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Abstract 25 

This study was conceived as a first step to evaluate the suitability of adipose tissue Cadmium (Cd) 26 

concentrations as a biomarker for the assessment of long-term exposure. Specifically, the aim of 27 

this work was to explore the socio-demographic, dietary, and lifestyle determinants of adipose 28 

tissue Cd concentrations.  29 

The study population is a subsample of GraMo cohort. Adipose tissue samples were 30 

intraoperatively collected from 226 adult volunteers recruited in two public hospitals from Granada, 31 

Spain. Cd Concentrations in adipose tissue were analyzed by High-Resolution Inductively Coupled 32 

Plasma Mass Spectrometry (HR-ICP-MS). Data on socio-demographic characteristics, lifestyle, 33 

diet and health status were collected by face-to-face interviews. Predictors of Cd concentrations 34 

were assessed by multivariable linear regression with a stepwise variable selection.  35 

We found detectable levels of Cd in the adipose tissue of all the study participants, with a mean 36 

concentration (±standard deviation) of 12.66±18.91 µg/Kg. Smoking habit at recruitment was 37 

associated with increased adipose tissue Cd concentrations (β for smokers=0.669 p<0.001; β for 38 

former smokers=0.502, p<0.001; reference=non-smokers). Age was positively associated with Cd 39 

concentrations (β=0.014, p<0.001), and men showed lower concentrations than women (β=-0.424, 40 

p<0.001). Obesity, measured as Body Mass Index (BMI), showed an inverse association with Cd 41 

concentrations (β=-0.038, p<0.001). Egg consumption ≥2 portions/week (β=0.241, p=0.025) was 42 

positively associated with Cd concentrations. Perceived exposure to paints was also positively 43 

associated with Cd concentrations. The observed associations with age, smoking habit, BMI and 44 

egg and meat consumption did not substantially change after sex/gender stratification. Our results 45 

are consistent with currently-known Cd sources and suggest other potential pathways, which might 46 

be population-specific.  47 

As a whole, our findings underline the potential relevance of adipose tissue as a biological matrix 48 

for exposure characterization to Cd, as well as for the assessment of long-term clinical implications 49 

of the exposure, particularly in obesity-related diseases. 50 

 51 
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1. Introduction 56 

 57 

Cadmium (Cd) is a metallic element included in the group 12 of the periodic table, with atomic 58 

number 48. Cd has been widely used in industrial processes, such as certain paints, Cd-Nickel 59 

batteries, as an estabiliser in thermoplastics (e.g. polyvinyl chloride), as well as in photography, 60 

lithography, tyres and photoelectric cells in solar panels (Herron, 2003). Cd can also be found as 61 

an impurity in zinc, lead and copper ores and alloys, iron, steel, fossil fuels, cement and some 62 

fertilizers (IARC, 2012). Phosphorous fertilizers are frequently used in greenhouses (Rodríguez-63 

Martín et al., 2013), which can be a source of Cd contamination of soils, water, and, consequently, 64 

the trophic chain (Pan et al., 2010). Other antropogenic sources include recycling, mining and 65 

smelting of zinc-bearing ores, the incineration of waste, the combustion of fossil fuels, and the 66 

releases of landfills, among others. The global Cd emmission in the mid-90s was estimated in 3000 67 

Tm, decreasing by a half in Europe in the period 1990-2003 (UNEP, 2008). Natural sources of Cd 68 

can be found in the Earth’s crust and oceans with an average abundance of 0.1-0.2 mg/kg.  69 

 70 

Cd is considered a relevant persistent pollutant which is slowly degraded in the environment and 71 

living organisms (Järup, 2003). Consequently, some of the abovementioned uses have been 72 

restricted under the REACH regulation in the European Union in recent years (European 73 

Parliament and Council Directive 2013/56/EU, European Commission Regulation 494/2011). 74 

However, the majority of the general population still show detectable levels of Cd in their blood and 75 

urine (López-Herranz et al., 2016; Pirard et al., 2018). 76 

 77 

Food ingestion and smoking are considered the main sources of Cd exposure in the general 78 

population. Ambient air, drinking-water, contaminated soils and dust can also contribute to the 79 

exposure, although to a lesser extent, but they could be more relevant for children (Schwartz, 80 

2004). High concentrations of cadmium are commonly found in leafy vegetables, starchy roots, 81 

cereals/grains, nuts and pulses, and also in specific animal products, e.g. kidney, liver and certain 82 

shellfish (IARC, 2012). The mean dietary exposure for the European general population is 83 

estimated in 2.3 µg/kg b.w. per week (EFSA, 2009), which is in a similar range than the Spanish 84 
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population (AESAN, 2011). Vegetarians frequently have an increased dietary exposure (up to 5.4 85 

µg/kg b.w. per week), as well as regular consumers of bivalve molluscs and wild mushrooms, that 86 

also show increased exposure levels (4.6 and 4.3 µg/kg b.w. per week respectively) (IARC, 2012). 87 

Smoking is considered a relevant source of Cd exposure because of the relatively high 88 

concentrations in tobacco leaves. In 1988 the Joint FAO/WHO Expert Committee on Food 89 

Additives established a health based guidance value for cadmium of 7 µg/kg b.w. per week. In 90 

2009 the CONTAM Panel of the European Food Safety Authority (EFSA) established a tolerable 91 

weekly intake of 2.5 µg/kg b.w., which can be easily exceeded in vegetarians, smokers, children 92 

and people living in contaminated areas (EFSA, 2009). 93 

 94 

Although the health effects of the chronic exposure to low doses of Cd (such as those occuring in 95 

the general population) remain unclear, there are certain evidences of renal dysfunction and 96 

urinary stone disease, hypertension, lung and prostate cancer, osteoporosis, low birth weight in the 97 

offspring, spontaneus miscarriage, obesity, and diabetes (Prozialeck and Edwards, 2012; IARC, 98 

2012; Tinkov et al., 2017). Indeed, Cd is classificated in the category 1 (carcinogenic to humans 99 

with a sufficient evidence in humans) by the International Agency for Research on Cancer (IARC, 100 

2012).  101 

 102 

Biomonitoring studies are frequently used to assess human exposure to environmental pollutants 103 

and their health implications, since internal levels of a pollutant typically account for the overall 104 

exposure from different sources and exposure pathways (Needham et al., 2007). The most 105 

common human biological matrices used to assess internal levels of Cd are blood and urine, 106 

although some research has been performed on hair, nails and saliva. The half-life of Cd strongly 107 

differs among biological compartments, e.g. from up to 60 years in the kidneys (Ramírez, 2002) to 108 

3-4 months in blood (Talio et al., 2010). However, there is scant research on Cd concentrations in 109 

the adipose tissue, which is considered the main reservoir of lipophilic pollutants as well as an 110 

important biological matrix in the development of chronic non-infectious diseases, e.g. cancer and 111 

metabolic syndrome. Indeed, adipose tissue concentrations are considered the most precise and 112 

stable estimator for the evaluation of accumulated exposure to other moderately lipophilic 113 
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pollutants, such as persistent organic pollutants (Kohlmeier and Kohlmeier, 1995; Artacho-Cordón 114 

et al., 2015). This might be extended to Cd considering its lipophilic characteristics, e.g. log 115 

Kow=3.86 (Sakultantimetha et al., 2009). Additionally, adipose tissue is a target for essential trace 116 

elements, as an organ in which they can perform their biological effects. Particularly, in vitro 117 

experiments with adipocytes have shown that chromium enhances GLUT 4 translocation, which 118 

can turn out in increased glucose transport in fat cells (Tinkov et al., 2015; Wiernsperger and 119 

Rapin, 2010). Additionally, vanadium has shown an insulin-mimetic potential, although its role as 120 

an essential trace element in humans remains unclear (Wiernsperger and Rapin, 2010). Moreover, 121 

there are experimental evidences that some trace elements in adipose tissue can induce insuline 122 

resistance and hypertriglyceridemia in in vivo models, suggesting a potential metabolic disrupting 123 

effect that should be confirmed in further epidemiologic studies (Hubler et al., 2015; Tinkov et al., 124 

2015). Nevertheless, research on the adipose tissue concentrations of toxic and essential trace 125 

elements, as well as their biological implications, is still very scarce. Thus, our study aims to shed 126 

some light in these aspects. 127 

 128 

Considering the abovementioned statements, the present study was conceived as a first step to 129 

evaluate the suitability of adipose tissue Cd concentrations as a biomarker for the assessment of 130 

long-term exposure. Specifically, the aim of this work was to explore the socio-demographic, 131 

dietary, and lifestyle determinants of adipose tissue Cd concentrations.  132 

 133 

2. Materials and methods 134 

2.1. Study area, design and characteristics of participants 135 

 136 

This study is part of a wider research which aims to analyse and identify environmental factors 137 

affecting the development of chronic diseases in GraMo, an adult cohort in Southern Spain. Study 138 

subjects were recruited in two public hospitals from Granada province: San Cecilio University 139 

Hospital in the city of Granada (240,000 inhabitants, urban area), and Santa Ana Hospital in the 140 

town of Motril (50,000 inhabitants, semi-rural area). The recruitment of the population has been 141 

extensively described elsewhere (Arrebola, 2009). The cohort was recruited in 2003-2004, from 142 
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patients undergoing non-cancer-related surgery [hernias (41%), gallbladder diseases (21%), 143 

varicose veins (12%) and other conditions (26%)]. All subjects signed the informed consent forms 144 

and the study was approved by the Ethics Committee of Granada (Comité de Ética de la 145 

Investigación Biomédica de la Provincia de Granada). 146 

 147 

Out of the 409 individuals contacted, 387 (95%) agreed to participate and were included in the 148 

initial cohort. Adequate adipose tissue samples for TE analyses were obtained from 226 (58%), 149 

that were used for cross-sectional analyses in the present study. Adipose tissue was collected from 150 

pelvic waist (50%), front abdominal wall (40%) and limbs (10%). There were no statistically 151 

significant differences in sex/gender or age distributions between participants and non-participants. 152 

The main characteristics of the participants are shown in Table 1.  153 

 154 

2.2. Independent variables 155 

 156 

Socio-demographic characteristics, life-style, diet and health status data were gathered in face-to-157 

face interviews, conducted by trained personnel at the recruitment during their hospital stay. 158 

Research procedures were standarised and validated in a pilot study with 50 subjects. The 159 

questionnaire was designed and validated in a previous investigation (Buckland et al., 2009; 160 

González and Riboli, 2010). 161 

 162 

Body mass index (BMI) was expressed as weight/height squared (kg/m2). Participants were 163 

considered smokers or alcohol consumers at any level of consumption. Residence in the city of 164 

Granada at the time of the surgery was considered “urban” and residence in the area of Motril was 165 

considered “semi-rural”. The dietary section comprised a food frequency questionnaire that 166 

included the following food groups: meat, cold meats, fats, fish, eggs, milk, cheese, vegetables, 167 

legumes, fruit, bread, and pasta.  168 

 169 

2.3. Sampling and Cd analyses 170 

 171 
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Samples of 5–10 g of adipose tissue were intra-operatively collected and immediately coded and 172 

stored at −80 °C until chemical analysis. The adipose tissue samples were freeze-dried in a 173 

liophilizator for a minimum of 72 hours, until they reached a plateau weight, at the Slovenian 174 

National Building and Civil Engineering Institute (ZAG) in Ljubljana (Slovenia). Then, they were 175 

kept at -80ºC until their analysis. Subsamples of 0.1 g of adipose tissue underwent total digestion 176 

with a mixture of 7 mL of HNO3 and 0.1 mL of HF in a microwave oven (Multiwave 3000, Anton 177 

Paar, Graz, Austria). The internal standard added to the digested samples was 1 µg/L of Indium. 178 

The multielement analyses of the samples were performed in 2015 at the Laboratory for Inorganic 179 

Environmental Geochemistry and Chemodynamics of Nanoparticles, Ruđer Bošković Institute, 180 

Zagreb (Croatia), by High-Resolution Inductively Coupled Plasma Mass Spectrometry (HR-ICP-181 

MS) using an Element 2 instrument (Thermo, Bremen, Germany). Protocols, conditions and 182 

parameters have been described elsewhere (Rodríguez-Pérez et al., 2018). 183 

 184 

2.4. Statistical analyses 185 

 186 

First, the shapes of the relationships between potential continuous predictors and Cd 187 

concentrations were visually evaluated through locally weighted scatterplot smoothing (LOWESS) 188 

and Generalized Additive Models (GAM). Next, predictors of Cd concentrations were examined in 189 

multivariable linear regression models, using a combination of backward and forward stepwise 190 

variable selection techniques. In order to assess sex/gender-specific predictors, models were 191 

stratified by sex/gender (male/female), and women-specific predictors (i.e., accumulated lactation 192 

time, gravidity, and menopausal status), were entered in the model for females. In pursuance to 193 

assess the potential influence of the different sources of adipose tissue  (waist, abdomen and 194 

limbs) in the associations found, multivariable models were adjusted for this variable, but no 195 

relevant modifications in the coefficients were observed (data not shown in tables). The level of 196 

statistical significance was set at p=0.050 (p=0.100 as borderline significant). In the multivariable 197 

models, Cd concentrations were entered as a log-transformed variable.  198 

Generalized standard-error inflation factors were used to verify the absence of collinearity between 199 

independent variables, while the homoscedasticity was tested by plotting residual against fitted 200 
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values. The linearity of quantitative independent variables was checked with partial regression 201 

plots, and the normality of errors was verified using normal QQ plots with 95% confidence 202 

intervals. Data analyses were performed using R statistical computing environment v3.0 (R Core 203 

Team, 2013) and SPSS Statistics 22.0 (IBM Corp., 2013).  204 

3. Results and discussion 205 

3.1. Adipose tissue Cd concentrations in the study population 206 

 207 

The adipose tissue concentrations of Cd and the characteristics of the study population are 208 

summarized in Table 1. We detected Cd in all (100%) the analyzed samples, which are depicted in 209 

Figure 1. 210 

TABLE 1. Study population characteristics and Cd concentrations 

 N % 

SOCIODEMOGRAPHIC 

Sex/gender 
Women 99 43.8 

Men 127 56.2 

Residence 
Urban  109 48.2 

Rural/semi-rural  117 51.8 

Education 
Up to primary studies 71 31.4 

Secondary/university 155 68.6 

LIFESTYLE AND DIET 

 

Smoking 

   

Non-smoker 90 40.0 

Current smoker 68 30.0 

Former smoker 68 30.0 

Alcohol consumer  114 50.4 

Cheese consumption 

<2 portions/week 107 47.1 

2-6 portions/week 70 31.1 

>6 portions/week 49 21.8 

Egg consumption 

<2 portions/week 86 37.5 

=2 portions/week 73 32.6 

>2 portions/week 67 29.9 

Meat consumption ≤2 portions/week 85 37.4 
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>2 portions/week 141 61.2 

Processed meat 

consumer 

 201 88.9 

Chicken consumer  175 77.4 

Vegetables 

consumption 

≤1 portion/week 60 26.9 

=2 portions/week 61 27.4 

>2 portions/week 105 45.7 

Legumes consumption 

<1 portions/week 13 5.8 

1-2 portions/week 120 52.7 

>2 portions/week 93 41.5 

Fish consumption 

≤1 portions/week 69 30.7 

=2 portions/week 84 36.9 

>2 portions/week 73 32.4 

Fish type 

Fatty fish 51 22.5 

Lean fish 70 31.0 

Both  105 46.5 

Self-perceived 

exposure to paints 

Yes 43 19.0 

WOMEN SPECIFIC 

Post-menopausal  45 45.5 

Breastfeeding Yes 77 89.5 

 

Mean Standard Deviation 

Percentiles 

 25th 75th 

Age (yrs) 53.6 11.8 47.0 62.0 

BMI (kg/m2) 26.7 4.4 23.4 29.3 

Water consumption 

(glasses/day) 
5.8 4.2 3.0 8.0 

Cd concentration in 

adipose tissue (ng/kg) 
12.7 18.9 5.0 14.0 

WOMEN SPECIFIC Mean Median 25th 75th  

Number  of pregnancies  2.8 3.0 2.0 4.0 

Gravidity (number of 2.5 2.0 2.0 3.0 
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children) 

Accumulated lactation 

time (months) 
6.4 4.5 2.0 8.0 

 211 

 212 

Figure 1. Adipose tissue Cd concentrations in the study population (µg/kg) 213 

 214 

 215 

To the best of our knowledge, this is one of the very first epidemiogical studies exploring Cd 216 

concentrations in human adipose tissue. Qin et al. (2010) observed mean adipose tissue Cd 217 

concentrations of 0.47 µg/kg in patients with uterine leiomyoma and of 0.38 µg/kg in a control 218 

group. The concentrations in our population are higher, possibly due to the strong differences 219 

between the populations under study in terms of clinical background but also in the study regions, 220 

diet and lifestyle of Southern Spain vs. Hong Kong, where the study of Qin et al. (2010) was 221 

conducted.  222 

 223 

Our results of detectable levels of Cd in all the study participants are in agreement with previous 224 

studies in other biological matrices. Previous researches with healthy volunteers found Cd 5th-95th 225 

percentiles of 0.15-2.04 μg/L in blood, 0.01-0.05 μg/L in plasma, 0.06-0.79 μg/L in urine, 0.004-226 
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0.17 ng/mg in hair (Goullé, 2005). Other authors report reference levels (95th percentile) of 0.55 227 

μg/L in blood, 0.32 μg/L in urine, 0.41 ng/mg in hair, 0.018 ng/mg in nails and 0.43 μg/L in saliva 228 

(Tirado et al., 2015). Our results in adipose tissue (12.66 µg/kg) are extremely difficult to compare 229 

to those obtained in other matrices. Differences are expected according to the matrix composition 230 

(with different affinities of Cd to certain molecules), sample accessibility and available amount, etc.  231 

 232 

Cd is considered a persistent and bioaccumulable element. After ingestion and absorption, Cd is 233 

mainly transported bound to certain low-molecular-weight thiols, such as metallothionein and 234 

glutathione (Zalups and Ahmad, 2003). Around one third of Cd intake is transported to the kidneys, 235 

where Cd-MT complex is filtrated in the glomerulus and is reabsorbed in the proximal tubule, 236 

remaining in the tubulus cells for years (Cucu et al., 2011; Saboliç et al., 2010). Indeed, only 237 

0,007% of the body burden is excreted via urine and 0.009% via feces (Kjellström and Nordberg, 238 

1978). Cd is also partly secreted into the biliary tract in the form of Cd-Glutathione but, after 239 

enzimatic degradation to Cd-Cysteine complexes, Cd is reabsorbed in the small intestines. Liver 240 

and kidneys accumulate an estimated 50% of Cd body burden, while the rest is distributed widely 241 

in other organs and tissues (Hammond and Beliles, 1980). Cd can also form large aggregates with 242 

lipids (Kerek et al., 2017).  243 

 244 

3.2. Predictors of adipose tissue Cd concentrations 245 

 246 

Table 2 shows the results from the multivariable analysis of the potential predictors of adipose 247 

tissue Cd concentrations. 248 

 249 

Table 2. Predictors of log-transformed adipose tissue Cd concentrations (µg/kg) in GraMo cohort 

(men and women). Multivariable linear regression analysis.  

 

 

Beta Standard Error p-value 

Sex/gender=male -0.424 0.106 <0.001 

Age (years) 0.014 0.003 <0.001 

BMI (Kg/m2) -0.038 0.009 <0.001 
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Smoking habit1    

          Former smoker 0.502 0.124 <0.001 

          Current smoker 0.669 0.127 <0.001 

Egg consumption2≥2 portions/week 0.241 0.107 0.025 

Meat consumption3>2 portions/week -0.210 0.105 0.046 

Fish consumption4≥2 portions/week 0.160 0.108 0.140 

Self-perceived exposure to paints 0.175 0.123 0.156 

Multiple R2=0.2596; adjusted R2= 0.2284; p =<0.0001 250 
 251 
1 Ref. category: non-smoker 252 

2 Ref. category: egg consumption < 2 portions/week 253 

3 Ref. category: meat consumption ≤2 portions/week 254 

4 Ref. category: fish consumption <2 portions/week 255 

 256 

 257 

Smoking habit emerged as a substantial predictor of Cd adipose tissue concentrations, in an 258 

apparently dose-response manner, with the current smokers showing the highest exposure levels 259 

(2-fold higher levels than non-smokers), followed by former smokers (1.7-fold higher levels). This 260 

finding is in agreement with previous investigations in other biological matrices, e.g. in blood, 261 

where smokers have been reported to exert even 4-5-fold higher Cd concentrations than non-262 

smokers (Järup et al., 1998). Actually, each cigarette is estimated to contain 1.7 µg of Cd 263 

accumulated in tobacco leaves, and the smoker inhales up to 10% of this quantity (Morrow, 2001). 264 

The relatively strong positive association between smoking habit and adipose tissue Cd 265 

concentracions is depicted in Figure 2, with an increasing number of smokers/former smokers in 266 

the upper deciles of Cd concentrations. Our results support the consideration of smoking as the 267 

most relevant determinant of Cd concentrations in the body, as previously suggested by other 268 

researchers (Marano et al., 2012; Satarug and Moore, 2004). In fact, Ratelle et al. have recently 269 

identifed smoking as the main predictor of Cd concentrations in urine and blood in Northwestern 270 

Canadian communities population, even more important than a diet rich in animal organs, e.g. liver 271 

and kidney (Ratelle et al., 2018). 272 

 273 
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 274 

 275 

Figure 2. Smoking habit distribution according to deciles of adipose tissue Cd 276 

concentrations.  277 

 278 

In the present study, we evidenced a positive association between age and Cd concentrations in 279 

adipose tissue. Despite the very limited previous research on adipose tissue, this finding is 280 

consistent with the bioaccumulative characteristics of this metal (Kjellström and Nordberg, 1978). 281 

Previous mathematical models in adult women predicted a lifespan monotonic curvilinear increase 282 

of urinary Cd with age until it leveled off at the age of 60-70 (Amzal et al., 2009). A similar plateau, 283 

around the age of 50, was found by Satarug et al., consistent with the degeneration of the kidney 284 

reabsortion function (Satarug et al., 2002). Results showing the increase of urine Cd with age have 285 

been reported in the United States, Canada, China, Korea and Spain (USCDC, 2009; Health 286 

Canada, 2010; Sun et al., 2016; Lee et al., 2012; Huang et al., 2013; López-Herranz et al., 2016).   287 

 288 
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In our opinion, the abovementioned findings in the multivariable models point to a certain degree of 289 

potential Cd bioaccumulation in adipose tissue, i.e. higher levels in the older participants as well as 290 

increased concentrations in former smoker vs non-smokers. Further research is warranted to 291 

confirm the existance and the extent of the potential bioaccumulation of Cd in adipose tissue, as 292 

well as to characterize if there is any degree of speciation and interaction with other metals, that 293 

could affect the biological implications of Cd concentrations (Yokel et al., 2006). For example, Cd 294 

can displace Zn already binded to MT to form Cd-MT (Funk et al., 1987), which could influence Zn 295 

bioaccumulation (Smidt et al., 2007). Furthermore, the complex Cu-Glutathione  has the potential 296 

to remove both Zn and Cd from their MT-binded forms (Ferreira et al., 1993). In addition, co-297 

exposure to Cd and Cr, or Cd and Pb, has been reported to reduce the glomerular filtration rate 298 

even more than when the exposure is limited to the individual TEs (Tsai et al., 2017). 299 

 300 

Obesity was negatively associated Cd concentrations, being consistent with the inverse 301 

associations found with Cd concentrations in urine (Padilla et al. 2010) and in blood (Garner and 302 

Levallois, 2016). A dilution effect might partially account for this observation, so that Cd 303 

concentrations in the adipose tissue would be diluted at very high levels of obesity, resulting in 304 

negative associations between BMI and the concentration of certain pollutants in adipose tissue 305 

(Arrebola et al, 2014; Wolff et al., 2000).  306 

 307 

Another feasible explanation of the negative association with BMI involves alterations found in the 308 

regulation of MT gene expression in obese and type 2 diabetes patients, and their influence on Zn 309 

concentrations (Do et al., 2002; Haynes et al., 2013; Szrok et al., 2016). Although results on this 310 

issue are not totally clear yet, similar mechanisms could alter Cd concentrations in adipose tissue, 311 

as Cd can easily displace Zn binded to MT. Indeed, the median BMI in GraMo cohort was 26.70, 312 

which is in the range of overweight as defined by the WHO (WHO, 2018). However, Cd has also 313 

been acknowledged as a potential obesogen and, therefore, capable of inducing obesity and 314 

obesity-related diseases (Green et al., 2018). Future research should include other obesity 315 

measures, such as Waist Circumference, Waist-to-Hip Ratio, or Bioelectric Impedance, which 316 

could shed more light on this issue.  317 
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 318 

In our study we also evidenced some dietary predictors of Cd concentrations, although their 319 

influence was less evident in comparison to the rest of variables. We found a positive association 320 

of Cd adipose tissue concentrations with egg and meat consumption, but no statistically-significant 321 

association was found with the intake of vegetables and legumes. Previous studies have reported 322 

a major contribution of grains (26.9%) to dietary Cd intake in Europe, followed by vegetables 323 

(16.0%) and meat (7.7%) (EFSA, 2012).  324 

 325 

Meat consumption is considered a relevant source of Cd exposure based on the sorption and 326 

retention of Cd2+ by amine groups in meat proteins (Lopes et al., 2007). Indeed, a previous study 327 

performed in Tenerife Island (Spain), González-Weller et al. (2006) identified meat as a relevant 328 

exposure source. In contrast, we found a negative association in our population that needs to be 329 

further investigated, considering the specific types of meat products as well as the potential 330 

residual confounding effect of unmeasured variables.  331 

 332 

Furthermore, our findings of a positive association between egg consumption and Cd 333 

concentrations was somehow unexpected. The grain-based diet of hens and the content of fat and 334 

albumin (which exerts high affinity to Cd) might explain this finding. The absorption of persistent 335 

pollutants by chickens and its excretion through eggs has been a matter of concern for decades 336 

(Van Eijkeren et al., 2006; Lovett et al., 1998). Further research is needed on this issue. In fact, 337 

metal levels in bird eggs have been previously used as a marker of environmental contamination 338 

(Tsipoura et al., 2011; Gochfeld, 1997).  339 

 340 

Despite the recent increasing concern regarding fish as a potential source of metal exposure 341 

(Perera et al., 2015), we found a positive but non significant association of Cd adipose tissue 342 

concentrations with the frequency of fish consumption. This might be related to the fact that Cd 343 

concentrations in saltwater fish are lower than in fresh water fish. This is because Cd combines 344 

with chlorides to form CdCl2, with less bioavailability for fish (the best form for direct uptake through 345 

fish gills is the free ion Cd2+, which is more abundant in low salinity water) (Perera et al., 2015). 346 



17 
 

Although we did not gather information on the fish origin, our study population is based on the 347 

Mediterranean coast, so that it is expected that saltwater fish is predominant in their diets. 348 

Noteworthy, because of its geological history, the Mediterranean Sea has an increased salinity in 349 

comparison to the Atlantic and other oceans in the world (Iorga and Lozier, 1999). Furthermore, 350 

large variability in the content of persistent pollutants in fish can be detected among fishing sites 351 

due to the differences in the exposure of sea fauna (Nicklisch et al., 2017), which might induce 352 

increased variability and, therefore, a certain degree of exposure misclassification. On the other 353 

side, previous studies have reported a predominant consumption of white fish (49.5% women, 354 

61.2% men) in inhabitants of Granada province, and a relatively low consumption of crustacea 355 

(18.0% woman, 12.1% men) or fatty fish (32.5% women, 26.5% men) (Welch et al., 2002), the 356 

latter traditionally considered to have a higher metal content (Olmedo et al., 2013). Indeed, our 357 

study population declared a higher consumption of white than blue fish (Table 1).   358 

 359 

In the multivariable models, males showed lower Cd concentrations than females. This is in 360 

agreement with previous studies of Cd concentrations in blood, urine and kidneys (Vahter et al., 361 

2007; López-Herranz et al., 2016). These differences might be related to sex- (physiological) 362 

and/or gender-specific aspects (sociological). Interestingly, women at fertile age frequently show 363 

relatively decreased iron stores, which has been reported to induce gastrointestinal absorption of 364 

Cd (Åkesson et al., 2002). In order to elucidate sex/gender-related differences in the predictors of 365 

the exposure, as well as the influence of women-specific characteristics, we further stratified the 366 

multivariable analyses by sex (Table 3), and tested women-specific variables in the models for 367 

females. We did not evidence any significant association of the number of pregnancies, number of 368 

children, months of breastfeeding, or menopausal status with Cd concentrations.  369 

 370 

Interestingly, those males that declared a frequent direct exposure to paints (including occupational 371 

and non-occupational exposure) showed increased Cd concentrations, although the association 372 

was only marginally significant. Other authors observed increased urinary Cd concentrations in 373 

individuals working with paints (Awodele et al., 2014), but the exposure can also be domestic since 374 

Cd is a common component in a number of pigments on the market (Faulkner and Schwartz, 375 



18 
 

2009). We believe that this finding also relates to socio-occupational aspects in the study region. In 376 

our study population, 29 men (23%) and only 14 women (14%) declared a frequent exposure to 377 

paints, which might hamper the finding of significant associations in women. However, the model 378 

coefficient in females was very far from the one in males, which also points to differences in the 379 

perception of the exposure among genders. Indeed, from those declaring frequent exposure, 7 380 

(24%) men and only 1 (7%) woman were involved in occupations implying a daily handling of 381 

paints (professional painters). This could explain an increased occupational exposure in the male 382 

population. 383 

 384 

 385 

Table 3. Predictors of log-transformed adipose tissue Cd concentrations (µg/kg) in GraMo 

cohort stratificated by sex/gender. Multivariable linear regression analysis.  

 

 Men Women 

 

 

Beta 
Standard 

error 
p-value  Beta 

Standard 

error 
p-value 

Age (yrs) 0.017 0.004 <0.001  0.010 0.005 0.065 

 

BMI (kg/m2) 
-0.029 0.013 0.021  -0.041 0.015 0.008 

Smoking habit1:        

   Former smoker 0.491 0.181 0.008  0.440 0.202 0.032 

   Current smoker 0.642 0.179 <0.001  0.640 0.195 0.001 

Egg consumption2≥2 

portions/week 
0.210 0.151 0.167  0.197 0.161 0.226 

Meat consumption3>2 

portions/week 
-0.162 0.149 0.280  -0.282 0.150 0.063 

Fish consumption4≥2 

portions/week 
0.237 0.149 0.114  0.056 0.165 0.735 

Self perceived 0.287 0.165 0.085  -0.009 0.204 0.966 
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exposure to paints 

Men: multiple R2=0.3011; adjusted R2=0.2529; p<0.001. Women: multiple R2=0.1981; adjusted R2=0.1260; 386 

p=0.009 387 

1 Ref. category: non-smoker 388 

2 Ref. category: egg consumption < 2 portions/week 389 

3 Ref. category: meat consumption<=2 portions/week 390 

4 Ref. category: fish consumption<2 portions/week 391 

 392 

Our findings reveal a generalized exposure to Cd in the study population, and highlight the 393 

potential relevance of adipose tissue Cd concentrations as a biomarker for exposure assessment. 394 

Despite our hospital-based cohort may not be be entirely representative of the general population, 395 

as well as the cross-sectional design, which is susceptible of reversed-causality, most of the 396 

reported associations seem robust and consistent with previous research. Although this matrix 397 

might pose limitations in comparison to other biological compartments in terms of accessibility, we 398 

believe that adipose tissue Cd concentrations can provide relevant results. In this regard, the 399 

analysis of adipose tissue can shed light on the potential health effects of Cd, and can complement 400 

previous results in relevant matrices, such as urine or blood, which might have different biological 401 

meanings. Indeed, previous studies have suggested potential associations of long-term Cd 402 

exposure with the induction of oxidative stress (Liu et al., 2009), inflammation (Riemschneider et 403 

al., 2015), and endocrine disruption (Takiguchi and Yoshihara, 2006), as well as further 404 

development of certain obesity-related pathologies, such as metabolic syndrome (Tinkov et al., 405 

2017) and cancer (Johnson et al., 2003), in which adipose tissue is believed to play an important 406 

(though not fully understood) role.  407 

 408 

Further research is warranted on the clinical relevance of the adipose tissue Cd concentrations, as 409 

well as on specific aspects of their use as an exposure biomarker, such as the potential speciation 410 

in the matrix and concentrations in other populations from different regions. Considering previous 411 

studies, potential interactions between Cd and other trace elements should be taken into account 412 

in the assessment of possible health effects (Tsai et al., 2017). 413 

 414 
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4. Conclusions 415 

 416 

We detected Cd in all the adipose tissue samples from the study population, and identified certain 417 

predictors of the exposure, such as age, sex/gender, BMI, smoking habit, eggs and meat 418 

consumption and exposure to paints (the latter only in men). This points to a potential relevance of 419 

adipose tissue Cd concentrations for exposure characterization as well as for the assessment of 420 

long-term effects of chronic exposure to low levels of Cd, which are currently being studied in 421 

GraMo cohort. 422 

 423 

Acknowledgements 424 

 425 

This study would have never been successful withouth the collaboration of the participants taking 426 

part in it. Dr. J.P. Arrebola is under contract within Ramon y Cajal program (RYC-2016-20155, 427 

Ministerio de Economía, Industria y Competitividad, Spain). This study was supported by research 428 

grants from CIBER de Epidemiología y Salud Pública (CIBERESP), Instituto de Salud Carlos III, 429 

Junta de Andalucía and European Regional Development Fund – FEDER (PI16/01858, 430 

BA15/00093, FIS PI-11/0610, EF-0428-2016 and PI-13/02406). This paper will be part of the Ph.D. 431 

thesis of Ruth Echeverria. 432 

 433 

Conflict of interest 434 

 435 

The authors declare no conflict of interest. 436 

 437 

References 438 

 439 

AESAN (Agencia Española de Seguridad Alimentaria y Nutrición), 2011. Informe del Comité 440 

Científico de la Agencia Española de Seguridad Alimentaria y Nutrición (AESAN) en relación a la 441 

evaluación del riesgo de la exposición de la población española a cadmio por consumo de 442 

alimentos.  AESAN-2011-009. 443 



21 
 

http://www.aecosan.msssi.gob.es/AECOSAN/docs/documentos/seguridad_alimentaria/evaluacion444 

_riesgos/informes_comite/CADMIO_ALIMENTOS.pdf (accessed 27 December 2018). 445 

 446 

Åkesson, A., Berglund, M., Schütz, A., Bjellerup, P., Bremme, K. and Vahter, M., 2002. Cadmium 447 

exposure in pregnancy and lactation in relation to iron status. American journal of public 448 

health, 92(2), pp. 284-287. https://doi.org/10.2105/AJPH.92.2.284.  449 

 450 

Amzal, B., Julin, B., Vahter, M., Wolk, A., Johanson, G., Akesson, A., 2009. Population 451 

toxicokinetic modeling of cadmium for health risk assessment. Environ. Health Perspect. 117, 452 

1293-1301. https://doi.org/10.1289/ehp.0800317.   453 

 454 

Arrebola, J.P., Martín-Olmedo, P., Fernández, M.F., Sánchez-Cantalejo, E., Jiménez- Ríos, J.A., 455 

Torne, P., Porta, M., Olea, N., 2009. Predictors of concentrations of hexachlorobenzene in human 456 

adipose tissue: a multivariate analysis by sex/gender/gendersex/gender in Southern Spain. 457 

Environ. Int. 35, 27-32. https://doi.org/10.1016/j.envint.2008.05.009. 458 

 459 

Arrebola, J.P., Ocaña-Riola, R., Arrebola-Moreno, A.L., Fernández-Rodríguez, M., Martin-Olmedo, 460 

P., Fernández, M.F. and Olea, N., 2014. Associations of accumulated exposure to persistent 461 

organic pollutants with serum lipids and obesity in an adult cohort from Southern 462 

Spain. Environmental pollution, 195, pp. 9-15. https://doi.org/10.1016/j.envpol.2014.08.003. 463 

 464 

Artacho-Cordon, F., Fernández-Rodríguez, M., Garde, C., Salamanca, E., Iribarne-Durán, L.M., 465 

Torné, P., Expósito, J., Papay-Ramírez, L., Fernández, M.F., Olea, N. and Arrebola, J.P., 2015. 466 

Serum and adipose tissue as matrices for assessment of exposure to persistent organic pollutants 467 

in breast cancer patients. Environmental research, 142, pp. 633-643. 468 

https://doi.org/10.1016/j.envres.2015.08.020 469 

 470 

http://www.aecosan.msssi.gob.es/AECOSAN/docs/documentos/seguridad_alimentaria/evaluacion_riesgos/informes_comite/CADMIO_ALIMENTOS.pdf
http://www.aecosan.msssi.gob.es/AECOSAN/docs/documentos/seguridad_alimentaria/evaluacion_riesgos/informes_comite/CADMIO_ALIMENTOS.pdf
https://doi.org/10.2105/AJPH.92.2.284
https://doi.org/10.1289/ehp.0800317
https://doi.org/10.1016/j.envint.2008.05.009
https://doi.org/10.1016/j.envpol.2014.08.003
https://doi.org/10.1016/j.envres.2015.08.020


22 
 

Awodele, O., Popoola, T.D., Ogbudu, B.S., Akinyede, A., Coker, H.A. and Akintonwa, A., 2014. 471 

Occupational hazards and safety measures amongst the paint factory workers in lagos, 472 

Nigeria. Safety and health at work, 5(2), pp. 106-111. https://doi.org/10.1016/j.shaw.2014.02.001. 473 

 474 

Buckland, G., González, C.A., Agudo, A., Vilardell, M., Berenguer, A., Amiano, P., Ardanaz, E., 475 

Arriola, L., Barricarte, A., Basterretxea, M. and Chirlaque, M.D., 2009. Adherence to the 476 

Mediterranean diet and risk of coronary heart disease in the Spanish EPIC Cohort Study. American 477 

journal of epidemiology, 170(12), pp. 1518-1529. https://doi.org/10.1093/aje/kwp282. 478 

 479 

Chan, K.M., 1995. Concentrations of copper, zinc, cadmium and lead in rabbitfish (Siganus 480 

oramin) collected in Victoria Harbour, Hong Kong. Marine Pollution Bulletin, 31(4-12), pp. 277-280. 481 

https://doi.org/10.1016/0025-326X(95)00136-B. 482 

 483 

Cucu D., D’Haese P.C., De Beuf A., Verhulst A., 2011. Low Doses of Cadmium Chloride and 484 

Methallothionein-1-Bound Cadmium Display Different Accumulation Kinetics and Induce Different 485 

Genes in Cells of the Human Nephron. Nephron Extra, 1, pp. 24-37. 486 

https://doi.org/10.1159/000330069. 487 

 488 

Do, M.S., Nam, S.Y., Hong, S.E., Kim, K.W., Duncan, J.S., Beattie, J.H. and Trayhurn, P., 2002. 489 

Metallothionein gene expression in human adipose tissue from lean and obese subjects. Hormone 490 

and metabolic research, 34(06), pp.348-351. https://doi.org/10.1055/s-2002-33254 491 

 492 

EFSA (European Food Safety Authority), 2009. Scientific Opinion of the Panel on Contaminants in 493 

the Food Chain on a request from the European Commission on cadmium in food. The EFSA 494 

Journal 980, 1-139. 495 

 496 

EFSA (European Food Safety Authority), 2012. Scientific Report of EFSA: Cadmium dietary 497 

exposure in the European population. The EFSA Journal. 2012;10(1):2551. 498 

https://doi.org/10.2903/j.efsa.2012.2551.  499 

https://doi.org/10.1016/j.shaw.2014.02.001
https://doi.org/10.1093/aje/kwp282
https://doi.org/10.1016/0025-326X(95)00136-B
https://doi.org/10.2903/j.efsa.2012.2551


23 
 

 500 

European Commission Regulation (EU) No. 494/2011 of 20 May 2011 amending Regulation (EC) 501 

No. 1907/2006 of the European Parliament and of the Council on the Registration, Evaluation, 502 

Authorisation and Restriction of Chemicals (REACH) as regards Annex XVII (Cadmium). 503 

 504 

European Parliament and Council Directive 2013/56/EU of 20 November 2013 amending Directive 505 

2006/66/EC of the European Parliament and of the Council on batteries and accumulators and 506 

waste batteries and accumulators as regards the placing on the market of portable batteries and 507 

accumulators containing cadmium intended for use in cordless power tools, and of button cells with 508 

low mercury content, and repealing Commission Decision 2009/603/EC.  509 

 510 

Faulkner, E.B. and Schwartz, R.J. eds., 2009. High performance pigments. John Wiley & Sons. 511 

 512 

Ferreira, A.M.D.C., Ciriolo, M.R., Marcocci, L., & Rotilio, G., 1993. Copper(I) transfer into 513 

metallothionein mediated by glutathione. The Biochemical journal, 292 (Pt 3), 673-6. 514 

https://doi.org/10.1042/bj2920673. 515 

 516 

Funk, A.E., Day, F.A. and Brady, F.O., 1987. Displacement of zinc and copper from copper-517 

induced metallothionein by cadmium and by mercury: in vivo and ex vivo studies. Comparative 518 

Biochemistry and Physiology Part C: Comparative Pharmacology, 86(1), pp. 1-6. 519 

https://doi.org/10.1016/0742-8413(87)90133-2. 520 

 521 

Garner, R. and Levallois, P., 2016. Cadmium levels and sources of exposure among Canadian 522 

adults. Health Reports, Vol. 27, no. 2, pp. 10-18, Statistics Canada, Catalogue no. 82-003-X. 523 

https://pdfs.semanticscholar.org/8c23/e6666ef2ba9c78474f0cb6c6a364191f67d6.pdf (accessed 26 524 

December 2018). 525 

 526 

https://doi.org/10.1016/0742-8413(87)90133-2
https://pdfs.semanticscholar.org/8c23/e6666ef2ba9c78474f0cb6c6a364191f67d6.pdf


24 
 

Gochfeld, M., 1997. Spatial patterns in a bioindicator: heavy metal and selenium concentration in 527 

eggs of Herring gulls (Larus argentatus) in the New York Bight. Archives of Environmental 528 

Contamination and Toxicology, 33(1), pp. 63-70. https://doi.org/10.1007/s002449900224.  529 

 530 

González, C.A., Riboli, E., 2010. Diet and cancer prevention: contributions from the European 531 

prospective investigation into cancer and Nutrition (EPIC) study. European Journal of Cancer 46, 532 

2555-2562. https://doi.org/10.1016/j.ejca.2010.07.025. 533 

 534 

González-Weller, D., Karlsson, L., Caballero, A., Hernández, F., Gutiérrez, A., González-Iglesias, 535 

T., Marino, M. and Hardisson, A., 2006. Lead and cadmium in meat and meat products consumed 536 

by the population in Tenerife Island, Spain. Food additives and Contaminants, 23(8), pp. 757-763. 537 

https://doi.org/10.1080/02652030600758142 538 

 539 

Goullé, J.P., Mahieu, L., Castermant, J., Neveu, N., Bonneau, L., Lainé, G., Bouige, D. and 540 

Lacroix, C., 2005. Metal and metalloid multi-elementary ICP-MS validation in whole blood, plasma, 541 

urine and hair: Reference values. Forensic Science International, 153(1), pp. 39-44. 542 

https://doi.org/10.1016/j.forsciint.2005.04.020. 543 

 544 

Green, A.J., Hoyo, C., Mattingly, C.J., Luo, Y., Tzeng, J.Y., Murphy, S.K., Buchwalter, D.B. and 545 

Planchart, A., 2018. Cadmium exposure increases the risk of juvenile obesity: a human and 546 

zebrafish comparative study. International Journal of Obesity, p.1. https://doi.org/10.1038/s41366-547 

018-0036-y.  548 

 549 

Hammond, P. B. and Beliles, R. P., 1980. Metals. In: Doull, J. – Klaassen, C. D. – Amdur, M. O.: 550 

Casarett and Doull’s toxicology. New York : Macmillan Publ. Co., Inc., pp. 409-467. 551 

 552 

Haynes, V., Connor, T., Tchernof, A., Vidal, H. and Dubois, S., 2013. Metallothionein 2a gene 553 

expression is increased in subcutaneous adipose tissue of type 2 diabetic patients. Molecular 554 

genetics and metabolism, 108(1), pp.90-94. https://doi.org/10.1016/j.ymgme.2012.10.012. 555 

https://doi.org/10.1007/s002449900224
https://doi.org/10.1016/j.ejca.2010.07.025
https://doi.org/10.1080/02652030600758142
https://doi.org/10.1016/j.forsciint.2005.04.020
https://doi.org/10.1038/s41366-018-0036-y
https://doi.org/10.1038/s41366-018-0036-y
https://doi.org/10.1016/j.ymgme.2012.10.012


25 
 

 556 

Health Canada, 2010. Report on Human Biomonitoring of Environmental Chemicals in Canada: 557 

Results of the Canadian Health Measures Survey Cycle 1 (2007-2009). 558 

https://www.canada.ca/en/health-canada/services/environmental-workplace-health/reports-559 

publications/environmental-contaminants/report-human-biomonitoring-environmental-chemicals-560 

canada-health-canada-2010.html (accessed 26 December 2018). 561 

 562 

Herron, N., 2003. Cadmium Compounds, in: Kirk‐Othmer Encyclopedia of Chemical Technology, 563 

(Ed.). DOI:10.1002/0471238961.0301041308051818.a01.pub2 564 

 565 

Huang, M., Choi, S.J., Kim, D.W., Kim, N.Y., Bae, H.S., Yu, S.D., Kim, D.S., Kim, H., Choi, B.S., 566 

Yu, I.J. and Park, J.D., 2013. Evaluation of factors associated with cadmium exposure and kidney 567 

function in the general population. Environmental toxicology, 28(10), pp. 563-570. 568 

https://doi.org/10.1002/tox.20750. 569 

  570 

Hubler, M.J., Peterson, K.R., Hasty, A.H., 2015. Iron homeostasis: a new job for macrophages in 571 

adipose tissue? Trends Endocrinol. Metabol. 26, pp. 101-109. 572 

https://doi.org/10.1016/j.tem.2014.12.005 573 

 574 

IARC (International Agency for Research on Cancer), 2012. Cadmium and Cadmium Compounds, 575 

in: IARC monographs on the evaluation of carcinogenic risks to humans, v. 100C, Arsenic, metals, 576 

fibers and dusts, pp. 121-141. 577 

 578 

IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM 579 

Corp. 580 

 581 

Iorga, M.C. and Lozier, M.S., 1999. Signatures of the Mediterranean outflow from a North Atlantic 582 

climatology: 1. Salinity and density fields. Journal of Geophysical Research: Oceans, 104(C11), 583 

pp. 25985-26009. https://doi.org/10.1029/1999JC900115.  584 

https://www.canada.ca/en/health-canada/services/environmental-workplace-health/reports-publications/environmental-contaminants/report-human-biomonitoring-environmental-chemicals-canada-health-canada-2010.html
https://www.canada.ca/en/health-canada/services/environmental-workplace-health/reports-publications/environmental-contaminants/report-human-biomonitoring-environmental-chemicals-canada-health-canada-2010.html
https://www.canada.ca/en/health-canada/services/environmental-workplace-health/reports-publications/environmental-contaminants/report-human-biomonitoring-environmental-chemicals-canada-health-canada-2010.html
https://doi.org/10.1002/0471238961.0301041308051818.a01.pub2
https://doi.org/10.1002/tox.20750
https://doi.org/10.1016/j.tem.2014.12.005
https://doi.org/10.1029/1999JC900115


26 
 

 585 

Järup, L., Berglund, M., Elinder, C.G., Nordberg, G. and Vahter, M., 1998. Health effects of 586 

cadmium exposure--a review of the literature and a risk estimate. Scand J Work Environ Health, 24 587 

Suppl 1:1-51. https://www.jstor.org/stable/40967243 (accessed 26 December 2018). 588 

 589 

Järup, L., 2003. Hazards of heavy metal contamination, British Medical Bulletin, Volume 68, Issue 590 

1, pp. 167–182. https://doi.org/10.1093/bmb/ldg032. 591 

 592 

Johnson, M.D., Kenney, N., Stoica, A., Hilakivi-Clarke, L., Singh, B., Chepko, G., Clarke, R., 593 

Sholler, P.F., Lirio, A.A., Foss, C. and Reiter, R., 2003. Cadmium mimics the in vivo effects of 594 

estrogen in the uterus and mammary gland. Nature medicine, 9(8), p. 1081. 595 

https://doi.org/10.1038/nm902. 596 

 597 

Kerek, E., Hassanin, M., Zhang, W. and Prenner, E.J., 2017. Preferential binding of Inorganic 598 

Mercury to specific lipid classes and its competition with Cadmium. Biochimica et Biophysica Acta 599 

(BBA)-Biomembranes, 1859(7), pp. 1211-1221. https://doi.org/10.1016/j.bbamem.2017.03.022. 600 

 601 

Kjellström, T. and Nordberg, G.F., 1978. A kinetic model of cadmium metabolism in the human 602 

being. Environmental research, 16(1-3), pp. 248-269. https://doi.org/10.1016/0013-9351(78)90160-603 

3.  604 

 605 

Kohlmeier, L. and Kohlmeier, M., 1995. Adipose tissue as a medium for epidemiologic exposure 606 

assessment. Environmental health perspectives, 103(suppl 3), pp. 99-106. 607 

https://doi.org/10.1289/ehp.95103s399. 608 

 609 

Lee, J.W., Lee, C.K., Moon, C.S., Choi, I.J., Lee, K.J., Yi, S.M., Jang, B.K., jun Yoon, B., Kim, D.S., 610 

Peak, D. and Sul, D., 2012. Korea National Survey for Environmental Pollutants in the Human 611 

Body 2008: heavy metals in the blood or urine of the Korean population. International journal of 612 

https://www.jstor.org/stable/40967243
https://doi.org/10.1093/bmb/ldg032
https://doi.org/10.1038/nm902
https://doi.org/10.1016/j.bbamem.2017.03.022
https://doi.org/10.1016/0013-9351(78)90160-3
https://doi.org/10.1016/0013-9351(78)90160-3
https://doi.org/10.1289/ehp.95103s399


27 
 

hygiene and environmental health, 215(4), pp. 449-457. 613 

https://doi.org/10.1016/j.ijheh.2012.01.002. 614 

 615 

Liu, J., Qu, W., Kadiiska, M.B., 2009. Role of oxidative stress in cadmium toxicity and 616 

carcinogenesis. Toxicol. Appl. Pharmacol. 238 (3), pp. 209-214. 617 

https://doi.org/10.1016/j.taap.2009.01.029. 618 

 619 

Lopes, M.V., Korn, M., Pereira, M.D.G., Santana, E.P.D., Oliveira, F.S.D. and Korn, M.D.G.A., 620 

2007. Cadmium and lead retention in fresh and rotten red meat. Journal of the Brazilian Chemical 621 

Society, 18(4), pp. 703-708. http://dx.doi.org/10.1590/S0103-50532007000400006.  622 

 623 

 624 

López-Herranz, A., Cutanda, F., Esteban, M., Pollán, M., Calvo, E., Pérez-Gómez, B., Cortes, 625 

M.V., Castaño, A., Aleixandre, J.L., Aragonés, N. and Bartolomé, M., 2016. Cadmium levels in a 626 

representative sample of the Spanish adult population: the BIOAMBIENT. ES project. Journal of 627 

Exposure Science and Environmental Epidemiology, 26(5), p. 471. 628 

https://doi.org/10.1038/jes.2015.25. 629 

 630 

Lovett, A.A., Foxall, C.D., Creaser, C.S. and Chewe, D., 1998. PCB and PCDD/DF concentrations 631 

in egg and poultry meat samples from known urban and rural locations in Wales and 632 

England. Chemosphere, 37(9-12), pp. 1671-1685. https://doi.org/10.1016/S0045-6535(98)00233-1.  633 

 634 

Marano, K.M., Naufal, Z.S., Kathman, S.J., Bodnar, J.A., Borgerding, M.F., Garner, C.D. and 635 

Wilson, C.L., 2012. Cadmium exposure and tobacco consumption: Biomarkers and risk 636 

assessment. Regulatory Toxicology and Pharmacology, 64(2), pp. 243-252. 637 

https://doi.org/10.1016/j.yrtph.2012.07.008. 638 

 639 

Morrow H., 2001. Cadmium and Cadmium Alloys. In: Kirk-Othmer Encyclopedia of Chemical 640 

Technology, 5th ed., Vol 4. New York, John Wiley & Sons, pp. 471–507. 641 

https://doi.org/10.1016/j.ijheh.2012.01.002
http://dx.doi.org/10.1590/S0103-50532007000400006
https://doi.org/10.1038/jes.2015.25
https://doi.org/10.1016/S0045-6535(98)00233-1
https://doi.org/10.1016/j.yrtph.2012.07.008


28 
 

  642 

Needham, L.L., Calafat, A.M. and Barr, D.B., 2007. Uses and issues of biomonitoring. International 643 

journal of hygiene and environmental health, 210(3-4), pp. 229-238. 644 

https://doi.org/10.1016/j.ijheh.2006.11.002. 645 

 646 

Nicklisch, S.C., Bonito, L.T., Sandin, S. and Hamdoun, A., 2017. Geographic differences in 647 

persistent organic pollutant levels of yellowfin tuna. Environmental health perspectives, 125(6). 648 

https://doi.org/10.1289/EHP518. 649 

 650 

Olmedo, P., Pla, A., Hernández, A.F., Barbier, F., Ayouni, L. and Gil, F., 2013. Determination of 651 

toxic elements (mercury, cadmium, lead, tin and arsenic) in fish and shellfish samples. Risk 652 

assessment for the consumers. Environment international, 59, pp. 63-72. 653 

https://doi.org/10.1016/j.envint.2013.05.005. 654 

 655 

Padilla, M.A., Elobeid, M., Ruden, D.M. and Allison, D.B., 2010. An examination of the association 656 

of selected toxic metals with total and central obesity indices: NHANES 99-02. International journal 657 

of environmental research and public health, 7(9), pp. 3332-3347. 658 

https://doi.org/10.3390/ijerph7093332.  659 

 660 

Pan, J., Plant, J.A., Voulvoulis, N., Oates, J. and Ihlenfeld, C., 2010. Cadmium levels in Europe: 661 

implications for human health. Environmental Geochemistry and Health, 32, pp. 1-12. 662 

https://doi.org/10.1007/s10653-009-9273-2. 663 

 664 

Perera, P.A.C.T., Kodithuwakku, S., Sundarabarathy, T. and Edirisinghe, U., 2015. 665 

Bioaccumulation of cadmium in freshwater fish: an environmental perspective. Insight Ecol, 4(1), 666 

pp. 1-12. 667 

 668 

Pirard, C., Compere, S., Firquet, K. and Charlier, C., 2018. The current environmental levels of 669 

endocrine disruptors (mercury, cadmium, organochlorine pesticides and PCBs) in a Belgian adult 670 

https://doi.org/10.1016/j.ijheh.2006.11.002
https://doi.org/10.1289/EHP518
https://doi.org/10.1016/j.envint.2013.05.005
https://doi.org/10.3390/ijerph7093332


29 
 

population and their predictors of exposure. International journal of hygiene and environmental 671 

health, 221(2), pp. 211-222. https://doi.org/10.1016/j.ijheh.2017.10.010. 672 

 673 

Prozialeck, W.C. and Edwards, J.R., 2012. Mechanisms of cadmium-induced proximal tubule 674 

injury: new insights with implications for biomonitoring and therapeutic interventions. Journal of 675 

Pharmacology and Experimental Therapeutics, 343(1), pp. 2-12. 676 

https://doi.org/10.1124/jpet.110.166769.  677 

 678 

Qin, Y.Y., Leung, C.K.M., Leung, A.O.W., Wu, S.C., Zheng, J.S. and Wong, M.H., 2010. Persistent 679 

organic pollutants and heavy metals in adipose tissues of patients with uterine leiomyomas and the 680 

association of these pollutants with seafood diet, BMI, and age. Environmental Science and 681 

Pollution Research, 17(1), pp. 229-240. https://doi.org/10.1007/s11356-009-0251-0.  682 

 683 

R Core Team, 2013. R: A language and environment for statistical computing. R Foundation for 684 

Statistical Computing, Vienna, Austria.V 3.0. http://www.R-project.org/ (accessed 26 December 685 

2018). 686 

 687 

Ramírez, A., 2002. Toxicología del cadmio. Conceptos actuales para evaluar exposición ambiental 688 

u ocupacional con indicadores biológicos, in: Anales de la Facultad de Medicina (Vol. 63, No. 1). 689 

Universidad Nacional Mayor de San Marcos. 690 

 691 

Ratelle, M., Li, X. and Laird, B.D., 2018. Cadmium exposure in First Nations communities of the 692 

Northwest Territories, Canada: smoking is a greater contributor than consumption of cadmium-693 

accumulating organ meats. Environmental Science: Processes & Impacts, 20(10), pp. 1441-1453. 694 

https://doi.org/10.1039/C8EM00232K.  695 

 696 

Riemschneider, S., Herzberg, M. and Lehmann, J., 2015. Subtoxic Doses of Cadmium Modulate 697 

Inflammatory Properties of Murine RAW 264.7 Macrophages. BioMed Research International, vol. 698 

2015, Article ID 295303, 8 pages. https://doi.org/10.1155/2015/295303. 699 

https://doi.org/10.1016/j.ijheh.2017.10.010
https://doi.org/10.1124/jpet.110.166769
https://doi.org/10.1007/s11356-009-0251-0
http://www.r-project.org/
https://doi.org/10.1039/C8EM00232K
https://doi.org/10.1155/2015/295303


30 
 

 700 

Rinaldi, M., Micali, A., Marini, H., Adamo, E.B., Puzzolo, D., Pisani, A., Trichilo, V., Altavilla, D., 701 

Squadrito, F., and Minutoli, L., 2017. Cadmium, Organ Toxicity and Therapeutic Approaches: A 702 

Review on Brain, Kidney and Testis Damage. Current Medicinal Chemistry 24, p. 3879. 703 

https://doi.org/10.2174/0929867324666170801101448 704 

 705 

Rodríguez-Pérez, C., Vrhovnik, P., González-Alzaga, B., Fernández, M.F., Martin-Olmedo, P., 706 

Olea, N., Fiket, Ž., Kniewald, G. and Arrebola, J.P., 2018. Socio-demographic, lifestyle, and dietary 707 

determinants of essential and possibly-essential trace element levels in adipose tissue from an 708 

adult cohort. Environmental Pollution, 236, pp. 878-888. 709 

https://doi.org/10.1016/j.envpol.2017.09.093. 710 

 711 

Sabolić, I., Breljak, D., Škarica, M. and Herak-Kramberger C.M., 2010. Role of metallothionein in 712 

cadmium traffic and toxicity in kidneys and other mammalian organs. Biometals, 23, p. 897. 713 

https://doi.org/10.1007/s10534-010-9351-z 714 

 715 

Sakultantimetha, A., Bangkedphol, S., Lauhachinda, N., Homchan, U. and Songsasen, A., 2009. 716 

Environmental fate and transportation of cadmium, lead and manganese in a river environment 717 

using the EPISUITE Program. Kasetsart J.(Nat. Sci.), 43(3), pp.620-627. 718 

 719 

Satarug S., Baker J.R., Reilly P.E.B., Moore M.R., Williams D.J., 2002. Cadmium levels in the lung, 720 

liver, kidney cortex and urine samples from Australians without occupational exposure to 721 

metals. Arch Environ Health, 57, pp. 69–77. https://doi.org/10.1080/00039890209602919 722 

 723 

Satarug, S. and Moore, M.R., 2004. Adverse health effects of chronic exposure to low-level 724 

cadmium in foodstuffs and cigarette smoke. Environmental health perspectives, 112(10), p. 1099. 725 

https://doi.org/10.1289/ehp.6751.  726 

 727 

https://doi.org/10.1016/j.envpol.2017.09.093
https://doi.org/10.1080/00039890209602919
https://doi.org/10.1289/ehp.6751


31 
 

Schwartz, J., 2004. Air pollution and children’s health. Pediatrics, 113(Supplement 3), pp. 1037-728 

1043. DOI: 10.1542/peds.113.4.S1.1037. 729 

 730 

Smidt, K., Pedersen, S.B., Brock, B., Schmitz, O., Fisker, S., Bendix, J., Wogensen, L. and 731 

Rungby, J., 2007. Zinc-transporter genes in human visceral and subcutaneous adipocytes: lean 732 

versus obese. Molecular and cellular endocrinology, 264(1-2), pp. 68-73. 733 

https://doi.org/10.1016/j.mce.2006.10.010 734 

 735 

Sun, H., Wang, D., Zhou, Z., Ding, Z., Chen, X., Xu, Y., Huang, L. and Tang, D., 2016. Association 736 

of cadmium in urine and blood with age in a general population with low environmental 737 

exposure. Chemosphere, 156, pp. 392-397. https://doi.org/10.1016/j.chemosphere.2016.05.013. 738 

 739 

Szrok, S., Stelmanska, E., Turyn, J., Bielicka-Gieldon, A., Sledzinski, T. and Swierczynski, J., 740 

2016. Metallothioneins 1 and 2, but not 3, are regulated by nutritional status in rat white adipose 741 

tissue. Genes & nutrition, 11(1), p.18. https://doi.org/10.1186/s12263-016-0533-3. 742 

 743 

Takiguchi, M. and Yoshihara, S.I., 2006. New aspects of cadmium as endocrine disruptor. 744 

Environmental sciences: an international journal of environmental physiology and toxicology 13 (2), 745 

pp. 107-116. 746 

 747 

Talio, M.C., Luconi, M.O., Masi, A.N. and Fernández, L.P., 2010. Cadmium monitoring in saliva 748 

and urine as indicator of smoking addiction. Science of the total environment, 408(16), pp. 3125-749 

3132. https://doi.org/10.1016/j.scitotenv.2010.03.052. 750 

 751 

Tinkov, A.A., Sinitskii, A.I., Popova, E.V., Nemereshina O.N., Gatiatulina, E.R., Skalnaya, M.G., 752 

Skalny, A.V., Nikonorov, A.A., 2015. Alteration of local adipose tissue trace element homeostasis 753 

as a possible mechanism of obesity-related insulin resistance. Medical Hypotheses, 85 (3), pp. 754 

343-347. https://doi.org/10.1016/j.mehy.2015.06.005.   755 

 756 

https://doi.org/10.1016/j.mce.2006.10.010
https://doi.org/10.1016/j.chemosphere.2016.05.013
https://doi.org/10.1186/s12263-016-0533-3
https://doi.org/10.1016/j.scitotenv.2010.03.052
https://doi.org/10.1016/j.mehy.2015.06.005


32 
 

Tinkov, A.A., Filippini, T., Ajsuvakova, O.P., Aaseth, J., Gluhcheva, Y.G., Ivanova, J.M., Bjørklund, 757 

G., Skalnaya, M.G., Gatiatulina, E.R., Popova, E.V. and Nemereshina, O.N., 2017. The role of 758 

cadmium in obesity and diabetes. Science of The Total Environment, 601, pp. 741-755. 759 

https://doi.org/10.1016/j.scitotenv.2017.05.224. 760 

 761 

Tinkov, A.A., Gritsenko, V.A., Skalnaya, M.G., Cherkasov, S.V., Aaseth, J. and Skalny, A.V., 2018. 762 

Gut as a target for cadmium toxicity. Environmental Pollution, 235, pp. 429-434. 763 

https://doi.org/10.1016/j.envpol.2017.12.114.  764 

 765 

Tirado, L.R., González-Martínez, F.D., Martínez, L.J., Wilches, L.A. and Celedón-Suárez, J.N., 766 

2015. Niveles de metales pesados en muestras biológicas y su importancia en salud. Rev Nac 767 

Odontol. 11(21), pp. 83-99. http://dx.doi.org/10.16925/od.v11i21.895.  768 

 769 

Tsai, T.L., Kuo, C.C., Pan, W.H., Chung, Y.T., Chen, C.Y., Wu, T.N. and Wang, S.L., 2017. The 770 

decline in kidney function with chromium exposure is exacerbated with co-exposure to lead and 771 

cadmium. Kidney international, 92(3), pp.710-720. https://doi.org/10.1016/j.kint.2017.03.013. 772 

 773 

Tsipoura, N., Burger, J., Newhouse, M., Jeitner, C., Gochfeld, M. and Mizrahi, D., 2011. Lead, 774 

mercury, cadmium, chromium, and arsenic levels in eggs, feathers, and tissues of Canada geese 775 

of the New Jersey Meadowlands. Environmental research, 111(6), pp. 775-784. 776 

https://doi.org/10.1016/j.envres.2011.05.013. 777 

 778 

UNEP (United Nations Environment Program), 2008. Interim Review of Scientific Information on 779 

Cadmium, UNEP, Geneva. 780 

 781 

US CDC, 2009. Fourth National Report on Human Exposure to Environmental Chemicals. Centers 782 

for Disease Control and Prevention, Department of Health and Human Services, USA. 783 

https://www.cdc.gov/exposurereport/pdf/fourthreport.pdf (accessed 26 December 2018). 784 

 785 

https://doi.org/10.1016/j.scitotenv.2017.05.224
https://doi.org/10.1016/j.envpol.2017.12.114
http://dx.doi.org/10.16925/od.v11i21.895
https://doi.org/10.1016/j.kint.2017.03.013
https://doi.org/10.1016/j.envres.2011.05.013
https://www.cdc.gov/exposurereport/pdf/fourthreport.pdf


33 
 

Vahter, M., Åkesson, A., Lidén, C., Ceccatelli, S. and Berglund, M., 2007. Gender differences in 786 

the disposition and toxicity of metals. Environmental research, 104(1), pp. 85-95. 787 

https://doi.org/10.1016/j.envres.2006.08.003.  788 

 789 

Van Eijkeren, J.C., Zeilmaker, M.J., Kan, C.A., Traag, W.A. and Hoogenboom, L.A.P., 2006. A 790 

toxicokinetic model for the carry-over of dioxins and PCBs from feed and soil to eggs. Food 791 

additives and contaminants, 23(05), pp. 509-517. https://doi.org/10.1080/02652030500512045. 792 

 793 

Welch, A.A., Lund, E., Amiano, P., Dorronsoro, M., Brustad, M., Kumle, M., Rodriguez, M., 794 

Lasheras, C., Janzon, L., Jansson, J. and Luben, R., 2002. Variability of fish consumption within 795 

the 10 European countries participating in the European Investigation into Cancer and Nutrition 796 

(EPIC) study. Public health nutrition, 5(6b), pp.1273-1285. https://doi.org/10.1079/PHN2002404. 797 

 798 

WHO (World Health Organization), 2018. World Health Organization Fact Sheet N311: Obesity 799 

and Overweight. February 2018. https://www.who.int/news-room/fact-sheets/detail/obesity-and-800 

overweight (accessed 26 December 2018). 801 

 802 

Wiernsperger, N. and Rapin, J., 2010. Trace elements in glucometabolic disorders: an 803 

update. Diabetology & metabolic syndrome, 2(1), p.70. https://doi.org/10.1186/1758-5996-2-70 804 

 805 

Wolff, M.S., Zeleniuch-Jacquotte, A., Dubin, N., Toniolo, P., 2000. Risk of breast cancer and 806 

organochlorine exposure. Cancer Epidemiol. Biomark. Prev. 9, pp. 271-277. 807 

 808 

Yokel, R.A., Lasley, S.M. and Dorman, D.C., 2006. The speciation of metals in mammals 809 

influences their toxicokinetics and toxicodynamics and therefore human health risk 810 

assessment. Journal of Toxicology and Environmental Health, Part B, 9(1), pp.63-85. 811 

https://doi.org/10.1080/15287390500196230. 812 

 813 

https://doi.org/10.1016/j.envres.2006.08.003
https://doi.org/10.1080/02652030500512045
https://doi.org/10.1079/PHN2002404
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.1186/1758-5996-2-70
https://doi.org/10.1080/15287390500196230


34 
 

Zalups, R.K. and Ahmad, S., 2003. Molecular handling of cadmium in transporting epithelia, 814 

Toxicology and Applied Pharmacology, Vol. 186, Issue 3, pp. 163-188. 815 

https://doi.org/10.1016/S0041-008X(02)00021-2. 816 

 817 

Zang, Y., Devleesschauwer, B., Bolger, P.M., Goodman, E. and Gibb, H.J., 2019. Global burden of 818 

late-stage chronic kidney disease resulting from dietary exposure to cadmium, 819 

2015. Environmental research, 169, pp.72-78. https://doi.org/10.1016/j.envres.2018.10.005. 820 

 821 

 822 

 823 

 824 

https://doi.org/10.1016/S0041-008X(02)00021-2
https://doi.org/10.1016/j.envres.2018.10.005

