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Abstract

The European Commission asked EFSA to update its previous Opinion on nickel in food and drinking
water, taking into account new occurrence data, the updated benchmark dose (BMD) Guidance and
newly available scientific information. More than 47,000 analytical results on the occurrence of nickel
were used for calculating chronic and acute dietary exposure. An increased incidence of post-
implantation loss in rats was identified as the critical effect for the risk characterisation of chronic oral
exposure and a BMDLq of 1.3 mg Ni/kg body weight (bw) per day was selected as the reference point
for the establishment of a tolerable daily intake (TDI) of 13 pg/kg bw. Eczematous flare-up reactions
in the skin elicited in nickel-sensitised humans, a condition known as systemic contact dermatitis, was
identified as the critical effect for the risk characterisation of acute oral exposure. A BMDL could not be
derived, and therefore, the lowest-observed-adverse-effect-level of 4.3 pug Ni/kg bw was selected as
the reference point. The margin of exposure (MOE) approach was applied and an MOE of 30 or higher
was considered as being indicative of a low health concern. The mean lower bound (LB)/upper bound
(UB) chronic dietary exposure was below or at the level of the TDI. The 95th percentile LB/UB chronic
dietary exposure was below the TDI in adolescents and in all adult age groups, but generally exceeded
the TDI in toddlers and in other children, as well as in infants in some surveys. This may raise a health
concern in these young age groups. The MOE values for the mean UB acute dietary exposure and for
the 95th percentile UB raises a health concern for nickel-sensitised individuals. The MOE values for an
acute scenario regarding consumption of a glass of water on an empty stomach do not raise a health
concern.
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Summary

The European Commission asked the European Food Safety Authority (EFSA) to update the
previous EFSA Scientific Opinion on the risks to public health related to the presence of nickel in food
and drinking water (EFSA CONTAM Panel, 2015), taking into account the new occurrence data, the
updated benchmark dose (BMD) Guidance and any newly available scientific information. The CONTAM
Panel developed the draft scientific Opinion which underwent a public consultation from 4 June until 15
July 2020. The comments received and how they were taken into account when finalising the scientific
Opinion were published in an EFSA Technical Report (EFSA, 2020).

Nickel is a widespread component of Earth’s crust and is ubiquitous in the biosphere. Its presence
in food and drinking water can arise from both natural and anthropogenic sources. Nickel occurs in
different oxidation states. In food and drinking water, nickel generally occurs in the divalent form,
which is the most stable oxidation state.

Nickel is usually measured in food as total nickel and there are only few studies of nickel speciation
in food. It is generally assumed that nickel occurs in food in the form of complex bound organic nickel,
which has different physico-chemical and possibly also different biological properties than inorganic
nickel.

Hazard identification and characterisation

Nickel absorption from the gastrointestinal tract is dependent on the chemical form and thus, the
solubility of the nickel compound. Absorption may be decreased by binding or chelating substances,
competitive inhibitors or redox reagents. On the other hand, absorption is often enhanced by
substances that increase pH, solubility or oxidation, or by chelating agents that are actively absorbed.

In humans, the bioavailability of nickel following ingestion also depends on the solubility of the
administered nickel compound, the dosing vehicle and the fasting state of the subject. A low
absorption (0.7-2.5%) was reported when nickel was ingested in the presence of food or under a non-
fasted state, whereas a higher absorption (25-27%) was reported when nickel was ingested via
drinking water in the absence of food, or under a fasted state. The number of individuals examined in
the relevant human studies was low. There was also a considerable inter-individual variability in these
studies. Thus, a precise estimate of the oral bioavailability of nickel in humans under different
conditions cannot be established for the acute risk characterisation.

A study in rats showed an absorption of around 10% when soluble nickel compounds were
administered in a 5% starch saline solution as a vehicle. Such a condition is considered as being
representative for dietary exposure via food and beverages for the chronic risk characterisation.

After absorption, nickel is widely distributed in the organism. Nickel was shown to cross the
placenta in mice. Nickel can also be transported across the blood-brain barrier. Absorbed nickel is
excreted mainly via the urine. During lactation, nickel can also be excreted in the breast milk. An
elimination half-life of 28 + 9 h was estimated in human volunteers.

The divalent metal transporter 1 (DMT1) mediates the transport of nickel and other divalent metal
ions such as iron from the lumen of the intestine into the enterocyte and also mediates apical uptake of
divalent cations in the kidney. DMT1 is known to be involved in the transport of divalent iron into the
cytosol of endosomal cells prior to transport across the blood-brain barrier by ferroportin. Since nickel is
also a substrate for DMT1, this transporter is likely to also be involved in nickel uptake into the brain.

The major effects observed in the short-term repeated dose toxicity studies in rodents and dogs
following oral administration were decreased body weight and effects in the liver and kidney (changes
in organ weights and histopathological changes). Effects on bone and on gut microbiota have also
been reported in a few recent studies.

A few studies indicate that nickel can disturb neurobehavioural functions in mice and rats as indicated
by impaired spatial memory performance and effects on locomotor activity. Neurodegeneration in adult
rats has also been reported.

In mice, different reproductive effects such as decreased male sex organ weights and
histopathological changes in these organs, disturbed spermatogenesis, decreased sperm motility and
sperm damage have been reported after oral exposure to soluble nickel compounds. The reproductive
effects were responsible for a decreased fertility in mice. A recent short-term toxicity study (28 days)
with limited reporting suggested that nickel may also cause testicular degeneration in rats. Mice
appear to be more sensitive than rats regarding reproductive effects.

There is consistent evidence of developmental toxicity in rats in the form of increased pup mortality
(stillbirth or post implantation loss/perinatal lethality) and decreased pup weight after oral exposure to
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soluble nickel compounds. Developmental toxicity was also observed in mice (decreased fetal weight,
malformations) but at higher doses than for rats suggesting that rats appear to be more sensitive than
mice regarding developmental toxicity. Based on the available data, the CONTAM Panel considers that
the increased incidence of post-implantation loss in rats is the critical effect for the risk characterisation
of chronic oral exposure to nickel. This is in agreement with the previous Opinion.

Nickel compounds are inactive in almost all bacterial mutagenicity tests and are weakly mutagenic
in cultured mammalian cells. Nickel ions may be co-mutagenic, which is likely due to interference with
DNA repair processes. Nickel compounds can induce sister chromatid exchanges, chromosomal
aberrations and micronuclei at high (mM), cytotoxic levels in different mammalian cell systems; these
effects are likely due to aneugenic as well as clastogenic actions. Nickel compounds have been shown
to induce DNA single-strand breaks (SSBs), DNA-protein cross-links and oxidative DNA damage in
mammalian test systems in vitro. Induction of chromosomal aberrations and micronuclei in rodents
treated with different nickel compounds is not consistent across studies and both positive and negative
results have been reported after oral administration, and intraperitoneal or subcutaneous injection.
Nickel compounds give rise to both DNA SSBs and DNA-protein cross-links in vivo after oral
administration or subcutaneous injection.

No tumours have been observed in the carcinogenicity studies in experimental animals after oral
administration of soluble nickel compounds.

Nickel has different types of effects on the immune system. It is a sensitiser; hence exposure may
lead to adverse hypersensitivity reactions. Oral exposure studies to investigate sensitisation to nickel
by the oral route are scant. Oral exposure to nickel is not known to cause sensitisation, but nickel may
elicit eczematous flare-up reactions in the skin of nickel-sensitised individuals that suffer from a
condition known as systemic contact dermatitis (SCD). The CONTAM Panel concludes that SCD elicited
by oral intake of nickel in humans already sensitive to nickel is the critical effect for the risk
assessment of acute effects of nickel. However, there are uncertainties associated with information
regarding adverse reactions in humans after ingestion of nickel. The evaluation is based on 3 individual
studies, all with a limited number of nickel-sensitised individuals. The degree of sensitivity of these
individuals is not known. The outcomes of these studies were expressed in different ways, i.e. as flare-
up reactions of already eczematous skin lesions, or as flare-up reactions in addition to new skin
reactions, which makes comparison of these studies difficult. Individuals were fasted before oral
exposure to nickel and subsequent monitoring of the effects, which may not represent all types of
nickel intake. Nevertheless, the CONTAM Panel considers, in agreement with the previous Opinion, that
SCD is the critical effect for the risk characterisation of acute oral exposure to nickel.

In the previous Opinion, the CONTAM Panel concluded that the data from the available
epidemiological studies do not support an association between oral exposure to nickel and
reproductive and developmental effects in humans. From the small number of studies published since
the previous opinion, a few suggest that there may be an association between nickel exposure and
adverse reproductive and developmental outcomes.

No studies on neurotoxicity in humans were identified in the previous Opinion. In the few studies
published since then, no clear signs of neurotoxicity were reported.

No data linking cancer in humans with oral exposure to nickel are available.

It is evident that oxidative stress and an elevation of reactive oxygen species (ROS) are involved in
the toxicity of nickel. A contribution of oxidative stress is evident in relation to reproductive toxicity,
genotoxicity, immunotoxicity and neurotoxicity. It has also been postulated that nickel might exert
some of its effects via perturbation of iron homeostasis since divalent nickel competes with the
transport of divalent iron into cells via DMT1 and possibly could also compete with iron sites on
enzymes like the prolyl hydroxylases that modify hypoxia inducible factor-1o (HIF-1a1).

Nickel has been demonstrated to disturb regulation of mammalian reproductive function at several
levels. Mice appear more sensitive than rats and this was associated with a higher level of oxidative
stress in mouse testes compared to testes of rats. A part of this higher sensitivity of mice appears to
be due to the formation of a complex between nickel and protamine 2 in sperm chromatin, which
further elevates ROS production. Oxidative stress and nickel complexation with protamine 2 may both
contribute to infertility. Rats have very low levels of protamine 2 in contrast to mice and humans,
which have much higher levels of this protein. The fact that protamine 2 is expressed in humans might
suggest that the mouse is a better model than the rat in predicting the ability of nickel to induce
human male infertility. However, the relative level of the antioxidant status of human testes will be an
important determinant of susceptibility based on the role of ROS.

www.efsa.europa.eu/efsajournal 4 EFSA Journal 2020;18(11):6268



‘ Jt EFSA Journal

Nickel in food and drinking water

The genotoxicity of nickel is likely due to indirect effects including inhibition of DNA repair and ROS
production. In addition, chromatin changes may occur following dysregulation of signalling pathways
and alteration of the epigenetic landscape.

The ability of nickel to bind to proteins is responsible for the induction of specific immune
responses, leading to allergic reactions. These may be evident in the skin but can also occur elsewhere
in the body. Nickel has also a non-specific activity on the immune system, such as the induction of
inflammatory reactions through toll like receptors and nucleic factor kappa B signalling pathways that
may be involved in the adverse reactions, including the allergic reactions. Even though predominant
reactions to nickel occur after skin exposure, oral exposure to nickel may potentially induce these
effects as well, and especially may elicit flare-up reactions in already sensitised individuals suffering
from systemic contact dermatitis. In addition, nickel may also interfere with immunity through causing
apoptosis of monocytes as observed in vitro, and thus may have an impact on host resistance.

Nickel causes deficits in neurobehavioural performance in rodents and neuronal cell toxicity in vivo
and in vitro. These effects are associated with oxidative stress and disturbance of mitochondrial
aerobic metabolism evidently involving HIF-1o.

Nickel is classified as a human carcinogen via inhalation. No data linking cancer in humans with oral
exposure to nickel are available. No tumours have been observed in the carcinogenicity studies in
experimental animals after oral administration of soluble nickel compounds. Therefore, the CONTAM
Panel considers it unlikely that dietary exposure to nickel results in cancer in humans.

For chronic oral exposure to nickel, the critical effect is the increased incidence of post-implantation
loss in rats observed in the one- and two-generation studies. The CONTAM Panel noted that other
toxic effects, including neurotoxic effects reported in the experimental animal studies were observed at
higher dose levels than those resulting in developmental toxicity, i.e. post-implantation loss. From the
BMD analysis, the BMDL;, of 1.3 mg Ni/kg body weight (bw) per day was selected as the reference
point for the establishment of the tolerable daily intake (TDI). A TDI of 13 pg/kg bw was established
by applying the default uncertainty factor of 100 to account for intra- and interspecies differences.

For acute oral exposure to nickel, the critical effect is eczematous flare-up reactions in the skin
(SCD) elicited in nickel-sensitised humans. The dose-response modelling showed that a BMDL could
not be derived from the available data by applying the current BMD guidance. Therefore, the reference
point was based on the no-observed-adverse-effect-level (NOAEL)/lowest-observed-adverse-effect-level
(LOAEL) approach. In the absence of a NOAEL, a LOAEL of 4.3 pg Ni/kg bw was identified. In
accordance with the previous Opinion, the data were considered insufficient to derive an acute
reference dose (ARfD) and an margin of exposure (MOE) approach was applied for the acute risk
assessment. The CONTAM Panel considered that an MOE of 30 or higher would indicate a low health
concern.

Occurrence/exposure for the EU population

More than 47,000 analytical results on the occurrence of nickel in food and drinking water were
used for the chronic and acute dietary exposure assessment. The highest mean nickel concentrations
were measured for the food category ‘Legumes, nuts and oilseeds’ and for the food category ‘Products
for special nutritional use’.

The mean lower bound (LB)/upper bound (UB) chronic dietary exposure to nickel across the
different dietary surveys and age classes ranged from 1.57/1.89 pg/kg bw per day in elderly to
12.5/14.6 pg/kg bw per day in toddlers. The 95th percentile LB/UB chronic dietary exposure to
nickel ranged from 3.35/3.93 pg/kg bw per day in very elderly to 28.1/29.9 ug/kg bw per day in
infants. The food category, ‘grains and grain-based products’ was the most important contributor to
the mean LB chronic dietary exposure to nickel in all age classes.

The mean UB acute exposure ranged from 1.89 ug/kg bw per day in the elderly to 14.6 ug/kg bw
per day in toddlers. The 95th percentile UB acute exposure ranged from 5.35 ug/kg bw per day in the
elderly to 40.8 ug/kg bw per day in toddlers. The most relevant food categories for the 95th percentile
UB acute dietary exposure varied between age classes and surveys. Beans, coffee, ready-to-eat soups,
chocolate and breakfast cereals were the most relevant food categories in most of the surveys.
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The acute dietary exposure to nickel from consumption of a small bottle of water (500 mL)
containing a high concentration of nickel was estimated to be 0.04 pg/kg bw from tap water and
0.08 ug/kg from bottled water.

Risk characterisation

The mean LB and UB chronic dietary exposure was below the TDI and thus, does not indicate a
concern. However, for one survey in toddlers, the mean chronic dietary exposure was at the level of
the TDI (LB/UB: 12.5/14.6 ug/kg bw per day) and this may indicate a health concern.

The 95th percentile LB chronic dietary exposure exceeded the TDI in toddlers in 10 out of 14
dietary surveys and in other children in 11 out of 19 dietary surveys. Also in infants, an exceedance of
the TDI was observed in some surveys. The 95th percentile LB chronic dietary exposure was below the
TDI in adolescents and in all adult age groups. Thus, the 95th percentile chronic dietary exposure to
nickel may raise a health concern for infants, toddlers and other children.

The CONTAM Panel noted that the risk characterisation for chronic dietary exposure is conservative
and thus will overestimate the risk, as the critical effect for the TDI, post-implantation loss, is not a
relevant effect for young age groups. The TDI is also protective for effects that might occur in these
age groups as no effects of relevance for young age groups have been reported at the reference point
identified for the derivation of the TDI.

Comparison of the estimated mean UB acute dietary exposure with the acute reference point of
4.3 pg Ni/kg bw resulted in MOE values ranging from 0.3 to 2.3, across dietary surveys and age
classes. The MOE values when using the 95th percentile UB acute dietary exposure ranged from 0.1 to
0.8 across dietary surveys and age classes. Thus, these MOE values raise a health concern for nickel-
sensitised individuals.

For the scenario regarding consumption of a small bottle of drinking water, the MOE values of 120
and 55 for tap water and bottled water, respectively do not raise a health concern.

Uncertainty analysis

The CONTAM Panel concluded that the uncertainties in the risk assessment of acute exposure to
nickel in food and drinking water are larger than for the chronic exposure. The CONTAM
Panel considered that the use of fasting condition in the pivotal study is a major source of uncertainty
and therefore the assessment is more likely to overestimate than to underestimate the risk.

Recommendations

In order to improve the risk assessment and reduce the uncertainties, the CONTAM
Panel recommends the generation of more information on oral bioavailability of nickel in humans under
different dosing regimens (i.e. vehicle, fasting/non-fasting condition). In addition, it is recommended to
perform new studies with larger numbers of nickel-sensitised individuals and different dosing regimens
and dose levels included to allow a better characterisation of the dose-response and facilitate a BMD
approach. Such studies would form the basis for a more precise risk assessment of skin and systemic
reactions to nickel exposure via food and drinking water in nickel-sensitised individuals. Information on
the potential presence of nickel nanoparticles in food and drinking water is also needed.
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1. Introduction

Background

On 22 January 2015, EFSA’s Scientific Panel on Contaminants in the Food Chain (CONTAM) adopted
a Scientific Opinion on the risks to public health related to the presence of nickel in food and drinking
water, in which it established a tolerable daily intake (TDI) of 2.8 ug/kg Ni/kg body weight (bw) per
day and concluded that on the basis of the available occurrence data the current chronic dietary
exposure raises health concerns for all age groups and that the acute exposure is of concern for
nickel-sensitised individuals. The CONTAM Panel noted the need for mechanistic studies to assess the
human relevance of the effects on reproduction and development that had been observed in
experimental animals and for additional studies on human absorption of nickel from food; for example,
in combination with duplicate diet studies.

In its Opinion, EFSA considered occurrence data on nickel in food and drinking water, which were
collected in 15 different European countries. However, as 80% of the total collected data were
collected in just one Member State, a geographically more widespread data set would be needed to
verify the occurrence of nickel in food throughout the EU. Furthermore, for certain food groups,
considered as main contributors to dietary exposure in the EFSA Scientific Opinion, only limited
occurrence data were available. In order to discuss possible future risk management measures, a
better view of the nickel content in food commodities belonging to these food groups was needed.
Therefore, by means of Recommendation (EU) 2016/1111', Member States were asked to collect
additional occurrence data for several foodstuffs in 2016, 2017 and 2018.

On 17 November 2016, EFSA adopted its updated guidance on the use of the benchmark dose
(BMD) approach in risk assessment, which might impact on the previously established TDI for nickel.

It is therefore appropriate to request EFSA to update the EFSA Scientific Opinion on the risks to
public health related to the presence of nickel in food and drinking water, taking into account the new
occurrence data, the updated BMD Guidance and any newly available scientific information.

Terms of reference

In accordance with Art 29 (1) of Regulation (EC) No 178/20022, the European Commission asks the
European Food Safety Authority for an updated Scientific Opinion on the risks to public health related
to the presence of nickel in food and drinking water, taking into account the new occurrence data, the
updated BMD Guidance and any newly available scientific information.

The CONTAM Panel concluded that this Opinion should comprise:

a) an evaluation of the toxicity of nickel for humans, considering all relevant toxicological endpoints;

b) an estimation of the dietary exposure of the EU population to nickel from food and drinking
water, including the consumption patterns of specific groups of the population; and

c) an assessment of the human health risks to the EU population, including specific (vulnerable)
groups of the population, as a consequence of the estimated dietary exposure.

In the context of human exposure to nickel via the diet and drinking water, water-soluble nickel
compounds are the most relevant. This Scientific Opinion is therefore confined to water-soluble nickel
compounds (i.e. nickel (II), nickel chloride, nickel sulfate, nickel dinitrate and nickel acetate). Non- or
low-soluble nickel compounds such as nickel sulfide, nickel oxide and nickel carbonate are not
considered in the current assessment.

Nickel can also be present in the environment as nickel nanoparticles. In the absence of evidence
that nickel nanoparticles occur in food and/or drinking water, studies on the toxicity of nickel
nanoparticles were not considered in the present assessment.

! Commission Recommendation (EU) 2016/1111 of 6 July 2016 on the monitoring of nickel in food. C/2016/3858. OJ L 183,
8.7.2016, p. 70-71.

2 Regulation (EC) No 178/2002 of the European Parliament and of the Council of 28 January 2002 laying down the general
principles and requirements of food law, establishing the European Food Safety Authority and laying down procedures in
matters of food safety. OJ L 31, 1.2.2002, p. 1-24.
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As outlined in the terms of reference, the current risk assessment is an update of the previous
Opinion, published in 2015. The literature search for the latter was conducted in 2013. Therefore,
papers published since 2013 were taken into account for the current risk assessment when not yet
included in the previous Opinion.

This section is an adapted and amended version of the corresponding sections in the previous
Opinion on nickel in food and drinking water (EFSA CONTAM Panel, 2015).

The chemistry of nickel (CAS registry No. 7440-02-0) and nickel compounds is described in many
general scientific references (e.g. IARC, 1990, 2012; Health Canada, 1994; ATSDR, 2005, EU RAR
2008; Nielsen and Larsen, 2013). Only the main relevant information is presented here.

Nickel is a silver-white metal with typical metallic properties and has an atomic number of 28 and
atomic weight of 58.71. It has five naturally occurring stable isotopes, with mass numbers 58
(68.07%), 60 (26.23%), 61 (1.14%), 62 (3.63%) and 64 (0.93%). Although it has oxidation states of
-1, 0, +1, +2, +3 and +4, the most common valence state in the environment is the divalent oxidation
state (Ni%* or Ni (II)). In the absence of strong complexing agents, nickel (II) occurs mostly as the
green hexaquonickel ion [Ni(H,0)s]** in natural waters at pH 5-9. Simple inorganic complexes (salts)
with common ligands, such as HCO5~, CI~, OH~, NH5, SO4%~, are formed to a minor degree in this pH
range. The most water-soluble nickel salts are nickel chloride hexahydrate (NiCl,(H,0)e; 2,500 g/L),
nickel dinitrate hexahydrate (Ni(NOs),(H>0)s; 2,400 g/L), nickel sulfate hexahydrate (NiSO4(H,0)s;
660 g/L), nickel sulfate heptahydrate (NiSO4(H,0),;760 g/L) and nickel acetate (Ni(CH3CO,),(H,0)4;
170 g/L). Less-soluble nickel compounds include nickel hydroxide (Ni(OH),; 0.13 g/L) and nickel
carbonate (NiCO3; 0.09 g/L). Nickel sulfides and oxides are practically insoluble in water.

Since nickel is usually measured in food as total nickel, limited information is available on the content
or dietary intake of different chemical species of nickel in food. It is generally assumed that it occurs in
the form of complex bound organic nickel, which has different physico-chemical and possibly also
different biological properties than inorganic nickel (EU RAR, 2008). However, there are only a few
studies of nickel speciation in food. The majority of studies in this field were made of nickel fractionation
in different samples of tea, soybean flour and human milk (Schaumloffel, 2005; Scancar et al., 2013). In
tea, nickel is present as nickel (II) or as complexes with large organic molecules (4-6 kDa) or flavonoid
components or mainly associated with quinic acid (Scancar et al., 2013). In soybean flour, 66% of the
total nickel was extractable and was present mainly as complexes of 2-3 kDa size. In human milk, nickel
was found to be associated with high molecular mass biomolecules, probably caseins, lactotransferrin,
serum albumin or immunoglobulins. Recently, nickel (II), nickel gluconate and nickel citrate complexes
were found in cocoa infusions (Peeters et al., 2017). Nickel citrate and nickel malate complexes account
for 99% of the nickel present in pea root nodule cytoplasm fraction (Cacho et al., 2010).

The CONTAM Panel extensively reviewed the environmental fate and sources of food and drinking
water contamination in 2015. The conclusions from this review are repeated below. Further details are
available in EFSA CONTAM Panel (2015).

'Nickel occurs in environmental compartments and in the biosphere with highly variable levels,
normally as nickel (II) compounds or complexes. The metal presence is determined by natural as well
as anthropogenic factors, the latter generically identifiable with industrial and technological sources. A
wide variability characterizes ambient nickel concentrations reflecting the influence of nickel emissions
from different types of sources.

In air, nickel occurs mostly as fine respirable particles that are removed by wet and dry deposition.
Anthropogenic sources of air-borne nickel account for more than 80% of the atmospheric nickel
burden; the remainder to 100% is accounted for by natural sources. In non-industrialized areas,
background nickel concentrations are generally around or below 3 ng/m’ (yearly averages), although
higher levels have also been observed; in urban and industrialized areas nickel concentrations in air
can be considerably higher (up to tens or hundreds of ng/n?’). In rainwater, nickel concentrations are
on average measured in the range < 1 ug/L, although greater levels have been detected depending on
location.
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Surface runoff, deposition from air, and release of municipal and industrial waste waters are sources
of nickel in surface waters. Under anaerobic conditions, typical of deep waters, nickel can be
segregated from the environment as insoluble sulfide. Although in surface waters total nickel may be
present at levels greater than a few ug/L, in general the element is detected at average concentrations
in the order of 3 ug/L or lower, rivers being more contaminated than lakes and sea water. Fish and
seafood are consequently another source of nickel in the diet. ‘Total nickel concentrations in ground
water and water from drinking water sources/supplies may range from less than 1 ug/L up to few tens
of ug/L, although cases of a high nickel occurrence (up to hundreds of ug/L) have also been reported.

Nickel is released to soils from smelting and refining operations, disposal of sewage sludge, or use
of sludge as a fertilizer; secondary anthropogenic sources include emissions from motor vehicles and
electric power utilities. Weathering and erosion of geological materials are natural sources of nickel to
soils. Typical average background concentrations of nickel in topsoil are in the order of few tens of mg/
kg (namely, < 50 mg/kg): these values are consistent with nickel levels that on a local basis can be
even remarkably higher, and with concentration ranges of two or three orders of magnitude. Reflecting
the extent of anthropogenic impact, nickel concentrations are on average higher in agricultural soils
while reaching the highest values in soils proximal to industrial activities”.

Uptake of nickel by plants results in another source of nickel in the diet. For example, root
vegetables like carrots, potatoes and onions accumulate nickel when grown in contaminated soil or
irrigated with contaminated water (Stasinos et al., 2014). The same has been observed in plants
grown in paddy fields (Rahman et al., 2018).

‘Sediments are an important sink for nickel in water. In general, nickel concentrations detected in
such matrix show similarities with those detected in topsoil: in particular, nickel content in sediments is
expected to be high near sources of nickel emissions.

Migration from food contact material could represent an additional source for the presence of nickel
in food and drinking water. The CONTAM Panel concluded that the extent of nickel migration into food
and drinking water due to the use of good quality stainless steel cookware, tableware, and in general
food contact materials has likely little or no relevance compared to the dietary exposure determined by
the intrinsic presence of nickel in diet constituents. However, leaching of nickel into food may not be
negligible for food contact materials made of poor quality stainless steel, or of other metal alloys
containing nickel’

Flame or graphite furnace with atomic absorption spectrometry (F- or GF-AAS), and, increasingly,
inductively coupled plasma-optical/atomic emission spectrometry (ICP-OES/ICP-AES) or inductively
coupled plasma-mass spectrometry (ICP-MS) are the most common analytical techniques suitable for
the determination of total nickel in foods and drinking water. The limits of detection (LODs) in water
samples range from 0.05 to 1.0 pg/L depending on the analytical techniques used. In foods, there is a
wide variation of LODs ranging from 2 to 290 ug/kg and from 0.006 to 117 pg/L, depending on the
detection techniques used and the type of food (EFSA CONTAM Panel, 2015).

Four European standardised methods for the determination of total nickel in water are available by
F- or GF-AAS or ICP-(OES or MS) techniques with LODs ranging from < 0.1 to 1 pg/L (ISO 8288:1986;
EN ISO 17294-2:2016; EN ISO 15586:2004; EN ISO 11885:2009). Only one standardised method is
available for food, namely for animal and vegetable fats and oils by GF-AAS and no LOD or limit of
quantification (LOQ) is reported (ISO 8294:1999).

Sample preparation for the analysis of total nickel should be performed in accordance with
Standard EN 13804:2013, ‘Foodstuffs — Determination of elements and their chemical species —
General considerations and specific requirements’. Further details are provided in EFSA CONTAM
Panel (2015).

To achieve analytical quality assurance, several standards, certified reference materials and regular
proficiency testing schemes? are available for total nickel in food and water.

In 2015, The CONTAM Panel prepared a Scientific Opinion on the risks to public health related to the
presence of nickel in food and drinking water. For the assessment of chronic effects of nickel,
developmental toxicity in experimental animals was considered as the critical effect. ATDI of 2.8 pg Ni/kg

3 See https://www.eptis.org/
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bw per day was derived from a BMD lower confidence limit for an extra risk of 10% (BMDL,q) of
0.28 mg/kg bw for post-implantation loss per litter in rats based on the data from a dose-range-finding
reproductive toxicity study (SLI, 2000a) and a 2-generation reproductive toxicity study (SLI, 2000b). The
default uncertainty factor of 100 was applied to establish the TDI. The dietary exposure to nickel raised
concern when considering the mean and 95th percentile chronic exposure levels for all age classes. As
the critical effect for the assessment of acute effects of nickel, the Panel selected the systemic contact
dermatitis (SCD) elicited in nickel-sensitised humans after oral exposure to nickel. BMD analyses were
performed on data from three studies on human volunteers (Gawkrodger et al., 1986; Hindsén et al.,
2001; Jensen et al., 2003). The lowest BMDL,q of 0.08 mg Ni per person, corresponding to 1.1 ug Ni/kg
bw, calculated from the data by Jensen et al. (2003), was selected as a reference point for SCD elicited in
Ni-sensitive humans after acute oral exposure to nickel. The CONTAM Panel applied a margin of exposure
(MOE) approach and considered an MOE of 10 to be indicative of a low health concern. The acute dietary
exposure to nickel raised concern that nickel-sensitised individuals may develop eczematous flare-up skin
reactions. The CONTAM Panel noted ‘the need for mechanistic studies to assess the human relevance of
the effects on reproduction and development observed in experimental animals and for additional studies
on human absorption of nickel from food, for example in combination with duplicate diet studies’ (EFSA
CONTAM Panel, 2015).

Epidemiological studies have provided evidence for lung cancer related to specific nickel compounds
or classes of compounds in humans exposed by inhalation: water-soluble nickel compounds (e.g. nickel
chloride, nickel sulfate), insoluble nickel compounds (e.g. nickel oxides and nickel sulfides) (IARC,
1990, 2012). Nickel and nickel compounds have been classified by the IARC as carcinogenic to humans
(Group 1) causing cancers of the lung, nasal cavity and paranasal sinuses after inhalation.

Upon request from the Danish Environmental Protection Agency, Nielsen and Larsen (2013)
evaluated the health hazards from exposure to nickel, inorganic and soluble salts to propose a health-
based quality criterion for nickel in drinking water. The assessment was finalised in 2010 and published
in 2013. The assessment was based on the EU Risk Assessment Reports. A no-observed-adverse-
effect-level (NOAEL) of 1.1 mg Ni/kg bw per day was identified for developmental toxicity in the two-
generation study (SLI, 2000b) with nickel sulfate. A TDI of 5.5 ug Ni/kg bw per day was calculated
based on this NOAEL by applying an uncertainty factor of 200 to account for inter- and intraspecies
variations (10 x 10) and a factor of two in order to consider the severity of effects (peri- and
postnatal increased mortality) at only twice the dose level of the NOAEL value. A health-based quality
criterion in drinking water for repeated exposure to soluble inorganic nickel salts of 17 pg Ni/L was
then calculated. A health-based quality criterion in drinking water for acute exposure of 37 ug Ni/L was
calculated based on a lowest-observed-adverse-effect-level (LOAEL) of 12 pg/kg bw for oral challenge
of nickel-sensitised individuals to nickel in drinking water on an empty stomach (Nielsen et al., 1999)
and assuming an ingestion of 2.3 L of drinking water per day (90th percentile for adults, body weight:
70 kg). An uncertainty factor of 10 was applied because a LOAEL instead of a NOAEL was used and
because the LOAEL would probably have been lower if the nickel status of the patients was not
lowered by giving them a nickel-poor diet during the last 2 days before the provocation test.

In the most recent version of the WHO Guidelines for Drinking-water quality (WHO, 2017) the
guideline value for nickel is 70 pg/L. The guideline value is based on a TDI of 12 pg/kg bw, derived
from a LOAEL established after oral provocation of fasted patients with an empty stomach in the study
by Nielsen et al. (1999). It is noted that the principal reference is WHO (2005) reporting the 2004
assessment, i.e. there has been no new WHO evaluation since the EFSA CONTAM Opinion from 2015.

Currently, there are no maximum levels in the EU legislation for nickel as a contaminant in
foodstuffs. The Framework Regulation EC 1935/2004* lays down general requirements for materials
and articles intended to come in contact with food and Regulation EC 2023/2006> describes good
manufacturing practices for these materials and articles. Commission Regulation (EU) No 10/2011°
includes a specific migration limit for nickel of 0.02 mg/kg food or food simulant from plastic materials

* Regulation (EC) No 1935/2004 of the European Parliament and of the Council of 27 October 2004 on materials and articles
intended to come into contact with food and repealing Directives 80/590/EEC and 89/109/EEC. OJ L 338, 13.11.2004, p. 4-17.
5> Commission Regulation (EC) No 2023/2006 of 22 December 2006 on good manufacturing practice for materials and articles

intended to come into contact with food (Text with EEA relevance). OJ L 384, 29.12.2006, p. 75-78.
& Commission Regulation (EU) No 10/2011 of 14 January 2011 on plastic materials and articles intended to come into contact
with food. OJ L 12, 15.1.2011, p. 1.
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and articles. In addition, the Council of Europe published in 2013 a practical guide on metals and
alloys used in food contact materials and articles, which set out a specific release limit (SRL) for nickel
of 0.14 mg/kg food (EDQM, 2013).

EU Council Directive 98/83/EC’ on the quality of water intended for human consumption sets a
parametric value for nickel at 20 pg/L (Annex I, Part B ‘Chemical parameters’); at the same time, it
also indicates the minimum performance characteristics to be warranted by the method used for the
analysis (Annex III). Within the Directive’s scope, water intended for human consumption refers to:

e all water either in its original state or after treatment, intended for drinking, cooking, food
preparation or other domestic purposes, regardless of its origin and whether it is supplied from
a distribution network, from a tanker, or in bottles or containers;

e all water used in any food-production undertaking for the manufacture, processing,
preservation or marketing of products or substances intended for human consumption unless
the competent national authorities are satisfied that the quality of the water cannot affect the
wholesomeness of the foodstuff in its finished form.

The maximum limit for nickel in natural mineral water is regulated in the EU by Commission Directive
2003/40/EC8. In this Directive, nickel is listed in Annex I among the constituents naturally present in
natural mineral water, with a maximum limit of 20 ug/L. As above, the Directive also indicates the
performance characteristics to be warranted by the method used for the analysis (Annex II).

According to Annex VI of Regulation (EC) No 1272/2008° (Classification, Labelling and Packaging
Regulation), nickel sulfate and nickel dinitrate are classified:

Carc. 1A H350i (May cause cancer by inhalation)

Muta. 2 H341 (Suspected of causing genetic effects)

Rep. 1B H360D (May damage the unborn child)

STOT RE 1 H372 (Causes damage to organs)

Acute Tox. 4 H302 (Harmful if swallowed)

Acute Tox. 4 H332 (Harmful if inhaled)

Skin Irrit. 2 H315 (Causes skin irritation)

Skin Sens. 1 H317 (May cause an allergic skin reaction)

Resp. Sens. 1 H334 (May cause allergy or asthma symptoms or breathing difficulties if inhaled)
Aquatic Acute. 1 H400 (Very toxic to aquatic life)

Aquatic Chronic 1 H410 (Very toxic to aquatic life with long lasting effects).

In addition, nickel dinitrate is also classified as Eye Dam. 1 H318 (causes serious eye damage). For
nickel chloride there is no harmonised classification in the EU.

2. Data and methodologies

The CONTAM Panel used its previous risk assessment on nickel in food and drinking water issued in
2015 as a starting point for drafting the supporting information. The data were summarised in a
narrative way based on expert knowledge/judgement and updated when new information became
available as identified in reviews and relevant scientific evaluations by national or international bodies.
A search for previous assessments was carried out on the websites of the relevant organisations. In
addition, three specific literature searches were conducted to identify scientific literature on previously
reported occurrence and exposure data, on the occurrence of nickel nanoparticles in food and drinking
water and on the migration of nickel from food contact materials into food. The literature search was

7 Council Directive 98/83/EC of 3 November 1998 on the quality of water intended for human consumption. OJ L 330,
5.12.1998, p. 1-28.

8 Commission Directive 2003/40/EC of 16 May 2003 establishing the list, concentration limits, and labelling requirements for the
constituents of natural mineral waters and the conditions for using ozone-enriched air for the treatment of natural mineral
waters and spring waters. OJ L 126, 22.5.2003, p. 34-39.

° Regulation (EC) No 1272/2008 of the European Parliament and of the Council of 16 December 2008 on classification, labelling
and packaging of substances and mixtures, amending and repealing Directives 67/548/EEC and 1999/45/EC, and amending
Regulation (EC) No 1907/2006. OJ L 353, 31.12.2008, p. 1-1355.
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performed in October and November 2019. Web of Science!® and PubMed!! were identified as
databases appropriate for retrieving literature for the present evaluation. An overview of the search
terms is given in Appendix A, Section A.1. The references obtained from the literature search were
imported and saved using a software package (EndNote!?) and screened based on title and abstract.
The draft scientific Opinion underwent a public consultation from 4 June until 15 July 2020. The
comments received and how they were taken into account when finalising the scientific Opinion were
published in an EFSA Technical Report (EFSA, 2020).

The CONTAM Panel applied the general principles of the hazard identification and characterisation
for chemicals in food as described by WHO/IPCS (2009) as well as the different EFSA guidance
documents relevant to this step of the risk assessment (Appendix A, Section A.4).

A comprehensive search for literature was conducted for peer-reviewed original research pertaining
to adverse health effects in experimental animals and humans following oral exposure. The search
strategy was designed to identify scientific literature dealing with toxicokinetics, toxicity and mode of
action. This Scientific Opinion is an update of the previous Scientific Opinion on nickel in food and
drinking water published in 2015 and for which the literature search was conducted in 2013
(Casalegno et al., 2015). Therefore, the literature search for the current Opinion was restricted to
papers published since 1 January 2013. It was decided not to restrict the literature search to
publications in English.

The literature search was performed in June 2019. Web of Science,!® PubMed!! and SciFinder were
identified as databases appropriate for retrieving literature for the present evaluation. An overview of
the search terms is given in Appendix A, Section A.2. The references obtained from the literature
search were imported and saved using a software package (EndNote!?). The references obtained were
screened based on title and abstract using Distiller SR to identify the relevant literature, and the
exclusion criteria are shown in Appendix A, Section A.3.

Additionally, relevant scientific evaluations by national or international bodies and reviews were
considered for the current risk assessment.

The information retrieved was screened and evaluated by relevant domain experts from the
CONTAM working group on nickel in food and used for the present assessment. Limitations in the
information used are documented in this Scientific Opinion.

The selection of the scientific papers for inclusion or exclusion was based on consideration of the
extent to which the study was relevant to the assessment or on general study quality considerations
(e.g. sufficient details on the methodology, performance and outcome of the study, on dosing,
substance studied and route of administration and on statistical description of the results), irrespective
of the results.

Following a mandate from the European Commission to EFSA, a call for annual collection of
chemical contaminant occurrence data in food and drinking water, including nickel, was issued in
December 2010.1® European national authorities and similar bodies, research institutions, academia,
food business operators and other stakeholders were invited to submit analytical data on nickel in food
and drinking water. The data for the present assessment were provided by organisations from 26

10 Web of Science (WoS), formally ISI Web of Knowledge, Thomson Reuters. Available online: http://thomsonreuters.com/
thomson-reuters-web-of-science/

11 pubMed, Entrez Global Query Cross-Database Search System, National Center for Biotechnology Information (NCBI), National
Library of Medicine (NLM), Department of the National Institutes of Health (NIH), United States Department of Health and
Human Services. Available online: http://www.ncbi.nlm.nih.gov/pubmed/

12 EndNote X5, Thomson Reuters. Available at: http://endnote.com/

13 http://www.efsa.europa.eu/en/consultations/call/ 190410
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European countries. In addition, for some samples, the EU was indicated as place of sampling without
specification of the country while for other samples no information on sampling place was provided. All
analytical results were reported as nickel without providing information on specific chemical forms.

The data submission to EFSA followed the requirements of the EFSA Guidance on Standard Sample
Description for Food and Feed (EFSA, 2010a); occurrence data were managed following the EFSA
standard operational procedures (SOPs) on ‘Data collection and validation” and on ‘Data analysis of
food consumption and occurrence data’.

Data on nickel in food and drinking water submitted to EFSA by the beginning of January 2020
were considered for the present assessment. Data received after that date were not included.

Following EFSA’'s SOP on ‘Data analysis of food consumption and occurrence data’ to guarantee an
appropriate quality of the data used in the exposure assessment, the initial data set was carefully
evaluated by applying several data cleaning and validation steps. Special attention was paid to
identification of duplicates and to accuracy of different parameters such as ‘Sampling country’,
‘Sampling year’, ‘Sampling strategy’, ‘Analytical methods’, ‘Result express’, ‘Reporting unit’, ‘LOD/LOQ’,
and the codification of analytical results under FoodEx classification (EFSA, 2011a). The outcome of
the data analysis is presented in Section 3.2.1 and Annex C, Table C.1.

The left-censored data (LCD) (results below LOD or below LOQ) were treated by the substitution
method as recommended in the ‘Principles and methods for the risk assessment of chemicals in food’
(WHO/IPCS, 2009). The same method is indicated in the EFSA scientific report ‘Management of left-
censored data in dietary exposure assessment of chemical substances’ (EFSA, 2010b) as an option in
the treatment of LCD. The guidance suggests that the lower bound (LB) and upper bound (UB)
approach should be used for chemicals likely to be present in the food (e.g. naturally occurring
contaminants, nutrients and mycotoxins). The LB is obtained by assigning a value of zero (minimum
possible value) to all samples reported as lower than the LOD (< LOD) or LOQ (< LOQ). The UB is
obtained by assigning the numerical value of the LOD to values reported as < LOD and the LOQ to
values reported as < LOQ (maximum possible value), depending on whether the LOD or LOQ is
reported by the laboratory.

EFSA Comprehensive European Food Consumption Database (hereinafter referred to as the
Comprehensive Database) provides a compilation of existing national information on food consumption
at the individual level. It was first built in 2010 (EFSA, 2011b; Huybrechts et al., 2011; Merten et al,,
2011). Details on how the Comprehensive Database is used have been published in an EFSA Guidance
(EFSA, 2011b). The latest version of the Comprehensive Database updated in 2020 contains results
from a total of 69 different dietary surveys carried out in 25 different Member States covering 134,929
individuals.

Within the dietary studies, subjects are classified in different age classes as follows:

Infants: < 12 months old

Toddlers: > 12 months to < 36 months old
Other children: > 36 months to < 10 years old
Adolescents: > 10 years to < 18 years old
Adults: > 18 years to < 65 years old
Elderly: > 65 years to < 75 years old
Very elderly: > 75 years old

Seven surveys provide information on specific population groups: ‘Pregnant women’ (> 15 years to
< 48 years old) and ‘Lactating women’ (> 18 years to < 45 years old).

Overall, the food consumption data gathered by EFSA in the Comprehensive Database are the most
complete and detailed data currently available in the EU. Consumption data were collected using single
or repeated 24- or 48-h dietary recalls or dietary records covering from three to seven days per
subject. Owing to the differences in the methods used for data collection, direct country-to-country
comparisons can be misleading.

Detailed information on the different dietary surveys used in the present evaluation is shown in
Annex B Table B.1, including the number of subjects and days available for each age class.
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Consumption data were classified according to the FoodEx classification system (EFSA, 2011a).
FoodEx is a food classification system developed by EFSA in 2009 with the objective of simplifying the
linkage between occurrence and food consumption data when assessing the exposure to hazardous
substances. The system consists of a large number of individual food items aggregated into food
groups and broader food categories in a hierarchical parent—child relationship. It contains 20 main food
categories (first level), which are further divided into subgroups having 140 items at the second level,
1,261 items at the third level and reaching about 1,800 endpoints (food names or generic food names)
at the fourth level.

The CONTAM Panel estimated chronic and acute dietary exposure to nickel. In Annex B Table B.1,
the number of available days for each age class used in the acute exposure assessment is described
beside the number of subjects available for the chronic exposure assessment.

Some of the occurrence data were obtained for food products containing seaweed (e.g. pasta,
biscuits, soups). Since no consumption data for such specific products are available, these data could
not be used for the overall chronic and acute exposure to nickel. However, the exposure from pasta
containing seaweed was covered in a separate acute exposure scenario (see below).

For calculating chronic dietary exposure to nickel, dietary surveys with only 1 day per subject were
not considered as they are not adequate to assess repeated exposure (EFSA, 2011a). Similarly,
subjects who participated in the dietary studies for only 1 day when the protocol prescribed more
reporting days per individual, were also excluded for the chronic exposure assessment. When, for one
particular country and age class, two different dietary surveys were available, only the most recent one
was used.

Thus, for the chronic exposure assessment, food consumption data were used from 44 different
and most recent dietary surveys carried out in 23 different European countries present in the latest
version of the Comprehensive Database (Annex B, Table B.1).

For calculating chronic dietary exposure to nickel, food consumption and body weight data at the
individual level were accessed in the Comprehensive Database. Occurrence data and consumption data
were linked at the relevant FoodEx level. In addition, the different food commodities were grouped within
each food category to better explain their contribution to the total dietary exposure to nickel. The food
categories represented by either very low number of samples (< 6 samples) or for which all data were
below the LOD or LOQ were considered not suitable and were not used for the exposure calculation.

The mean and the high (95th percentile) chronic dietary exposures were calculated by combining
nickel mean occurrence values for food samples collected in different countries (pooled European
occurrence data) with the average daily consumption for each food at an individual level in each
dietary survey and age class. Consequently, individual average exposures per day and body weight
were obtained for all individuals. On the basis of distributions of individual exposures, the mean and
95th percentile exposure were calculated per survey and per age class. Dietary exposure was
calculated using overall European LB and UB mean occurrence of nickel.

Before linking the consumption data to the corresponding occurrence data, the following
adjustments to the occurrence and consumption data were made to reduce uncertainty and reach
more accurate exposure estimates:

e Occurrence and consumption events for solid forms of certain foods (tea leaves, cocoa powder,
cocoa powder preparations, cocoa beans, coffee powder, coffee beans, coffee imitates powder,
concentrated/dehydrated/powdered fruit juices, dried milk and dehydrated soups) were
adjusted by an appropriate dilution factor and these consumption events were reclassified to
the liquid forms as this is considered more appropriate for the current assessment (EFSA,
2018b).

e Occurrence data and consumption events for solid forms of infant formulas and follow-on
formulas were adjusted by a dilution factor of eight and reclassified to the liquid forms (as
ready for feeding) as this is considered more appropriate for the current assessment.

e The nickel contamination in water and milk used for the dilution was not taken into account
since it was considered unlikely that the water and milk would always contain nickel. This
could lead to an underestimation of the exposure.
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e Consumption events for cereal-based food for infants and young children were adjusted by a
factor of 0.25 (when reconstituted with water) or 0.15 (when reconstituted with milk) when
the eating occasions were reported as consumed (liquid) since the occurrence data mainly
referred to the analysis of the food as purchased. This correction was based on the
information given by the data provider as to whether the product is reconstituted with milk or
water (EFSA, 2018b).

Acute dietary exposure to nickel was estimated using a probabilistic approach based on the method
of random sampling with replacement of occurrence data. The random sampling captures the
variability in occurrence values. The consumption events were not randomly sampled because the
CONTAM Panel considered it would not have had a major impact on the results since all food
categories mostly contributing to the mean acute dietary exposure to nickel are regularly and widely
consumed foods. In addition, it would have considerably increased the complexity and the
computation time. A total of the 48 most recent dietary surveys carried out in 25 different European
countries were used (Annex B, Table B.1). Acute exposure was assessed for each reporting day by
multiplying the total consumption amount for each food category by one UB occurrence level randomly
drawn among the individual results available for that food category. Respective intakes of the foods
consumed that day were then summed and finally divided by the individual’s body weight. To model
the uncertainty, the process was iterated 1,000 times for each reporting day. The overall mean values
of the 1,000 means and of the 1,000 P95 daily acute UB exposures per survey and per age class were
then calculated. The 95% confidence interval (CI) defined as the interval between the 2.5th and
97.5th percentiles obtained from the 1,000 iterations was determined to indicate the uncertainty
around the mean value.

In addition, the CONTAM Panel considered that it is of interest to also estimate an acute exposure
from specific foods or occurring within particular circumstances. Therefore, three additional specific
acute exposure scenarios were developed and calculated as follows:

e Acute exposure from seaweed. The exposure was assessed on a per day basis by multiplying
the mean and the highest reliable percentile consumption amount of each age class and
survey by the 95th percentile occurrence level (6,269 pg/kg) of seaweed. It was noted that
the 95th percentile UB and LB occurrence levels were equal. Due to the lack of consumption
data, the exposure could be estimated only for a limited number of surveys.

e Acute exposure from pasta containing seaweed. In the absence of consumption data for such
specific food products, an amount of regular pasta was assumed as a proxy also for the pasta
containing seaweed. The exposure was calculated on a per day basis by multiplying the mean
and 95th percentile consumption amount of each age class and survey by the 75th percentile
(the highest reliable percentile) occurrence level (1,521 nug/kg) of pasta containing seaweed. It
was noted that the 75th percentile UB and LB occurrence levels were equal.

e Acute exposure from water, considering an adult subject drinking a glass of tap water or
bottled water in the morning on empty stomach. The exposure was assessed by multiplying
500 mL of tap water or bottled water by the 95th percentile UB occurrence level of 5.0 or 11
ug/kg, respectively. A standard body weight of 70 kg for adults was considered.

All analyses were run using the SAS Statistical Software (SAS enterprise guide 9.4).

The general principles of the risk characterisation for chemicals in food as described by WHO/IPCS
(2009) were applied as well as the different EFSA guidance documents relevant to this step of the risk
assessment (Appendix A, Section A.4).

3. Assessment

3.1.1.1. Absorption, Distribution, Metabolism, and Excretion

According to the data presented in the previous Opinion (EFSA CONTAM Panel, 2015), the
bioavailability of nickel following ingestion depends on the solubility of the administered nickel
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compound, the dosing vehicle and the fasting state of the subject. Solomons et al. (1982) reported
that when nickel was given in drinking water to fasted individuals nickel plasma levels increased
significantly compared to non-exposed fasted individuals. The absorption of nickel when administered
in meals was considerably lower, with plasma levels not being statistically significantly different from
those in non-exposed fasted individuals. When nickel was given via a soft drink to fasted subjects, the
absorption was similar to that observed with drinking water, whereas a lower increase in plasma levels
was observed following administration in whole milk, coffee, tea or orange juice. For healthy human
volunteers, Sunderman et al. (1989) reported a mean absorption of 27 4+ 17% of the administered
nickel dose when administered in drinking water after a 12 h fasting period, versus a mean absorption
of 0.7 &+ 0.4% when administered in food; the absorption was estimated based on excretion of nickel
in the urine. Nielsen et al. (1999) reported that the cumulative median amount of nickel excreted in
urine within three days after dosing was 2.26% (1.03-4.71%) when nickel was ingested together with
food or mixed into food. Increasing amounts of nickel were excreted in the urine as the interval
between intake of water and meal increased, with a cumulative median amount of 25.8% (25.00 +
11.02) excreted in urine when food was served 4 h prior to ingestion of nickel-containing drinking
water. Patriarca et al. (1997) reported, based on faecal excretion measurements, that 9-40% of nickel
ingested in drinking water was absorbed in four fasted human volunteers. In laboratory animals, nickel
was rapidly but poorly absorbed following ingestion, as suggested by the low urinary excretion
observed in various studies (EFSA CONTAM Panel, 2015). A study in rats showed an absorption of
around 10% when nickel sulfate or nickel chloride was administered in a 5% starch saline solution as
vehicle (EFSA CONTAM Panel, 2015). After absorption, nickel is widely distributed in the organism of
both animals and humans. Animal studies showed that nickel can be found in the peripheral nerve
tissues and in the brain (EFSA CONTAM Panel, 2015). In studies with mice, nickel was shown to cross
the placenta resulting in increased levels of nickel in the fetuses. There are some indications that the
absorbed nickel can bind to serum proteins, in particular to albumin. Absorbed nickel is excreted
mainly via the urine and to a lower extent in breast milk. An estimated elimination half-life of 28 + 9 h
was calculated in human volunteers (EFSA CONTAM Panel, 2015).

Since the previous Opinion, Toman et al. (2014) investigated the distribution of nickel in selected
organs of male Wistar rats after oral administration of nickel chloride hexahydrate in drinking water at
a concentration of 100 mg/L for 90 days. This corresponds to a dose of nickel chloride hexahydrate of
9 mg/kg bw per day applying the default factor of 0.09 for a subchronic study in rats (EFSA Scientific
Committee, 2012a), equivalent to 2 mg Ni/kg bw per day. An untreated group served as the control.
The concentration of nickel was statistically significantly lower in the muscle of the treated group (0.20
+ 0.12 mg/kg) compared with the control group (1.18 + 0.79 mg/kg). No significant differences were
observed for the liver, kidney and testis. These results indicate that nickel does not accumulate in
tissues following repeated oral ingestion.

The divalent metal transporter 1 (DMT1; encoded by the SLCIi1a2 gene which is polymorphic
(Kayaalti et al., 2015)) mediates the transport of nickel and other divalent metal ions such as iron from
the lumen of the intestine into the enterocyte and export of iron from endocytic vesicles. DMT1 also
mediates apical uptake of divalent cations in the kidney, and has been shown to be involved in
recovery of iron from recycling endosomes during transferrin receptor-associated cellular uptake in
various cell types (Mackenzie and Garrick, 2005). There is evidence for accumulation of nickel in the
brain (see Section 3.1.2.7 Neurotoxicity). DMT1 is known to be involved in the transport of divalent
iron into the cytosol of endosomal cells prior to transport across the blood-brain barrier by ferroportin
(Skjarringe et al., 2015). Since nickel is also a substrate for DMT1, this transporter is likely to also be
involved in nickel uptake into the brain.

3.1.1.2. Kinetic modelling

A toxicokinetic model developed for oral exposure to nickel by Sunderman et al. (1989) was
described in the previous Opinion (EFSA CONTAM Panel, 2015). The model was based on two studies
in eight human volunteers, in which levels of nickel in serum and faecal excretion were determined on
the 2 days before and 4 days after administration of nickel sulfate at dose levels of 12, 18 or 50 ug Ni/
kg bw in water or in food to the same subjects. The only estimated kinetic parameter that appeared
significantly different between exposure in water and food was the fraction of the dose that was
absorbed. The model was shown to adequately predict serum nickel levels.

Since the previous Opinion, one study of relevance for this mandate has been published (Dede
et al., 2018). The aim of this study was to use physiologically based pharmacokinetic (PBPK) models to
determine the optimal time for collecting biological samples in a longitudinal study to evaluate whether
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participants who consumed different foods had been exposed to arsenic, cadmium, chromium, nickel
or lead. Only information relevant to nickel is presented here. The model was based on the parameters
from experiment 2 in relation to the PBPK model developed by Sunderman et al. (1989) in which
nickel levels were determined in serum, urine and faeces from eight human subjects who had been
given an oral dose of nickel (as nickel sulfate) in food. As Sunderman et al. (1989) did not determine
the rate of transfer from tissues to serum in experiment 2, Dede et al. (2018) used the nickel transfer
from tissues to serum from experiment 1 in which nickel was administered in water. The unabsorbed
fraction of nickel was accounted for by adding a faeces compartment to the model. The predictive
performance of the modified model was tested by using data from two previous studies, i.e.
Sunderman et al. (1989) and Nielsen et al. (1999). The predicted urinary excretion of nickel was
shown to match closely with data from Sunderman et al. (1989). The mass fraction of the nickel dose
absorbed from the gut was predicted to be 0.7 + 0.4% by Sunderman et al. (1989) when nickel was
ingested via food. However, a higher nickel absorption from food of 2.95 + 1.32% was reported by
Nielsen et al. (1999). In the Dede et al. (2018) model, the most sensitive parameters were related to
oral absorption of nickel. The model also showed that the urinary elimination rate of nickel was an
additional sensitive parameter.

3.1.1.3. Summary

The bioavailability of ingested nickel ranged from about 1% to about 30% in human volunteers
when evaluated based on analyses of nickel in plasma or urine. A low absorption (0.7-2.5%) was
observed when nickel was ingested in the presence of food or under non-fasted state, whereas a
higher absorption (25-27%) was observed when nickel was ingested via drinking water in the absence
of food, or under a fasted state. The CONTAM Panel noted the low number of individuals examined in
the three relevant human studies, as well as a considerable inter-individual variability in the measured
parameters precluding a precise estimate of the oral bioavailability of nickel. A study in rats showed an
absorption of around 10% when nickel sulfate or nickel chloride was administered in a 5% starch
saline solution as vehicle. After absorption, nickel is widely distributed in the organism. In a study with
mice, nickel was shown to cross the placenta. There are also indications of transport across the blood-
brain barrier. Absorbed nickel is excreted mainly via the urine and to a lower extent in breast milk. An
estimated elimination half-life of 28 4+ 9 h was calculated in human volunteers. A recent PBPK model
based on parameters from a previously published model showed that the most sensitive parameters
were related to oral absorption of nickel. The model also showed that the urinary elimination rate of
nickel was an additional sensitive parameter.

3.1.2.1. Acute toxicity (single exposure)

According to the data presented in the previous Opinion (EFSA CONTAM Panel, 2015), water-
soluble nickel compounds have shown moderate to high acute toxicity with LDsg values ranging from
39 to 190 mg Ni/kg bw for nickel sulfate, 43-130 mg Ni/kg bw for nickel chloride, > 404 mg Ni/kg bw
for nickel nitrate and 116-325 mg Ni/kg bw for nickel acetate.

Since the previous Opinion, no acute toxicity studies of relevance for this mandate have been
identified.

3.1.2.2. Short-term toxicity (5-90 days)

According to the data presented in the previous Opinion (EFSA CONTAM Panel, 2015), the major
effects observed in the short-term repeated-dose toxicity studies following oral administration were
decreased body weight, changes in organ weight (liver and kidneys), and histopathological changes in
the liver and the kidney.

Since the previous Opinion, nine short-term toxicity studies of relevance for this mandate have
been published (details are reported in Appendix B.1). The reporting of several studies does not allow
the CONTAM Panel to evaluate the results and these studies are only reported in Appendix B.1.

In a study aiming to analyse the biochemical parameters of blood plasma, male Wistar rats were
administered nickel chloride hexahydrate in the drinking water at concentrations of 0 or 100 mg/L
(corresponding to 2 mg Ni/kg bw per day based on the default factor of 0.09 for a subchronic study in
rats set by the EFSA Scientific Committee (2012a)) daily for 90 days (Toman et al., 2013). Potassium,
calcium, magnesium, total proteins, cholesterol, bilirubin and glutamate dehydrogenase concentrations
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were significantly decreased when compared with the control values, and glucose and alkaline
phosphatase concentrations were significantly increased.

In a study on the effects on bone composition, adult male mice were administered nickel sulfate or
nickel nitrate by oral gavage daily for 40 days (0, 5.0, 15 or 40 or 5.0, 20 or 40 mg/kg bw per day,
respectively) (Gathwan and Al-Karkhi, 2015). Assuming that the doses are expressed as nickel salt, the
corresponding doses of nickel are 1.9, 5.7 and 15.2 mg Ni/kg bw per day for nickel sulfate and 1.6,
6.4 and 12.8 mg Ni/kg bw per day for nickel nitrate. The control group was on a normal diet and
water. The intake of feed and water was lower in treated mice as compared to the control group and,
according to the authors, the decrease was dose dependent (no data presented in the article). The
femur bone weight was significantly decreased in the mid- and high-dose groups. Histopathologically,
necrosis to layers of decalcified bone, i.e. periosteum, matrix and endosteum was observed with both
nickel salts. The bone-forming cells, lamellae and Haversian canals were also affected. The cortical
width of bone section decreased dose dependently with both nickel salts. Such changes were also
observed in samples of powdered dried bone with scanning electron microscopy (SEM). According to
the authors, the effects of nickel sulfate were more severe than those of nickel nitrate. The CONTAM
Panel noted that the doses causing effects, expressed as nickel, were higher for nickel sulfate than for
nickel nitrate, which could explain the differences in toxicity reported by the authors.

In a more recent publication by the same group (Gathwan and Albir, 2019), effects on bone
composition were also examined in adult male mice. The CONTAM Panel was not able to evaluate the
results of this study based on the two-page article without details.

The gut microbiota are critical for healthy functioning of the gut. In humans and animals, changes
in the gut microbial population are associated with multiple health problems. In humans, this includes
obesity and inflammatory bowel disease. The CONTAM Panel identified two studies investigating the
effect of nickel on gut microbiota.

In a study aiming to gain a more comprehensive understanding of the effects of metal exposure on
the gut microbiota, Richardson et al. (2018) exposed rats to nickel chloride. Sprague-Dawley rats were
administered nickel chloride by oral gavage at doses of 0, 177, 232, or 300 mg/kg bw per day
(corresponding to 0, 80, 105 or 136 mg Ni/kg bw per day) daily for five consecutive days. 16S
ribosomal RNA (rRNA) gene sequencing was used to track changes in the gut microbiota composition.
Significant dose-dependent changes were observed in response to nickel. Bacteria with higher
numbers of iron-importing gene orthologs were overrepresented after exposure to nickel.

In a study examining the effect of oral nickel exposure on intestinal microflora, female mice were
administered water containing 400 uM nickel sulfate hexahydrate for 21 days (Zhou et al., 2019).
Based on the default factor of 0.18 for a subacute study in mice (EFSA Scientific Committee, 2012a)
and the molecular weight of 262.85 g/mol for nickel sulfate hexahydrate, the corresponding dose is
4 mg Ni/kg bw per day. The control group received pure water. There was no significant difference in
body weight between the treated group and the control group. The nickel concentration in the kidney
of treated mice was significantly higher compared to the controls. Regarding the influence on gut
microbiota, the authors concluded that orally administered nickel could change the intestinal flora in
mice and thus could alter the interaction between the host and the intestinal flora.

In summary, the short-term toxicity studies published since the previous Opinion have reported
similar effects as the studies reported in the previous Opinion. Furthermore, effects on bone and on
gut microbiota were reported.

3.1.2.3. Genotoxicity

In 2015, the CONTAM Panel concluded that ‘soluble nickel compounds are not mutagenic in
bacterial cells and, in general, weakly mutagenic in mammalian cells in vitro. Chromosomal effects due
to both aneugenic and clastogenic activity of soluble nickel compounds have been observed in
mammalian cells in vitro. The evidence for in vivo induction of chromosomal alterations is inconsistent.
There is evidence for the induction of DNA damage by soluble nickel compounds both in vitro and
in vivo'. It was also shown that soluble nickel compounds can induce morphological transformation of
mammalian cells in vitro.

Since the previous Opinion (EFSA CONTAM Panel, 2015), 12 new studies have been identified and
they are summarised in Tables 1 and 2. The papers by Terpilowska and Siwicki (2018) and Czarnek
et al. (2019) are not included in Table 1 due to the limited reporting and the unreliable results for the
controls. The in vivo study by Mitkovska et al. (2017) is not included in Table 2 due to the lack of the
identification of the compound tested and the absence of a validation of the methodology.
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Table 1: In vitro new genotoxicity studies on nickel

Endpoint Experimental Test substance EXPO.S ure Result Comments Reference
test system conditions
SSBs (Comet Primary normal NiCl, (purity: 99.99%) 5,000, 10,000, Increased SSBs only at 50,000 uM (tail According to protocol by Belliardo et al.
assay) human dermal Negative and positive 25,000 and moment) Singh et al. (1988) (2018)
fibroblasts controls: substance not 50,000 uM
specified 2 h exposure Positive
SSBs (Comet Human B NiCl, (purity: not 0, 80, 160, 320 Increased SSBs only at 640 uM at 24 h According to protocol by Lou et al.
assay) lymphoblastoid specified) and 640 uM and 48 h (% DNA in the tail) Singh et al. (1988) (2013)
cell line HMy2.CIR Solvent: not specified 24 or48 h
Negative control: solvent exposure Positive
640 uM: increased ROS levels at 48 h but 640 pM: modest
not at 24 h inhibition of viability at
24 h
160, 320 and 640 uM: increased MDA 160, 320, 640 uM:
levels at 24 h and 48 h inhibition of viability at
48 h
DSBs (y-H2AX by Human Hep G2 NiCl, (purity > 95%) 100, 250, 500, Negative Dose-dependent Kopp et al.
western analysis) (hepatoblastoma) Solvent: water 750 and 1,000 uM decrease in cell viability (2018)
and LS-174T Negative control: solvent 24-h exposure (up to 50%)
(colorectal Positive control: 1 uM
adenocarcinoma) benzo[a]pyrene
cells
Micronuclei, NPB, Immortalised Water-soluble nickel (II) 1, 5 and 10 ug/mL The frequency of micronuclei in NiCl, showed a Di Bucchianico
and NBUD human bronchial  chloride (NiCl,-6H,0) Exposure: 48 h binucleated cells was significantly higher  significant cytostatic et al. (2018)
(cytokinesis-block epithelial cell line Negative control: than for control cells for the two highest  effect and also reduced
micronucleus (BEAS-2B) untreated cells concentrations tested NiCl, increased NPB the mitotic index
cytome test) Positive control: and NBUD frequencies
mitomycin C Positive
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Endpoint Experimental Test substance EXPO.S ure Result Comments Reference
test system conditions
Chromosomal Immortalised Water-soluble nickel (II) 1, 5 and 10 pg/mL NiCl, significantly increased the rate of Di Bucchianico
aberrations human bronchial  chloride (NiCl,-6H,0) Exposure: 48 h chromatid-type aberrations and induced et al. (2018)
epithelial cell line Negative control: both inter- and intra-arm exchanges
(BEAS-2B) untreated cells It also induced chromosome-type
Positive control: aberrations, mainly the formation of
mitomycin C dicentric chromosomes as well as endo-
reduplications. Various degrees of
aneuploidy such as trisomy, and to a lesser
extent monosomy, particularly involving
chromosomes 1, 3, 14, 20 and 21
The mitotic index slightly decreased
following NiCl, exposures
Positive
SSBs, (Comet Immortalised Water-soluble nickel (II) 1, 5 and 10 ug/mL Modest increases of SSBs compared to Di Bucchianico

human bronchial
epithelial cell line
(BEAS-2B)

assay)

www.efsa.europa.eu/efsajournal

chloride (NiCl,-6H,0)
Negative control:
untreated cells
Positive control: H,0,

Exposure: 48 h

control without clear dose response
Increased ROS level

NiCl, caused a statistically significant
increase in intracellular Ca®*

Positive

et al. (2018)
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Endpoint Experimental Test substance EXPO.S ure Result Comments Reference
test system conditions

DSB (Neutral A549 cells: human Water-soluble nickel (II) ~ A549 cells: 0, 100, 0 uM NiCl,: no increase in DSB in Scanlon et al.

Comet assay) lung carcinoma chloride (NiCl;) 250 and 500 puM irradiated cells (repair completed at 24 h) (2017)

BEAS-2B cells:
non-tumorigenic
cells, immortalised
cell line derived
from normal
human bronchial
epithelium

Negative control: water

BEAS-2B cells: 0,
100 and 250 uM
Exposure : 45 h
+/— irradiation (5
Gy IR)
Harvesting: 24 h
post irradiation

> 100 pM: concentration-dependent
increase in DSB persisting 24 h post-
irradiation in irradiated cells

At 250 puM (BEAS-2B) and 500 uM (A549):
small increases in the median comet tail
moment were observed in non-irradiated
cells

Positive
Nickel inhibits repair of IR-induced DSB in

tumorigenic and non-tumorigenic lung
cells

DSBs: double-strand breaks; IR: irradiation; MDA: malondialdehyde; NiCl,: nickel chloride; ROS: reactive oxygen species; SSBs: single-strand breaks; NPB: nucleoplasmic bridges (a biomarker of
DNA misrepair and/or telomere end-fusions); NBUD: nuclear buds (a biomarker of elimination of amplified DNA and/or DNA repair complexes).
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(structural and
numerical) adult
male Swiss albino
mice

Bone marrow

N = 12/group

Positive control:
not included

Negative control:

vehicle

www.efsa.europa.eu/efsajournal

24-h exposure

800 cells scored

gaps, breaks, fragments and exchanges)

Increase incidence of aneuploidy in all groups. Ratio
hypoploidy (38/39 chromosomes)/hyperploidy (41/42
chromosomes): between 2.1 and 3:1

Increased incidence of polyploidy (3 N)

Positive

Table 2: In vivo new genotoxicity studies on nickel
Endpoint and
experimental Test substance Exposure conditions Result Comments Reference
system
Chromosomal  NiCl, Single i.p. treatment at 0, Single treatment: dose-dependent increase in % Cumulative effect of repeated  Fahmy et al.
aberrations Vehicle: not 2.62, 5.25, 10.5 and abnormal metaphases (fragment/breaks, deletions, dosing of NiCl, (2014)
specified 21.0 mg/kg bw translocations, endomitosis) from 5.25 mg/kg bw
Male mice bone  Positive control:  Harvesting: 24 h onwards
marrow endoxan Positive
Negative control: Repeated i.p. treatment
N = 5/group vehicle at 2.62, 5.25 and Repeated treatment: 1 week: increased % of abnormal
10.5 mg/kg bw per day = metaphases at the two highest doses second and third
for 1, 2 or 3 weeks weeks: increased abnormal metaphases at all doses
Positive
Chromosomal NiCl, Single i.p. treatment at 0, Single treatment: dose-dependent increase in % The authors report a significant Fahmy et al.
aberrations Vehicle: not 2.62, 5.25, 10.5 and abnormal metaphases (separation of X-Y and autosomal dose-dependent increase in the (2014)
Male mice specified 21.0 mg/kg bw univalent, fragment/breaks) from 5.25 mg/kg bw % of sperm abnormalities
spermatocytes Positive control:  Harvesting: 24 h Positive (heads and tails)
endoxan
N = 5/group Negative control: = Repeated i.p. treatment  Repeated treatment: Dose- and time-dependent
vehicle at 2.62, 5.25 and increase in % abnormal metaphases at all doses
10.5 mg/kg bw per day  Positive
for 1, 2 or 3 weeks
Chromosomal  NiCl, 2.3, 4.7 and 7.0 mg/kg Dose-related increase in % aberrant cells (without Clastogenic and aneugenic El-Habit and
aberrations Vehicle: saline bw (s.c. injection) gaps) (significant only at the highest dose) (induction of effects were associated with Abdel (2014)

oxidative stress (increased lipid
peroxidation and NO, decreased
GSH levels) and cytotoxicity
(Lactate dehydrogenase)
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Endpoint and
experimental Test substance Exposure conditions Result Comments Reference
system
Micronuclei NiCl, 2.3, 4.7 and 7.0 pmol/kg = Significant increase in MNPCE (4-9-folds) at all doses 500 PCE scored El-Habit and
Adult male Swiss Vehicle: saline bw (s.c. injection) Abdel (2014)
albino mice Positive control: Dose-related decrease in PCE/NCE

not included Harvesting; 24 h
Bone marrow Negative control: Positive

vehicle
N = 12/group
SSBs (comet NiCl, 2.3, 4.7 and 7.0 umol/kg Dose-dependent increase in SSBs at all doses El-Habit and
assay) Vehicle: saline bw (s.c. injection) Abdel (2014)

Positive control:
Adult male Swiss not included
albino mice Negative control:
vehicle
Bone marrow

N = 12/group

Positive

NiCl,: nickel chloride; i.p.: intraperitoneal; N: number of animals; PCE: polychromatic erythrocytes; NCE: normochromatic erythrocytes; MNPCE: micronucleated polychromatic erythrocytes; s.c.:

subcutaneous; SSBs: single-strand breaks; GSH: glutathione.
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In vitro

In the previous EFSA Opinion, it was shown that nickel compounds are inactive in almost all
bacterial mutagenicity tests and are weakly mutagenic in cultured mammalian cells. Several reports
indicate that nickel ions may be co-mutagenic (e.g. with alkylating agents or ultraviolet light). This is
likely due to interference with DNA repair processes. It was demonstrated that nickel can alter gene
expression by enhanced DNA methylation and compaction. It is important to note that most of the
evidence of nickel mutagenesis in mammalian cells was obtained using transgenic cell lines (e.g. locus
gpt in G12 and G10 cell lines, /ac I in an embryonic fibroblast cell line) (Kargacin et al., 1993; Klein
et al., 1994; Mayer et al., 1998; Kasprzak et al., 2003).

It was also shown that water-soluble and poorly water-soluble nickel compounds induce sister
chromatid exchanges, chromosomal aberrations and micronuclei at high (mM), cytotoxic levels in
different mammalian cell systems. These effects are likely due to aneugenic as well as clastogenic
actions. It was reported that the chromosomal aberrations induced by nickel occurred predominantly in
heterochromatic regions of the chromosomes. Water-soluble as well as water insoluble nickel
compounds have been shown to induce DNA single-strand breaks (SSBs), DNA-protein cross-links and
oxidative DNA damage in mammalian test systems.

The genotoxicity data published since the previous EFSA assessment (see Table 1) confirm that
soluble nickel compounds induce DNA damage in vitro as visualised in alkaline comet assays indicating
the formation of SSBs (Lou et al., 2013; Belliardo et al., 2018). In a recent study, it was shown that
nickel chloride induces micronuclei, chromosomal aberrations and SSBs in immortalised human
bronchial epithelial cells (Di Bucchianico et al., 2018). However, no increase in double-strand breaks
(DSBs) as measured by a y-H2AX assay was observed in the human hepatoblastoma Hep G2 and
colorectal adenocarcinoma LS-174T cell lines (Kopp et al., 2018). Finally, Scanlon et al. (2017)
investigated the biological consequences of the inhibition by nickel of homology-dependent DSBs repair
(HDR). By reducing this repair pathway, low doses of nickel increased ionising radiation-induced DSBs
(as measured by a neutral comet assay) in immortalised bronchial cells or in lung carcinoma cells. At
high doses of nickel,, small increases of DSBs were also observed in non-irradiated cells indicating a
defective repair of spontaneous DSBs.

In vivo

As reported previously, in vivo mutation studies with nickel compounds were mostly conducted in
Drosophila melanogaster and showed weakly positive effects. The mutagenic effects of nickel sulfide
were tested in vivo in LacZ transgenic CD2F1 mice and in lacl transgenic F34 rats. In nasal mucosa
and lung tissue, no increase in mutation frequencies was observed compared with negative controls
(Mayer et al., 1998).

The induction of chromosomal aberrations and micronuclei in rodents treated with different nickel
compounds is not consistent across studies. As reported previously, following oral, intraperitoneal (i.p.)
or subcutaneous (s.c.) administration, both positive (Sobti and Gill, 1989; El-Habit and Abdel, 2014)
and negative (Deknudt and Leonard, 1982; Oller and Erexson, 2007) results were obtained. In the
more recent publications (see Table 2), increased chromosomal aberrations and micronuclei were
observed in mouse bone marrow after i.p. or s.c. exposure to nickel chloride, and chromosomal
aberrations were also observed in spermatocytes after i.p. exposure.

Both soluble and insoluble nickel compounds give rise to both DNA breaks and DNA-protein cross-
links in vivo after oral exposure or s.c. injection (Saplakoglu et al.,, 1997; Kawanishi et al., 2002;
Kasprzak et al., 2003; Danadevi et al., 2004). The formation of SSBs was confirmed in a new alkaline
comet assay in mice after 