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Abstract: A significant number of chemical elements are either essential for life with known
Abstract: A significant number of chemical elements are either essential for life with known functions,
functions, or present in organisms with poorly defined functional outcomes. We do not know all
or present in organisms with poorly defined functional outcomes. We do not know all the essential
the essential elements with certainty and we know even less about the functions of apparently nonelements with certainty and we know even less about the functions of apparently non-essential
essential elements. In this article, I discuss a basis for a biological periodic system of the elements
elements. In this article, I discuss a basis for a biological periodic system of the elements and that
and that biochemistry should include the elements that are traditionally part of inorganic chemistry
biochemistry should include the elements that are traditionally part of inorganic chemistry and not
and not only those that are in the purview of organic chemistry. A biological periodic system of the
only those that are in the purview of organic chemistry. A biological periodic system of the elements
elements needs to specify what “essential” means and to which biological species it refers. It
needs to specify what “essential” means and to which biological species it refers. It represents a
represents a snapshot of our present knowledge and is expected to undergo further modifications
snapshot of our present knowledge and is expected to undergo further modifications in the future. An
in the future. An integrated approach of biometal sciences called metallomics is required to
integrated approach of biometal sciences called metallomics is required to understand the interactions
understand the interactions of metal ions, the biological functions that their chemical structures
of metal ions, the biological functions that their chemical structures acquire in the biological system,
acquire in the biological system, and how their usage is fine-tuned in biological species and in
and how their usage is fine-tuned in biological species and in populations of species with genetic
populations of species with genetic variations (the variome).
variations (the variome).
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1. Introduction
1. Introduction
Many scientific disciplines address which chemical elements are present in organisms and which
Many scientific disciplines address which chemical elements are present in organisms and which
functions they have. Chemistry and biology are contributing to such investigations. With time, more
functions they have. Chemistry and biology are contributing to such investigations. With time, more
specialized disciplines developed with emphasis on either organic or inorganic chemistry (Figure 1).
specialized disciplines developed with emphasis on either organic or inorganic chemistry (Figure 1).
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The names of the sub-disciplines can be misleading when organic chemistry is associated with life
and inorganic chemistry with the inanimate world only. Life is built on organic as well as inorganic
compounds, and, as I shall discuss in this article, significant more chemical elements than the ones
commonly treated in organic chemistry are important for life. Among them are many metal ions
that have contributed critically to the evolution of life—life would not be possible without them.
Metallomics, an integrated biometal science, aims to serve as a discipline that covers all aspects of how
metals function in biological systems.
One can distinguish three developments that led to our present knowledge, all connected to a
shift in the types of questions addressed and all on-going.
First, attempts were made to determine which elements occur in living organisms and which ones
are essential for life. In a 70 kg human, the bulk elements, hydrogen (H), carbon (C), nitrogen (N),
oxygen (O), and sulphur (S) are over 1 kg, except for sulphur, which is only about 100 g. Macrominerals
were identified, for instance the metal cations of sodium (Na), potassium (K), magnesium (Mg), and
calcium (Ca) and the non-metals phosphorous (P) and chlorine (Cl), which are in the gram range
except for calcium, which is about 1.7 kg. Trace element research matured with advances in analytical
chemistry and instrumentation and provided evidence for additional essential elements, the metal
ions of iron (Fe), zinc (Zn), manganese (Mn), copper (Cu), cobalt (Co) in the form of vitamin B12 ,
molybdenum (Mo) and the non-metals selenium (Se) and iodine (I). They are in the mg range, except
for iron and zinc which are 2–5 g and thus strictly speaking not trace elements. Yet other elements are
present at even lower levels but noteworthy some are present above the levels of essential elements
such as Mn and Mo, e.g., bromine (Br), rubidium (Rb), aluminium (Al), nickel (Ni), titanium (Ti) and
barium (Ba).
Second, we witnessed the isolation of metalloproteins and the characterization of their
coordination environments in which the metal ions function. Bioinformatics allowed for estimates
that about 50% of all enzymes depend on a metal ion for catalysis, demonstrating the significance of
metal ions in biochemistry. For zinc alone, about 3000 human proteins have the structural features
to be zinc metalloproteins, meaning that about every tenth protein encoded in the human genome
contains zinc [1]. Knowledge about interactions of metals with biological macromolecules other than
proteins in vivo is scarce. An exception is magnesium, which has a role in RNA structure and function.
Third, proteins with specific roles in metal metabolism such as membrane metal transporters,
metalloregulators, and metallochaperones were characterized. These discoveries brought insight
into the complex biological mechanisms of metal regulation and selectivity. It turned out that each
metal ion is controlled in a characteristic range of concentrations that is determined by the affinities
of metal ions for their ligands. Thus, in the series Mg, Ca, Mn, Fe, Co, Ni, Zn, Cu, the binding
strength (affinity) increases and accordingly, the free metal ion concentrations-metal ions not bound
to proteins-decreases. In principle, this series conforms to the Irving-Williams series for divalent
metal ions [2]. Although Mg complexes are usually stronger than Ca complexes, Ca is stabilized
over Mg in biology by using additional ligands and thus coordination numbers higher than six. This
stabilization is necessary because Ca2+ has been adopted as a cellular signalling ion controlling many
processes. Zn is positioned after Cu in the periodic system of the elements (PSE), but complexes of Cu
have higher stability. In the cell, Cu is the only metal ion in this series that is primarily monovalent
(Cu(I)). A most remarkable consequence of these ranges of free metal ion concentrations is that they
cover about 15 orders of magnitude, from millimolar (Mg) to attomolar (Cu). Thus metal ions can be
used in biological processes over an extremely wide range, demonstrating in essence the enormous
contribution that metal ions make to biological function. Total cellular metal ion concentrations in
humans, however, follow a different series: Mg, Ca, Fe, Zn, Cu, Mn, Co. Hence, to maintain the trend
expressed by the Irving-Williams series for characteristic free metal ion concentrations, biology has
to adjust for the rather large differences in total metal concentrations. It also has to deal with the
fluctuations/oscillations of signalling metal ions. In addition to Ca2+ , Zn2+ is also a cellular signalling
ion. Whereas Ca2+ activates many processes, Zn2+ seems to be primarily an inhibitory ion and due
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to its preference for different ligands and different coordination environments it targets other sets of
proteins [3].
2. The Essential Elements
Considering our vast knowledge about genes and proteins, it is quite remarkable that our
knowledge about the role of chemical elements in life remains limited and open-ended. Only last
year, bromine was added to the list of essential elements with its function in collagen metabolism [4].
Hence we should not assume that we know all the elements that are essential for animals and humans
as uncertainties about the biochemical functions of some chemical elements persist. Striking as this
statement may appear, the lack of knowledge provides ample opportunities for discoveries with
significant implications for biochemistry and improving health.
We now know that 11 metals and 10 non-metals, i.e., 21 elements, are essential for humans. The
count includes chromium whose status as an essential element is controversial (see below). Additional
elements are essential for other forms of life outside the kingdom animalia. Therefore when essential
elements are listed in a “biological periodic system of the elements (PSE)” the meaning and implications
usually are not clear. Conjectures arise mainly because of two issues:
“Essential” should include a reference to the biological species. Biological PSEs are usually
presented with all the elements identified as essential in all species. However, some elements are
essential to only some organisms. I propose to categorize in the following way: (i) elements that
are essential to all species; (ii) elements that are used in a significant number of species (V, Ni);
and (iii) elements that are used only in a few organisms in special ecological niches (W, Cd,
Lanthanides). Vanadium is used in some nitrogenases and haloperoxidases in algae and fungi. Nickel
has been discovered in only nine enzymes in some bacteria and plants. Tungsten is used instead of
molybdenum in enzymes of some thermophilic bacteria. Ni, V, W are not established as being essential
for animals and humans. Orthologous gene products requiring these elements have not been found
in animals and humans. Carbonic anhydrase, which is usually a zinc enzyme, is a cadmium enzyme
in the marine diatom Thalassiosira weissflogii [5]. The US environmental protection agency (EPA) has
classified cadmium as a Group B1 probable human carcinogen. Lanthanides (rare earth elements, REE)
instead of calcium were found as cofactors of methanol dehydrogenase of particular methanotrophic
bacteria [6]. While this wider usage of metal ions in life is interesting from the standpoint of evolution
and certainly revealed fascinating chemistries, the utilization of specific elements such as Cd and REE,
is of limited significance for nutrition of animals and humans.
“Essential” should include a definition. Elements that are essential for survival should be
distinguished from others that have limited functions and some health benefits only. An example
is fluorine which as fluoride prevents dental caries and perhaps is beneficial for bone health but
otherwise exhibits toxicity. A broader definition had been introduced: “An element is essential when a
deficient intake consistently results in an impairment of a function from optimal to suboptimal and
when supplementation with physiological levels of this element, but not others, prevents or cures
this impairment” [7]. Following this definition, additional elements were classified as essential, but
they are not necessarily essential for life [8]. Several of them we know to be beneficial for animals and
humans, e.g., B, Cr, Ni, Si, and accordingly, there is an on-going discussion whether guidelines for
their intake should be given [9–11].
Biological chromium research illustrates the difficulties in defining structure and function of
biologically active metal ions. Chromium is an example of the importance of chemical speciation in
biology: Chromium(III) complexes are the ones having beneficial functions and little toxicity, whereas
Cr(VI), chromate, is a human carcinogen. Chromium(III) deserves further discussion as it is widely
accepted as an essential trace metal and accordingly dietary reference intakes (DRIs) were issued and
it is available as a dietary supplement [12]. However, its status as an essential element was questioned
recently [13]. After sixty years of chromium research some crucial questions remain unanswered:
(i) the structure of a biologically active chromium complex; (ii) ways to determine chromium status in
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humans; and (iii) elucidation of its exact mechanism of action in glucose and lipid metabolism [14]. One
should concede that not having succeeded in isolating a biologically active chromium complex would
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3. The Non-Essential Elements
Instrumental analytical chemistry for metal determination has advanced significantly.
Inductively-coupled plasma mass spectrometry (ICP-MS) has sub-ppt detection limits, allowing for
detection of virtually all natural occurring elements in biological samples. Even radioactive uranium
can be detected. Thus, 74 out of 78 elements were found in salmon eggs [17]. The abundance of
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can be detected. Thus, 74 out of 78 elements were found in salmon eggs [17]. The abundance of
chemical elements in humans has been summarized in a periodic table (Figure 3).

Figure 3. Abundance of the chemical elements in humans [18].
Figure 3. Abundance of the chemical elements in humans [18].

Some non-essential elements are present at significantly higher concentrations than the essential
Some non-essential elements are present at significantly higher concentrations than the essential
ones present at the lowest concentration. Sr is present at ppm levels, and Rb, Ba, Ni, As, Al, and
ones present at the lowest concentration. Sr is present at ppm levels, and Rb, Ba, Ni, As, Al, and Ti
Ti (not shown in Figure 3) at ppb levels, but also others that are considered to have mainly toxic
(not shown in Figure 3) at ppb levels, but also others that are considered to have mainly toxic actions,
actions, e.g., Cd, Hg (not shown in Figure 3), and Pb are present, but they are variable and depend
e.g., Cd, Hg (not shown in Figure 3), and Pb are present, but they are variable and depend on
on exposure. Some elements can accumulate with age, while others are rather tightly regulated.
exposure. Some elements can accumulate with age, while others are rather tightly regulated.
Distribution of concentrations has been suggested as a criterion for elements being essential, namely
Distribution of concentrations has been suggested as a criterion for elements being essential, namely
homeostatic control for essential elements leading to a normal distribution but the presence of
homeostatic control for essential elements leading to a normal distribution but the presence of nonnon-essential elements following a skewed distribution depending on exposure [8]. While some
essential elements following a skewed distribution depending on exposure [8]. While some elements
elements are bioactive with positive effects on health, many non-essential elements nevertheless are
are bioactive with positive effects on health, many non-essential elements nevertheless are bioreactive
bioreactive [16]. They are not chemically inert, and can serve as catalysts, be pharmacologically active,
[16]. They are not chemically inert, and can serve as catalysts, be pharmacologically active, or toxic.
or toxic. Therefore, it is important to adopt a broader view of metal ions in biology, beyond a focus on
Therefore, it is important to adopt a broader view of metal ions in biology, beyond a focus on essential
essential metal ions, to include the many elements that are present with poorly understood functional
metal ions, to include the many elements that are present with poorly understood functional
consequences. We know very little how and to which extent animals and humans can cope with these
consequences. We know very little how and to which extent animals and humans can cope with these
apparently non-essential elements, whether the presence of some reflects a lack of selectivity in uptake
apparently non-essential elements, whether the presence of some reflects a lack of selectivity in
mechanisms, whether there are any specific mechanisms of detoxification, and what the exposure
uptake mechanisms, whether there are any specific mechanisms of detoxification, and what the
limits and biological effects are.
exposure limits and biological effects are.
The delicate balance among the essential elements extends to complex interactions with
The delicate balance among the essential elements extends to complex interactions with nonnon-essential elements and other nutrients. Too much (overload) or too little (deficiency) of one
essential elements and other nutrients. Too much (overload) or too little (deficiency) of one has
has conditioning effects on others. For example, zinc supplementation can cause copper deficiency [19].
conditioning effects on others. For example, zinc supplementation can cause copper deficiency [19].
Deficiency of an essential element can lead to the uptake of a non-essential element with potential
Deficiency of an essential element can lead to the uptake of a non-essential element with potential
toxicity. For instance, under iron deficiency, uptake of cadmium increases and interferes with the
toxicity. For instance, under iron deficiency, uptake of cadmium increases and interferes with the
metabolism of essential elements, such as zinc.
metabolism of essential elements, such as zinc.
A focus on essential elements only is not sufficient. We need to monitor the presence of nonessential elements, how their concentrations vary and how they affect functions of the biological
system. For the essential elements, we have some understanding of how deficiencies or overload
perturb functions though cause and effect in chronic diseases is often not clear. For the non-essential
elements effects at sub-toxic concentrations are more difficult to assess. For example, in 2012 the
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A focus on essential elements only is not sufficient. We need to monitor the presence of
non-essential elements, how their concentrations vary and how they affect functions of the biological
system. For the essential elements, we have some understanding of how deficiencies or overload
perturb functions though cause and effect in chronic diseases is often not clear. For the non-essential
elements effects at sub-toxic concentrations are more difficult to assess. For example, in 2012 the
Centers of Disease Control and Prevention lowered blood lead levels of concern from 10 µg/dL to
ě5 µg/dL for children aged 1–5 to identify children and environments with lead-exposure hazards
because neurobiological parameters are affected negatively even at previously accepted blood lead
levels [20]. Average normal levels in the US population are 1.6 µg/dL for adults and 1.9 µg/dL
for children. Clearly, we need additional solid data how each individual element affects animals
and humans.
We also are beginning to realize that there are a significant number of inherited diseases of
human metal metabolism. Comparatively fewer variations have been documented in animals. Our
knowledge is very limited on how mutations in the many genes that encode metal regulatory processes
affect the toxicity of metals, and metal dose-responses quantitatively. Polymorphisms in the about
12 human metallothionein genes suggest an effect on metal metabolism [21]. For example, an Asn27Thr
substitution in metallothionein-1A affects its zinc-binding capacity and together with polymorphisms
of other human metallothionein genes is associated with the risk of developing type 2 diabetes,
coronary heart disease, and other complications of diabetes [22,23] and with altered metabolism
of toxic metal ions, i.e., cadmium, lead, and mercury [24–26]. Levels for toxic metals in blood are
associated with polymorphisms in metal transporter genes and other genes, thus providing further
evidence that subsets of individuals are more susceptible to the toxic effects of some metal ions [27].
New applications and manufacturing processes expose animals and humans increasingly to
a number of metals to which they have not been exposed to in the past, in particular those from
the bottom part of the PSE. Food chains and food webs amplify some exposures, which has largely
unexplored effects for more recently employed metal ions. REE find applications in batteries, magnets,
lighting, optical fibers; gallium, indium, and tellurium in solar cells; hafnium and tantalum in optical
devices, and elements from the platinum group ruthenium, rhodium, palladium and their analogues
osmium, iridium and platinum are used in fuel cells [28]. Another issue is the increasing applications
for nanomaterials. They have different and often enhanced reactivities. Also, we are exposed to
metallodrugs for therapeutic or diagnostic purposes, and use implants (Si), metal prostheses (Co), and
dental fillings (Hg) with functional consequences for living systems. The increased use of additional
elements adds a new dimension to exposure and pollution in air, soil, and water with fundamental
implications for health and understanding etiology and pathology.
Most organisms live in a symbiotic relationship with others and need to defend themselves against
parasites. The gut harbours a huge number of commensal bacteria (the microbiome) that are involved
in processing food. An intriguing aspect is that microorganisms rely on a different complement of
metal ions and utilize metal ions that animals and humans apparently do not use. For example, many
bacteria need nickel, including the ulcer-causing pathogen Helicobacter pyloris. Hence depriving this
organism of nickel provides a selective therapeutic means for its eradication in the upper digestive
tract. Some of the trace element deficiencies observed could be due to an effect on symbiotic organisms
that require particular trace elements, rather than on the host directly.
4. Conclusions
Chemistry and biology must come together in investigations of biometals. Neither establishing
only structures nor finding only functions is sufficient. For example, sugars and lipids incorporate
arsenic, but the characterization of such structures is not proof for arsenic being essential.
We seem to be preoccupied with controlling energy from dietary intake of protein, fat, and sugar
but pay correspondingly very little attention to the intake of essential elements that make metabolism
possible, or to the presence of apparently non-essential elements. With modern instrumentation,
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it has become relatively easy to measure metals with high sensitivity and accuracy. In contrast to the
detection of millions of organic compounds to which we are exposed and which generally require
quite sophisticated and hence expensive methods of analysis, the number of metals to be screened
is less than a hundred and they are relatively inexpensive to monitor. Due to the high reactivity and
catalytic potential of metal ions, their levels in our diet and in our environment are an important factor
for health, for causing disease or affecting its progression, and for influencing healthy ageing. It is as
valid in 2015 as it was discussed in 1951: The functions of trace elements in biology “may hold the
answers to many unsolved biochemical and biological problems” [29].
Acknowledgments: Work in the author’s laboratory is supported by a research grant from the Biotechnology and
Biological Sciences Research Council (BB/K001442/1).
Conflicts of Interest: The author declares no conflict of interest.

References
1.
2.
3.
4.

5.
6.

7.
8.
9.
10.
11.
12.

13.
14.
15.
16.

17.

18.

Andreini, C.; Bertini, I.; Rosato, A. Metalloproteomes: A bioinformatic approach. Acc. Chem. Res. 2009, 42,
1471–1479. [CrossRef] [PubMed]
Irving, H.; Williams, R.J.P. Order of stability of metal complexes. Nature 1948, 162, 746–747. [CrossRef]
Maret, W. Molecular aspects of zinc signals. In Zinc Signals in Cellular Functions and Disorders; Fukuda, T.,
Kambe, T., Eds.; Springer Japan KK: Tokyo, Japan, 2014; pp. 7–26.
McCall, A.S.; Cummings, C.F.; Bhave, G.; Vanacore, R.; Page-McCaw, A.; Hudson, B.G. Bromine is an
essential trace element for assembly of collagen IV scaffolds in tissue development and architecture. Cell
2014, 157, 1380–1392. [CrossRef] [PubMed]
Lane, T.W.; Morel, F.M.M. A biological function for cadmium in marine diatoms. Proc. Natl. Acad. Sci. USA
2000, 97, 4627–4631. [CrossRef] [PubMed]
Pol, A.; Barends, T.R.M.; Dietl, A.; Khadem, A.F.; Eygensteyn, J.; Jetten, M.S.M.; Op den Camp, H.J.M. Rare
earth metals are essential for methanotrophic life in volcanic mudpots. Environ. Microbiol. 2014, 16, 255–264.
[CrossRef] [PubMed]
Mertz, W. The essential trace elements. Science 1981, 213, 1332–1338. [CrossRef] [PubMed]
Underwood, E. Trace Elements in Human and Animal Nutrition; Academic Press: San Diego, CA, USA, 1977.
Nielsen, F.H. Should bioactive trace elements not recognized as essential, but with beneficial health effects,
have intake recommendations. J. Trace Elem. Med. Biol. 2014, 28, 406–408. [CrossRef] [PubMed]
Nielsen, F.H. Update on the possible nutritional importance of silicon. J. Trace Elem. Med. Biol. 2014, 28,
379–382. [CrossRef] [PubMed]
Nielsen, F.H. Update on human health effects of boron. J. Trace Elem. Med. Biol. 2014, 28, 383–387. [CrossRef]
[PubMed]
Food and Nutrition Board, Institute of Medicine. Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic,
Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc; National
Academy Press: Washington, DC, USA, 2001.
Mertz, W. Chromium in human nutrition. J. Nutr. 1993, 123, 626–633. [PubMed]
Vincent, J.B. Is chromium pharmacologically relevant? J. Trace Elem. Med. Biol. 2014, 28, 397–405. [CrossRef]
[PubMed]
Chellan, P.; Sadler, P.J. The elements of life and medicines. Philos. Trans. R. Soc. 2015, A373, 21040182.
[CrossRef] [PubMed]
Cvetkovic, A.; Menon, A.L.; Thorgersen, M.P.; Scott, J.W.; Poole, F.L., II; Jenney, F.E., Jr.; Lancaster, W.A.;
Praissman, J.L.; Shanmukh, S.; Vaccaro, B.J.; et al. Microbial metalloproteomes are largely uncharacterized.
Nature 2010, 466, 779–784. [CrossRef] [PubMed]
Haraguchi, H.; Ishii, A.; Hasegawa, T.; Matsuura, H.; Umeura, T. Metallomics study on all-elements analysis
of salmon egg cells and fractionation analysis of metal in cell cytoplasm. Pure Appl. Chem. 2008, 80, 2595–2608.
[CrossRef]
Winter, M.F. Available online: http://www.webelements.com/hydrogen/biology.html (accessed on
4 January 2016).

Int. J. Mol. Sci. 2016, 17, 66

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

8 of 8

Maret, W.; Sandstead, H. Zinc requirements and the risks and benefits of zinc supplementation. J. Trace Elem.
Med. Biol. 2006, 20, 3–18. [CrossRef] [PubMed]
CDC response to advisory committee on childhood lead poisoning prevention recommendations
in “low level lead exposure harms children: a renewed call of primary prevention”. Available
online: http://www.cdc.gov/nceh/lead/acclpp/cdc_response_lead_exposure_recs.pdf (accessed on
30 December 2015).
Raudenska, M.; Gumulec, J.; Podlaha, O.; Szatlmachova, M.; Babula, P.; Eckschlager, T.; Adam, V.; Krizek, R.;
Masarik, M. Metallothionein polymorphisms in pathological processes. Metallomics 2014, 6, 55–68. [CrossRef]
[PubMed]
Giacconi, R.; Bonfigli, A.R.; Testa, R.; Sirolla, C.; Cipriano, C.; Marra, M.; Muti, E.; Malavolta, M.; Costarelli, L.;
Piacenza, F.; et al. +647A/C and +1245 MT1A polymorphisms in the susceptibility of diabetes mellitus and
cardiovascular complications. Mol. Genet. Metab. 2008, 94, 98–104. [CrossRef] [PubMed]
Yang, L.; Li, H.; Yu, T.; Zhao, H.; Cherian, M.G.; Cai, L.; Lui, Y. Polymorphisms in metallothionein-1
and -2 genes associated with the risk of type 2 diabetes mellitus and its complications. Am. J. Physiol.
Endocrinol. Metab. 2008, 294, E987–E992. [CrossRef] [PubMed]
Wang, Y.; Goodrich, J.M.; Gillespie, B.; Werner, R.; Basu, N.; Franzblau, A. An investigation of modifying
effects of metallothionein single-nucleotide polymorphisms on the association between mercury exposure
and biomarker levels. Environ. Health Perspect. 2012, 120, 530–534. [CrossRef] [PubMed]
Lei, L.; Chang, X.; Rentschler, G.; Tian, L.; Zhu, G.; Chen, X.; Jin, T.; Broberg, K. A polymorphism in
metallothionein 1A (MT1A) is associated with cadmium-related excretion of urinary beta 2-microglobulin.
Toxicol. Appl. Pharmacol. 2012, 265, 373–379. [CrossRef] [PubMed]
Fernandes, K.C.M.; Martins, A.C., Jr.; Soares de Oliveira, A.A.; Antunes, L.M.G.; de Syllos Colus, I.M.;
Barbosa, F., Jr.; Barcelos, G.R.M. Polymorphism of metallothionein 2A modifies lead body burden in workers
chronically exposed to the metal. Public Health Genom. 2015, 19, 47–52. [CrossRef] [PubMed]
Ng, E.; Lind, P.E.; Lindgren, C.; Ingelsson, E.; Mahajan, A.; Morris, A.; Lind, L. Genome-wide association
study of toxic metals and trace elements reveals novel associations. Hum. Mol. Genet. 2015, 24, 4739–4754.
[CrossRef] [PubMed]
Ridgway, A.; Webb, R. The materials bonanza. New Sci. 2015, 225, 35–41. [CrossRef]
Vallee, B.L. The functions of trace elements in biology. Sci. Mon. 1951, 72, 368–376.
© 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

