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ARTICLE INFO ABSTRACT

The metal nickel is well known to cause nickel allergy in sensitive humans by prolonged dermal contact to
materials releasing (high) amounts of nickel. Oral nickel exposure via water and food intake is of potential
concern. Nickel is essential to plants and animals and can be naturally found in food products or contamination
may occur across the agro-food chain. This gap analysis is an evaluation of nickel as a potential food safety
hazard causing a risk for human health. In the first step, the available data regarding the occurrence of nickel
and its contamination in food and drinks have been collected through literature review. Subsequently, a dis-
cussion is held on the potential risks associated with this contamination. Elevated nickel concentrations were
mostly found in plant-based foods, e.g. legumes and nuts in which nickel of natural origin is expected. However,
it was observed that dedicated and systematic screening of foodstuffs for the presence of nickel is currently still
lacking. In a next step, published studies on exposure of humans to nickel via foods and drinks were critically
evaluated. Not including bioaccessibility and/or bioavailability of the metal may lead to an overestimation of the
exposure of the body to nickel via food and drinks. This overestimation may be problematic when the measured
nickel level in foods is high and bioaccessibility and/or bioavailability of nickel in these products is low.
Therefore, this paper analyzes the outcomes of the existing dietary intake and bioaccessibility/bioavailability
studies conducted for nickel. Besides, the available gaps in nickel bioaccessibility and/or bioavailability studies
have been clarified in this paper. The reported bioaccessibility and bioavailability percentages for different food
and drinks were found to vary between < LOD and 83% and between 0 and 30% respectively. This indicates that
of the total nickel contained in the foodstuffs only a fraction can be absorbed by the intestinal epithelium cells.
This paper provides a unique critical overview on nickel in the human diet starting from factors affecting its
occurrence in food until its absorption by the body.
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1. Introduction

Elementary nickel (Ni) plays an essential role in the growth of
bacteria, plants and animals. The necessity of the Ni for growth of a
bacterium, i.e. Alcaligenes, a cyanobacterium, i.e. Oscillatoria, and a
green alga, i.e. Chlorella vulgaris, has been proven (Welch, 1981). Fur-
thermore, some pine tree species require Ni for their optimum growth
(Welch, 1981). Nickel occurs as a structural component in urease and
hydrogenase enzymes involved in the nitrogen fixation in legumes
(Lavres, Castro Franco, & de Sousa Camara, 2016). Thus, nitrogen fix-
ating plants, e.g. soybeans, alfalfa and peanuts, have a high level of
naturally occurring Ni. Nickel can also be found in almost all organs of

vertebrates (Anke, Groppel, Kronemann, & Grun, 1984). Nickel defi-
ciency may lead to lower life expectancy of the reproducing animals as
well as development of anemia through reducing the iron resorption. It
can also accelerate parakeratosis-like damages through disturbing cal-
cium incorporation in the skeleton (Anke et al., 1984). However, these
deficiency symptoms have not yet been observed in animals and hu-
mans since the Ni administered by their body always exceeded the re-
quirements, i.e. 25 to 35 pg/day/person (Anke, Angelow, Glei, Miiller,
& Illing, 1995). Excess intake of Ni can result in Ni dermatitis in sen-
sitive individuals (Anke et al., 1995). This can occur either via exo-
genous, i.e. skin contact, or endogenous, i.e. oral and inhalation, ex-
posure. Worldwide prevalence of the dermal Ni sensitivity, i.e. Ni
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allergy, for adults and children is around 8.6%. The Ni allergy affects
females 3-10 times more than males due to their regular daily contact
with jewelries and garments. Prevalence of Ni allergy among young
females can even increase up to 17% (Torres, Das Gracas, Melo, & Tosti,
2009).

Public health agencies are concerned about the presence of essential
and toxic trace elements in the diet of the worldwide population.
Among different routes of the exposure to the trace elements, e.g. skin
contact, oral and inhalation, alimentary routes are the predominant
pathway of the trace elements to reach the human body (Aung,
Yoshinaga, & Takahashi, 2006; EFSA, 2015). Toxic trace elements such
as Cd, Pb and Hg were initially in the focus of public health policies
since they pose a risk for human health. Thus, these toxic trace elements
have been included in legislation and are now monitored in foods.
Other trace elements like Ni have recently become the focus of concern
as the European Food Safety Authority (EFSA) recently stated that the
current level of acute exposure of the population to Ni via alimentary
routes may increase the risk of eczematous flare-up skin reactions to
occur for Ni sensitized individuals (EFSA, 2015).

A range of different food products and multiple sources of con-
tamination of Ni to food have been reported (Noél et al., 2012). It has
been shown that tofu, dark chocolate and cereals are administering the
highest level of the Ni into the human body (Noél et al., 2012). Com-
patible to the study conducted by Leblanc et al. (2005) and Noél et al.
(2012) stated that the food groups with elevated Ni concentration are
nuts, oilseeds, chocolate and breakfasts cereals. There are several
(European) studies available evaluating the dietary exposure of the
population to Ni in different countries (Alberti-Fidanza, Burini,
Perriello, & Fidanza, 2003; Arnich et al., 2012; Bocio, Nadal, &
Domingo, 2005; Rose, Baxter, Brereton, & Baskaran, 2010). Arnich
et al. (2012) have reported a Ni dietary exposure level of 2.33 ug/kg
bw/day in adults (18-79 years) and 3.83 pg/kg bw/day in children
(3-17 years) in France. In the United Kingdom, a mean dietary exposure
of 1.49-1.63 ng/kg bw/day was obtained for the adults (Rose et al.,
2010). Almost all available dietary exposure estimation studies in dif-
ferent (European) countries are based on the total Ni concentration in
food items which is not the most effective fraction.

According to the EFSA opinion on Ni intake via food, the bioac-
cessibility and bioavailability of Ni in the food matrix needs to be in-
cluded when an exposure assessment is conducted (EFSA, 2015). The
soluble fraction of the total Ni released from the food matrix into the
digestive fluids at the time of digestion is the so-called bioaccessible
fraction. This is the maximum possible amount of Ni that can be ab-
sorbed by body through consuming every food item (Junli et al., 2013).
The bioavailability refers to the fraction of the element passing through
the intestinal epithelium and entering blood stream (Wei, Shohag, &
Yang, 2012). These two fractions, as the most effective fraction causing
the health risk, must be taken into account in the Ni exposure assess-
ment study.

Therefore, one of the important objectives of the current review
paper is highlighting the importance of the bioaccessibility and bioa-
vailability studies in the exposure assessments and demonstrating the
scarcity of the available studies on estimation of the Ni exposure in-
cluding bioaccessibility and bioavailability of metals.

2. Materials and methods

More than 80 articles in Ni related fields, i.e. the Ni amounts and
sources in different foods, water and drinks, Ni exposure through diet,
Ni bioavailability and bioaccessibility in different foods either via in
vivo or in vitro studies, were screened in the current study. These papers
have been explored for the several related terms, e.g. Ni intake, ex-
posure assessment, chronic versus acute exposure, deterministic versus
probabilistic exposure and type of the diet applied in the studies.

A majority of the articles were available in MEDLINE database, i.e.
the PubMed and Elsevier Database. Following key words were applied:
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Ni, dietary intake assessment, exposure assessment, bioavailability, and
bioaccessibility.

All obtained information regarding the Ni occurrence in different
food, drinks and water has been summarized and classified per re-
ference/year in Tables 1-3. Similarly, the summary information ob-
tained for Ni intake/exposure has been classified per reference/year
and presented in Table 4. Studies on Ni bioaccessibility/bioavailability
in different types of foods were limited. Collected information on
bioaccessibility and bioavailability has been summarized and classified
in Tables 5 and 6, respectively. These tables include the main in-
formation presented in the reference articles such as type of the food,
type of the study (in vivo or in vitro), type of exposure, etc. Besides, gaps
occurring in these studies were identified and listed in the tables.

3. Results and discussion

3.1. Overview of the nickel prevalence and contamination in different types
of food, water and drinks

3.1.1. Animal based foods

Table 1 summarizes available studies on Ni content for animal based
foods, including sea foods, meat products, eggs, dishes-meals, dairy
products, honey and beeswax. Besides, the Ni content, origin country,
sample size as well as the reference article have been specified in the
table for each study. More details regarding the different food cate-
gories are provided in the following sections. All Ni concentrations
specified in the Sections 3.1.1.1-3.1.1.6 are based on wet weight (ww)
unless specified otherwise.

3.1.1.1. Seafood (including fish). The main sources of Ni pollution in
seafood and aquatic systems, e.g. oceans, are domestic wastewater
effluent and non-ferrous metal smelters (Cempel & Nikel, 2006). Studies
in the Northeastern coastal area of the Mediterranean Sea and Turkey
found average Ni values in fish grown in non-contaminated water
ranging from 0.2 pg/g to 2 ug/g dry weight. However, significantly
higher values were found in areas subject to pollution. It has been
shown that blue fish accumulates greater amounts of Ni in comparison
to white or semi-oily fish. Furthermore, in some shellfish species such as
oysters, clams or mussels high amounts of Ni have been detected
(Demirezen & Urug, 2006; Mutlu, Tiirkmen, Tiirkmen, & Tepe, 2011).

In a study focused on the assessment of the Ni concentration in fish
and seafood (N = 159) available on the French market, Ni was found at
an average level of 0.074 pg/g in fish and 0.299 pg/g in seafood
(Table 1). In the fish group, tuna, pilchard and pout had the highest
levels (0.341, 0.236 and 0.161 pg/g, respectively). In the seafood
group, cockle contained the highest level (2.8 ng/g), followed by
periwinkle (0.709 pg/g) (Guérin et al., 2011). In Poland, the Ni content
ranged from 0.007 to 0.178 ug/g (mean 0.040 ng/g) in nine samples of
freshwater fish (roach, bream and carp) (Skibniewskaa et al., 2009).
Bouchoucha et al. (2019) evaluated the effect of red mud, a bauxite
processing residue, on the trace elements concentrations in fishes ob-
tained from the northwest French Mediterranean coastal area. Red mud
is an alumina refinery residue disposed in the aforesaid area from 1995
to 2015 at an estimated amount of 20 million tons (Bouchoucha et al.,
2019). They found a mean Ni concentration of 0.023 pg/g and
0.013 ng/g in Sardine pilchurdus and Scyliorhinus canicula fish species,
respectively. Furthermore, a clear inverse relation between the fish
length and the trace element concentrations, including Ni, was found
(Bouchoucha et al., 2019). Gu, Ning, Ke, and Huang (2018) studied 12
fish species from the South China Sea. The Ni concentration ranged
from 6.63 pg/g to 20.03 pg/g. In the investigation conducted on fish-
based baby foods by Vella and Attard (2019), an average Ni content of
0.81 ng/g was reported. Besides, studies showed that plastics can play
the role as a vector to convey trace elements into the aquatic organisms
(Bradney et al., 2019). Particular types of plastics can absorb inorganic
pollutants, e.g. trace elements including Ni, from the aquatic
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Table 1
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Nickel content in animal based food products (with product type, sample size and origin). All data are based on the fresh (wet) weight (ww) of the edible portion.

Food category Product type Reference Sample size  Origin Ni content: mean, mean * SD or
range (ug/g ww)
Sea foods Sea food (Guérin et al., 2011) N = 159 France Mean: 0.299
Fish Mean: 0.074
Fresh water fish (Skibniewskaa et al., 2009) N=9 Poland Mean: 0.040
Sardina pilchardus fish (Bouchoucha et al., 2019) N = 68 France Mean: 0.023
Scyliorhinus canicula fish (Bouchoucha et al., 2019) N = 82 France Mean: 0.013
Fish (Gu et al., 2018) N = 282 China 6.63-20.03
Fish-based baby formula (Vella & Attard, 2019) N=38 Malta Mean: 0.81
Meat products Chicken meat (Uluozlu et al., 2009) N=3 Turkey Mean: 2.08
Poultry (Noél et al., 2012) N = 38 France UB®: 0.027-0.148
Lamb N = 80 UB™ 0.027-0.316
Offal N =16 UB™* 0.027-0.255
Poultry-based baby formula (Vella & Attard, 2019) N=4 Malta Mean: 1.07
Breast of chicken (Abduljaleel et al., 2012) N = 36 Selangor (Malaysia) Mean: 0.119
Breast of quail (Abduljaleel et al., 2012) N = 36 Selangor (Malaysia) Mean: 0.330
Eggs Eggs and egg products (Noél et al., 2012) N = 30 France 0.027-0.328
Chicken eggs (Nisianakis et al., 2009) N = 24 Greece 0.077-0.280 yolk: 0.059 + 0.005
Egg white: 0.074 = 0.007
Duck eggs (Nisianakis et al., 2009) N = 24 Greece yolk: 0.058 =+ 0.006
egg white: 0.050 + 0.006
Dishes and Meals Prepared dishes (Noél et al., 2012) N = 68 France 0.027-0.554
Ready meals and fast foods (Cabrera-Vique et al., 2011) N = 170 Granada (Spain) 0.018-0.095
Ready-to-eat meal for babies  (EFSA, 2015) NA ¢ NA Mean®: 0.033-0.165 (LB-UB®)
(EFSA, 2015) NA NA Mean®: 0.036-0.091 (LB-UB®)
Dairy products Milk (Noél et al., 2012) N = 38 France 0.027-0.086
(Vahcié et al., 2010) N =72 Croatia 0.072-0.097
(Ghimpeteanu, 2009) N =12 Romania 0.005-0.039
(Lukéacova et al., 2012) N =30 Slovakia 0.25-1.65
(Rey-Crespo et al., 2013) N = 360 Spain 0.015, 0.014
(Rose et al., 2010) NA UK Below the LOD of 0.007-0.04
(Giiler, 2007) N=3 Turkey Mean: 1.38
Butter (Noél et al., 2012) N=6 France 0.001-0.233
Milk based products (Pandelova et al., 2012) N = 42 France, Germany, Italy, Portugal, < 0.05
Sweden and the United Kingdom
Cheese (Noél et al., 2012) N =16 France 0.112-0.409
(Gogoasa et al., 2006) N = 10 Romania 0.002-0.010
(Moreno-Rojas et al., 2010) N =57 Spain 0.050-1.10
(EFSA, 2015) N = 145 NA Mean®: 0.09-0.11 (LB-UB)
Fermented milk products (EFSA, 2015) N = 58 NA Mean®: 0.007-0.076 (LB-UB®)
Cow’s milk (Saribal, 2019) N =21 Turkey Mean: 0.038
Honey and beeswax Honey (Bommuraj et al., 2019) N =32 Israel Mean: 1.24
Beeswax (Bommuraj et al., 2019) N =32 Israel Mean: 4.15
Honey (EFSA, 2015) N = 183 NA Mean®: 0.14-0.16 (LB-UB®)
Honey (Madejczyk & Baralkiewicz, N =30 Poland 0.023-1.33
2008)
Honey (Nowak et al., 2011) N=6 Poland 0.42-1.83
Honey (Lanjwani & Channa, 2019) N=8 Pakistan 0.06-0.33

(a) UB = Upper bound scenario at which results below LOD were replaced with value reported as the LOD.
(b) Refers to the occurrence values used for Ni exposure assessment through food consumption.

(c) LB-UB = Lower bound-upper bound scenarios. LB = Lower bound scenario at which results below LOD /LOQ were substituted with zero.
(d) Abbreviation of not available.

environment. Consequently, Ni in seafood can end up in the human

body through the diet (Bradney et al., 2019). In summary, waste water
effluents, refinery residues containing trace elements and some plastics
in the aquatic environment could increase the concentration of trace
elements, including Ni, in fish and seafood. However, it should be noted
that it is often not easy to evaluate the effect of human activities on the
contamination of the seafood with trace elements (Bouchoucha et al.,
2019).

3.1.1.2. Meat products. Compared to other meat products, poultry is
typically lower in price. Therefore, poultry meats are consumed more
frequently by households on a global scale. Due to these two important
facts, i.e. low price and high frequency of consumption by households, a
majority of the studies have been conducted on poultry meat products
(Abduljaleel, Shuhaimi-Othman, & Babji, 2012; Uluozlu, Tuzen, &
Soylak, 2009). As shown in Table 1, a concentration range of
0.027-0.148 pg/g was found in 38 poultry samples in France. In the

same

study,

concentration

ranges

of 0.027-0.316 pg/g and

0.027-0.255 pg/g were found in lamb and offal samples, respectively.
Concentration ranges for meat products collected in other studies are
also included in Table 1. The Ni concentrations in four different
poultry-based baby foods were measured by Vella and Attard (2019).
They reported a mean Ni concentration of 1.07 ug/g in these samples. It
seems that the animal species play an important role in the final trace
element concentration of the meat. Different animals have a different
capability for accumulating the trace elements, e.g. Ni, in their tissues
(Abduljaleel et al., 2012). Besides, the distribution of Ni throughout
their body is not equal for the different species (Abduljaleel et al., 2012;
Uluozlu et al., 2009). All the aforesaid factors affect the final Ni
concentration in the meat products.

3.1.1.3. Dairy based foods. According to EFSA (2015), milk and dairy
products play an important role in dietary exposure to Ni in some
subgroups of the population, e.g. young populations, especially
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Table 2

Nickel content in plant-based food products (with product type, sample size and origin). All data are based on the fresh (wet) weight (ww) of the edible portion.
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Food category Product type Reference Sample size  Origin Ni content: mean, mean * SD or
range (ug/g ww)
Vegetables Edible vegetables (Junli et al., 2013) N = 60 Hung Kong 0.26-1.1
Green beans (Nakaona et al., 2019) N = 30 Zambia Mean: 44.1
carrots (Nakaona et al., 2019) N =20 Zambia Mean: 31.9
Rape (Nakaona et al., 2019) N =30 Zambia Mean: 25.8
cabbage (Nakaona et al., 2019) N = 30 Zambia Mean: 39.4
Cereal and cereal based Breakfast cereals (Noél et al., 2012) N=6 France 0.077-0.280
products (EFSA, 2015) N = 313 NA ¢ Mean®: 0.63-0.71 (LB-UB®)
Pasta (Noél et al., 2012) N=4 France 0.053-0.121
(EFSA, 2010) N = 150 NA Mean®: 0.12-0.160 (LB-UB®)
Rice (Noél et al., 2012) (N =5)4 France 0.053-0.066
(Sommella et al., 2013) N = 110 Italy 0.15-0.48
Coffee and coffee drinks Coffee (Noél et al., 2012) N = 30 France 0.024-0.214
(EFSA, 2010) N = 83 NA Mean®: 1.2-1.2 (LB-UBb)
Fat and oils Edible vegetable oils (Noél et al., 2012) N =10 France 0.027-0.087
(EFSA, 2010) N 151 NA Mean®: 0.305-0.36 (LB-UB®)
Margarines (Noél et al., 2012) N=4 France 0.027-0.077
(Lodyga-Chruscifiska N =10 Poland 0.11-1.76
et al., 2012)
Seasonings Herbs and spices (Noél et al., 2012) N =12 France 0.024-0.533
Sugar and Sugar based Sugar (Noél et al., 2012) N=38 France 0.026-0.186
products (EFSA, 2010) N =95 NA Mean®: 0.011-0.15 (LB-UBb)
Sugar and confectionaries (EFSA, 2015) N = 1170 NA Mean®: 1.5-1.6 (LB-UB®)
Sugar plants (EFSA, 2015) N = 30 NA Mean®: 0.064-0.084 (LB-UB®)
Cookies (Noél et al., 2012) (N = 24)d France 0.027-0.639
Soy and soy based products  Soybean (Pandelova et al., 2012) (N = 42)®  France, Germany, Italy, Portugal, < 0.05
Sweden and the United Kingdom
Tofu (Noél et al., 2012) N=2 France 0.309-0.392
Tofu (soybean) (S¢anéar et al., 2013) N=3 Slovenia Mean: 2.130
Fermented soy milk (Séanéar et al., 2013) N=3 Slovenia Mean: 5.950
Legumes Dried beans (EFSA, 2010) NA NA Mean: 3.1
Nuts Almonds (S¢anéar et al., 2013) N=3 Slovenia Mean: 0.830
Hazelnut (EFSA, 2010) N = 48 NA Mean: 2.2
Cacao based products Chocolate (Noél et al., 2012) N =10 France 0.422-3.26
(EFSA, 2010) N = 490 NA Mean®: 3.231-3.236 (LB-UB")
Fruits Grape (Amer et al., 2019) N=9 Egypt Mean: 0.805
Orange (Amer et al., 2019) N=09 Egypt Mean: 0.228
Apple (Amer et al., 2019) N=9 Egypt Mean: 0.25
Prune-based baby formula (Vella & Attard, 2019) N=4 Malta Mean: 0.86
Apple-based baby formula (Vella & Attard, 2019) N=6 Malta Mean: 0.63
Pear-based baby formula (Vella & Attard, 2019) N=6 Malta Mean: 0.85
Dishes Kimchif (Hwang et al., 2019) N =75 South Korea 0.056-0.263
Tubers Wild yam (Dioscorea spp) (Padhan et al., 2018) N=28 India 0.03-0.089
Edible wilde mushroom Ectomycorrhizal Fungi (Zhang et al., 2019) N =74 China 0.1-1.2

(Boletaceae)

(a) Refers to the occurrence values used for Ni exposure assessment through food consumption.

(b) LB = Lower bound scenario at which results below LOD /LOQ were substituted with zero, UB = Upper bound scenario at which results below LOD were replaced

with value reported as the LOD and those lower than LOQ were substituted with the LOQ value.
(c) Abbreviation of not available.

(d) Reported values are based on dry weight.
(f) Korean traditional dish made mainly from nepa cabbage.

toddlers. This could originate from the high consumption of dairy
products, e.g. milk, by toddlers. EFSA (2015) reported a mean
concentration of 0.071 pg/g of Ni in 631 samples of milk and dairy
products. In another study conducted by Noél et al. (2012), a mean
concentration of Ni ranging from 0.027 to 0.086 ng/g was reported for
milk samples. Saribal (2019) has reported a mean Ni concentration of
0.038 ng/g for 21 samples of cow’s milk collected from supermarkets in
Istanbul (Turkey). A Ni concentration ranging from 0.112 to 0.409 ug/g
was reported by Noél et al. (2012) for cheese samples. The higher
concentration of Ni in the cheese samples may originate from Ni
contamination in the food processing and production stage along with
the nickel-absorbing characteristic of the caseins and the fats at the
flocculation stage of the cheese making process (Ziarati, Shirkhan,
Mostafidi, & Tamaskani Zahedi, 2018). Generally, different factors, i.e.
the cattle’s diet, genetic variation among the cattle breeds, herbicide
used in the grazing area, geographical origin of the cattle and
seasonality, can affect the trace element content of the cattle’s milk

(Pechova, Pavlata, Dvorak, & Lokajova, 2008).

3.1.1.4. Eggs. According to the study conducted by Noél et al. (2012),
eggs are not included in the list of food products containing elevated
concentrations of Ni. They reported a concentration of 0.027-0.328 pg/
g for eggs and egg products (Table 1). Nisianakis, Giannenas, Gavriil,
Kontopidis, and Kyriazakis (2009) studied trace element contents of the
eggs produced by poultry breeders, i.e. chicken, turkey, duck, goose,
and pigeon. They reported a mean Ni content of 0.059 pg/g for chicken
egg yolk and 0.074 pg/g for chicken egg white (Table 1). According to
Nisianakis et al. (2009), diet and geographical origin of the chicken are
the major determining factors for the final concentration of the trace
elements in the eggs. Besides, different feeding behavior among the
avian species as well as their different ability for digesting the ingested
soil and grass can lead to different trace element contents in the eggs,
including the content of Ni (Nisianakis et al., 2009).
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Table 3
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Nickel content reported for water and drinks (with product type, sample size and origin).

Category Type Reference Sample size Origin Ni content in water (ug/L) and drinks (ug/kg)
Water Fresh (Barceloux, 1999) NA? Us Mean: 0.3
(Borg, 1987) N =59 Northern Sweden 0.11-0.54
(Mannio et al., 1995) N =116 Finland 0.25°
Water Drinking (IARC, 1990) N = 2503 us <20
(WHO, 2000) NA European countries 2-13
(Frengstad et al., 2010) N =18 Norway, Sweden, Finland, Iceland 0.045-1.59
(Hussain & Habib-Ur-Rehman, 2019) N =20 Pakistan Mean: 1306
(Nakaona et al., 2019) N = 150 Zambia 20-2580
Drinks Soft drinks (Noél et al., 2012) N = 26 France 27-457
(EFSA, 2015) N =35 NA? Mean®: 37-41 (LB-UBY)
Alcoholic drinks (Noél et al., 2012) N =10 France 25-271
(EFSA, 2015) N = 110 NA Mean®: 2-16 (LB-UBd)
(Gama et al., 2017) N = 30 Brazil Mean®: 160

(a) Expressed as not available.
(b) Expressed as median.

(c) Refers to the occurrence values used for Ni exposure assessment through drink consumption.
(d) LB = Lower bound scenario at which results below LOD /LOQ were substituted with zero, UB = Upper bound scenario at which results below LOD were replaced
with value reported as the LOD and those lower than LOQ were substituted with the LOQ value.

(e) Only obtained for the beers.

3.1.1.5. Honey and beeswax. Bommuraj et al. (2019) reported a mean
Ni content of 1.24 ng/g and 4.152 pg/g for honey and beeswax samples
collected from 32 different apiaries across Israel. Concentrations of the
trace elements in honey are significantly lower than those in the
beeswax samples. Thus, Bommuraj et al. (2019) stated that beeswax
might function as detoxifying agent to remove Ni along with other trace
elements from the honey. In EFSA (2015), a mean concentration of
0.14-0.16 (LB-UB) ng/g was reported for 183 honey samples collected
across Europe. Madejczyk and Baralkiewicz (2008) have reported a Ni
concentration ranging from 0.023 to 1.33 pg/g for 30 samples of honey
collected in Poland. In another study conducted by Nowak, Dziezyc,
and Piotrowski (2011), a concentration range of 0.42-1.83 ug/g was
defined for Ni in 6 different honey samples. In the study conducted by
Lanjwani and Channa (2019), the Ni concentration ranged from
0.06 pg/g to 0.33 ng/g for 8 samples of honey collected in Pakistan.
In general, it seems that artificial feeding practices may lead to a lower
concentration of the trace elements in honeys (Bommuraj et al., 2019).

3.1.1.6. Dishes and meals. In the study conducted by Cabrera-Vique,
Mesias, and Bouzas (2011), 170 samples of highly consumed fast foods
were analyzed to determine their Ni content. As represented in Table 1,
the average Ni concentration ranges from 0.018 to 0.095 pg/g. Though,
the most Ni contaminated dishes were pork-meat based with an average
Ni content of 0.065-0.095 pg/g. A mean Ni concentration ranging from
0.033 to 0.091 pg/g was reported for ready-to-eat baby meals (EFSA,
2015) (Table 1). In another study conducted by Noél et al. (2012), a
mean Ni concentration of 0.137 ng/g was obtained for 68 samples of
cooked dishes. These researchers have also analyzed a wide range of
other food products, i.e. sweeteners, confectioneries, cereals, chocolate,
tofu, etc. Among all of these products, cooked dishes showed an
intermediate level of Ni contamination in comparison to other food
products. According to Cabrera-Vique et al. (2011), processing of the
foods and some ingredients added to ready-to-eat meals primarily affect
the final Ni content of these dishes. Additional ingredients can lead to
lowering the Ni content of the ready-to-eat meal as well, through
dilution of the initial Ni content (Cabrera-Vique et al., 2011).

3.1.2. Plant-based food products

All obtained information from reviewing the available data on Ni
content in the plant-based foods is summarized in Table 2. The food
products are classified in 14 main food categories, i.e. cereal products,
coffee products, seasonings, oils and fats, sugary products, soy-based
products, legumes, nuts, cacao-based products, fruits, dishes, tubers and
mushroom. Every food category contains a few types of foods.

Reference of the article, the country of origin, sample size as well as the
Ni contents per study are presented in Table 2. All Ni concentrations
discussed in this section are on wet weight (ww) base unless specified
otherwise.

In four different regions of Egypt, mean Ni concentration froms
0.30 pg/g to 1.78 pg/g and 0.06 ng/g to 0.38 ng/g were reported for
grapes and oranges, respectively (Amer, Sabry, Marrez, Hathout, &
Fouzy, 2019). Vella and Attard (2019) reported Ni concentrations of
0.63, 0.85 and 0.86 ng/g for apple, pear and prune-based baby foods,
respectively. Babies are a vulnerable age group and their diet is more
restricted that the adults. Therefore, it is recommended to monitor the
baby foods to make sure they are safe enough to be consumed.

Hwang et al. (2019) reported a mean Ni concentration of 0.114 pg/g
in kimchi dish, i.e. a traditional Korean dish mainly made of nepa
cabbage. They stated that the characteristics of the production area, e.g.
soil compounds and the climate, may have a significant effect on the
final trace element concentration of the cabbage rather than the char-
acteristics of the plant itself. In wild yam (Dioscorea spp.) grown in
India, a Ni concentration range of 0.03-0.089 ng/g was reported by
Padhan, Biswas, Dhal, and Panda (2018). Wild yam is a foodstuff that is
highly consumed by the tribal population of Koraput, India. They stated
that not only the Ni concentration range in wild yam but also the
concentrations of other trace elements are lower than tolerable levels
proposed by the WHO Expert committee. So wild yam is considered safe
enough to be consumed by humans (Padhan et al., 2018). A Ni con-
centration range from 0.1 ug/g to 1.2 nug/g was reported for Ectomy-
corrhizal fungi (Boletaceae) collected in the Yunnan province, China.
This wild mushroom is one of the Boletus genus consumed a lot globally
(Zhang, Baralkiewicz, Hanc, Falandysz, & Wang, 2019). The Ni con-
centration in tea leaves ranged from 1.21 pg/g to 14.4 pg/g. The en-
vironmental conditions during growth (e.g. the total/bioavailable Ni in
soil, the use of fertilizers or use of Ni containing phytosanitary agents)
determined the final Ni concentration in the tea leaves (Bolle et al.,
2011). The ionic form of Ni is highly soluble in tea leaves resulting in Ni
values greater than 14.4 ug/g in green tea leaves (S¢ancar, Zuliani,
Zigon, & Milaci¢, 2013). The same authors found Ni concentrations
between 0.422 and 3.260 pg/g in 10 chocolate samples (Table 2).

Generally, elevated concentrations of Ni have been found in some
vegetable-based food products including chocolate, soy, nuts, oatmeal,
cabbage, spinach tea and coffee (Table 2). As previously mentioned,
some of these high concentrations, e.g. in soy, can be explained by the
essentiality of Ni for the function of plant enzymes, e.g. urease.
Therefore, the Ni level is high as a result of natural processes. Nickel is
an essential structural component of some enzymes, e.g. urease and
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hydrogenase, performing nitrogen metabolism in many legume species
(Lavres et al., 2016). Therefore, these foods are frequently reported as
being the main source of Ni exposure for humans via food (Noél et al.,
2012). Water content also affects the Ni concentration in food crops,
when concentrations are expressed on fresh weight basis. It has been
shown by Lopez-Lopez, Lopez, Madrid, and Garrido (2008) that the Ni
content of olives can increase, to almost double concentrations, with
ripening (0.220 pg/g versus 0.145 pg/g). This is explained by the fact
that during the ripening process, water is lost from the olives.

Generally, many different factors can affect the trace element con-
tents present in vegetable oils, e.g. composition of the soil, the presence
of environmental pollutants during the extraction/packing process, etc
(Zhu, Fan, Wang, Qu, & Yao, 2011). In the study conducted by Li et al.
(2012), concentrations exceeding the maximum allowable level of Ni in
food were observed in approximately 29.3% of the samples of vege-
tables and fruits cultivated in reclaimed farmland in 26 villages of the
Pearl River Estuary in China. Moreover, a high average concentration of
2.34 ng/g dry weight was found for rice grown on these reclaimed
farmlands. A maximum level of 1 ug/g (reported based on the edible
portion) was found for Ni present in the food in China (Clever & Jie,
2014). Crops grown in areas close to highly polluting industries (e.g.
electronics, metallurgy and mining) contained elevated concentrations
of Ni (Amin, Hussain, Alamzeb, & Begum, 2013; Lemos et al., 2007). In
the study conducted by Nakaona, Maseka, Hamilton, and Watts (2019),
a Ni concentration ranging from 25.8 ug/g to 44.1 ug/g is reported for
vegetables cultivated in Zambia. They reported that this Ni con-
centration exceeded the safe level assigned by WHO/FAO, i.e. 1.5 pg/g,
in all vegetables. These vegetables were cultivated in the so-called
copper-belt province where mining activities drastically affect the en-
vironment and cause a serious health concern. As conclusion, some
crops contain naturally high Ni concentrations as Ni is essential in en-
zymes involved in the nitrogen metabolism. However, anthropogenic
activities can also have a drastic impact on the final trace elements
concentrations (including Ni) in plant-based foods. The trace elements
absorption by plants was reported to be higher when industrially con-
taminated water was used for irrigation of the plant or when the plant
was cultivated in industrially contaminated soil, e.g. cultivation sites in
the vicinity of mining activities.

3.1.3. Water and other drinks

In Table 3, summary information regarding the Ni occurrence in
water and drinks is presented. Water is specified as fresh water (surface
water) and drinking water, drinks are classified as soft drinks and al-
coholic drinks. Similar to the previous summary tables, Table 3 is also
representing the reference article, sample size and origin of the water or
drinks.

Nickel enters the surface waters from the degraded bedrocks and
soil via precipitation (WHO/IPCS, 1991). According to Barceloux
(1999), the Ni concentration in uncontaminated fresh water is typically
0.3 pg/L in Europe. The Ni concentration in samples collected from
fresh waters in Finland, Lapland, and northern Sweden ranged on
average from 0.11 to 0.54 pg/L (Borg, 1987; Mannio, Jarvinen,
Tuominen, & Verta, 1995; Verta et al., 1990). In a study conducted by
(Frengstad, Lax, Tarvainen, Jaeger, & Wigum, 2010), a Ni concentra-
tion ranging from 0.045 to 1.59 ug/L was reported for Finland, Norway,
Sweden and Iceland. According to a recent study conducted by Khan,
Kujala, Nieminen, Raisanen, and Ronkanen (2019), increasing mining
activity in the Arctic region of Finland results not only in elevated Ni
concentration in surface waters but also elevated concentration of other
toxic trace elements, e.g. arsenic. However, they stated that peatlands
are effective towards removing these contaminants from the surface
water. The average removal of Ni from the contaminated surface water
was 20 pg/L (Khan et al., 2019).

Various factors have an effect on the Ni concentration in tap (po-
table) water, e.g. origin of the water, pipes/tap materials and stagna-
tion time (EFSA, 2015). In the European Council Directive 98/83/EC
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and in the European Commission Directive 2003/40/EC, the maximum
level of Ni in drinking water was set at 20 pg/L in European Union. The
reported level of Ni in drinking water of European countries, 2-13 pg/L
(IARC, 1990; WHO, 2000), is still below this limit. The World Health
Organization (WHO, 2008) assigned a maximum level of 70 pug/L for Ni
in drinking water in its guidelines. A Ni concentration of < 20 ug/L was
reported for drinking water (N = 2503) in the US (IARC, 1990),
whereas the Environmental Protection Agency of the US (EPA) has
defined a maximum level of 100 ug/L for Ni present in drinking water.

Hussain and Habib-Ur-Rehman (2019) has reported the Ni con-
centration to range from 4 to 7190 ug/L for 20 drinking water (ground
water) samples collected from different cities in Pakistan. They stated
that the Ni concentration drastically exceeded the maximum level of
70 pg/L in many cities and it poses a serious health threat for the ci-
tizens. They recommended that polluted water should not be consumed
for drinking purposes unless it undergoes proper treatment. In Zambia,
a Ni concentration range of 20-2580 pg/L is reported for 150 samples
collected from the local wells (Nakaona et al., 2019). They reported
that the drinking water obtained from the wells is highly contaminated.
It seems that groundwater (e.g. local wells) used for drinking purposes
could be highly contaminated with trace elements especially in poor
and developing countries, e.g. Pakistan and Zambia. Therefore, more
strict regulations are needed especially in these countries. Noél et al.,
2012 reported a Ni content between 27 and 475 pg/kg for soft drinks
(N = 26). Furthermore, the concentration of Ni was reported to vary
between 37 and 41 pg/kg for soft drinks (N = 35) in EFSA (2015).
According to EFSA (2015), the range of Ni concentrations was lower for
alcoholic drinks (N = 110), i.e. 2-16 pg/kg, in comparison to soft
drinks (Table 3). A mean Ni concentration of 160 pg/L was reported for
30 beer samples collected on the Brazilian market (Gama, Nascentes,
Matos, Rodrigues, & Rodrigues, 2017). In this study, it was observed
that the variation in the concentrations, as observed for Ni, is also de-
tected for other trace elements in the beers. The authors attributed this
to different levels of contamination at the production and processing
sites (Gama et al., 2017). As previously discussed, the availability of the
trace elements, e.g. Ni, in the soil for plant uptake is generally im-
portant for drinks of plant origin such as beers. Besides, the quality of
the irrigation water as well as the quality of the water being used for the
beer production have a significant effect on the final Ni contamination
in the beers as well (Gama et al., 2017).

3.1.4. Food supplements

Nickel can also be present as a contaminant in commercialized
multi-mineral and multi-vitamin food supplements (Adolfo et al.,
2019). These food supplements are produced in a pharmaceutical form
and typically consumed to compensate for deficiencies in a normal diet.
These products are highly consumed worldwide. Though, a lot of con-
cerns have been raised recently regarding the health risk and safety of
these products, particularly as regulation is still limited and they are
highly susceptible towards contamination during manufacturing and
storage (Adolfo et al., 2019). In the study conducted by Adolfo et al.
(2019), a Ni concentration range of 0.133-1.3 ng/g was obtained in
seven samples of multi-mineral and multi-vitamin supplements. A Ni
content of 0.48-5.7 mg/kg was reported in herbal dietary supplements
in Brazil by Barrella et al. (2017). These authors concluded that they
can pose a threat on the local population health. Particularly as these
products are promoted also as a solution for the prevalent obesity, their
consumption can be significant. A strict regulation and competent
certification system is needed in different countries, such as Brazil, to
assure the safety of these dietary supplements. Furthermore, a regular
monitoring and reporting system should be developed to assure their
safety for the population (Schwalfenberg, Rodushkin, & Genuis, 2018).

3.2. Nickel intake or exposure through diet

Nickel intake through the diet is highly variable, as it is affected by
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geographical variation in natural Ni concentrations in the food, the
diet, the proportion of animal- and vegetable-based foods, environ-
mental pollution where foods are sourced, migration of this element
during processing and storage or via various kitchen utensils made with
Ni (Aung, Yoshinaga, & Takahashi, 2006; Leblanc et al., 2005; Rose
et al., 2010).

In the background document established for drinking-water quality
by WHO (2008), a TDI, i.e. tolerable daily intake, of 22 pg Ni/kg
bodyweight (bw)/day was reported. This TDI was derived from the
critical no-observed-adverse-effect level (NOAEL), i.e. 2.2 mg Ni/kg
bw/day, for all endpoints studied. An oral intake study was conducted
on two generations of the rats through administering Ni sulphate hex-
ahydrate via gavage. For the individuals sensitized to Ni this NOAEL of
2.2 mg Ni/kg bw/day was found to be not protective enough to prevent
eliciting an eczematous flare-up reaction. Hence, a lowest-observed-
adverse-effect level (LOAEL), i.e. 12 nug Ni/kg bw/day, was established
for Ni sensitized patients under fasting conditions (Nielsen et al., 1999).
According to the WHO (2008), this is the worst-case scenario since the
absorption of Ni from food is almost 10-40 fold lower than its ab-
sorption from water ingested in an empty stomach (EFSA, 2015).

When using these TDI values for comparison with exposure study
outcomes in the frame of risk characterization, researchers should be
careful. When the bioavailability is taken into account in the exposure
estimation, this estimation is reflecting real exposure of the consumers
to the Ni via the food. This already has considered the effects of release
of Ni from the food matrix during digestion and absorption of the Ni by
the intestinal cells (Fig. 1). However, the TDI of 2.8 ng Ni/kg bw/day
defined by WHO (2008) was obtained through oral ingestion of soluble
Ni salts, in absence of a food matrix and digestion effects, which may
alter the accessibility of Ni to the human body. This TDI only reflects
the effect of the intestinal absorption. The other reported TDI of 12 pg
Ni/kg bw/day was obtained through provision of a supplementary high
Ni diet for 4 days in a single-blind cross-over study. The diet had about
five times the average Ni content of the daily Danish diet (Nielsen,
Jepsen, Jogrgensen, Grandjean, & Brandrup, 1990). In this study both
effects of the digestion and absorption may have played a role, but Ni

Total Ni Conc.

factor

Bioaccessible
Conc.

<>

Ni accessibility
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did not occur naturally in the diet, i.e. it concerned a fortified diet,
wherein the accessibility and availability of Ni may not have been the
same as in a natural diet.

There are a number of research papers in which an estimated
average Ni intake or exposure through the diet and foods have been
specified (Hwang et al., 2019; Larsen et al., 2002; Marzec, 2004; Rose
et al., 2010). In Table 4, intake data of Ni from different studies con-
ducted in different countries in recent years are presented. For this
table, papers have been investigated for the related terms to exposure,
e.g. chronic versus acute exposure, deterministic versus probabilistic
exposure and type of the diet applied in the studies, to make the ex-
posure assessment as explicit as possible. Chronic exposure occurs when
an individual has a regular intake of Ni, e.g. daily. Acute exposure may
occur as a result of one high-exposure event (Reichwaldt, Stone,
Barrington, Sinang, & Ghadouani, 2016). As specified in Table 4, the
majority of the studies were based on the chronic (daily) exposure
approach (although 6 of the studies did not mention the approach). In
the deterministic approach, measured food consumption and con-
centrations are averaged for each food. Single value of average con-
sumption and average concentration are multiplied to calculate the
final deterministic exposure (Mekonen et al., 2015). The probabilistic
approach is performed using for instance @Risk® 5.7 software program
for Microsoft Excel 2010 (Palisade Corporation, USA) in which the
consumption and contamination distribution are combined to provide
the exposure distribution (Mekonen et al., 2015). Except for the 5
studies with no specification regarding the deterministic/probabilistic
exposure approach used, 11 other studies were performed via the de-
terministic approach (Table 4).

The outcomes of the reported total diet studies (in total 8 studies)
listed in Table 4 are more or less comparable, with the exception of one
study performed by Turconi, Minoia, Ronchi, and Roggi (2009) in Italy,
where the exposure values were about three times higher compared to
the data collected in other studies (i.e. 361.1 pug Ni/day/person). As-
suming a mean body weight of 65 kg, this exposure value in Italy would
be 5.5 ug Ni/kg bw/day. In the aforesaid study, milk and dairy products
were the highest contributors to the total daily exposure to Ni. Besides

Individual food
groups

Total diet study

4 Overestimation
ll of the exposure

Exsure
estimation via
bioaccessible Ni

Ni availability
factor

*, Bioavailable Conc. [

3

More precise

exposure
estimation

Fig. 1. Schematic of the relations among overestimation of the exposure using the total Ni concentration, exposure estimation using the bioaccessible fraction of Ni

and precise estimation of the exposure using the bioavailable fraction of Ni.
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cereals, tubers and vegetables are high suppliers not only of Ni but also
for other types of trace elements. Turconi et al. (2009) stated that this
elevated Ni concentration may be explained by Ni release from the
metal contact materials (e.g. steel cookware). Nickel intake is of course
closely related to the origin, natural Ni content and degree of Ni con-
tamination of food as well as food habits in each country (Tables 1-3).

Jensen , Menné, and Duus Johansen (2006) conducted a meta-
analysis study on the results of oral exposure to Ni and eliciting the
systemic contact dermatitis reaction as a consequence. This study aimed
to assess and to estimate the best possible Ni threshold doses to observe
systematic contact dermatitis in Ni sensitive patients. The study results
for two groups with most sensitive members demonstrated that sys-
temic contact dermatitis occurred in 1% of the patients tested after
normal daily exposure to Ni (i.e. 0.22-0.35 mg/day/person through
drinking water or food (Jensen et al., 2006). Junli et al. (2013) studied
the bioaccessible estimated daily intakes (BEDIs) of the trace elements
through consuming market vegetables in the population of Hong Kong.
They reported a total daily intake of 0.58 pg Ni/kg bw/day (i.e.
0.036 mg/day by taking the average population’s body weight of 62 kg
into account). They generally stated that obtained BEDI values for the
trace elements, including Ni, were far below the tolerable daily intake
defined by JECFA (1989). In the single food study on Kimchi, i.e. a
cabbage-base food product, conducted by Hwang et al. (2019) in South
Korea, average daily intakes of 0.009 mg Ni/day/person and 0.007 mg
Ni/day/person were reported for Korean males and females, respec-
tively. These researchers concluded that a normal daily intake of
Kimchi will not cause any health risk for the Korean male and female
population. The daily intake of Ni together with other trace elements
was also estimated for people living in the Copper-belt province of
Zambia by Nakaona et al. (2019). They reported an estimated daily
intake of 4.79 mg Ni/kg bw/day through consuming the ground water,
obtained from the locall wells, and the locally cultivated vegetables, i.e.
green beans, beans leaves, pumpkin leaves, carrots, sweet potato leaves,
rape, cabbage and cassava leaves. Furthermore, these researchers re-
ported a daily intake of 4.64 mg Ni/day/person for the well’s water
merely. They argued that ground water and vegetables contamination
by trace elements, including Ni, is the reason behind these high levels of
the exposure. Though, more in depth studies are needed to specify the
health implications of these levels of exposure. Monitoring of the
drinking water, vegetables and soil should be implemented regularly.
This should be done in line with a definition of the probable exposure
routes (Nakaona et al., 2019). The Ni exposure through daily intake of
prenatal supplements has been studied in Canada by Schwalfenberg
et al. (2018). They reported a value of 5 ng Ni/day/person and 34 ug
Ni/day/person for mean and maximum Ni exposure, respectively. Ac-
cording to the USP (United States Pharmacopeia) guidelines, the upper
limit of exposure for Ni is 60 pg Ni/day/person (Yetley, 2007). In the
aforesaid study, the maximum exposure through prenatal supplements
did not exceed the critical value of 60 ng Ni/day/person. However, as
previously also mentioned in other studies, a self-monitoring system to
report on the status of trace elements in these types of supplements is
still lacking.

According to the World Health Organization, for assessing a total
daily intake of trace elements, a total diet study is the proper approach
assuring that chemicals are present at a safe level in the diet (WHO,
2011). The process consists of purchasing the foods (i.e. diet re-
presentatives) from the retailer, processing them according to the actual
ways of consumption, then homogenizing and analyzing them for the
elements of concern (Moy, 2015). In a multiple food approach, food
samples from different food groups, e.g. meat, pulses, cereals, vege-
tables and fruits, are collected randomly from the market for further
analysis of the elements of concern (Bocio et al., 2005). In a single food
study, only one food/drink item is focused on in the study and the in-
take of the trace element through consuming that single food/drink is
being evaluated (Hwang et al., 2019; Nakaona et al., 2019). Except in
the study conducted by Junli et al. (2013), the bioaccessible and
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bioavailable fractions of Ni, as having the highest impact on human
health risk, have not been included in the studies presented in Table 4.
Hence, bioavailability was overestimated when assessing the exposure
of the human body to Ni, and reported dietary intake values are not
reflecting the actual daily intake of the Ni by the human body.

3.3. Bioaccessibility versus bioavailability

The bioaccessible fraction is the fraction of an element that is re-
leased from the food matrix in the gastro-intestinal tract at the time of
digestion (Lavu, Van De Wiele, Pratti, Tack, & Du Laing, 2016). This
fraction is a maximum possible amount of the element that could be
available for absorption (bioavailable). Generally, bioavailability refers
to the fraction of the element that reaches the systemic circulation. This
usually requires absorption by the body at the intestinal phase of di-
gestion (Wei et al., 2012). As previously mentioned, assessing the level
of exposure based on the total metal concentration in foods results in
the most conservative and likely overestimation of exposure. To have
an accurate estimation, exposure should be calculated based on the
amount of the element likely to be released, i.e. the bioaccessible
fraction, or absorbed, i.e. the bioavailable fraction. While the bioac-
cessible fraction is easier to measure, the bioavailable fraction is the
most likely to result in a more accurate health risk assessment (Fig. 1).

3.4. Studies on nickel bioavailability

In Table 5, the most important information obtained in Ni bioa-
vailability studies has been summarized. The bioavailability percen-
tages given in Table 5 provide a possibility for quick comparison of
different foods used in different studies. The type of the study, in vivo or
in vitro, as well as the exposure type, e.g. oral, are important to be taken
into account. It is important to know under which conditions the
bioavailable fraction is obtained. Risk thresholds, population group,
authors, year of the study and more importantly study gaps are avail-
able in Table 5 as well.

The comprehensive study performed by Cabrera-Vique et al. (2011)
specified the total Ni concentration in ready meals and fast foods.
Furthermore, the bioavailable fraction (dialyzable fraction) of the Ni
was assessed through simulated gastro-intestinal digestion for different
types of food, i.e. dishes with beef, chicken or pork, fish, eggs, sauces,
etc. In total 170 classified samples in 43 different food groups were
assessed. The range of the Ni content in average varied between 18.50
and 95.00 ng/g fresh weights of the edible portion. Products with added
spices/herbs, whole grains, nuts, cheese and mushrooms demonstrated
the highest Ni content. The Ni content was highly variable within every
food category with similar products. This could be explained by pos-
sible effects of packaging and processing at the food production stage.
The bioavailable (dialyzed) fraction ranged from 4.5 to 7.8%. These
types of studies are very useful as they give better insights into the
current situation with Ni intake and recent changes in eating habits of
the population. However, there is still limited information available
regarding Ni speciation and bioavailability in food during the digestion
process (Cempel & Nikel, 2006).

Cempel and Janicka (2002) cited that food, drinking water and
beverages are the main routes of Ni intake in humans. The absorption of
Ni (bioavailability) in the human gastro-intestinal tract is reported to be
rather low (1.7-10%). This value can be affected greatly by the solu-
bility of the Ni compounds. The Ni bioavailability from drinking water
is higher than that from solid food products. According the Cempel and
Janicka (2002), there is limited information available regarding toxicity
and distribution of the soluble Ni compounds ingested via food and
drinking water. In their study, they administered NiCl,-6H,O in the
drinking water to male Wistar rats to evaluate the Ni distribution in the
rat organs. They found a direct proportional relationship between the
Ni intake and its deposition in the rat organs. This direct proportional
relationship was observed between the total Ni intake and Ni absorbed/
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transferred into the serum, i.e. bioavailable Ni, as well. The absorption
of other essential trace elements (i.e. zinc, copper) may be decreased in
presence of high doses of Ni (Cempel & Janicka, 2002).

Mathematical modeling and kinetics of Ni absorption, distribution
and elimination from the human body were studied by Sunderman et al.
(1989). The study was performed in a group of selected healthy vo-
lunteers who ingested NiSO, via drinking water or food. The average Ni
absorption was 27 * 17% (mean =+ SD) for the volunteer group
subjected to NiSO,4 via drinking water. For the group of volunteers
subjected via food, the average Ni absorption was 0.7 = 0.4%
(mean =+ SD) at the same doses as the first group. The half time of
elimination for absorbed Ni (bioavailable fraction) was 28 * 9 h in
average. This study confirmed the reducing effect of dietary con-
stituents on Ni** bioavailability. About 25% of ingested Ni** via
drinking water was absorbed (bioavailable), though only 1% of the Ni
ingested through food was absorbed. The tap water quality database for
Ni was used to estimate exposure of the population to Ni (De Brouwere,
Buekers, Cornelis, Schlekat, & Oller, 2012). This database was collected
through reviewing the available literature including European Com-
mission (EC) reports regarding the water quality standards for human
water consumption in the EU (Directive 98/83/EC). The EU maximum
concentration of Ni allowed in tap water is 20 ug/L. According to the
database, approximately 5% of the total EU population could be ex-
posed to excessive amounts of Ni when using this threshold. Con-
sidering the percentage of Ni absorption (bioavailability) from the
drinking water (30%) and solid matrices (5%), drinking water is one of
the major routes of Ni oral intake besides the food (ECB, 2008). Fur-
thermore, the Ni can also be ingested from other non-alimentary
sources, i.e. soil and dust, at the regional and local level (De Brouwere
et al., 2012).

According to the article published by Nielsen et al. (1999), the
maximum oral absorption, bioavailability, of Ni is not more than ~30%
even if it is 100% bioaccessible. It was shown that a fasting state can
increase Ni absorption from water in human volunteers. When inges-
tion occurred together with food, the oral absorption (bioavailability)
ranged from 1 to 5%, whereas the absorption increased to 12-27%
under fasting conditions (Nielsen et al., 1999). The bioavailability of
the Ni and other trace elements was assessed in 15 wine samples col-
lected from Itata Valley in Chile (Latorre et al., 2018). Bioavailability
assessment was conducted through in vitro dialyzability approach and
no bioavailable fraction of Ni was found in the wine samples. The au-
thors compared the bioavailability % by taking the type of wine, i.e.
white or red, and the grape varieties into account, and also no effect of
wine type and the grape variety was found in this study. In conclusion,
there are rather limited studies addressing the bioavailability of dif-
ferent food or drinks whether via in vitro or in vivo studies. Besides,
studies regarding the Ni species occurring in foods or drinks and their
toxicity in the body are lacking as well. However, it has been shown
that other dietary constituents can reduce the Ni bioavailability for the
body (Nielsen et al., 1999). It seems that these factors have a higher
impact on the Ni bioavailability compared to the intrinsic character-
istics of the food/drink (Latorre et al., 2018). However, this should be
further investigated in future studies.

3.5. Studies on nickel bioaccessibility

The information obtained from revision of the Ni bioaccessibility
studies has been summarised in Table 6. It is important to clarify the
type of the food used in bioaccessibility studies. The Ni bioaccessibility
percentage reported in different studies, available risk threshold values
and the gaps related to these studies are given in Table 6.

Gedik (2018) studied the bioaccessibility of Cd, Cr, Cu, Mn, Ni, Pb,
and Zn in edible soft tissues of the Mediterranean mussels using in vitor
digestion model. All samples were collected along the coastal area of
the southern black sea. Among all of the elements, Pb was the only one
exceeding the maximum allowed limits set by European Commission
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(EC, 2006). The bioaccessibility of the metals (using the in vitro diges-
tion protocol of Versantvoort, 2005) was 83.1%, 80.5%, 76.7%, 73.3%,
69.1%, 61.1% and 58.4% for Ni, Cu, Zn, Cd, Mn, Pb and Cr, respec-
tively. Magnesium, lead and nickel showed significant positive linear
correlations between their total and bioaccessible concentrations.
Taking the bioaccessible fraction into account, the hazard quotients
(HQ) were calculated. The hazard quotient, HQ, is the ratio of the po-
tential exposure of a substance and the level at which no adverse effects
are expected. The values were lower than the limit, HQ < 1, set by the
US Environmental Protection Agency. Thus, there is no concern on
potential hazards of the trace elements through consumption of these
seafood tissues (Gedik, 2018).

Bertin et al. (2016) reported the bioaccessibility % to be below LOD
for Ni in Sarcocornia ambigua plants. Several other types of trace ele-
ments were found in this plant, e.g. Ca, K, Mg, Li, Al, V, Cr, Mn, Co, Cu,
Zn, Se and Pb. The calculated LOD for Ni was 0.2 mg/g. The aerial parts
of Salicornia and Sarcocornia species are enriched in minerals and trace
elements so they are considered as proper vegetable food products for
human consumption in areas where the plant is accessible.

The bioaccessible fraction of Ni in some cereals (i.e. rice, spring
wheat and maize) was measured using the Rijksinstituut voor
Volksgezondheid en Milieu (RIVM) in vitro simulated digestion (Liu, Ai,
Zhang, Huang, & Zhang, 2017; Versantvoort, 2005). The range of
bioaccessibility was reported from 32% to 56%. The grains were cul-
tivated in mining and smelting areas of Baiyin district, Gansu province
(China).

Vegetables available in the Hong Kong market were systematically
screened to measure their trace element content (Junli et al., 2013). The
total Ni concentrations ranged from 0.26 to 1.1 mg/kg. After measuring
a total metal concentration in nine major groups of fresh vegetables, a
bioaccessibility assessment was performed. For these assessments, three
representative samples were selected randomly in every vegetable
group. The in vitro gastro-intestinal method of digestion described by
Wang et al. (2011) was used for bioaccessibility measurements. The
bioaccessibility percentage was measured as a ratio between the
bioaccessible fraction of the trace element and its total concentration.
Bioaccessibility percentages of Ni were reported to vary from 29% to
64%. Higher values were observed for legumes, bulb and root vege-
tables, while the lowest values were observed for cucurbit, brassica and
stalk vegetables. The leafy vegetables were reported to vary in the
middle of the range. Estimated daily intakes (EDI) based on bioacces-
sibility (BEDI) were significantly lower than the tolerable limits for Cd,
Pb, Cr, Ni, Cu, and Zn in vegetables (Junli et al., 2013). Reference
doses, R(D, from the Integrated risk information systems (USEPA, 2003,
2007a, b) were 1, 1500, 40, 20, not available and 300 (ug/kg bw/day)
for Cd, Cr, Cu, Ni, Pb and Zn, respectively (Junli et al., 2013). While,
the average estimated daily intakes (EDI) for consumers were 0.12,
0.54, 3.7, 1.6, 0.32 and 8.5 (ug/kg bw/day) for the aforesaid elements
in the same order.

In the study conducted by Machado et al. (2017), nutritional
properties as well as the food safety of raw edible globe artichoke heads
were investigated. Edible globe artichoke heads are a good source of
minerals. Machado et al. (2017) reported a total concentration range of
35.8-57.8 mg/kg, 27.7-42.2 mg/kg, 5.4-7.5 mg/kg and 1.9-3.4 mg/kg
for Fe, Zn, Cu, and Ni, respectively. All reported concentrations are on a
dry weight basis. In vitro bioaccessibility ranged between 71.3-82.3%,
51.2-64.2%, 41.3-54.7% and 39.5-49.7% for Cu, Zn, Ni and Fe, re-
spectively. The research outcomes indicated that raw edible artichoke
heads can act as a mineral enriched food, especially for Cu and Zn, and
can be an effective contributor to daily intake of these essential ele-
ments. This could be the starting point for further investigation to es-
tablish a Recommended Daily Intake (RDI) for this type of non-tradi-
tional food (Machado et al., 2017).

Schulz et al. (2017) have studied the in vitro bioaccessibility of the
fifteen minerals and twenty-two phenolic compounds in jucara fruit
during seven ripening stages. They reported a range of Ni



M. Babaahmadifooladi, et al.

bioaccessibility percentage from 7.4 to 42.5% during the ripening
stages of this fruit. They did not find any explicit pattern in Ni bioac-
cessibility during the ripening of jucara fruit. In the study conducted by
Gu et al. (2018), a bioaccessibility percentage of 59.9% was obtained
for Ni in marine organisms including fishes. They also assessed the risk
of this bioaccessible Ni for human health. This study together with the
study conducted by Junli et al. (2013) are examples of risk assessments
that were conducted taking only the bioaccessible fraction into account.
The reported THQ value (target hazard quotient for non-carcinogenic
effect) for Ni was higher than that of other trace elements in this re-
search. The THQ value is the ratio between the trace element exposure
and maximum level for not expecting adverse health effects. However,
THQ value of Ni was below a safe level of 1 (Gu et al., 2018). Lam and
Lai (2018) studied the bioaccessibility of Ni in the water spinach, i.e.
Ipomoea Aquatica Forsk, under the effect of blanching and inoculation
with arbuscular mycorrhizal fungi. They reported that 27-40% of the
Ni was bioaccessible upon digestion with in vitro digestive fluids. Thus,
blanching led to the leaching out of Ni and reduced its bioaccessibility.

In summary, Ni bioaccessibilty in different foods ranged
from < LOD (for Sarcocornia ambigua plants) to 83.11% (for
Mediterranean mussels). Some studies conducted on specific foods, e.g.
Sarcocornia ambigua plants and jucara fruit and the studies focused on
typically consumed food/drinks in western diet are still lacking.
Generally, the higher bioaccessibility percentages were observed for
legumes and root vegetables in comparison with the stalk vegetables
having lower bioaccessibility percentages. The Ni bioaccessibility in
leafy vegetables varied between both. Generally, the reported range of
Ni bioaccessibility for cereals (32-65%) was comparable with that of
vegetables (29-64%).

3.6. Impact of bioaccessibility on the estimated daily intake

The direct impact of the metal bioaccessibility on the final estima-
tion of daily intake was reported by Junli et al. (2013). As previously
mentioned, their study was conducted on available vegetables in the
Hong Kong’s market. Junli et al. (2013) reported two intake values. The
estimated daily intake (EDI) which obtained using the total Ni con-
centration in the foodstuffs, and the bioaccessible estimated daily in-
takes (BEDIs) that obtained using the bioaccessible fraction of Ni in
vegetables. They used the consumption data that obtained from Popu-
lation-based Food Consumption Survey 2005-2007 (FEHD, 2010) for
their exposure calculations. Junli et al. (2013) reported a Ni bioacces-
sibility percentage ranging from 29 to 64% in 9 different types of the
fresh vegetables available in the Hong Kong market, e.g. leafy vege-
tables, legume vegetables, tuber vegetables, etc. The EDI was 1.6 ug Ni/
kg bw/day for the average consumers and 5.5 pg Ni/kg bw/day for the
high consumers, while the BEDI for the average consumers and the high
consumers was 0.58 ug Ni/kg bw/day and 2.2 pg Ni/kg bw/day, re-
spectively. It is clear that EDIs values are higher than the BEDIs, which
highlights the importance of taking the bioaccessibility into account at
the time of dietary intake assessment to avoid overestimation in re-
ported exposure values.

4. Conclusion

A gap analysis is presented in this paper evaluating Ni as a potential
food safety hazard causing a risk for human health. In the first step,
available literature was critically screened for Ni occurrence and its
potential sources of contamination in food and drinks. The foods with
high Ni content are mostly from plant-based origin, e.g. legumes, soy-
based products and nuts, compared to foods of animal origin such as
meat, fish, and honey, having lower Ni contents. The elevated Ni con-
tent can be explained by the essential role of Ni in the nitrogen meta-
bolism in some plants, e.g. legumes, soy and nuts. Drinks including
drinking water were only analyzed in limited studies. Several studies
(are available that calculated Ni intake via food, where mainly chronic
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impact on human health was evaluated. However, more exposure stu-
dies are needed to address the level of contamination in drinks con-
sumed in different countries around the world. Comparing to the other
approaches of intake assessment such as multiple food, single food and
duplicate diet study, a total diet studies were applied as a predominant
approach in majority of the studies. Furthermore, most of the risk as-
sessment studies still rely on risk estimations based on the total con-
centration of the contaminants in food. However, the concentration of a
contaminant posing a real health risk is the absorbed (bioavailable)
fraction in the body. In order to have a real exposure estimation, it is
indispensable to take a bioavailable fraction or at least its conservative
estimator, i.e. the bioaccessible fraction into account. The Ni bioavail-
ability% reported in different studies ranged from 0 to 30%. Compared
with the bioavailability studies, bioaccessibility was assessed for more
typically consumed foods, i.e. seafood, cereal and vegetables. In gen-
eral, the bioaccessibility of Ni ranged from < LOD to 83% in different
foods. To obtain better insights in factors affecting bioaccessibility and
bioavailability in foodstuffs, it is indispensable to conduct more studies
on different food products, especially those with high Ni contents, e.g.
legumes, chocolate, nuts, and soy products. Besides, bioaccessibility/
bioavailability factors should be taken into account in exposure calcu-
lations to reduce overestimation in Ni intake studies.
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