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ABSTRACT 23 

 24 

Cobalt (Co) is an essential trace element but may cause toxic effects upon occupational or 25 

environmental exposure. The present study is aimed to determine the urine concentrations of Co in 26 

four years-old children in the INMA-Asturias cohort (Spain) and to assess the factors determining 27 

the observed levels. This cohort is located in a heavily industrialized zone with strong potential for 28 

metal exposure.  29 

Some diet components such as consumption of sweets were meaningfully associated with 30 

higher urine Co concentrations. Traffic pollution also showed a noteworthy positive association 31 

with Co levels. Family tobacco consumption did not show substantial association with the urine 32 

concentrations of this metal in the INMA-Asturias children.  33 

A significant inverse association between urine Co and venous blood ferritin was found. 34 

Iron deficiency anemic children had significantly higher concentrations of Co than those with 35 

normal levels, e.g. median values 1.9 µg/g creatinine and 1.0 µg/g creatinine, respectively. This 36 

association could be explained by an increased expression of DMT1, a divalent metal transporter 37 

that captures higher levels of iron in deficiency states of this metal. This transporter is non-specific 38 

and not only captures iron but also other divalent metals such as Co. The presence of this metal in 39 

iron deficiency anemic children may represent an additional disturbing health factor that must be 40 

considered during treatment. 41 

  42 
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1. Introduction 43 

 44 

Cobalt (Co) is a transition metal of widespread environmental occurrence. It is present in pigments, 45 

catalysts for oil and gas production, battery electrodes, orthopedic prostheses and others (NHANES, 46 

2009). Human exposure to Co mainly depends on diet. Fish, green vegetables and fresh cereals are 47 

common sources (Unice et al., 2012).  48 

Human metabolism uses this trace metal for cobalamin synthesis (vitamin B12) whose 49 

deficiency causes a wide range of hematological, gastrointestinal, psychiatric and neurological 50 

disorders (Briani et al., 2013). However, only a small fraction of Co intake is used for this purpose 51 

and the remaining ingested amounts are inorganic compounds with no essential function (Kim et 52 

al., 2006). 53 

Gastrointestinal absorption of dietary Co can typically range from 10 to 35% (Unice et al., 54 

2012). Intakes of 20% and 45% in males and females, respectively, are considered standard 55 

reference values in human biokinetic models (Unice et al., 2014). Cobalt deficiency has never been 56 

described in human metabolism (Simonsen et al., 2012). Occupational and accidental exposures to 57 

Co have been reported to originate asthma, allergic alveolitis, hypersensitivity pneumonitis, 58 

interstitial pneumonia (Nemery et al., 1992; Swennen et al., 1993; Leyssens et al., 2017), alterations 59 

of thyroid hormones (Prescott et al., 1992; Pausterbach et al., 2013), polycythemia (Pausterbach et 60 

al., 2013) and dermatitis (Leyssens et al., 2017).  61 

An oral reference dose of 0.03 mg/kg-day has been recently proposed as maximum Co 62 

intake for non-cancer health effects in general population over lifetime exposure (Finley et al., 63 

2012). However, these toxic effects are related to inorganic Co in free ionic state, not bound to 64 

albumin. Subjects with albumin alterations such as anephric, sickle cell or sepsis patients may 65 

undergo higher effects upon Co exposure (Pausterbach et al., 2013). 66 

Animal studies have shown that iron depletion is associated with increases of the intestinal 67 

absorption of divalent metals such as Co (Flanagan et al., 1980). Hereditary hemochromatosis 68 

patients were found to accumulate both iron and Co (Nichols and Bacon, 1989). Correspondences 69 

between decreases of iron and increases of Co have been observed in blood of 15-17 years-old boys 70 

and blood and serum of 15-17 years-old girls (Barany et al., 2005). Statistically significant 71 

differences in concentrations of this metal in subjects with abnormal and normal iron status of this 72 

population were also observed (Barany et al., 2005). 73 

Toxicokinetic modeling and Co intake studies have long demonstrated that urinary Co is a 74 

good measure for Co concentrations in the human body. CoCl2 intake and absorption is reflected in 75 

the urine Co concentrations (Christensen et al. 1993). Furthermore, urinary Co excretion was found 76 
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to represent two thirds of daily intake in a group of women who self-measured their dietary inputs 77 

(Harp and Scoular, 1952). 78 

Urine is therefore the preferred source of information for Co biomonitoring. Furthermore, it 79 

can be collected without invasive methods. This fluid has been widely used in large environmental 80 

studies on trace metals such as the German Environmental Survey for Children (GerES) and the 81 

National Health and Nutrition Examination (NHANES). 82 

Interdependences between urinary Co concentrations and hemoglobin levels have been 83 

reported in pregnant women (Fort et al., 2015). However, the role of this metal in young children is 84 

still pending to be clarified which is important because the metabolism and organs of toddlers is 85 

still under formation (Angelova et al., 2014).  86 

The present study is aimed to assess the influence of iron status and Co levels in four years-87 

old children with iron deficiency anemia and to compare their Co concentrations with those of 88 

healthy individuals. The cohort selected for study corresponds to the sanitary area III of Asturias 89 

which is a strongly industrialized area of Spain (Fernandez-Somoano et al., 2011; Fernandez-90 

Somoano and Tardon, 2014). The study is also devoted to investigate which are the most common 91 

exposure sources of this metal which, in general population, have been attributed to food and 92 

drinking water (Tchounwou et al., 2012) and, in some cases, cigarette smoking and traffic (ATSDR, 93 

2008; Fort et al., 2016). Univariate and multivariate models of Co concentrations including diet, 94 

e.g. seafood, meat, vegetables, dairy products, etc, tobacco consumption and traffic exposure have 95 

therefore been implemented for elucidating potential body burden metal sources.  96 

 97 

 98 

 99 

2. Materials and methods  100 

 101 

2.1. Population and study design 102 

 103 

Between 2009 and 2012, in the context of the INMA (childhood and environment) research network 104 

four years-old children were followed in the Hospital San Agustín (Avilés, Asturias) and 334 urine 105 

samples were collected. Parents were asked to complete a questionnaire that encompassed 106 

demographic information as well as lifestyle data or activities that may affect children's exposure to 107 

metals, e.g diet, family smoking habits, distances of family home to traffic areas, etc. Before the 108 

study, written informed consent was obtained from the parents of each child. This research was 109 

approved by the Asturias Regional Ethics Committee. 110 
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2.2. Laboratory analytical methods  111 

 112 

Teflon vessels were cleaned after every use by rinsing with 7% HNO3. Then, they were filled with 113 

7% HNO3, heated at 90ºC overnight, in an oven and finally rinsed with abundant MilliQ water. All 114 

polypropylene material was cleaned by soaking it into 7% HNO3 for 48 hours, followed by rinsing 115 

with abundant MilliQ water. Digestion and dilution of the samples was performed to oxidize and 116 

remove organic matter and to keep the concentrations of inorganic solids to a minimum (Castillo et 117 

al., 2008; Krachler et al., 2009).  118 

Two mL of each urine sample were introduced in clean Teflon vessels, together with 1 mL 119 

60 % HNO3 (Merck; Darmstadt, Germany) and 0.5 mL H202 (Merck). They were then kept 120 

overnight in an oven at 90 ºC. After cooling, the vessels were opened and the samples were diluted 121 

with 16.5 mL of 1% HNO3. These dissolutions were introduced into plastic tubes and stored in a 122 

refrigerator until instrumental analysis. Before analysis, an internal standard indium (10 ppb) was 123 

introduced and depending on sample density, they were diluted with MilliQ water to 30mL or 124 

60mL to avoid spectral interferences. ICP-MS analysis was performed by a X-SERIES II device 125 

from Thermo Fisher Scientific.  126 

One MilliQ water blank was processed in each batch of samples for possible contamination 127 

control. The analytical protocol was validated by processing a Bio-Rad Level 1 urine reference 128 

sample (Lyphochek Urine Metals Control 4770-03; Marnes-la-Coquette, France). Instrumental limit 129 

of detection (LOD) was 0.2 ng/mL. The Co urine concentrations were standardized to creatinine 130 

content. 131 

Creatinine was determined by the Jaffé method (kinetic with target measurement, 132 

compensated method) with Beckman Coulter© reactive in AU5400 (IZASA®). Ferritin was 133 

measured in serum by immunoturbidimetry. 134 

 135 

2.3. Data analysis 136 

 137 

The Kolmogorov-Smirnov test was used to check for the normality of the distribution of the Co 138 

concentrations. Since it did not fulfil the normality requirements, the concentrations were log-139 

transformed. 140 

The associations of parental and children variables with metal concentrations were 141 

examined by univariate linear regression analysis. The variables showing a significant association at 142 

p<0.20 were retained for the multivariate regression model. A value equal to half limit of detection, 143 

0.1 ng/mL, was used for non-detected concentrations. All statistics were performed by Stata 10.0.   144 
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3. Results and discussion 145 

 146 

3.1.Population characteristics 147 

 148 

The main socio-demographic characteristics of the children included in the study are presented in 149 

Table 1. More than half of the population were boys (52%). Concerning social class, 46% belonged 150 

to medium-low class, 22% to medium class and the remaining 32% to high and high-medium class. 151 

In thirty-five percent of the families at least one parent smoked regularly. Fifty-three percent of the 152 

families lived close to high traffic areas, either with continuous or episodic high traffic, 38% and 153 

15%, respectively (Table 1). The means and standard deviations (SDs) of weight and height of these 154 

four years-old children were 18 (2.9) kg and 1.0 (4.5) m, respectively. 155 

 156 

3.2.Cobalt concentrations 157 

 158 

Cobalt was found above limit of detection in 84% of the samples analysed. The urine Co 159 

concentrations ranged between 0.15 and 7.5 ng/mL, with average concentrations of 0.66 ng/mL 160 

(SD: 0.66 ng/mL) and median of 0.48 ng/mL (Table 2). The average and median values normalized 161 

to creatinine were 1.3 µg/g creatinine (SD: 0.96 µg/g creatinine) and 1.0 µg/g creatinine, 162 

respectively, with a range of 0.10-5.8 µg/g creatinine (Table 2). 163 

These median values were lower than those reported in 8-14 years-old children from Mexico 164 

(0.78 ng/mL; Lewis et al., 2018) or 5-11 years-old-children from Italy (0.96 ng/mL; Protano et al., 165 

2016) and similar to those reported in 6-11 years-old children from Valencia (1.4 µg/g creatinine; 166 

Roca et al., 2016). In contrast, they were higher than those reported in 6-11 years-old children from 167 

the USA (NHANES, 2009). 168 

In any case, the observed concentrations were not very different from those in these other 169 

studies. Thus, the present Asturias cohort did not reflect strong pollution inputs but the regular 170 

intake of Co due to diet and urban environmental exposure. In these conditions, the observed 171 

concentrations likely indicate the common internal exposure of the individuals to this metal as the 172 

Co burden excreted through urine is replaced by new Co contributions. The usefulness of urine 173 

concentrations as markers of internal exposure in cohorts not exposed to acute metal pollution 174 

events has also been shown in other cohort studies (Fort et al., 2014). 175 

 176 

3.3.Regression analyses 177 

 178 
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Univariate modelling of the Co concentrations and diet covariates only showed significant relations 179 

with consumption of nuts (β = 0.12; p < 0.05) and sweets (β = 0.16; p < 0.01), involving higher 180 

excretion of this metal at higher consumption (Table 3). No significant association was observed 181 

with the other examined diet components. 182 

Tobacco consumption in the family context did not involve any association (Table 3).  183 

A statistically significant association between Co exposure and traffic intensity was 184 

identified, as home distances from streets with continuous high traffic were inversely correlated 185 

with Co urine concentrations (β = -0.13; p < 0.05; Table 3). Shorter distances to streets with 186 

continuous high traffic density involved higher levels of this metal. Conversely, study of the family 187 

home distances to the main industrial center in Asturias did not show significant associations with 188 

urine Co concentrations in children. 189 

A strong inverse association between ferritin concentration in blood and Co urine excretion 190 

was also observed (β = -0.41; p < 0.001; Table 3). 191 

Multivariate regression analysis with these variables was also performed, including 192 

adjustment for body mass index and sex. The multivariate model confirmed the strong association 193 

between Co urine concentration and blood ferritin (β = -0.44; p < 0.001), traffic sources (β = -0.13; 194 

p < 0.05) and sweets consumption (β = 0.13; p < 0.05; Table 4). However, the relationship with nuts 195 

consumption lost statistical significance and sea food was identified as a new diet source (β = 0.18; 196 

p < 0.01; Table 4). 197 

 198 

3.4.Associations between ferritin concentration and Co excretion 199 

 200 

The arithmetic mean (SD) concentration of ferritin was 29 (1.1) ng/mL. This intracellular protein 201 

can be used as a marker of iron deficiency anemia. One standard threshold to identify people with 202 

anemia is 12 µg/L (Wang et al., 2010). Grouping of the INMA-Asturias children according to this 203 

threshold shows 19 individuals with iron deficiency anemia (8%; Table 2). They show higher 204 

average Co urine concentrations, 1.25 ng/mL (SD: 1.2 ng/mL), than the non-anemic group, 0.60 205 

ng/mL (SD: 0.55 ng/mL), and the difference is statistically significant (p < 0.001). The same 206 

difference is observed when comparing creatinine normalized data, 2.0 µg/g creatinine (SD 1.5 207 

µg/g creatinine) in the anemic group and 1.2 µg/g creatinine (SD 0.80 µg/g creatinine) in the non-208 

anemic group. 209 

Another ferritin threshold used for differentiation between individuals with iron deficiency 210 

anemia is 16 µg/L (Hallberg et al., 1993). Grouping the INMA-Asturias cohort according to this 211 

threshold shows 49 individuals within the anemia group (22%; Table 2). Again, they show higher 212 
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average Co urine concentrations, 1.05 ng/mL (SD: 0.98 ng/mL) than the non-anemic group, 0.54 213 

ng/mL (SD: 0.49 ng/mL) and the difference is statistically significant (p < 0.001). The same 214 

difference is observed when comparing creatinine normalized data, 1.85 µg/g creatinine (SD 1.2 215 

µg/g creatinine) in the anemic group and 1.1 µg/g creatinine (SD 0.69 µg/g creatinine) in the non-216 

anemic group. 217 

As shown in the regression analyses (Tables 3 and 4), there was a strong inverse association 218 

between ferritin levels and Co excretion in the INMA-Asturias cohort. A statistically significant 219 

inverse relationship between iron status, using serum ferritin, and blood and serum concentrations 220 

of Co was found in a study conducted in adolescents from Sweden. The associations were 221 

significant at the age of 15 years old in both sexes and only in girls at 17 years old (Bárány et al., 222 

2005). Another study in pregnant women from Catalonia, reported a statistically negatively 223 

association between Co urine concentrations and hemoglobin levels in the last pregnancy period but 224 

not during the first trimester (Fort et al., 2015). In a study performed in a population of 225 

menstruating women from Norway (Meltzer et al., 2010), inverse associations between blood levels 226 

of several divalent metals and ferritin were found. Among the metals included in this study, Mn, Co 227 

and Cd showed significantly relation but not Cu and Zn, being Co the one with the strongest 228 

association in the linear regression models (Meltzer et al., 2010). 229 

It has been reported that intestinal absorption of Co in mice increased under iron 230 

deficiencies due to bleeding or diet (Flanagan et al., 1980). However, Co intestinal absorption can 231 

also increase under higher iron demand, such as during adolescence or late stages of pregnancy 232 

(Bárány et al., 2005; Fort et al., 2015). However, comparison of the results of the present study with 233 

four years-old children and those of the pregnant mother study shows higher Co intake in the 234 

former (increases of 63-90%) in comparison with the statistically significant differences of the latter 235 

(increases of 29%; Table 5). Furthermore, anemic four years-old children also exhibit higher 236 

absolute Co concentrations, 1.5-1.9 µg/g creatinine, than the mothers, 1.2 µg/g creatinine. Anemia 237 

may therefore involve higher exposure to Co in young children than in pregnant women which is 238 

consistent with the lower capacity of pollutant elimination of children due to the above mentioned 239 

organ and metabolism formation. 240 

During the times of iron deficiency or increased iron demand, the divalent metal transporter 241 

1 (DMT1) is found to have increased expression because this transporter is up-regulated by iron 242 

status. DMT1 transports inorganic iron in its oxidized form, but it has also the ability to transport 243 

other divalent ions (Gunshin et al., 1997) among which Co binds with more affinity than others, e.g. 244 

copper or zinc (Garrick et al., 2003). In the present study no significant associations between 245 

ferritin and copper on zinc urine levels were found (β = -0.079, p = 0.23 and β = -0.082, p = 0.22, 246 
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respectively). The present study also demonstrates a statistically significant negative correlation 247 

between iron status and Co levels in urine.  248 

Hence, we propose that the higher iron demand occurring during childhood could promote 249 

the expression of DMT1 which could result into increased absorption of Co along with iron. This 250 

process has been considered to explain the association between iron status and metal concentrations 251 

in humans (Meltzer et al., 2010; Bárány et al., 2005). However further investigation is needed for a 252 

more comprehensive description of this association. 253 

 254 

 255 

 256 

4. Conclusions 257 

 258 

Cobalt concentrations were negatively associated to ferritin levels. The trend recorded important 259 

differences between children having iron deficiency anemia and children with normal iron levels, 260 

the former showing statistically significantly higher urine Co concentrations. The results are 261 

compliant with a common absorption mechanism for Co and iron that may be DMT1 mediated. 262 

Low iron supply may enhance absorption of Co in blood. 263 

 264 

 265 
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TABLES 377 

Table 1 Socio-demographic characteristics of the Asturias cohort. 378 

Variables 
N 

(%) 
Total 

Sex   

Boys 52 254 

Girls 48 231 

Social class   

I+II (most affluent) 32 156 

III 22 107 

IV+V (least affluent) 46 221 

Physical exercise   

Sedentary 5 18 

Moderately active 77 246 

Very active 18 57 

Tobacco use in the 

family 
  

No smokers 65 299 

Mother or father 

smoking 
35 157 

Urban traffic intensity   

Continuous high traffic 38 120 

Episodic high traffic 15 49 

Low 47 148 

 379 

  380 
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Table 2. Concentrations of Co in the studied four-years-old children considering the whole 381 

population and grouping by several criteria related with iron deficiency anemia. 382 

  Total (%) Mean (SD) P50 P90 p-value 

Total ng/mL 334 0.66 (0.66) 0.48   

 µg/g creatinine 334 1.3 (0.96) 1.0   
       

Ferritin < 12 µg/L ng/mL 19 (8) 1.25 (1.2) 1.1 2.0  

 µg/g creatinine 19 (8) 2.0 (1.5) 1.9 2.9  

Ferritin ≥ 12 µg/L ng/mL 208 (92) 0.60 (0.55) 0.45 1.3 p<0.001
a
 

 µg/g creatinine 208 (92) 1.2 (0.80) 1.0 2.3 p<0.001
a
 

       

Ferritin < 16 µg/L ng/mL 49 (22) 1.05 (0.98) 0.80 2.0 
 

 µg/g creatinine 49 (22) 1.85 (1.2) 1.5 3.0 

Ferritin ≥ 16 µg/L ng/mL 178 (78) 0.54 (0.49) 0.43 1.1 p<0.001
a
 

 µg/g creatinine 178 (78) 1.1 (0.69) 0.92 2.05 p<0.001
a
 

a
Statistical significance of the mean differences after grouping by 12 µg/L or 16 µg/L ferritin 383 

  384 
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Table 3. Results of the univariate models of the Co concentrations in urine of four years-old 385 

children with different covariates. 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 
a
β Coefficients of the univariate regression models   414 

 β
a
 p-value 

Food items   

Dairy products 0.10  

Eggs -0.02  

White meat 0.02  

Red meat -0.02  

Lean fish 0.01  

Fatty fish -0.03  

Shellfish 0.09  

Vegetables 0.08  

Fruit -0.08  

Nuts 0.12 0.05 

Legumes 0.04  

Pasta/cereal 0.08  

Potatoes 0.06  

Bread -0.03  

Sweets 0.16 0.01 

Tobacco consumption   

Smoking of some family 

member 
-0.03  

Traffic   

Distance between home and a 

street with continuous high 

traffic intensity
 

-0.13 0.05 

Others   

Ferritin -0.41 0.001 
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 415 

Table 4. Results of the multivariate model of the Co concentrations in urine of four years-old 416 

children with the covariates of Table 3 and adjustment for infant body mass index and sex. 417 

Predictor 

variable 
β

a
 p-value 

Dairy products 0.03  

Seafood 0.18  0.01 

Vegetables 0.07  

Fruit -0.05  

Nuts 0.10   

Pasta/cereal 0.08  

Sweets 0.13  0.05 

Traffic exposure
b 

-0.13 0.05 

Ferritin -0.44  0.001 
a
β Coefficients of the multivariate regression models. 418 

b
Family home distances to streets with continuous traffic. 419 

  420 
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Table 5. Comparison of the statistically significant median Co concentration differences between 421 

iron deficiency anemic and non-anemic four years-old children (this study) and mothers (Fort et al., 422 

2015) (concentrations in µg/g creatinine). 423 

 424 

 N(%) Median Ratio % increase 

Four years-old children 

 

anemic
a
 19 (8) 1.9 1.9 90% 

non-anemic
b
 208 (92) 1.0   

     

anemic
c
 49 (22) 1.5 1.63 63% 

non-anemic
d
 178 (78) 0.92   

     

Third trimester pregnant mothers (Fort et al., 2015) 

 

anemic
e
 109 (28) 1.2 1.29 29% 

non-anemic
f
 282 (72) 0.93   

a
ferritin < 12 µg/L. 

b
ferritin ≥ 12 µg/L. 

c
ferritin < 16 µg/L. 

d
ferritin ≥ 16 µg/L. 

e
hemoglobin < 11 425 

g/dL. 
f
hemoglobin > 11 g/dL. 426 
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ABSTRACT 23 

 24 

Cobalt (Co) is an essential trace element but may cause toxic effects upon occupational or 25 

environmental exposure. The present study is aimed to determine the urine concentrations of Co in 26 

four years-old children in the INMA-Asturias cohort (Spain) and to assess the factors determining 27 

the observed levels. This cohort is located in a heavily industrialized zone with strong potential for 28 

metal exposure.  29 

Some diet components such as consumption of sweets were meaningfully associated with 30 

higher urine Co concentrations. Traffic pollution also showed a noteworthy positive association 31 

with Co levels. Family tobacco consumption did not show substantial association with the urine 32 

concentrations of this metal in the INMA-Asturias children.  33 

A significant inverse association between urine Co and venous blood ferritin was found. 34 

Iron deficiency anemic children had significantly higher concentrations of Co than those with 35 

normal levels, e.g. median values 1.9 µg/g creatinine and 1.0 µg/g creatinine, respectively. This 36 

association could be explained by an increased expression of DMT1, a divalent metal transporter 37 

that captures higher levels of iron in deficiency states of this metal. This transporter is non-specific 38 

and not only captures iron but also other divalent metals such as Co. The presence of this metal in 39 

iron deficiency anemic children may represent an additional disturbing health factor that must be 40 

considered during treatment. 41 

  42 
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1. Introduction 43 

 44 

Cobalt (Co) is a transition metal of widespread environmental occurrence. It is present in pigments, 45 

catalysts for oil and gas production, battery electrodes, orthopedic prostheses and others (NHANES, 46 

2009). Human exposure to Co mainly depends on diet. Fish, green vegetables and fresh cereals are 47 

common sources (Unice et al., 2012).  48 

Human metabolism uses this trace metal for cobalamin synthesis (vitamin B12) whose 49 

deficiency causes a wide range of hematological, gastrointestinal, psychiatric and neurological 50 

disorders (Briani et al., 2013). However, only a small fraction of Co intake is used for this purpose 51 

and the remaining ingested amounts are inorganic compounds with no essential function (Kim et 52 

al., 2006). 53 

Gastrointestinal absorption of dietary Co can typically range from 10 to 35% (Unice et al., 54 

2012). Intakes of 20% and 45% in males and females, respectively, are considered standard 55 

reference values in human biokinetic models (Unice et al., 2014). Cobalt deficiency has never been 56 

described in human metabolism (Simonsen et al., 2012). Occupational and accidental exposures to 57 

Co have been reported to originate asthma, allergic alveolitis, hypersensitivity pneumonitis, 58 

interstitial pneumonia (Nemery et al., 1992; Swennen et al., 1993; Leyssens et al., 2017), alterations 59 

of thyroid hormones (Prescott et al., 1992; Pausterbach et al., 2013), polycythemia (Pausterbach et 60 

al., 2013) and dermatitis (Leyssens et al., 2017).  61 

An oral reference dose of 0.03 mg/kg-day has been recently proposed as maximum Co 62 

intake for non-cancer health effects in general population over lifetime exposure (Finley et al., 63 

2012). However, these toxic effects are related to inorganic Co in free ionic state, not bound to 64 

albumin. Subjects with albumin alterations such as anephric, sickle cell or sepsis patients may 65 

undergo higher effects upon Co exposure (Pausterbach et al., 2013). 66 

Animal studies have shown that iron depletion is associated with increases of the intestinal 67 

absorption of divalent metals such as Co (Flanagan et al., 1980). Hereditary hemochromatosis 68 

patients were found to accumulate both iron and Co (Nichols and Bacon, 1989). Correspondences 69 

between decreases of iron and increases of Co have been observed in blood of 15-17 years-old boys 70 

and blood and serum of 15-17 years-old girls (Barany et al., 2005). Statistically significant 71 

differences in concentrations of this metal in subjects with abnormal and normal iron status of this 72 

population were also observed (Barany et al., 2005). 73 

Toxicokinetic modeling and Co intake studies have long demonstrated that urinary Co is a 74 

good measure for Co concentrations in the human body. CoCl2 intake and absorption is reflected in 75 

the urine Co concentrations (Christensen et al. 1993). Furthermore, urinary Co excretion was found 76 
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to represent two thirds of daily intake in a group of women who self-measured their dietary inputs 77 

(Harp and Scoular, 1952). 78 

Urine is therefore the preferred source of information for Co biomonitoring. Furthermore, it 79 

can be collected without invasive methods. This fluid has been widely used in large environmental 80 

studies on trace metals such as the German Environmental Survey for Children (GerES) and the 81 

National Health and Nutrition Examination (NHANES). 82 

Interdependences between urinary Co concentrations and hemoglobin levels have been 83 

reported in pregnant women (Fort et al., 2015). However, the role of this metal in young children is 84 

still pending to be clarified which is important because the metabolism and organs of toddlers is 85 

still under formation (Angelova et al., 2014).  86 

The present study is aimed to assess the influence of iron status and Co levels in four years-87 

old children with iron deficiency anemia and to compare their Co concentrations with those of 88 

healthy individuals. The cohort selected for study corresponds to the sanitary area III of Asturias 89 

which is a strongly industrialized area of Spain (Fernandez-Somoano et al., 2011; Fernandez-90 

Somoano and Tardon, 2014). The study is also devoted to investigate which are the most common 91 

exposure sources of this metal which, in general population, have been attributed to food and 92 

drinking water (Tchounwou et al., 2012) and, in some cases, cigarette smoking and traffic (ATSDR, 93 

2008; Fort et al., 2016). Univariate and multivariate models of Co concentrations including diet, 94 

e.g. seafood, meat, vegetables, dairy products, etc, tobacco consumption and traffic exposure have 95 

therefore been implemented for elucidating potential body burden metal sources.  96 

 97 

 98 

 99 

2. Materials and methods  100 

 101 

2.1. Population and study design 102 

 103 

Between 2009 and 2012, in the context of the INMA (childhood and environment) research network 104 

four years-old children were followed in the Hospital San Agustín (Avilés, Asturias) and 334 urine 105 

samples were collected. Parents were asked to complete a questionnaire that encompassed 106 

demographic information as well as lifestyle data or activities that may affect children's exposure to 107 

metals, e.g diet, family smoking habits, distances of family home to traffic areas, etc. Before the 108 

study, written informed consent was obtained from the parents of each child. This research was 109 

approved by the Asturias Regional Ethics Committee. 110 
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2.2. Laboratory analytical methods  111 

 112 

Teflon vessels were cleaned after every use by rinsing with 7% HNO3. Then, they were filled with 113 

7% HNO3, heated at 90ºC overnight, in an oven and finally rinsed with abundant MilliQ water. All 114 

polypropylene material was cleaned by soaking it into 7% HNO3 for 48 hours, followed by rinsing 115 

with abundant MilliQ water. Digestion and dilution of the samples was performed to oxidize and 116 

remove organic matter and to keep the concentrations of inorganic solids to a minimum (Castillo et 117 

al., 2008; Krachler et al., 2009).  118 

Two mL of each urine sample were introduced in clean Teflon vessels, together with 1 mL 119 

60 % HNO3 (Merck; Darmstadt, Germany) and 0.5 mL H202 (Merck). They were then kept 120 

overnight in an oven at 90 ºC. After cooling, the vessels were opened and the samples were diluted 121 

with 16.5 mL of 1% HNO3. These dissolutions were introduced into plastic tubes and stored in a 122 

refrigerator until instrumental analysis. Before analysis, an internal standard indium (10 ppb) was 123 

introduced and depending on sample density, they were diluted with MilliQ water to 30mL or 124 

60mL to avoid spectral interferences. ICP-MS analysis was performed by a X-SERIES II device 125 

from Thermo Fisher Scientific.  126 

One MilliQ water blank was processed in each batch of samples for possible contamination 127 

control. The analytical protocol was validated by processing a Bio-Rad Level 1 urine reference 128 

sample (Lyphochek Urine Metals Control 4770-03; Marnes-la-Coquette, France). Instrumental limit 129 

of detection (LOD) was 0.2 ng/mL. The Co urine concentrations were standardized to creatinine 130 

content. 131 

Creatinine was determined by the Jaffé method (kinetic with target measurement, 132 

compensated method) with Beckman Coulter© reactive in AU5400 (IZASA®). Ferritin was 133 

measured in serum by immunoturbidimetry. 134 

 135 

2.3. Data analysis 136 

 137 

The Kolmogorov-Smirnov test was used to check for the normality of the distribution of the Co 138 

concentrations. Since it did not fulfil the normality requirements, the concentrations were log-139 

transformed. 140 

The associations of parental and children variables with metal concentrations were 141 

examined by univariate linear regression analysis. The variables showing a significant association at 142 

p<0.20 were retained for the multivariate regression model. A value equal to half limit of detection, 143 

0.1 ng/mL, was used for non-detected concentrations. All statistics were performed by Stata 10.0.   144 
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3. Results and discussion 145 

 146 

3.1.Population characteristics 147 

 148 

The main socio-demographic characteristics of the children included in the study are presented in 149 

Table 1. More than half of the population were boys (52%). Concerning social class, 46% belonged 150 

to medium-low class, 22% to medium class and the remaining 32% to high and high-medium class. 151 

In thirty-five percent of the families at least one parent smoked regularly. Fifty-three percent of the 152 

families lived close to high traffic areas, either with continuous or episodic high traffic, 38% and 153 

15%, respectively (Table 1). The means and standard deviations (SDs) of weight and height of these 154 

four years-old children were 18 (2.9) kg and 1.0 (4.5) m, respectively. 155 

 156 

3.2.Cobalt concentrations 157 

 158 

Cobalt was found above limit of detection in 84% of the samples analysed. The urine Co 159 

concentrations ranged between 0.15 and 7.5 ng/mL, with average concentrations of 0.66 ng/mL 160 

(SD: 0.66 ng/mL) and median of 0.48 ng/mL (Table 2). The average and median values normalized 161 

to creatinine were 1.3 µg/g creatinine (SD: 0.96 µg/g creatinine) and 1.0 µg/g creatinine, 162 

respectively, with a range of 0.10-5.8 µg/g creatinine (Table 2). 163 

These median values were lower than those reported in 8-14 years-old children from Mexico 164 

(0.78 ng/mL; Lewis et al., 2018) or 5-11 years-old-children from Italy (0.96 ng/mL; Protano et al., 165 

2016) and similar to those reported in 6-11 years-old children from Valencia (1.4 µg/g creatinine; 166 

Roca et al., 2016). In contrast, they were higher than those reported in 6-11 years-old children from 167 

the USA (NHANES, 2009). 168 

In any case, the observed concentrations were not very different from those in these other 169 

studies. Thus, the present Asturias cohort did not reflect strong pollution inputs but the regular 170 

intake of Co due to diet and urban environmental exposure. In these conditions, the observed 171 

concentrations likely indicate the common internal exposure of the individuals to this metal as the 172 

Co burden excreted through urine is replaced by new Co contributions. The usefulness of urine 173 

concentrations as markers of internal exposure in cohorts not exposed to acute metal pollution 174 

events has also been shown in other cohort studies (Fort et al., 2014). 175 

 176 

3.3.Regression analyses 177 

 178 
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Univariate modelling of the Co concentrations and diet covariates only showed significant relations 179 

with consumption of nuts (β = 0.12; p < 0.05) and sweets (β = 0.16; p < 0.01), involving higher 180 

excretion of this metal at higher consumption (Table 3). No significant association was observed 181 

with the other examined diet components. 182 

Tobacco consumption in the family context did not involve any association (Table 3).  183 

A statistically significant association between Co exposure and traffic intensity was 184 

identified, as home distances from streets with continuous high traffic were inversely correlated 185 

with Co urine concentrations (β = -0.13; p < 0.05; Table 3). Shorter distances to streets with 186 

continuous high traffic density involved higher levels of this metal. Conversely, study of the family 187 

home distances to the main industrial center in Asturias did not show significant associations with 188 

urine Co concentrations in children. 189 

A strong inverse association between ferritin concentration in blood and Co urine excretion 190 

was also observed (β = -0.41; p < 0.001; Table 3). 191 

Multivariate regression analysis with these variables was also performed, including 192 

adjustment for body mass index and sex. The multivariate model confirmed the strong association 193 

between Co urine concentration and blood ferritin (β = -0.44; p < 0.001), traffic sources (β = -0.13; 194 

p < 0.05) and sweets consumption (β = 0.13; p < 0.05; Table 4). However, the relationship with nuts 195 

consumption lost statistical significance and sea food was identified as a new diet source (β = 0.18; 196 

p < 0.01; Table 4). 197 

 198 

3.4.Associations between ferritin concentration and Co excretion 199 

 200 

The arithmetic mean (SD) concentration of ferritin was 29 (1.1) ng/mL. This intracellular protein 201 

can be used as a marker of iron deficiency anemia. One standard threshold to identify people with 202 

anemia is 12 µg/L (Wang et al., 2010). Grouping of the INMA-Asturias children according to this 203 

threshold shows 19 individuals with iron deficiency anemia (8%; Table 2). They show higher 204 

average Co urine concentrations, 1.25 ng/mL (SD: 1.2 ng/mL), than the non-anemic group, 0.60 205 

ng/mL (SD: 0.55 ng/mL), and the difference is statistically significant (p < 0.001). The same 206 

difference is observed when comparing creatinine normalized data, 2.0 µg/g creatinine (SD 1.5 207 

µg/g creatinine) in the anemic group and 1.2 µg/g creatinine (SD 0.80 µg/g creatinine) in the non-208 

anemic group. 209 

Another ferritin threshold used for differentiation between individuals with iron deficiency 210 

anemia is 16 µg/L (Hallberg et al., 1993). Grouping the INMA-Asturias cohort according to this 211 

threshold shows 49 individuals within the anemia group (22%; Table 2). Again, they show higher 212 
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average Co urine concentrations, 1.05 ng/mL (SD: 0.98 ng/mL) than the non-anemic group, 0.54 213 

ng/mL (SD: 0.49 ng/mL) and the difference is statistically significant (p < 0.001). The same 214 

difference is observed when comparing creatinine normalized data, 1.85 µg/g creatinine (SD 1.2 215 

µg/g creatinine) in the anemic group and 1.1 µg/g creatinine (SD 0.69 µg/g creatinine) in the non-216 

anemic group. 217 

As shown in the regression analyses (Tables 3 and 4), there was a strong inverse association 218 

between ferritin levels and Co excretion in the INMA-Asturias cohort. A statistically significant 219 

inverse relationship between iron status, using serum ferritin, and blood and serum concentrations 220 

of Co was found in a study conducted in adolescents from Sweden. The associations were 221 

significant at the age of 15 years old in both sexes and only in girls at 17 years old (Bárány et al., 222 

2005). Another study in pregnant women from Catalonia, reported a statistically negatively 223 

association between Co urine concentrations and hemoglobin levels in the last pregnancy period but 224 

not during the first trimester (Fort et al., 2015). In a study performed in a population of 225 

menstruating women from Norway (Meltzer et al., 2010), inverse associations between blood levels 226 

of several divalent metals and ferritin were found. Among the metals included in this study, Mn, Co 227 

and Cd showed significantly relation but not Cu and Zn, being Co the one with the strongest 228 

association in the linear regression models (Meltzer et al., 2010). 229 

It has been reported that intestinal absorption of Co in mice increased under iron 230 

deficiencies due to bleeding or diet (Flanagan et al., 1980). However, Co intestinal absorption can 231 

also increase under higher iron demand, such as during adolescence or late stages of pregnancy 232 

(Bárány et al., 2005; Fort et al., 2015). However, comparison of the results of the present study with 233 

four years-old children and those of the pregnant mother study shows higher Co intake in the 234 

former (increases of 63-90%) in comparison with the statistically significant differences of the latter 235 

(increases of 29%; Table 5). Furthermore, anemic four years-old children also exhibit higher 236 

absolute Co concentrations, 1.5-1.9 µg/g creatinine, than the mothers, 1.2 µg/g creatinine. Anemia 237 

may therefore involve higher exposure to Co in young children than in pregnant women which is 238 

consistent with the lower capacity of pollutant elimination of children due to the above mentioned 239 

organ and metabolism formation. 240 

During the times of iron deficiency or increased iron demand, the divalent metal transporter 241 

1 (DMT1) is found to have increased expression because this transporter is up-regulated by iron 242 

status. DMT1 transports inorganic iron in its oxidized form, but it has also the ability to transport 243 

other divalent ions (Gunshin et al., 1997) among which Co binds with more affinity than others, e.g. 244 

copper or zinc (Garrick et al., 2003). In the present study no significant associations between 245 

ferritin and copper on zinc urine levels were found (β = -0.079, p = 0.23 and β = -0.082, p = 0.22, 246 
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respectively). The present study also demonstrates a statistically significant negative correlation 247 

between iron status and Co levels in urine.  248 

Hence, we propose that the higher iron demand occurring during childhood could promote 249 

the expression of DMT1 which could result into increased absorption of Co along with iron. This 250 

process has been considered to explain the association between iron status and metal concentrations 251 

in humans (Meltzer et al., 2010; Bárány et al., 2005). However further investigation is needed for a 252 

more comprehensive description of this association. 253 

 254 

 255 

 256 

4. Conclusions 257 

 258 

Cobalt concentrations were negatively associated to ferritin levels. The trend recorded important 259 

differences between children having iron deficiency anemia and children with normal iron levels, 260 

the former showing statistically significantly higher urine Co concentrations. The results are 261 

compliant with a common absorption mechanism for Co and iron that may be DMT1 mediated. 262 

Low iron supply may enhance absorption of Co in blood. 263 

 264 

 265 
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TABLES 377 

Table 1 Socio-demographic characteristics of the Asturias cohort. 378 

Variables 
N 

(%) 
Total 

Sex   

Boys 52 254 

Girls 48 231 

Social class   

I+II (most affluent) 32 156 

III 22 107 

IV+V (least affluent) 46 221 

Physical exercise   

Sedentary 5 18 

Moderately active 77 246 

Very active 18 57 

Tobacco use in the 

family 
  

No smokers 65 299 

Mother or father 

smoking 
35 157 

Urban traffic intensity   

Continuous high traffic 38 120 

Episodic high traffic 15 49 

Low 47 148 

 379 

  380 
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Table 2. Concentrations of Co in the studied four-years-old children considering the whole 381 

population and grouping by several criteria related with iron deficiency anemia. 382 

  Total (%) Mean (SD) P50 P90 p-value 

Total ng/mL 334 0.66 (0.66) 0.48   

 µg/g creatinine 334 1.3 (0.96) 1.0   
       

Ferritin < 12 µg/L ng/mL 19 (8) 1.25 (1.2) 1.1 2.0  

 µg/g creatinine 19 (8) 2.0 (1.5) 1.9 2.9  

Ferritin ≥ 12 µg/L ng/mL 208 (92) 0.60 (0.55) 0.45 1.3 p<0.001
a
 

 µg/g creatinine 208 (92) 1.2 (0.80) 1.0 2.3 p<0.001
a
 

       

Ferritin < 16 µg/L ng/mL 49 (22) 1.05 (0.98) 0.80 2.0 
 

 µg/g creatinine 49 (22) 1.85 (1.2) 1.5 3.0 

Ferritin ≥ 16 µg/L ng/mL 178 (78) 0.54 (0.49) 0.43 1.1 p<0.001
a
 

 µg/g creatinine 178 (78) 1.1 (0.69) 0.92 2.05 p<0.001
a
 

a
Statistical significance of the mean differences after grouping by 12 µg/L or 16 µg/L ferritin 383 

  384 
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Table 3. Results of the univariate models of the Co concentrations in urine of four years-old 385 

children with different covariates. 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 
a
β Coefficients of the univariate regression models   414 

 β
a
 p-value 

Food items   

Dairy products 0.10  

Eggs -0.02  

White meat 0.02  

Red meat -0.02  

Lean fish 0.01  

Fatty fish -0.03  

Shellfish 0.09  

Vegetables 0.08  

Fruit -0.08  

Nuts 0.12 0.05 

Legumes 0.04  

Pasta/cereal 0.08  

Potatoes 0.06  

Bread -0.03  

Sweets 0.16 0.01 

Tobacco consumption   

Smoking of some family 

member 
-0.03  

Traffic   

Distance between home and a 

street with continuous high 

traffic intensity
 

-0.13 0.05 

Others   

Ferritin -0.41 0.001 
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 415 

Table 4. Results of the multivariate model of the Co concentrations in urine of four years-old 416 

children with the covariates of Table 3 and adjustment for infant body mass index and sex. 417 

Predictor 

variable 
β

a
 p-value 

Dairy products 0.03  

Seafood 0.18  0.01 

Vegetables 0.07  

Fruit -0.05  

Nuts 0.10   

Pasta/cereal 0.08  

Sweets 0.13  0.05 

Traffic exposure
b 

-0.13 0.05 

Ferritin -0.44  0.001 
a
β Coefficients of the multivariate regression models. 418 

b
Family home distances to streets with continuous traffic. 419 

  420 
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Table 5. Comparison of the statistically significant median Co concentration differences between 421 

iron deficiency anemic and non-anemic four years-old children (this study) and mothers (Fort et al., 422 

2015) (concentrations in µg/g creatinine). 423 

 424 

 N(%) Median Ratio % increase 

Four years-old children 

 

anemic
a
 19 (8) 1.9 1.9 90% 

non-anemic
b
 208 (92) 1.0   

     

anemic
c
 49 (22) 1.5 1.63 63% 

non-anemic
d
 178 (78) 0.92   

     

Third trimester pregnant mothers (Fort et al., 2015) 

 

anemic
e
 109 (28) 1.2 1.29 29% 

non-anemic
f
 282 (72) 0.93   

a
ferritin < 12 µg/L. 

b
ferritin ≥ 12 µg/L. 

c
ferritin < 16 µg/L. 

d
ferritin ≥ 16 µg/L. 

e
hemoglobin < 11 425 

g/dL. 
f
hemoglobin > 11 g/dL. 426 


