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Abstract

Many toxic metals are involved in the initiation and progression of DNA damage that can

result in the activation of DNA damage response machinery at double- and single-stranded

DNA,; this response can result in global and gene-specific DNA alteration. The toxicological
profiles from the Agency for Toxic Substances and Disease Registry (ATSDR) and several

other studies have demonstrated the influence of metal exposure-induced genotoxic endpoints
and epigenetic modifications. Our review systematically summarizes accumulating evidence from
ATSDR toxicological profiles and the available literature that demonstrate a possible induction of
various genotoxic endpoints and metal exposures. We include in this article studies on chromium,
arsenic, nickel, lead, mercury, and zinc.

Introduction

This article compiles information from several of the Agency for Toxic Substances

and Disease Registry (ATSDR) toxicological profiles to summarize genotoxic endpoints
associated with exposure to metals. Humans are exposed to various toxins and
environmental pollutants in our day-to-day lives. Some of these toxicants damage the
genetic information within a cell and lead to genetic alterations. In general, genotoxicity is
a temporary or permanent change to the genome that can be caused by exposure to specific
chemicals. Genotoxicity can occur through exposure to toxicants found in air, food, water,
and the workplace (Alloway & Ayres, 1993; Antonini et al., 2019; Boyce et al., 2020; Kodali
et al., 2020; Langston, 1990; Shoeb, Kodali, Farris, Bishop, Meighan, Salmen, Eye, Friend,
et al., 2017; Shoeb, Kodali, Farris, Bishop, Meighan, Salmen, Eye, Roberts, et al., 2017;
Shoeb et al., 2020, 2021).

ATSDR (2022a, 2022b) has developed detailed toxicological profiles for many hazardous
substances. The agency uses its Substance Priority List to select substances based on their
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toxicity and frequency of detection in the environment and then prepares toxicological
profiles for highly ranked substances. Each peer-reviewed toxicological profile evaluates,
summarizes, and interprets available toxicological and epidemiological information on

a substance. The profiles provide insight into a substance’s occurrence, physiochemical
properties, different exposures, potential health effects, mechanisms of action, and other
topics (ATSDR, 2023a).

Within the toxicological profiles, evidence of genotoxicity includes evidence of very specific
changes in some part of the processes of natural cell growth, division, and death. ATSDR
defines genotoxicity as a specific adverse effect on the genome of living cells that,

upon the duplication of affected cells, can be expressed as a mutagenic, clastogenic (i.e.,
chromosomal breakage-induced mutation), or carcinogenic event due to specific alteration of
the molecular structure of the genome. Table 1 lists and defines some of the genotoxic terms
used to analyze DNA alterations.

ATSDR began to organize these varied markers and their effects across several toxic
substances to 1) compare the effects, 2) create a hierarchy of genotoxic endpoints to help
prioritize evidence of cancer, 3) identify data gaps, and 4) generate ideas that enable further
research. For a genotoxic substance to cause an observable health effect, it must first damage
genetic information within a cell and then not be repaired by the cell’s natural DNA repair
processes. Genotoxic endpoints could serve as a first step in assessing the genotoxic risk of a
corresponding health effect following hazardous exposures.

In this initial analysis, we examine the genotoxic-endpoint data found in the toxicological
profiles and published studies for chromium (Cr), arsenic (As), nickel (Ni), lead (Pb),
mercury (Hg), and zinc (Zn; Table 2). These metals are among the most frequently found
contaminants at hazardous waste sites—with As, Pb, and Hg ranking as the top three
substances on the Substance Priority List. Table 2 also includes the cancer classification

of the National Toxicology Program (NTP, 2021) within the U.S. Department of Health
and Human Services. The metals listed in Table 2 are ordered according to their NTP
classification, from most to least carcinogenic (left to right, respectively) and top to bottom
in order of the most generally investigated genotoxic endpoint.

The genotoxic potential of these metals is based on several factors, including oxidation state,
physiochemical properties, and target cell or organ interaction. Based on their genotoxic
and mutagenic potential, As, Pb, Hg, and Cr are categorized as highly toxic (Arora &
Chauhan, 2021). Unlike the other metals, Ni compounds are considered weak mutagens
because of their inability to efficiently induce base pair substitutions, frameshift mutations,
or deletions in human cells (ATSDR, 2023b; International Agency for Research on Cancer,
2023; Stroebel et al., 1993). Studies have shown, however, a mutagenic response of Ni in
vitro, mutation of the tumor suppressor p53 gene, and inhibition of DNA repair enzymes
(ATSDR, 2023b; Cameron et al., 2011; Chen et al., 2010; Chiocca et al., 1991; Clemens et
al., 2005; Cohen et al., 1993; Haugen et al., 1994; Klein et al., 1994; Salnikow et al., 2003).

In stark contrast are the genotoxic effects of Zn. In fact, there is an association between
Zn deficiency and carcinogenicity. Genotoxicity studies failed to provide evidence for
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mutagenicity of Zn, but there are indications of weak clastogenic effects. Although
chromosome aberrations have been observed in the lymphocytes of workers at a Zn smelting
plant, those workers had elevated levels of Pb and cadmium (Bauchinger et al., 1976).

Interestingly, in many cases, exposure to mixtures of these metals and the resulting
genotoxic effects can differ from the effects of exposure to a single metal. Welding, for
example, can generate a complex mixture of genotoxic metals (e.g., Cr, Ni) that might result
in altered DNA methylation, telomere length, and shelterin proteins; DNA damage; and
DNA strand breaks (Shoeb, Kodali, Farris, Bishop, Meighan, Salmen, Eye, Friend, et al.,
2017; Shoeb, Kodali, Farris, Bishop, Meighan, Salmen, Eye, Roberts, et al., 2017; Shoeb et
al., 2020, 2021). Elevated Ni concentrations in welders’ blood have been found to result in
significantly increased DNA damage, DNA—protein cross-linking, and DNA strand breaks
(Danadevi et al., 2004; Popp et al., 1991).

Discussion and Conclusion

By profiling and comparing genotoxic endpoints reported in the toxicological profiles, we
provide insight into genotoxic endpoints augmenting genome stability for various metals.
We provide a guide to compare DNA damage from exposures to six different metals. Table 2
presents the most investigated endpoints associated with exposure to these metals.

The genotoxic effects of exposure to Zn clearly contrast with other genotoxic metals, as
many of the effects associated with Zn exposure are beneficial. Differences among the other
genotoxic metals are apparent to a lesser degree, with Cr and As (NTP classification 1,
known human carcinogens) having a greater number of studies finding adverse genotoxic
effects, including telomere alteration. Yet each of the highly toxic metals (including Hg)
present differing genotoxic effects due to differences in their mechanism pathways.

Metals such as Ni, Cr, As, Pb, and Hg cause minor to severe DNA damage and telomere
alteration by activating DNA damage response machinery (Figures 1 and 2). In some
instances, the damage can be repaired by cellular repair mechanisms. If it is not repaired,

or if the damage is repaired inappro priately, then genomic instability, epigenetic alterations,
and several disease conditions can occur. For example, activation of DNA damage response
might result in inflammatory responses and activation or mutation of p53, which could
activate anti- or pro-apoptotic pathways (Figures 1 and 2). Some of these metals can also
bind directly with DNA and proteins, causing direct genotoxic effects (Figure 1). Further,
metal ions can catalyze reactive oxidative stress, and then form toxic lipid aldehydes,

also known as by-products of lipid peroxidation (Shoeb, Kodali, Farris, Bishop, Meighan,
Salmen, Eye, Friend, et al., 2017; Shoeb, Kodali, Farris, Bishop, Meighan, Salmen, Eye,
Roberts, et al., 2017). Metal-induced (Ni, Pb, Hg, Cr, and As) epigenetic modifications have
been reported, including inhibition of tumor suppressor genes by DNA methylation and
As-induced mediation of noncoding RNAs (Cheng et al., 2012).

In this article, we summarized genotoxic endpoints that have been associated with exposure
to these metals in humans and animals. More importantly, some of these metals are known
human carcinogens and are recognized as common environmental hazards.
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We had two primary goals for this initial analysis. The first goal was to use the information
found in toxicological profiles to synthesize accumulating genotoxic endpoints that have
been associated with exposure to different metals. The second goal was to provide a simple
visual comparison of the endpoints shown in a systematic order for each of the metals.
Activation of genotoxic endpoints can progressively alter cellular function and increase
susceptibility to various disease conditions. Screening of genotoxic endpoints and genotoxic
biomarkers, therefore, might help the scientific community to mitigate toxic health outcomes
after exposure to these metals.
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What is already known about thistopic?
Metals are known to cause DNA damage.
What isadded by thisarticle?

The article summarizes varied findings of genotoxic effects into specifically defined
genotoxic endpoints and provides a simple visual comparison of the endpoints in
systematic order for each of the metals discussed.

What aretheimplicationsfor environmental public health practice?

By first ranking metals according to the impact on genotoxic endpoints that could result
in cancer and other disease pathologies, researchers can begin to consider developing a
suite of biomarkers for early evaluation of various disease conditions.
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TABLE 1

Genotoxic Endpoints and Definitions

Endpoint

Definition

Chromosomal damage

Chromosomal alterations (i.e., coding properties) that occur during division of cells

DNA methylation

Addition of methyl group to cytosine (5’-CpG-3°)

DNA-protein cross-linking

Chemically activated trapping of proteins on DNA strands

Micronuclei formation

Fragments of chromosomal matter outside the nucleus

Sister-chromatid exchange

Exchange of genetic material between two identical copies of the same chromosome

DNA repair inhibition

Inhibition of the natural process of repairing a harmful DNA lesion

Gene mutation

Alteration of DNA or nucleotide sequence of one or more genes

Chromosomal aberrations

Changes in chromosome number or structure

DNA fragmentation

Rapid separation or breaking of DNA strands into pieces

DNA strand breaks

Single- or double-break of the DNA sequence in the genetic material

Telomere alteration

Change in the noncoding ends of the DNA that serves to protect the coding portion

Note. Endpoints are listed in hierarchical order from less to more permanent gene damage.
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