environments

Review

Review of Correlations Between Telomere Length and Metal
Exposure Across Distinct Populations

Zachary Beddingfield 1217, Chao Ji 3, Gregory M. Zarus !, Patricia Ruiz 3, Obaid Faroon !, Henry Abadin 10,

Breanna Alman !

check for
updates

Citation: Beddingfield, Z.; Ji, C.;
Zarus, G.M.; Ruiz, P,; Faroon, O.;
Abadin, H.; Alman, B.; Antonini, ].M.;
Shoeb, M. Review of Correlations
Between Telomere Length and Metal
Exposure Across Distinct Populations.
Environments 2024, 11, 280.

https:/ /doi.org/10.3390/
environments11120280

Academic Editors: Gabriele Donzelli

and Maria M. Morales Sudrez-Varela

Received: 12 November 2024
Revised: 29 November 2024
Accepted: 2 December 2024
Published: 6 December 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, James M. Antonini *©® and Mohammad Shoeb 1-*

Centers for Disease Control and Prevention (CDC), Office of Innovation and Analytics, Toxicology Section,
Agency for Toxic Substances and Disease Registry, Atlanta, GA 30341, USA; zbeddingfield3@gatech.edu (Z.B.);
gzarus@cdc.gov (G.M.Z.); oxsO0@cdc.gov (O.E.); hga0@cdc.gov (H.A.); pcq6@cdc.gov (B.A.)

2 Georgia Tech School of Biological Sciences, Atlanta, GA 30332, USA

Simulation Science Section, Agency for Toxic Substances and Disease Registry, Atlanta, GA 30341, USA;
ugc8@cdc.gov (C.].); doz8@cdc.gov (P.R.)

Health Effects Laboratory Division, National Institute for Occupational Safety and Health,

Morgantown, WV 26505, USA; jga6@cdc.gov

*  Correspondence: ywo7@cdc.gov; Tel.: +1-304-285-6260

Abstract: Telomere length (TL) predicts the onset of replicative senescence, and its shortening is a
limiter on the number of divisions individual somatic cells can perform. Metal-induced genotoxic
events are discussed in Agency for Toxic Substances and Disease Registry’s (ATSDR) toxicological
profiles. In vivo and in vitro toxicological studies suggest the correlation between toxic metals and
TL. However, the correlation between TL and exposure to toxic metals in human populations is
unclear despite decades of observational research. We conducted a literature search within the ATSDR
toxicological profiles and PubMed database for peer-reviewed articles as of 04/2023 discussing TL and
metal exposure in human populations. Through review of the 272 publications meeting these criteria,
we identified 25 observational studies that considered the correlation between TL and exposure to
some or all of six metals: cadmium (Cd), arsenic (As), nickel (Ni), selenium (Se), lead (Pb), and cesium
(Cs). Because reported effect sizes were often not comparable across studies, we performed a sign test
based on the reported significance for each metal-TL correlation. We found that Cd was consistently
significantly correlated with shorter telomeres (p = 0.016). However, no consistent linear relationship
was observed between TL and any of the other metals considered. Exploring this association can
enhance our understanding of how metal exposure may influence TL dysfunction. Our findings
suggest that Cd exposure contributes to shorter TL, which may affect the DNA damage response
(DDR) resulting in numerous chronic health conditions. Further, we highlight inconsistencies in
findings on the correlation between metal exposure and TL across different populations and exposure
levels. This suggests that correlations between some metals and TL may vary across populations,
and that correlations may change at different exposure levels. Also, our findings suggest the need for
further research on the potential for nonlinear relationships and non-additive effects of co-exposure
to multiple hazardous metals, which could explain the inconsistencies observed across studies. The
inconsistent incidences of metal-TL correlations justify additional exploration into the complex
interaction between metals and TL.

Keywords: telomere; metals; DNA damage; RNA; end replication

1. Introduction

To prevent unwanted chromosomal degradation and activation of the DNA damage
response (DDR), nature has provided cap-like structures called telomeres at the ends of
chromosomes, which are composed of tandem repeats of hexanucleotides 5'-TTAGGG-3'
DNA sequences [1,2]. Telomeres, which cap the ends of DNA and shorten with each
round of replication, decrease in length naturally eventually resulting in an end-replication
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problem. This can arise when the DNA polymerase enzyme responsible for replication of
the leading strand of DNA (5’ to 3') is unable to replicate the lagging strand (3’ to 5') due to
the absence of hydroxyl groups required to add another nucleotide. This process of DNA
replication can result in an end replication problem since no nucleotide can be added at the
end of the lagging strand [3].

The enzyme telomerase partially mitigates the end-replication problem [4]. The
enzyme telomerase is a reverse transcriptase ribonucleoprotein complex, and its activity is
dependent on the expressions of telomerase reverse transcriptase (TERT) and telomerase
RNA component (TERC), which vary largely across cell types. For instance, embryonic stem
cells have significant expression of telomerase activity compared to somatic cells [3,5,6].
When telomeres shorten past a critical point, a DDR pathway is activated, which can
result in G1 phase arrest and cellular senescence [7,8]. Apart from telomerase involvement
in maintaining telomeres, double and single stranded telomere DNA are shielded by a
complex of six proteins called shelterin. As described in Shoeb et al., 2021, shelterin complex
is composed of six proteins known as telomere repeat factors 1 and 2 (TRF1 and TRF2),
Trfl-interacting protein 2 (TIN2), tripeptidyl peptidase 1 (TPP1), protection of telomere 1
(POT1), and repressor/activator protein 1 (RAP1). Alteration in any of the shelterin protein
could result in dysfunctional telomeres and activation of DDR [2].

Telomere alteration has been proposed as a biomarker for various age-related patholo-
gies such as fibrosis [9-12], neurodegeneration [13,14], cardiovascular dysfunction [12,15],
and cancer [10,12,16]. Mice without the telomerase gene display broad tissue dysfunction
after several generations, and mice with hyper-long telomeres have decreased incidence of
pathology and increased lifespans [17,18]. Further, based on evidence in human popula-
tions, researchers have hypothesized that telomere shortening in pre-cancerous cells can
produce a selection event, where one cell with mutations that promote telomere elongation
(due to elevated telomerase activity) becomes dominant, resulting in tumor initiation [19].

While telomeres shorten naturally with replication, this shortening can be accelerated
through mechanisms such as oxidative stress [20,21]. Further, several hazardous exposures
have been proposed to be associated with accelerated telomere shortening [2]. Several en-
vironmental and occupational exposures may result in binary telomere length. Hazardous
exposure-induced telomere shortening may result in expressing increased telomerase activity
and dysfunctional shelterin which may lead to uncontrolled proliferation of those specific cell
types resulting in the activation of DDR and cancer development. On the other hand, cells
with elongated telomeres not only have an increased lifespan but can also occasionally bypass
the senescence and apoptosis pathways, potentially resulting in mutations, abnormal prolifer-
ation, and increased risk of tumorigenesis [2]. Various cross-sectional and cohort studies have
reported associations between metal exposure and telomere length (TL); however, findings are
often insignificant, and the direction of the correlation can vary across different populations.
Given the close association between TL and age-related pathologies, uncovering the role of
metal exposure in influencing TL will enhance our understanding of the mechanisms through
which metal exposure contributes to these pathologies.

This short review applies a quantitative approach to evaluate whether we have suffi-
cient evidence for a directional association between TL and exposure to any of six metals
commonly studied in this context: cadmium (Cd), lead (Pb), cesium (Cs), nickel (Ni),
arsenic (As), and selenium (Se), all of which are included in ATSDR’s toxicological pro-
files [22]. Additionally, we explore the literature to better understand the inconsistencies
in correlations between metal exposure and telomere length across studies and highlight
the importance of identifying potential nonlinear relationships and non-additive effects of
co-exposure to address gaps in the current body of research.

2. Methodology
2.1. Search Strategy

A review protocol and methodology as described is not published elsewhere. This
study was summarizing toxicological evidence on selected metals and are published by the
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ATSDR. These toxicological profiles (federal documents), serve as the main source for this
review article, as they contain direct and indirect evidence of such effects for each metal
discussed. ATSDR systematically gathers and reviews all published research available on
the health effects associated with the substances. The reviews include gray literature which
ATSDR has peer-reviewed, as explained in Appendix B of the toxicological profiles [22].

Relevant studies on the effects of Cd, Pb, Cs, Ni, As, and Se on TL were identified
through ATDSR'’s relevant toxicological profiles and PubMed by searching “[Metal] telom-
ere”. The time range considered included all studies published through March 2023, and
only studies in English language were considered. Our complete search strategy is available
in Supplementary Table S1.

2.2. Study Selection

Studies that directly measured blood TL and metal concentration in all individuals
and then directly analyzed the relationship between these factors were considered. Studies
that relied on geographical distributions as a proxy for metal levels or TL were excluded,
and studies with overlapping datasets were filtered by selecting the studies that considered
the greatest number of metals of interest such that each dataset was represented only once.

While this review considers Cd, Pb, Cs, Ni, As, and Se, individual studies included
in our analysis may look at only one or a subset of these metals. However, only studies
considering the individual effects of these metals, rather than solely correlating the mixed
effects of multiple metals to TL, were included. In mother—infant studies, results based on
TL from maternal leukocytes were used when available, and results based on TL from cord
blood were used otherwise. If studies analyzed two distinct cohorts independently, the
findings for each were treated as two separate studies for this review.

Our selection criteria are summarized as a PECOS (Population, Exposure, Comparator,
Outcome, and Study) framework in Table 1.

Table 1. Study eligibility criteria (PECOS).

Inclusion Criteria Exclusion Criteria

Population

Human populations Animal research

Any age, sex e  Cell populations
Exposure e  Measured levels for at least one metal of e  Relied on proxies such as dietary intake or
P interest geographic location for metal exposure or TL
Comparators e None e None
e  Quantified correlations between telomere e  Did not evaluate significance of a correlation
Outcomes length and one or more types of between metal and telomere length
metal exposure e  Used non-blood samples for measuring TL
Study design e  Observational studies e  Experimental research

2.3. Data Extraction

For each study included in this review, author, title, population parameters, cell type
for TL analysis, study design, and results were extracted including sample size, population
age, geographic location, collection period, and any cohorts that participants were drawn
from. Collection period was determined based on dates reported in the methodologies of
each study. Significant correlations were recorded for any case where a relationship was
reported and identified as significant, either explicitly by providing a p-value < 0.05 or
implicitly by including a confidence interval which includes the null value. Insignificant
correlations were recorded for any case where a paper explicitly notes that no significant
relationship was found, or when it implicitly notes this by saying that a correlation was
tested but does not say the relationship was significant.
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2.4. Evidence Synthesis

To analyze whether there is a consensus on a directional metal-TL correlation for each
metal, we utilized vote counting and sign testing using reported significance results [23,24].
Vote counting was performed by assigning a +1 for each significantly positive correlation
with TL, a —1 for each significantly negative correlation with TL, and a 0 for no significance.
Then, a two-tailed sign test [25] was performed around a median of 0 (code available in
Supplementary Table S2) for each metal to evaluate whether a significant directional effect
could be observed across studies.

Sign testing was applied for each metal-TL correlation independently. Further break-
ing down the data, such as applying sign testing for only child or mother-infant pair
populations, was not possible since the resulting sample sizes would have been too small.
Figures were produced using the TidyVerse package (version 2.0.0) [26] in R-Studio (version
2024.09.1+394) [27] and with Office Suite products.

3. Results
3.1. Summary of Studies

In total, 272 studies discussing the correlation between metals and telomeric alterations
were initially identified through PubMed for screening as part of this review. Among them,
239 studies that did not include observational studies of human populations considering the
effects of selected metals on telomeres are excluded, leaving 33 studies that tracked the effects
of these metals on telomeres. Eight studies were excluded due to the overlapping datasets
and inconsistent sample collection with other studies, resulting in 25 studies that met our
criteria for analyzing the relationship between Cd, Pb, Cs, Ni, As, and Se and TL (Figure 1).

272 studies returned by
PubMed for discussing the
correlation between metal
and telomeric alterations.

—239: Not observational studies of human
populations considering the effects of
selected metals on telomeres. Includes
reviews, experimental studies, and
biochemistry research.

33 studies tracking effects
of Cd, As, Ni, Se, Pb, or Cs
on telomeres.

—2: Telomere length not from blood
—1: Metal exposure inferred from diet

—5: Analysis from overlapping datasets

25 studies included in this
paper

Figure 1. Flow diagram of screening for studies included in this review.

These 25 studies are summarized in Table 2, which includes the study citation, sample
size, location, sample group, collection period, and study type (cross-sectional and cohort
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studies) [28-51]. Across the 25 studies included in this paper, 55 conclusions were reported
regarding the correlations between metals and TL: findings for Cd, Pb, Cs, Ni, As, and Se
totaled 15, 9, 3, 3, 12, and 13, respectively (Table 2). We classified each finding as either a
significant correlation between the metal and shorter TL (<), the metal and elongated TL
(>), or no significant correlation (o) (Figure 2). For Cd, seven studies found a correlation
with shorter TL, while eight studies found no correlation. For Pb, four studies found a
correlation with shorter TL, while five studies found no correlation. For both Cs and Ni,
one study found a correlation with shorter TL, while two studies found no correlation. For
As, two studies found a correlation with elongated TL, four studies found a correlation
with shorter TL, and six studies found no correlation. For Se, 1 study found a correlation
with elongated TL, 1 study found a correlation with shorter TL, and 11 studies found
no correlation.

Table 2. Papers meeting the criteria of this study. The symbol "2 indicates a correlation between
metal and longer TL, "< indicates a correlation between metal and shorter TL, and "0 indicates no
significant correlation. Grau-Perez et al., 2019 [33] was included as two studies because it completed
independent analysis of the SHS and SHFS cohorts.

Sample

Collection  Study

Paper Size Location Sample Group Period Type Cadmium Arsenic  Nickel Selenium Lead Cesium
, Individuals (M and F)

O'Callaghan 89 Australia between 18-32 and Cross- o

etal., 2014 [28] 65-83 yo sectional

Gao et al., 2015 Adults in BEST or

[29] 167 Bangladesh HEALS cohorts 20002002  Cohort >

%lllg“ffglal" 437 Australia Children 3-9 2009-2011 Scerc‘;f;al o

Pawlas et al., Children 8yo in Cross—

2015 [31] 9 Poland PHIME cohort 200722010 oo tional | © ° <

Pawlas et al., Male pb smelters and Cross—

2016 [32] 394 Poland non-smelters sectional © o <

grjf'ggigz[m 1702 United States  Adults in SHS cohort ~ 1989-1991  Cohort < <

thraalu _Izjgigz[zz] 1793 United States Adults in SHFS cohort ~ 1998-2004  Cohort o o

Herlin et al., 1 A . Mother—inf . 2012-201 Cross—

2019 [34] 69 rgentina other-infant pairs 012-2013 sectional o o [ o o

Mizuno et al., Female university Cross—

2019 [35] & Japan students 2017 sectional o

Vriens et al., . Adults 50-65 in Cross—

2019 [36] 175 Belgium FLEHS cohort 2014 sectional o © o

5&5‘9“[53% al, 410 China Mother—infant pairs ~ 2013-2015 S:C‘ﬁ;al <

Cowell et al., Mother-infant pairs Cross—

2020 [38] 100 Boston/NYC in PRISM cohort 2011-2020 sectional < ©° o <

Vahter et al., . . . Cross—

2020 [39] 99 Argentina Mother-infant pairs 2012-2013 sectional o

‘2/\6;106[131]" 408 Myanmar Mother-infant pairs 2016 Cohort < < o o

Farzan et al., Children 5-7 in Cross—

2021 [41] 476 Bangladesh  pip o cohort 20142016 ional <

Mizuno et al., Female university Cross—

2021 [42] & Japan students 2017 sectional <

Smith et al., . Mother—infant pairs

2021 [43] 408 United States in Project Viva cohort 1999-2002  Cohort o o o o o
Workers at a

%;?g [ejf le" 757 China lead-acid storage 2016-2018 f;‘ﬁg;al <
battery plant

‘2’\6;‘% fis]l 746 China Mother—infant pairs 2013-2015  Cohort >

Chenetal, 12584 United States oAsCtl:;;SrtZ}?;tzllil 19992016 TS < o <

2022 [46] sectional

NHANES cohort
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Paper g?mple Location Sample Group Col.lection Study Cadmium Arsenic  Nickel Selenium Lead Cesium
ize Period Type
He et al Ferro-manganese
20825 [27]’ 316 China refinery workers in 2012-2020 Cohort o) o) o
MEWHC cohort
. Retired employees of
Lai et gl., 4906 China a motor corporation 2008-2013 erss— < < o
2022 [48] in DFT] cohort sectional
Loma et al., Bolivian . Cross—
2022 [49] 193 Andes Indigenous women 2015-2017 sectional >
Zhang et al., . Cross—
2022 [50] 547 China Adults 18+ sectional
Mizuno et al., Adults from three Cross—
2023 [51] 341 Laos villages 2018-2019  ( ional o o
15-
14 -
13- 1
12-
N 19-
? 8 2
B 10-
-
= 9- Effect on TL
w
uo B° Shorter
S e
i 5 6 11 Insignificant
-g 6- Elongated
5-
-
Z 4- 7
3-
2- 4 2 2 4
- 1 1 1
0-
1 1 1 1 1 1
Cadmium  Lead Cesium Nickel Arsenic  Selenium

Group

Figure 2. Conclusions of observational studies on the correlation between telomere length and metal.
Numbers represent the number of studies that reported a given finding.

3.2. Sign Test Results

We found that, across all studies, there was a significant consensus that Cd was corre-
lated with shorter TL (p = 0.016, n = 15). No significant consensus for a linear correlation
between any other metal and TL was observed. The results of sign testing for each metal
are summarized in Table 3.

Table 3. Two-tailed sign test analysis on consensus across studies of a relationship between metal
and telomere length. Conclusions of a significant association between metal and shorter TL were
assigned a value of —1, conclusions of a significant association between metal and longer TL were
assigned a value of +1, and conclusions of no significant association were assigned a value of 0.

Cadmium Lead Cesium Nickel Arsenic Selenium

p 0.0156 0.125 1.00 1.00 0.688 1.00
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4. Discussion
4.1. Evidence for Inverse Correlation Between Cadmium and Telomere Length

There is very limited evidence on the toxic effects of metal exposures and TL alter-
ations. As reported in our previous studies [52,53] and ATSDR’s toxicological profiles [22],
exposure to various hazardous substances including several toxic metals can cause ge-
netic alterations and mutations resulting in numerous pathologies [2,53]. However, the
correlation between metal exposure and TL is unclear and inconsistent.

Our findings corroborate the existence of a correlation between Cd and decreased TL
(p =0.016, n = 15). No significant consensus was confirmed, however, for a linear correlation
between TL and As, Ni, Se, Pb, or Cs. It is possible that any relationship varies across
different populations or that a non-additive or nonlinear correlation exists between TL and
some of these metals.

The correlation between Cd and decreased TL could be mediated by oxidative stress,
which has been correlated with shorter TL [20,21]. Cd exposure has been linked to an
increase in reactive oxygen species [54]. However, Pb [55], Cs [56], Ni [57,58], and As [59]
have each been linked to increased oxidative stress, and Se has been shown to have an
antioxidative effect [60,61]. Therefore, the correlation between Cd and altered TL being
observed more consistently than for other metals could lie in the differences in mecha-
nisms driving oxidative stress or in Cd-specific biological responses related to oxidative
stress [62]. Future research is needed to define an exact mechanism that explains the
stronger correlation between Cd and TL.

4.2. Variation in Correlation Across Groups

The studies included in Table 2 represent a broad range of populations, exposure
levels, and age groups, and recent literature suggests that the correlation between metal
and TL may not be equivalent across different conditions. Wai et al. [63] reviewed several
observational studies on the correlation between TL and As and concluded that age may be
a factor in why both positive and negative correlations have been demonstrated between
As and TL in different populations. As such, it is possible that some of the correlations that
have been observed between metal and TL are influenced by variation in study populations.

4.3. Non-Additive and Nonlinear Interactions

While this paper focuses on linear relationships between metals and TL, it is possi-
ble that non-additive (mixture effect) interactions or nonlinear relationships could exist
between the metals and TL. Non-additive effects refer to the effects of exposure to a metal
that are dependent upon exposure to a secondary metal, while nonlinear effects refer to a
nonlinear relationship between a given metal and TL.

To the best of our knowledge, our group is the first to explore the association between
inhalation of welding fumes, a complex mixture of different metals (e.g., Cr, Ni, Mn, and Fe),
and its possible correlation with telomere length, epigenetic alterations [16], and markers of
neurodegeneration [13] using an in vivo approach that mimics an occupational setting [52].
We demonstrated that mixed exposure to the metals in these fumes increases oxidative
stress and affects TL, but further investigation is needed into whether these interactions are
nonlinear or non-additive [16].

Smith et al. [43], which found no evidence for a linear relationship between TL and Cd,
As, Se, Pb, or Cs in an observational study, explored evidence for a nonlinear relationship
using Bayesian kernel machine regression (BKRM) [64] in combination with a generalized
additive model and considered non-additive interactions using BKRM in combination
with multivariate linear regression with multiplicative terms. These approaches yielded
no evidence for a nonlinear relationship between TL and Cd, As, Se, Pb, or Cs nor for
the existence of non-additive effects, although they did identify a nonlinear relationship
between barium and TL that was not seen with a linear approach. Lai et al. [48] successfully
used BKRM to validate significant linear relationships observed between shorter TL and
both As and Ni. He et al. [47], which found no evidence for a linear relationship between
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TL and Cd, Se, or Pb, used BKRM to observe a significant non-additive mixed interaction
between 10 metals and TL in men but not in women.

While early research has not conclusively demonstrated a non-additive or nonlinear re-
lationship between TL and the metals reviewed, we still recommend that future researchers
test for non-additive and nonlinear interactions using novel techniques such as BKRM as a
possible explanation for the inconsistency across reported findings of linear correlations.

4.4. Limitations of Employing Sign Testing

It should be acknowledged that the sign test used in this paper has limited power
to detect significant trends in a TL-metal correlation across papers, especially for lower
sample sizes in the cases of Ni and Cs. It is therefore possible that a true linear correlation
exists between TL and As, Ni, Se, Pb, or Cs but is not sufficiently supported by evidence to
be detected by our methods.

One solution for generating additional power is to use effect sizes, but this was not
possible in our case because effect sizes could not be compared across studies due to differ-
ent statistical approaches and transformations applied to predictor and response variables.
Further, methods for standardizing beta coefficients across linear regressions with different
transformations [65,66] failed because of data gaps and variation in the quantitative values
reported by different studies. To account for this, we urge future researchers studying
urinary metal concentrations using regression modeling to use creatine-adjusted values in
ug/g creatinine [67], report the base used in any data transformations, report the mean,
GM, and median for all predictor and response variables, and report exact p-values and
effect sizes for both significant and insignificant variables.

5. Conclusions

Studies across different populations and exposure levels consistently report an inverse
correlation between Cd and TL. As shorter telomeres have been shown to be a biomarker
for age-related pathologies [2,10], our findings suggest that higher Cd levels could increase
the risk of age-related pathologies.

We did not find evidence that correlations are consistently observed between TL and
As, Ni, Se, Pb, or Cs, despite initial evidence for each correlation in at least one of the studies
we reviewed. The inconsistency of observational findings could be explained by differences
in populations and exposure levels. Further, we hypothesize that nonlinear or non-additive
‘mixed” effects of co-exposure could explain why correlations are not consistently observed.
Further research is needed to address significant differences in correlations existing across
populations and exposure levels, and emphasis should be made on employing methods
such as BKRM [64] to investigate nonlinear and non-additive effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/environments11120280/s1, Table S1: Search strategy used in our
review; Table S2: Code used to calculate sign test values.
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