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Abstract 24 

 Rare Earth Elements (REEs), La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, 25 

Yb, Lu, Sc, and Y, & two actinides, Th and U were assessed in muscle and liver 26 

tissues of wild, backyard and commercially raised rabbits through ICP-MS. Higher 27 

concentrations were found in liver in comparison to muscle tissue. Liver of wild 28 

rabbits accumulates all studied elements beyond Tm. Backyard rabbits do not show 29 

any statistically significant accumulation while commercial accumulate all beyond La, 30 

Ce, Pr, Nd, Gd and Tb. Wild rabbits were with the highest amounts for most of these 31 

elements. The different living and rearing environments of wild, backyard and 32 

commercial rabbits may affect accumulation, fate and transfer of REEs in rabbits’ 33 

tissues. A dataset for establishing reference values of REEs in Lemnos island wild 34 

rabbits’ is shown and the literature gap on safety limits for REEs is discussed. 35 

 36 
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 38 

Highlights 39 

• Rabbit liver accumulates rare earth elements (REEs). 40 

• All sixteen REEs beyond Tm are accumulated in wild rabbit’s liver. 41 

• All sixteen REEs beyond La, Ce, Pr, Nd, Gd and Tb are accumulated in 42 

commercial rabbit’s liver. 43 

• Production method affects the accumulation of rare earth elements in rabbit 44 

tissues.  45 
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1. Introduction 46 

 Rare Earth Elements (REEs) are the following 17 transition metals: Scandium 47 

(Sc), Yttrium (Y), Lanthanum (La), Cerium (Ce), Praseodymium (Pr), Neodymium 48 

(Nd), Promethium (Pm), Samarium (Sm), Europium (Eu), Gadolinium (Gd), Terbium 49 

(Tb), Dysprosium (Dy), Holmium (Ho), Erbium (Er), Thulium (Tm), Ytterbium (Yb), 50 

and Lutetium (Lu). The last 15 elements are the Lanthanides (Ln) as defined by the 51 

International Union of Pure and Applied Chemistry, IUPAC, with atomic numbers 52 

ranging from 57 to 71 sharing common physicochemical properties (Aide & Aide, 53 

2012). Lanthanum, Ce, Pr, Nd, Pm, Sm, Eu, and Gd are grouped together as Light 54 

REEs (LREEs), while Tb, Dy, Ho, Er, Tm, Yb, Lu, Y and Sc as Heavy REEs 55 

(HREEs), based on atomic number. Uranium (U) and thorium (Th), the two naturally 56 

occurring actinides were also determined although not routinely assessed in foods. 57 

REEs are used in the industry for the production of hybrid vehicles electric 58 

motors, permanent magnets, rechargeable batteries, fluorescent materials and wind 59 

turbines. REEs are mined in specific areas of the world, mostly in China and used in 60 

glassmaking, rechargeable batteries, wind turbines, smartphones, flat screen display 61 

panels, computers and catalysts (Charalampides et al., 2015; Nguyen et al., 2015; 62 

Zhuang et al., 2015).   63 

 Soils can be fertilized by REEs enriched fertilizers (Otero et al., 2005; Zhang 64 

& Shan, 2001) thus enriching plants/fodder with REEs that in turn supplement animal 65 

diets (Rambeck & Wehr, 2005). Improved growth performance was observed after 66 

REEs supplementation in several animal species including pigs (He & Rambeck, 67 

2000; Rambeck & Wehr, 2005), cattle (Lin et al., 2015; Lin et al., 2015; Redling, 68 

2006) and quails (Eleraky & Rambeck, 2011). Utilization of REEs in animal 69 

husbandry is probably based on REEs’ antimicrobial activity (Zhang et al., 2015) thus 70 
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serving as replacement of antibiotics. In Europe, safety and efficacy of lanthanide 71 

citrate as feed additive for weaned piglets has been reviewed by the European Food 72 

Safety Agency (Additives & Products or Substances used in Animal, 2013). Since the 73 

fate, particularly the distribution in different tissues, of REEs in animals after their 74 

ingestion is scarcely reported in the literature, there is a need to investigate 75 

accumulation patterns of REEs in terrestrial and aquatic animals destined for human 76 

consumption  (Mayfield & Fairbrother, 2015). The REEs fingerprint may serve as an 77 

indicator of food geographic origin (Danezis et al., 2016; Drivelos et al., 2014) with 78 

minimal harvest year variation (Drivelos et al., 2016). This applies to animals such as 79 

wild fed with local forage (Danezis et al., 2017; Danezis et al., 2016). Further to our 80 

previous work on game meat authentication through rare earth elements fingerprinting 81 

(Danezis et al., 2017) we examine in this work tissue distribution in animals produced 82 

under different feeding regimes, wild, commercial and backyard. We choose wild 83 

rabbits from Lemnos, a 477.583 square kilometers Aegean Sea island that does not 84 

have any industrial activity and is isolated from the mainland getting their feeds 85 

exclusively from local pasture. 86 

It is known that liver detoxificates mammals from heavy metals. Our 87 

hypothesis is that REEs are also removed through liver. A further hypothesis is that 88 

different feeding regimes affect liver accumulation of REEs. The aim of the present 89 

study was to investigate REEs deposition in liver and muscle tissues of rabbits, and to 90 

explore the potential effect of animal production practices on REEs deposition in the 91 

said tissues. The objectives of this study were to assess the concentrations of La, Ce, 92 

Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc, Y, Th and U in liver and muscle 93 

tissues of rabbits produced under different production systems, i.e. wild, backyard and 94 

commercial. 95 
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 96 

2. Materials & Methods  97 

2.1. Sample collection 98 

 Wild rabbits (n=36) were hunted with shotgun in their living area, during the 99 

allowed hunting period, while all other animals were sacrificed by slaughter. 100 

Backyard (n=5) and commercially raised (n=12) rabbits were randomly selected and 101 

slaughtered, 12 h after feed withdrawal. Specifically, the rabbits were killed by 102 

cutting their carotid arteries and jugular veins following electro-stunning and 103 

carcasses were prepared according to Blasco and Ouhayoun (Blasco & Ouhayoun, 104 

1996). The study was approved by the Ethics Committee of the Agricultural 105 

University of Athens. Wild and backyard raised rabbits were from Lemnos island, 106 

Greece. All animals belonged to the species Oryctolagus cuniculus (Linnaeous, 1758) 107 

which are classified in lagomorphs (Lagomorpha) class. Tissue samples, longitudinal 108 

dorsal muscle (Longissimus lumborum) and liver were collected with stainless steel 109 

knife. Following a 24 h chilling period at 4 °C, a small sample (ca. 2–3 g) from 110 

Longissimus lumborum (LL) between 5th and 7th lumbar vertebra was excised. After 111 

the subtraction of the samples, they were placed in airtight plastic bags. Collected 112 

samples were preserved at -32°C, until ICP-MS analysis. 113 

 114 

2.2. Chemicals and standard solution preparations 115 

 Chemicals used in the experimental work were nitric acid (Suprapur 65% w/v, 116 

Merck, Darmstadt, Germany), Indium (In) ICP internal standard (Inorganic Ventures, 117 

New Jersey, USA) and an ICP-MS rare earth multi-element standard (Inorganic 118 

Ventures, New Jersey, USA). Standard stock solutions were used to prepare 119 

calibration standard solutions with reversed osmosis ultra-pure water of 18.2 MΩ cm-1 120 
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resistance obtained from a MilliQ plus system (Millipore, Saint Quentin Yvelines, 121 

France). 122 

 123 

2.3. Sample treatment 124 

 Complete sample digestion was performed through a microwave-assisted 125 

digestion system (CEM, Mars X-Press, Matthews, NC, USA). 1.00 g of sample was 126 

immersed in 10 mL of Suprapur nitric acid and heated in the microwave oven 127 

according to the program: 20 minutes when the power was ramped from 100 to 1200 128 

W then hold for 15 min. The temperature reached a maximum of 200 °C and followed 129 

by a cool-down cycle for 15 min. Losses of volatile element compounds did not occur 130 

as the tubes were sealed during heating. The samples were then filtered with 131 

disposable syringe filters 0.20 μm/15 mm (Chromafil, Macherey-Nagel, Duren, 132 

Germany) and diluted 5 times with reversed osmosis water before injecting into the 133 

ICP–MS instrument. 134 

 135 

2.4. ICP-MS analysis 136 

The concentrations of 16 rare earth elements, Ce, Dy, Er, Eu, Gd, Ho, La, Lu, 137 

Nd, Pr, Sc, Sm, Tb, Tm, Y & Yb and two actinides, Th & U were determined using 138 

ICP-MS/9000 (Perkin Elmer Health Sciences Canada Inc., Ontario, Canada). ICP-MS 139 

is exclusively used for measuring REEs providing high-throughput, ultra-trace level 140 

analysis down to ng/kg (Georgiou & Danezis, 2015). Operating conditions of the ICP-141 

MS were as follows: nebulizer gas flow of 0.75 L min-1, ICP RF power of 950 W, lens 142 

voltage of 7 V, pulse stage voltage of 950 V and sample uptake rate of 26 rpm. Rare 143 

earth element calibrations ranged from 1 ng/kg to 10 μg/kg. 144 
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In order to assess the accuracy of the process CRM-668 mussel tissue 145 

(European Commission, Joint Research Center, institute for reference materials and 146 

measurements IRMM, Belgium) was used as reference standard for the analysis of 147 

rare earth elements. The process resulted in satisfactory recoveries. The standard 148 

reference material was subjected to the exact same analytical process and analyzed in 149 

triplicate (Table 1). 150 

 151 

2.5. Statistical analysis 152 

The statistical analysis was performed using SAS software version 9.2 (SAS Institute 153 

Inc., Cary NC, USA). Comparisons of mean REE concentrations between liver and 154 

muscle tissues were performed using paired Wilcoxon test within wild, backyard and 155 

commercial rabbits, due to the very non normal distribution of most of the element 156 

values in each group. Statistical significance was set at P< 0.05. To further check the 157 

overall difference between the element level in liver and in muscle, logistic regression 158 

with and without covariates were performed. Interaction terms were also introduced to 159 

check the interaction between rabbit type and different tissues. 160 

 161 

3. Results & Discussion 162 

 Elemental composition of animal tissues reflects, to some extent, the 163 

vegetation they consume. The vegetation is the compositional reflection of the 164 

bioavailable and mobilized nutrients present in the underlying soils where the plants 165 

were cultivated (Danezis et al., 2016; Drivelos & Georgiou, 2012).  166 

  167 
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3.1 Comparison between concentration of REEs in liver and muscle 168 

 Before further statistical analysis to compare the REE levels between liver and 169 

muscle, the data were explored with box plots and Kruskal Wallis (KW) test for each 170 

element were performed to see any variances between different types of rabbits 171 

(Figure 1 & S1). Except Nd, Y for liver and Ce, Gd for muscle all the other elements 172 

showed the difference across different types of rabbits. Examples are shown in Figure 173 

1, and more results are included in supplementary material Figure S1. Due to the 174 

potential differences between different types of rabbit the comparison between liver 175 

and muscle was done separately for wild, backyard and commercial rabbits.  176 

 The concentration of REEs and the two actinides, in liver and muscle tissues 177 

of wild rabbits are presented in Table 2. Lutetium (Lu) had the lowest (0.46 [0.36, 178 

0.54], median [Q1,Q3] μg/kg) and Ce the highest concentration (13.93 [11.79, 43.92] 179 

μg/kg) in the liver of wild rabbits. The same elements ranged from 0.42 [0.34, 0.47] 180 

μg/kg to 13.12 [7.9, 13.79] μg/kg in the muscle. Except Tm, all elements showed 181 

significant difference between liver and muscle indicating that REEs were 182 

preferentially accumulated in the liver of wild rabbits (Table 2). This is in line with 183 

the findings that trace elements accumulate more in the liver in comparison to 184 

muscles of rabbits (Angelova et al., 2010) and other animals (Kar et al., 2018). The 185 

relative differences between liver and muscle for Ce, La, Nd and Th are high. 186 

 Concerning commercial rabbits median concentration values varied from 187 

0.030 μg/kg (Lu) to 12.47 μg/kg (Sc) in liver and from 0.020 μg/kg (Lu) to 10.95 188 

μg/kg (Ce) in muscle (Table 3). Just 11 out of all 18 elements, 7 out of 8 of the 189 

HREE, were found in higher concentrations in the liver than in muscle of commercial 190 

rabbits. The only relevant data on rabbits is on just four heavy metals (lead, cadmium, 191 

zinc and copper, Angelova et al., 2010) where the accumulation was higher. Our 192 
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results are in in accordance with Angelova et al., 2010, Kar et al., 2018 and Saïdi et 193 

al., 2013 that concern different animals where liver stores heavy metals removing 194 

them from the blood stream. 195 

 Backyard rabbits had the lowest concentration, median value 0.03 μg/kg, 196 

among REEs in Lu, both in liver and muscle tissues. Scandium was the most abundant 197 

in both tissues 16.5 μg/kg and 11.0 μg/kg in liver and muscle, respectively. No 198 

statistically significant difference between muscle and liver was observed for 199 

backyard rabbits.  200 

A logistic regression model was built with tissue type as dependent variable 201 

and each element as independent variable respectively. The results offered further 202 

evidence that most of the REEs in liver presented higher level than they were in 203 

muscle (Table 4) at a statistical significant level. A separate logistic regression model 204 

was built with adding rabbit type as covariate including the interaction term, and the 205 

results are shown in Table 4. It showed strong evidence that regardless the rabbit 206 

types, the difference of most of the REE values between liver and muscle exist, and 207 

the difference differ between the types of rabbits (interactions between the types of 208 

rabbits and most of the elements are statistically significant). 209 

 The concentration of REEs and actinides was the highest in wild rabbits 210 

probably because of different feeding regime, habits and living environment (Danezis 211 

et al., 2017). These results indicate that the REEs profile of tissues is likely linked to 212 

the different feeds consumed by different types of rabbits (e.g. indigenous vegetation 213 

and fruits by wild rabbits vs. the commercial pelleted feeds by the commercial ones) 214 

and could be capable of distinguishing the wild from the backyard and the 215 

commercial rabbits. Lemnos island geology data show high rare earth elements 216 

(Maravelis & Zelilidis, 2010). This explains the higher concentrations of rare earth 217 
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elements in wild rabbits. Our data also showed higher lanthanides concentrations in 218 

wild rabbits. This is most pronounced for heavy lanthanides beyond Tb, see 219 

supplementary material (Figure S2). The wild rabbits in Lemnos during 2008 have 220 

been reported to be 204,000 (Kontsiotis et al., 2013) so our study is exploratory for 221 

this isolated wild rabbits community. Results from all three types of rabbits follow the 222 

Oddo-Harkins rule concerning the natural abundance of elements. According to this 223 

rule, the element with an even atomic number is more abundant than the next element 224 

with an odd atomic number in the periodic table, while their concentration decreases 225 

with increasing atomic weight. Beyond Tb for backyard and commercial and Yb for 226 

wild rabbits, the Oddo-Harkins rule is followed irrespective of production method 227 

(wild, commercial or backyard). This shows that rabbits do not accumulate selectively 228 

any specific REE, in contrast to Cyclocybe cylindracea mushrooms (Koutrotsios et 229 

al., 2018) that accumulate 7 out of 16 REEs (Dy, Er, Eu, Ho, Tb, Y and Yb). 230 

Lanthanides with the highest concentration in liver were in decreasing order Ce, La, 231 

Nd and Pr. 232 

 233 

3.2 Comparison with other studies 234 

Our study is added to the very limited literature on REEs in animals. Although 235 

reports have already been published on REEs accumulation in pigs (He et al., 2001), 236 

piglets (He & Rambeck, 2000), broilers (He et al., 2010) and bulls (Schwabe et al., 237 

2012), the present article is, according to our knowledge, the first report on REEs in 238 

rabbits. Values from previous studies concerning REEs in the liver of bulls, piglets, 239 

pigs and broilers are shown in Table 5. Decreasing concentrations of lanthanides have 240 

been reported (Table 5) along the following order Ce, La, Nd, Pr, Gd, Sm, Eu & Dy, 241 

Er, Tb, Yb, Ho in liver of beef bulls (Schwabe et al., 2012). The order for REEs in 242 
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liver of wild rabbits in this study was Ce, La, Nd, Pr, Sm, Gd, Er, Dy, Tb, Ho, Eu, Yb. 243 

The order and concentrations of most abundant REEs, Ce, La, Nd, and Yb, are 244 

comparable in the liver of bulls and rabbits, suggesting that biochemical systems 245 

using these elements are similar (Table 5). The huge concentration of Sc measured in 246 

beef bulls (Schwabe et al., 2012) two orders of magnitude higher than our results is 247 

not easy to comment on. Muscle tissue values measured for Ce & La in pigs and 248 

broilers were 3 & <33 and 40 & 20 μg/kg, respectively.  249 

REEs safety has not been adequately evaluated as their nutritional role is not 250 

well established. Recent publications explore gaps on REEs on food safety given the 251 

interest and their widespread applications (Das et al., 2017; Herrmann et al., 2016; 252 

Mayfield & Fairbrother, 2015; Pagano et al., 2016; Pagano et al., 2015). 253 

Consequently, Acceptable Daily Intake (ADI) for REEs is not established in the EU in 254 

contrast to China which has already defined limits for rare earth oxides (REOs) in 255 

cereals and vegetables (Jianget al., 2012). However, there is no legislation for meat 256 

products even though it is under investigation. The establishment of safety limits for 257 

REOs is an urgent need as the migration of REEs from weathering rocks to the 258 

environment is accelerated by anthropogenic activities (Gonzalez et al., 2014; Pagano 259 

et al., 2015), which can eventually result in the entrance of REEs into animals and 260 

humans via the food chain (Qiu et al., 2005) or via other ways such as inhalation (Li, 261 

Yu, Li, & Bian, 2017). Our samples came from Lemnos Island an unpolluted area 262 

without industrial activity where the impact of naturally occurring REEs on wild 263 

rabbits can be evaluated.  264 

Concerning REOs, there are several studies that assessed various food 265 

commodities, most of them published in Chinese. The reason why REOs are used is 266 

that the amount of individual REEs within different rare earth salts, such as chlorides 267 
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or citrates, does not necessarily have the same weight. For example, 100 mg/kg rare 268 

earth citrates are not equal to 100 mg/kg rare earth chlorides.  269 

Jiang et al. (2012) measured total REEs and REOs in fresh meat in China. To 270 

compare with our study we calculated these two parameters using conversion factors 271 

by dividing the molecular weight of each oxide by the atomic weight of the REE  272 

(Jiang et al., 2012). Total REEs and REOs of wild rabbits muscle (32.4 and 39.8 273 

μg/kg, respectively) are three-fold lower than Chinese fresh meat (80 and 98 μg/kg, 274 

respectively) that could be attributed to increased concentrations of REEs in China. It 275 

is interesting to note that consumption of rabbit liver provides the same quantity of 276 

total REEs as the fresh meat from China. The calculated REOs values for liver (97.0 277 

µg/kg) and muscle (39.8 µg/kg), from wild rabbits were lower than the maximum 278 

allowable limit in cereals (2.0, mg/kg) and fresh vegetables (0.7, mg/kg) in China. No 279 

any limits exist for fresh meat even in China. 280 

  281 
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4. Conclusions 282 

This study explores the concentrations of REEs in muscle and liver tissues of 283 

rabbits and the relationship of production methods (wild, commercial and backyard) 284 

with the accumulation pattern of REEs in the said tissues. This is one of the first 285 

applications of elemental metabolomics (Zhang et al., 2018). Liver accumulates more 286 

REEs than muscle tissue in wild and commercial rabbits. The data set of rare earth 287 

elements and actinides adds to the very limited information in the existing literature. 288 

Τhe knowledge gap for REEs in animal products is underlined. 289 
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