlation coefficient between Mn and rTL decreased when 
Mn reached a certain concentration in the elderly population, it still maintained a positive correlation. On the 
contrary, the BKMR model suggested that Mn was positively correlated with rTL in the elderly population. 
The plasma Mn concentration in this study is similar to the results reported by Bai et al.13(2.73 µg/L), and the 
association between Mn and rTL is also consistent. In addition, another study from a Chinese birth cohort 
reported a positive correlation between urinary Mn concentration in mid-pregnancy women and newborn TL5. 
Animal and cell experiments provide consistent evidence that Mn has a protective effect on telomeres. In animal 
experiments, specific manganese superoxide dismutase-deficient mice had reduced telomerase activity in heart 
tissue43, whereas mice with longer telomeres had higher superoxide dismutase activity44. In cell experiments, 
overexpression of Mn-SOD can reduce the number of cells with shortened telomeres by reducing ROS levels45.

At present, research on the association between Mo and rTL is limited, and the results are inconsistent. A 
study from the NHANES in the United States found a positive correlation between urinary Mo and rTL in older 
adults46. However, two other epidemiological studies did not find a significant association between Mo and 
rTL10,13. In this study, we found a negative correlation between plasma Mo and rTL in the elderly population. The 
association between molybdenum and telomere length lacks in vivo and in vitro experimental evidence, which 
may be an area worth exploring.

Zn can bind with metallothioneins (MTs) and function as an antioxidant or free radical scavenger. However, 
the relationship between Zn and telomere length is still controversial47. A study from Australia showed no 
significant correlation between plasma Zn (median concentration 786.5  µg/L) and lymphocyte telomere 
length in elderly healthy adults48. However, a study from China found that an increase in plasma Zn levels 
(median concentration 1229.6 µg/L) is associated with reduced telomere attrition in middle-aged and elderly 
individuals10. The average level of plasma Zn (1082.6 µg/L) in the participants of this study was between the 
levels reported in the two aforementioned studies. Our results indicate a significant negative correlation between 
Zn and rTL. Cellular experiments also yield different conclusions. Liu et al.4found that Zn sulphate significantly 

Fig. 3.  The RCS model established the relationship between individual essential trace metals and rTL in the 
≥ 60-year-old population.
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accelerated the loss of telomere length in hepatoma cells. However, Zn can enhance telomerase activity in the 
human renal cell carcinoma and prostatic cancer cell lines49. Further research is required to confirm the exact 
relationship between Zn and rTL.

In our study, we did not find a significant relationship between selenium levels and telomere length. Although 
selenium is known for its antioxidant properties and has been reported to be associated with telomere protection 
during the aging process7,50, no clear association was observed between changes in selenium concentrations 
and telomere length in our study. This result may be related to the characteristics of the study population, 
selenium intake levels, or other potential confounding factors. Therefore, further research is needed to explore 
the potential link between selenium and telomere length.

Through new methods, such as BKMR and Q-g models, we found a significant correlation between co-
exposure to essential trace metals and rTL. We observed a significant negative correlation between essential 
trace metal mixtures and rTL in the 30–59 age group, while it showed a significant positive correlation in the 
elderly population. These results indicated that the relationship between trace metal mixtures and rTL was age-
dependent. A previous study in a general population found a significant negative correlation between plasma 
levels of 15 metal mixtures and telomere length10. However, after stratifying the analysis by age, no significant 

Fig. 4.  Shows the combined effect of exposure and 95% confidence intervals using the BKMR model. (A) 
In the 30–59 years old population, the increasing level of the metal mixture was significantly negatively 
associated with shortened rTL in the 55th to 75th range; (C) In the ≥ 60-year-old population, the increasing 
level of the metal mixture was linearly associated with longer rTL in the 25th to 70th range. Upward trends or 
positive percent change estimates indicate a positive correlation. Downward trends or negative percent change 
estimates indicate a negative correlation. In the separate effects model, the outcome variable changed with 
each interquartile spacing increase in individual metal concentrations when the metal concentration levels 
were at the 25th, 50th, and 75th percentiles, respectively. (B) 30-59years old; (D) ≥ 60 years old. The red line 
represents the 25th percentile, the green line represents the 50th percentile, and the blue line represents the 
75th percentile.Models were adjusted for smoke, drink, sex, age, ethnic, education, overweight and fat.
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association between metal mixtures and telomere length was observed in the age group below and above 65. This 
finding is inconsistent with the results of the present study, probably because of the differences in the metallic 
composition and concentration in the mixture.

Our research offers new insights into aging biology. Telomere length is widely regarded as a key marker of 
aging, and the relationship between metal exposure and telomere length may reflect the complex role that trace 
metals play in the aging process. Our findings suggest that chromium (Cr) and manganese (Mn) are associated 
with longer telomere length in the elderly, indicating their potential anti-aging effects. In particular, chromium 
has been shown to exhibit antioxidant and anti-inflammatory properties, which may help mitigate oxidative 
stress-induced telomere damage, thereby slowing the aging process30,32. In contrast, metals such as copper (Cu) 
and zinc (Zn) were found to be linked to shorter telomere length in our study, likely due to oxidative stress 
caused by high concentrations of these metals. These findings emphasize the dual nature of metal exposure on 
telomere health.

However, it is important to note that while our study identifies an association between essential trace metal 
mixtures and telomere length, these correlations do not necessarily imply causality. Given the cross-sectional 
design of our study, we are unable to determine whether metal exposure directly causes telomere shortening 
or lengthening. Cross-sectional studies can only reveal correlations between exposure and outcomes, but they 
cannot infer causal relationships10. Therefore, future studies should incorporate prospective cohort designs to 
better establish the causal nature of these associations.

Moreover, while we adjusted for several potential confounders, such as age, sex, smoking, and alcohol 
consumption, the influence of other unaccounted factors, such as genetic background, cannot be entirely ruled 
out. These residual confounders may partially affect the relationship between metal exposure and telomere 
length. Therefore, future research should consider incorporating additional biomarkers and genetic data to more 
comprehensively explore the mechanisms by which metal exposure influences telomere length.

Conclusion
In conclusion, this study provides novel insights into the effects of essential trace metal exposure on telomere 
length and underscores the importance of maintaining chromium and manganese levels in the elderly. However, 
further research is needed to confirm the causal relationship between these metals and telomere length and to 
expand the investigation to include a wider range of biomarkers. This will enhance our understanding of how 
trace metal exposure contributes to the aging process.

Data availability
Data used in the current study are available from the corresponding author upon reasonable request.
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Fig. 5.  Weight ratio of each metal in the positive-negative association in the Quantile g-computation. 
(A) 30-59years old; (B) ≥ 60 years old .Models were adjusted for smoke, drink, sex, age, ethnic, education, 
overweight and fat.

 

Scientific Reports |         (2025) 15:8387 8| https://doi.org/10.1038/s41598-025-93216-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


References
	 1.	 Blasco, M. A. Telomeres and human disease: ageing, cancer and beyond. Nat. Rev. Genet. 6, 611–622 (2005).
	 2.	 Aviv, A. & Shay, J. W. Reflections on Telomere Dynamics and ageing-related Diseases in Humans373 (Series B, 2018). Biological 

sciences.
	 3.	 Fasching, C. L. Telomere length measurement as a clinical biomarker of aging and disease. Crit. Rev. Clin. Lab. Sci. 55, 443–465 

(2018).
	 4.	 LiuQ. et al. Effects of trace elements on the telomere lengths of hepatocytes L-02 and hepatoma cells SMMC-7721. Biol. Trace Elem. 

Res. 100, 215–227 (2004).
	 5.	 Bi, J. et al. Association between maternal urinary manganese concentrations and newborn telomere length: results from a birth 

cohort study. Ecotoxicol. Environ. Saf. 213, 112037 (2021).
	 6.	 Wang, L. et al. Association between maternal urinary selenium during pregnancy and newborn telomere length: results from a 

birth cohort study. Eur. J. Clin. Nutr. 76, 716–721 (2022).
	 7.	 Wai, K. M., Umezaki, M., Umemura, M., Mar, O. & Watanabe, C. Protective role of selenium in the shortening of telomere length 

in newborns induced by in utero heavy metal exposure. Environ. Res. 183, 109202 (2020).
	 8.	 Paul, L. Diet, nutrition and telomere length. J. Nutr. Biochem. 22, 895–901 (2011).
	 9.	 Milne, N. E. et al. Plasma micronutrient levels and telomere length in children. Nutr. (Burbank Los Angeles Cty. Calif). 31, 331–336 

(2015).
	10.	 Lai, X. et al. Individual and joint associations of co-exposure to multiple plasma metals with telomere length among middle-aged 

and older Chinese in the Dongfeng-Tongji cohort. Environ. Res. 214, 114031 (2022).
	11.	 Wallace, T. C. et al. Multivitamin/Multimineral supplement use is associated with increased micronutrient intakes and biomarkers 

and decreased prevalence of inadequacies and deficiencies in Middle-Aged and older adults in the united States. J. Nutr. Gerontol. 
Geriatr. 38, 307–328 (2019).

	12.	 Smith, A. R. et al. Prospective associations of early pregnancy metal mixtures with mitochondria DNA copy number and telomere 
length in maternal and cord blood. Environ. Health Perspect. 129, 117007 (2021).

	13.	 Bai, Y. et al. Co-exposure to multiple metals, TERT-CLPTM1L variants, and their joint influence on leukocyte telomere length. 
Environ. Int. 140, 105762 (2020).

	14.	 He, J. et al. Sex-specific associations of exposure to metal mixtures with telomere length change: results from an 8-year longitudinal 
study. Sci. Total Environ. 811, 151327 (2022).

	15.	 Kong, N. et al. Blood leukocyte count as a systemic inflammatory biomarker associated with a more rapid spirometric decline in a 
large cohort of iron and steel industry workers. Respir. Res. 22, 254 (2021).

	16.	 Yuan, Y. et al. Multiple plasma metals, genetic risk and serum C-reactive protein: A metal-metal and gene-metal interaction study. 
Redox Biol. 29, 101404 (2020).

	17.	 Cai, J. et al. Associations between multiple heavy metals exposure and glycated hemoglobin in a Chinese population. Chemosphere 
287, 132159 (2022).

	18.	 Ge, X. et al. Sex-specific associations of plasma metals and metal mixtures with glucose metabolism: an occupational population-
based study in China. Sci. Total Environ. 760, 143906 (2021).

	19.	 Tang, P. et al. Associations between prenatal multiple plasma metal exposure and newborn telomere length: effect modification by 
maternal age and infant sex. Environ. Pollution (Barking Essex: 1987). 315, 120451 (2022).

	20.	 Liang, J. et al. Effects of prenatal exposure to bisphenols on newborn leucocyte telomere length: a prospective birth cohort study in 
China. Environ. Sci. Pollut. Res. Int. 30, 25013–25023 (2023).

	21.	 Pan, D. et al. Association between maternal per- and polyfluoroalkyl substance exposure and newborn telomere length: effect 
modification by birth seasons. Environ. Int. 161, 107125 (2022).

	22.	 Wei, B. et al. Maternal overweight but not paternal overweight before pregnancy is associated with shorter newborn telomere 
length: evidence from Guangxi Zhuang birth cohort in China. BMC Pregnancy Childbirth. 21, 283 (2021).

	23.	 Rao, X., Huang, Z., Zhou, X. & Lin An improvement of the 2ˆ(-delta delta CT) method for quantitative real-time polymerase chain 
reaction data analysis. Biostatistics Bioinf. Biomathematics. 3, 71–85 (2013).

	24.	 Cai, J. et al. Effects of oil tea on obesity and dyslipidemia: A Cross-Sectional study in China. Diabetes Metabolic Syndrome Obesity: 
Targets Therapy. 14, 3173–3185 (2021).

	25.	 WHO. Appropriate body-mass index for Asian populations and its implications for policy and intervention strategies. Lancet 
(London England). 363, 157–163 (2004).

	26.	 Zota, A. R. et al. Associations of cadmium and lead exposure with leukocyte telomere length: findings from National health and 
nutrition examination survey, 1999–2002. Am. J. Epidemiol. 181, 127–136 (2015).

	27.	 Bobb, J. F. et al. Bayesian kernel machine regression for estimating the health effects of multi-pollutant mixtures. Biostatistics 
(Oxford England). 16, 493–508 (2015).

	28.	 Keil, A. P. et al. A Quantile-Based g-Computation approach to addressing the effects of exposure mixtures. Environ. Health 
Perspect. 128, 47004 (2020).

	29.	 Zhang, D. et al. Urinary essential and toxic metal mixtures, and type 2 diabetes mellitus: telomere shortening as an intermediary 
factor? J. Hazard. Mater. 459, 132329 (2023).

	30.	 Morvaridzadeh, M. et al. The effect of chromium intake on oxidative stress parameters: A systematic review and meta-analysis. J. 
Trace Elem. Med. Biology: Organ. Soc. Minerals Trace Elem. (GMS). 69, 126879 (2022).

	31.	 Serra, V., von Zglinicki, T., Lorenz, M. & Saretzki, G. Extracellular superoxide dismutase is a major antioxidant in human fibroblasts 
and slows telomere shortening. J. Biol. Chem. 278, 6824–6830 (2003).

	32.	 Jain, S. K., Patel, P., Rogier, K. & Jain, S. K. Trivalent chromium inhibits protein glycosylation and lipid peroxidation in high 
glucose-treated erythrocytes. Antioxid. Redox. Signal. 8, 238–241 (2006).

	33.	 Chung, M. C. et al. Association and mediation analyses among multiple metals exposure, plasma folate, and community-based 
impaired estimated glomerular filtration rate in central Taiwan. Environ. Health: Global Access. Sci. Source. 21, 44 (2022).

	34.	 Li, Z. et al. Associations between Plasma Essential Metals Levels and the Risks of All-Cause Mortality and Cardiovascular Disease 
Mortality among Individuals With Type 2 Diabetes15 (Nutrients, 2023).

	35.	 Roussel, A. M., Andriollo-Sanchez, M., Ferry, M., Bryden, N. A. & Anderson, R. A. Food chromium content, dietary chromium 
intake and related biological variables in French free-living elderly. Br. J. Nutr. 98, 326–331 (2007).

	36.	 Mizuno, Y. et al. Telomere length and urinary 8-hydroxy-2’-deoxyguanosine and essential trace element concentrations in female 
Japanese university students561328–1334 (Part A, Toxic/hazardous substances & environmental engineering, 2021). Journal of 
environmental science and health.

	37.	 Uriu-Adams, J. Y. & Keen, C. L. Copper, oxidative stress, and human health. Mol. Aspects Med. 26, 268–298 (2005).
	38.	 Bar-Or, D., Thomas, G. W., Rael, L. T., Lau, E. P. & Winkler, J. V. Asp-Ala-His-Lys (DAHK) inhibits copper-induced oxidative DNA 

double strand breaks and telomere shortening, biochemical and biophysical research communications, 282 356–360. (2001).
	39.	 Vriens, A. et al. Exposure To Environmental Pollutants and their Association With Biomarkers of Aging535966–5976 (A Multipollutant 

Approach, Environmental science & technology, 2019).
	40.	 Parmalee, N. L. & Aschner, M. Manganese and aging. Neurotoxicology 56, 262–268 (2016).
	41.	 Da Silva, A. L. C. et al. Blood manganese levels and associated factors in a population-based study in Southern Brazil. J. Toxicol. 

Environ Health A. 80, 1064–1077 (2017).

Scientific Reports |         (2025) 15:8387 9| https://doi.org/10.1038/s41598-025-93216-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	42.	 Lo, K. et al. Associations between blood and urinary manganese with metabolic syndrome and its components: Cross-sectional 
analysis of National health and nutrition examination survey 2011–2016. Sci. Total Environ. 780, 146527 (2021).

	43.	 Makino, N. et al. Antioxidant therapy attenuates myocardial telomerase activity reduction in superoxide dismutase-deficient mice. 
J. Mol. Cell. Cardiol. 50, 670–677 (2011).

	44.	 Stauffer, J., Panda, B. & Ilmonen, P. Telomere length, sibling competition and development of antioxidant defense in wild house 
mice. Mech. Ageing Dev. 169, 45–52 (2018).

	45.	 Gorman, S. et al. O’Sullivan, radiation and chemotherapy bystander effects induce early genomic instability events: telomere 
shortening and Bridge formation coupled with mitochondrial dysfunction. Mutat. Res. 669, 131–138 (2009).

	46.	 Xia, F., Li, Q., Luo, X. & Wu, J. Association between urinary metals and leukocyte telomere length involving an artificial neural 
network prediction: findings based on NHANES 1999–2002. Front. Public. Health. 10, 963138 (2022).

	47.	 Shi, H. et al. Potential effect of dietary zinc intake on telomere length: A cross-sectional study of US adults. Front. Nutr. 9, 993425 
(2022).

	48.	 O’Callaghan, N. J., Bull, C. & Fenech, M. Elevated plasma magnesium and calcium May be associated with shorter telomeres in 
older South Australian women. J. Nutr. Health Aging. 18, 131–136 (2014).

	49.	 Nemoto, K. et al. Modulation of telomerase activity by zinc in human prostatic and renal cancer cells. Biochem. Pharmacol. 59, 
401–405 (2000).

	50.	 Shu, Y., Wu, M., Yang, S., Wang, Y. & Li, H. Association of dietary selenium intake with telomere length in middle-aged and older 
adults. Clin. Nutr. 39, 3086–3091 (2020).

Author contributions
Jiahui Rong, Writing - original draft, Writing - review &editing. Qiumei Liu, Writing - original draft, Writing - 
review &editing. Tiantian Zhang, Investigation, Data curation. Yufu Lu, Investigation, Data curation. Yufu lu, 
Methodology, Formal analysis. Zeyan Ye, Methodology, Formal analysis. Kaisheng Teng, Methodology, Formal 
analysis. Lei Luo, Methodology, Formal analysis.Songju Wu , Methodology, Formal analysis. Linhai Zhao, In-
vestigation, Data curation. Wenjia Jin, Investigation, Data curation. Qinyi Guan, Investigation, Data curation. 
You Li, Supervision. Jian Qin, Supervision, Project administration. Jiansheng Cai, Supervision. Zhiyong Zhang, 
Supervision, Project administration.

Funding
The study was supported by the Major Science and Technology Projects in Guangxi (AA22096026), the Guangxi 
Natural Science Foundation for Innovation Research Team (2019GXNSFGA245002), the National Natural Sci-
ence Foundation of China (Grant Nos. 82260629, 81960583), Innovation Platform and Talent Plan in Guilin 
(No.: 20220120-2)and Xinghu Scholars Program of Guangxi Medical University, the Open Project Program of 
Guangxi Key Laboratory of Environmental Exposomics and Entire Lifecycle Health, Guilin Medical Universi-
ty(2022-GKLEH-02)Open Project of Key Laboratory of Longevity and Aging-related Diseases(Guangxi Medical 
University), Ministry of Education (KLLAD202304).

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate
All procedures involving human subjects in this study were approved by the Ethics Committee of Guilin 
Medical University (No: 20180702-3).

Consent for publication
Not applicable.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​9​3​2​1​6​-​w​​​​​.​​

Correspondence and requests for materials should be addressed to J.C. or Z.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |         (2025) 15:8387 10| https://doi.org/10.1038/s41598-025-93216-w

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-93216-w
https://doi.org/10.1038/s41598-025-93216-w
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Associations of essential trace metals with telomere length in general population: a cross-sectional study
	﻿Methods
	﻿Study population
	﻿Blood routine blood biochemical examination
	﻿Measurement of metals
	﻿Relative leucocyte telomere length
	﻿Covariate assessment
	﻿Statistical analyses
	﻿Confirm

	﻿Results
	﻿Characteristics of the study population
	﻿Correlation of metals
	﻿Association between individual metal and telomere length
	﻿Association between metal mixture and telomere length
	﻿Sensitivity analyses

	﻿Discussion
	﻿Conclusion
	﻿References


