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General trends, definitions, and scope

Even though the chemistry of life is generally associated with the diversified carbon, i.e., organic, (bio)chemistry, with the involvement of a handful of mainly metalloid elements (C, O, S, H, P, N, etc.), the terrestrial environment is qualitatively dominated by metals, some being mandatory for life, while others are not [START_REF] Maret | The metals in the biological periodic system of the elements: Concepts and conjectures[END_REF]. The essentiality of metals in Biology is not directly related to their natural abundance.

Hence every life form has to cope with the exposure to metals, and the question addressed here is whether animals, particularly humans, can bear some exposure to metals without harmful effects. If such a safe level exists it defines a threshold for each element/metal. The biological need for metals of the first two columns of the periodic table, such as sodium, magnesium or calcium, is high. Similarly, transition metals, such as iron, copper, or zinc, are mandatory; they must be sufficiently available to avoid deficiency which implies that the onset of toxicity occurs at high concentrations relative to the required availability range. The definition of a threshold in such cases shifts to that of a toxicological level, and it does not need further elaboration here. Instead the focus will be on other, non-essential metals often with exchangeable electrons that usually occur as cations in biological systems.

It should be stated that non-essential is a provisional notion defined by default as already discussed [START_REF] Maret | The metals in the biological periodic system of the elements: Concepts and conjectures[END_REF], since the demonstration of essentiality in a given species sometimes only awaits the application of proper, often new, methods under the suitable experimental conditions. Also, a metal which is mandatory for some species may be non-essential for others; nickel is required for many microorganisms (bacteria and archaea), but it seems merely non-essential (toxic) for animals.

Metal ions are not metabolized since they are not transformed per se; they only exchange ligands and sometimes electrons in low energy reactions. In contrast to organic pollutants that experience modifications on or of their carbon skeleton, the toxicology of metals instead relies on such phenomena as speciation, traffic, or storage, and their impact on the normal functions of the exposed organism.

The issue of the use and existence of a toxicological threshold, in general, has already been deeply considered in the literature [START_REF] Crump | Use of threshold and mode of action in risk assessment[END_REF], and the present Opinion addresses the specific situation of metal ions, with a focus on mechanistic considerations that may prove crucially informative in the Toxicology of metals.

Peculiar features of chronic exposure: detoxification, adaptation, and exposure threshold for metals

Although acute exposure to toxic metals can occur with relatively short-term adverse health effects, most frequent and critical situations involve long-term, low concentrations of metal exposure with equivocal health effects. In the latter case, dose needs to be precisely described as two independent components define it, the (metal) concentration which may vary with time, and the length of exposure, up to life-long, spanning all developmental stages from gestation to aging. Although exposure is most often considered in these circumstances, a better parameter should COTox-S-19-00011 Revised p. 4 be the burden of the toxic compound [START_REF] Jacquet | Impact of maternal low-level cadmium exposure on glucose and lipid metabolism of the litter at different ages after weaning[END_REF] which is the functional parameter that implicitly take sources of variability such as the mode of administration/exposure, single nucleotide polymorphisms, or imprinting effects into account. Indeed, beyond the individual sensitivity to the metal toxicant, the rate of uptake and processing varies with external concentration and considered organs as demonstrated for Cr(VI) for instance [START_REF] Kirman | Physiologically based pharmacokinetic model for rats and mice orally exposed to chromium[END_REF].

For chronic exposure, the longer the length of exposure and the lower the concentration to minimize immediate damage, the more likely the ability of the exposed organism to develop some adaptive response to the insult. Indeed, organisms are endowed with specific or serendipitous detoxification systems, be-it export and homeostasis in general, or repair as for genotoxic compounds. These mechanisms counterbalance the potential direct toxic effect of a metal ion, and they contribute to set up an actual high limit of the dose -a genuine threshold-below which no harm occurs, as long as they can cope with the insult. In such circumstances the question of the existence of a threshold is whether non-essential metals trigger regulatory mechanisms and export systems.

Alternatively, a genuine threshold may occur if the metal needs to reach a high enough concentration to interfere with cellular or organismal function, as chronic gradual uptake of metal pollutants is unlikely to instantly saturate biochemical systems. If there is no cellular binding and uptake of the metal cation (unlikely), if the cells efficiently expel the metal, or if they can safely store it, the biochemical pathways, except the detoxifying ones and those that support them (e.g. energy provision), are not affected. About metal storage, are animal cells endowed with systems that safely and lastingly trap non-essential metal cations as plant or yeast do in vacuoles [START_REF] Nguyen | Isolated saccharomyces cerevisiae vacuoles contain low-molecular-mass transition-metal polyphosphate complexes[END_REF]? Metallothioneins are supposedly metal detoxification molecules, and ferritin and albumin are serendipitous ones. However, these and other cation-binding proteins experience dynamic turnovers in mammals, which may shift the toxicological problem to some other compartment or organ, but without solving it for the whole organism if these metal complexes are not safely excreted.

At the cellular level, the macroscopic behavior of the studied system results from discrete molecular reactions in which a given non-essential metal cation is expected to have multiple targets of similar affinities. This multiplicity of similarly sensitive targets comes from the limited set of binding anion groups in the multiple biological metal ligands. The particular property of metal ions interacting with several molecular targets with similar affinities is likely to promote the occurrence of multiple modes of action at low concentrations leading to overlapping discrete molecular responses and affected functions [START_REF] Höfer | Dose-and routedependent hormonal activity of the metalloestrogen cadmium in the rat uterus[END_REF][START_REF] Renieri | Nonlinear responses to waterborne cadmium exposure in zebrafish. An in vivo study[END_REF][START_REF] Zheng | In utero exposure to hexavalent chromium disrupts rat fetal testis development[END_REF]. Such combination may sum up to an apparent linear response at low doses, i.e., no threshold, and the existence of individual thresholds at a given level, e.g., the cell, may result in a quasi-linear, non-threshold, response at higher ones, e.g., organ or organism [START_REF] Bogen | Linear-no-threshold default assumptions for noncancer and nongenotoxic cancer risks: A mathematical and biological critique[END_REF][START_REF] Crump | Bogen's critique of linear-no-threshold default assumptions[END_REF]. But in any case managing interactions with non-essential metals mobilizes resources, which is detrimental in molecular and energetic terms.
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Furthermore, the sensitivity of the exposed organism depends on various characteristics such as the development stage and the mode of exposure [START_REF] Jacquet | Impact of maternal low-level cadmium exposure on glucose and lipid metabolism of the litter at different ages after weaning[END_REF]. A special case, not treated here, is associated with exposure to non-essential metals released by medical devices [START_REF] Bijukumar | Systemic and local toxicity of metal debris released from hip prostheses: A review of experimental approaches[END_REF][START_REF] Granchi | Biological effects of metal degradation in hip arthroplasties[END_REF][START_REF] Marchioni | Silver nanoparticle fate in mammals: Bridging in vitro and in vivo studies[END_REF]. Non-essential metal ions (e.g., Cd 2+ ) may avidly bind to receptors (e.g., estrogen receptor) of naïve cells [START_REF] Stoica | Activation of estrogen receptor-alpha by the heavy metal cadmium[END_REF] and act as endocrine disruptors [START_REF] Buha | Overview of cadmium thyroid disrupting effects and mechanisms[END_REF][START_REF] Iavicoli | The effects of metals as endocrine disruptors[END_REF]. An adaptive response may develop up to the point where disruption of endocrine functions strongly perturbs the organism [START_REF] Rattan | Exposure to endocrine disruptors during adulthood: Consequences for female fertility[END_REF]. The consequences vary between induction of (cell) death, sham stimulus for growth or differentiation or loss of functionality, and they change over time [START_REF] Jacquet | Impact of maternal low-level cadmium exposure on glucose and lipid metabolism of the litter at different ages after weaning[END_REF]. Mechanisms determine the chronology of events with a sharp difference between the fast receptor-mediated and hormone-like actions [START_REF] Zheng | In utero exposure to hexavalent chromium disrupts rat fetal testis development[END_REF] or epigenetics [START_REF] Bommarito | Effects of prenatal exposure to endocrine disruptors and toxic metals on the fetal epigenome[END_REF], and delayed oxidative stress [START_REF] Jacquet | Chronic exposure to low-level cadmium in diabetes: Role of oxidative stress and comparison with polychlorinated biphenyls[END_REF] that is initially controlled by the antioxidant response.

In summary, if a metal does not have any known function, a safe assumption is that it will be toxic at some point if it interacts with cells. But this relies on relevant data 1) to accurately identify the source of input and the metal traffic and storage, including full reversibility in case exposure ceases, and 2) to estimate the damage or perturbation the interacting metal can do. This scientific area is vast and leaves plenty of room to future biochemical toxicology.

Experimental dose-response curves for metals

The threshold concept implies that low doses below a defined value are harmless.

However, toxicological effects, particularly at low doses, are plagued with experimental imprecisions and various sources of uncertainty as recently listed in the case of cadmium-induced thyroid dysfunction [START_REF] Buha | Overview of cadmium thyroid disrupting effects and mechanisms[END_REF]. For example, any parameter or effect must be measured over a baseline which corresponds to the background exposure and is rarely null with environmentally relevant metals, even in laboratory settings [START_REF] Jacquet | Impact of chronic and low cadmium exposure of rats: Sex specific disruption of glucose metabolism[END_REF]. In addition, taking for reference functional concentrations of physiological metals such as zinc [START_REF] Wilson | Picomolar concentrations of free zinc(II) ions regulate receptor protein-tyrosine phosphatase beta activity[END_REF] or iron [START_REF] Pourcelot | Iron for proliferation of cell lines and hematopoietic progenitors: Nailing down the intracellular functional iron concentration[END_REF], monitoring signals at very low doses, i.e., at or below part per billion levels, may mean not more than a few metal cations per cell or per sub-cellular compartment at which level quantitative speciation is a huge technological challenge. The issue of probing departure points in doseresponse curves is sketched in Figure 1.

As a further concern, the most often assessed functional effects of non-essential metals may not be detected before the onset of structural ones as observed with cadmium in various rodent organs [START_REF] Brzóska | Changes in the structure and function of the kidney of rats chronically exposed to cadmium. I. Biochemical and histopathological studies[END_REF][START_REF] Jacquet | Mitochondrial morphology and function of the pancreatic beta-cells ins-1 model upon chronic exposure to sub-lethal cadmium doses[END_REF]. Additionally, consideration of negative results should not be neglected in estimating a threshold as long as the level of sensitivity of the associated methods is adequately assessed.

Due to the sources of uncertainty, non-essential metals have shown dose-response curves that depart from linearity [START_REF] Renieri | Nonlinear responses to waterborne cadmium exposure in zebrafish. An in vivo study[END_REF]. Comparison of markers of exposure to cadmium and effect in the general Japanese population revealed the presence of multi-linearity [START_REF] Ikeda | Bi-linear dose--response relationship in general populations with low-level cadmium exposures in nonpolluted areas in japan[END_REF] with significant geographical variations [START_REF] Sakuragi | Variation in benchmark dose (bmd) and the 95% lower confidence limit of benchmark dose (bmdl) among general japanese populations with no anthropogenic exposure to cadmium[END_REF]. As an example of a possible threshold, decreased glomerular filtration rate correlated with increased β2-COTox-S-19-00011 Revised p. 6 microglobulin in human subjects displaying more than 0.5 µg of urinary cadmium/g creatinine [START_REF] Satarug | Urinary cadmium threshold to prevent kidney disease development[END_REF]. This cut-off value, which is significantly lower than toxicity values set by international regulatory organizations, signals functional damage to the kidney, but it does not inform on the intimate status of the glomerulus. Hence the operational threshold estimated in this study cannot be converted into evidence for no (molecular and possibly cellular) effects on the nephron. A new meta-analysis examining the association between cadmium burden and diabetes mellitus in human adults [START_REF] Guo | Evaluation of the association between urinary cadmium levels below threshold limits and the risk of diabetes mellitus: A dose-response meta-analysis[END_REF] implemented an arbitrary cubic spline curve to the selected data, claimed a 2.43 µg cadmium in urine/g creatinine threshold value for the onset of correlation with diabetes, but could not conclude on the shape of the dose-response curve at lower doses (≤2.4 µg urinary cadmium/g creatinine) within the 95% confidence intervals.

A recent study designed to describe the relationship between environmental lead (Pb) exposure and maternal stress among pregnant women suggested a nonlinear association between the investigated parameters [START_REF] Li | The non-linear association between low-level lead exposure and maternal stress among pregnant women[END_REF]. Similarly, the non-linear relationship between exposure and burden of oral hexavalent chromium [Cr(VI)] [START_REF] Kirman | Physiologically based pharmacokinetic model for rats and mice orally exposed to chromium[END_REF] was associated with rodent duodenal hyperplasia and long-term cancerous lesions (reviewed in [START_REF] Thompson | Assessment of the mode of action underlying development of rodent small intestinal tumors following oral exposure to hexavalent chromium and COTox-S-19-00011 Revised p. 14 relevance to humans[END_REF]). Among the mechanisms of action of chromium are hypermethylation and down-regulation of DNA repair genes [START_REF] Hu | Cr(vi)-induced methylation and down-regulation of DNA repair genes and its association with markers of genetic damage in workers and 16hbe cells[END_REF].

All the above and other examples with metals exemplify non-monotonous doseresponse (NMDR) curves. This type of curve suggests, but does not necessarily imply, that the threshold concept should be used in interpreting such data. It may also include effects such as hormesis [START_REF] Shi | Progress in the studies on hormesis of low-dose pollutants[END_REF] which, when really present, can be seen as the result of overlapping mechanisms depending on the toxicant dose and an early step of adaptation. In such cases extrapolation from effects observed at high doses (most commonly used in standard animal models) to environmental doses for humans is highly questionable. Indeed, studies of mutagenic, carcinogenic, developmental and reproductive toxicity of metals are dominated by relatively high concentrations, irrelevant delivery routes, and short times of exposure adjusted to the life of the model species (and to the patience and means of the experimenter) [START_REF] Buha | Cadmium exposure as a putative risk factor for the development of pancreatic cancer: Three different lines of evidence[END_REF].

Thus, high-dose testing that is not quantitatively relevant to human, or other species, is not justified, as has been translated into the Kinetically-derived Maximum Dose concept for dose selection strategy [START_REF] Bus | The dose makes the poison": Key implications for mode of action (mechanistic) research in a 21st century toxicology paradigm[END_REF]. The number of critical pathways in which non-essential metals can be involved calls for alertness in the studies of their toxicology.

Consequences for risk assessment of non-essential metal exposure

When it comes to threshold importance for the regulatory implications of doseresponse curves, the societal perception now shifts the relevant question from the statistical definition of an acceptable healthcare and economic risk for a given human population to one of potentially finding an exposure value below which no individual of any population will experience toxic effects. The data to address this shifting purpose are hardly available [START_REF] Beausoleil | Review of nonmonotonic dose-responses of substances for human risk assessment[END_REF].
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Most toxicological models defining benchmark doses (BMD), no-(adverse)-effects levels, and other alternative parameters implicitly include the threshold concept [START_REF] Crump | Use of threshold and mode of action in risk assessment[END_REF][START_REF] Thompson | Integration of mechanistic and pharmacokinetic information to derive oral reference dose and margin-ofexposure values for hexavalent chromium[END_REF]. They all define some threshold and with the use of safety and uncertainty factors can be transferred into doses that are unlikely to cause any effects in humans. The notion of threshold of toxicological concern refers to this kind of considerations, by targeting a dose value below which worry becomes negligible even in the face of cocktails of potential toxicants [START_REF] Hartung | Thresholds of toxicological concern -setting a threshold for testing below which there is little concern[END_REF]. But metals were excluded from the list of chemicals considered with this concept, and mechanistic information is only marginally included in such risk assessment procedure [START_REF] Hartung | Thresholds of toxicological concern -setting a threshold for testing below which there is little concern[END_REF].

To provide improved risk assessment of chronic low-dose non-essential metal exposure to populations, detailed and quantitative mechanistic data obtained via more sensitive and more comprehensive (-omics) analytical methods must be implemented. The development of suitable computational tools to integrate these data in the description of such complex systems must also follow a parallel progress.

Presently, specific issues still need further scrutiny [START_REF] Saracci | The hazards of hazard identification in environmental epidemiology[END_REF]: relevance of high dose effects for exposure at low doses, appropriateness of used methodology to determine threshold doses, and accuracies in establishing NMDR are crucial items.

Historically, the linear non-threshold form of the dose-response curve has been favored for genotoxic compounds, including metals, implying that a single metal molecule may generate DNA lesions. Indeed, redox-active non-essential (for humans) transition metals such as nickel or chromium may catalyze oxidative modifications of nucleotides, and others, such as cadmium, may indirectly lead to the same outcome by blurring the antioxidant response. But this neglects the existence of DNA repair mechanisms that avoid the persistence of modifications eventually leading to tumors, at least up to some density of damage. This type of resistance mechanism should support the threshold concept in this example of cancer as long as the inflection point in the dose-response curve can be precisely established in a range of exposure conditions, and the fate of the DNA damaging metal is monitored.

Both of these propositions usually remain elusive. At best, extensive mechanistic and pharmacokinetic information with benchmark dose modeling, as in the case of chromate exposure [START_REF] Haney | Consideration of non-linear, non-threshold and threshold approaches for assessing the carcinogenicity of oral exposure to hexavalent chromium[END_REF], enables derivation of a Reference Dose, i.e., the acceptable daily lifetime intake for human subjects that is supposedly safe. But the difficulty in precisely measuring toxicant exposure and burden for humans, the uncertainties plaguing dose-response curves (Figure 1), and the degree of subjectivity associated with what is acceptable open such parameters as Reference Dose to controversy.

Observations adding to the complexity of the problem include the interaction of the molecular networks handling essential and non-essential metals. For instance, low daily doses of Cd given to rats for 4 weeks (BMDL5= 10 µg Cd/kg b.w.) induced a 5% decrease in bone Zn levels that mirrored the inverse association between bone Cd content and that of Zn or bone mineral density of human samples [START_REF] Buha | Bone mineral health is sensitively related to environmental cadmium exposure-experimental and human data[END_REF].
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For some metals such as lead, a consensus emerges for zero tolerable blood levels based on physiological and epidemiological arguments rejecting the occurrence of a threshold in the dose-response relative to the nervous system and the kidneys [START_REF] Shefa | Both physiology and epidemiology support zero tolerable blood lead levels[END_REF].

Building up the successive quantitative and temporal events occurring upon very low, i.e chronic and environmental, metal exposure, is slowly but regularly updated.

Unambiguously ruling on the existence or absence of thresholds for non-essential metal ions would shift risk assessment from a computationally derived level to a knowledge-based value with a thorough insight in case of changing conditions, such as upon co-exposure to other potential toxicants or in the study of different populations.

Conclusions

The demonstration of a safe threshold for any given metal ion requires very detailed experimental studies and attention to molecular mechanisms relevant to environmental conditions. Modeling of dose-response curves is still helpful for practical purposes, but it does not help when looking for intervention for corrective actions. For prevention let's state sublata causa, tollitur effectus (get rid of the cause and the effect will disappear): easier said than done, especially in present day technological societies that have recently found fancy applications of previously unused and unmined metals such as lithium or lanthanides.

What is needed is knowing whether the non-essential metal ions can interact with the organism/tissue/cell under study (generally yes) and to define their targets at infinite low concentrations. As such, safe exposure due to the existence of thresholds is likely to remain an illusion even though the human body contains seemingly nonessential metals (e.g., strontium, rubidium, titanium, barium and others [START_REF] Maret | The metals in the biological periodic system of the elements: Concepts and conjectures[END_REF]) at levels similar to some essential metals. The source, pathway(s), disposal, and biological impact of such non-essential metals are completely unknown.

Uncertainties in the mechanisms of toxicity relevant to low-level human exposures remains a challenging current issue, but it seems unlikely that any informed progress on the matter, beyond current and somewhat arbitrary risk assessment, can be reached without in-depth mechanistic knowledge of the biological action of metals.

What happens around and below current benchmark doses is terra incognita and exploring this unknown is the challenge ahead, particularly considering the increased societal scrutiny of concepts such as "acceptable risk".
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Figure legend

Virtual dose-response curve based on experimental data. The error bars usually increase as doses are lowered which explains the uncertainty of the suitable curve to fit the data. The two extreme situations are represented by the (1) and (2) curves, with or without threshold. A decision tree is sketched to determine whether a threshold does exist and may support any safe exposure.