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Chapter 1: General introduction  
 
Zinc (Zn) has been first described as an essential trace element for Aspergillus niger already in 
1869 (Edwards and Baker, 2000; Raulin, 1869). From there, it took another 60 years before Zn 
was first shown to being indispensable for men and animals as well (Prasad et al., 1961; Todd 
et al., 1934). As an essential trace mineral, Zn is involved in manifold biological functions but 
it is also potentially toxic when exceeding the required amounts in the cell or body. There are 
currently more than 6000 Zn proteins and more than 300 Zn-dependent metalloenzymes 
described, giving an idea of its outstanding importance for the host organism (Andreini and 
Bertini, 2012; Bettger and O'Dell, 1981; Romeo et al., 2014; Suzuki et al., 2011). Well-known 
metalloenzymes are carbonic anhydrase, pancreatic carboxipeptidase and several 
dehydrogenases like, for instance, lactate-, maltate- and alcohol dehydrogenase and arginase 
(Lloyd, 1978a). The Zn status can influence appetite, likely through an alteration in 
hypothalamic neurotransmitter metabolism by the influence in leptin system (Lobo et al., 2012). 
Further hormones, as insulin, glucagon, follicle stimulating hormone (FSH) and luteinizing 
hormone, insulin like growth factor 1 (IGF-1) and growth hormone (GH) are under direct 
influence of Zn and, in this way, protects the cell from free radicals (Frassinetti et al., 2006; 
Hansen et al., 1997; Lloyd et al., 1978a; Malhotra et al., 1961; Maret, 2005; Suttle, 2010b). 
Thus, Zn has also anti-oxidant properties (Prasad et al., 2004).  
Finally, Zn is an essential element for the immune system, and low Zn supply can lead to 
immunodeficiency (Frassinetti et al., 2006).  
The zinc finger proteins are an example for the structural role of Zn. These proteins change 
their structure in presence of Zn and subsequently can bind to the DNA helix to initiate gene 
expression (Hambidge, 2001). Hence, Zn is involved in DNA replication, DNA stabilization 
and RNA transcription (Frassinetti et al., 2006; Suttle, 2010b).  
A temporal Zn (over-)supplementation has been used for the treatment of diarrhoea in humans 
(mostly in developing countries) und animals. For decades, dietary ZnO was applied in high 
doses up to 3000 mg/kg feed in swine production to combat post-weaning diarrhoea in piglets 
(Starke et al., 2014). Around weaning, piglets have to adjust to a new environment, the change 
from liquid milk to solid feed and arrange new hierarchy in the new social group. Among others, 
this is an extreme stressful situation leading to low feed intake, an imbalanced microbiota and 
diarrhoea (Starke et al., 2014). In the European Union, the maximum allowance for Zn in animal 
feed (except fish, pet animals and in milk replacers) is 150 mg/kg feed (EC 1334/2003). In 
contrast, in Asia and the Americas, weaned piglets receive pharmacological high Zn amounts 
up to 3000 mg/kg feed. In Europe, national exceptions from the maximum allowance still exist 
in several countries (e.g. Belgium, Denmark and Spain), but this will not longer be possible in 
the future. Also, ZnO is still used as carrier substance for in-feed medications. Although, only 
short-term use is often propagated, high doses of ZnO are sometimes fed to piglets for several 
weeks. The toxic potential of the heavy metal Zn raises the question about possible adverse 
effects of Zn-rich diets in young piglets. In addition, although nutritional recommendations are 
available for pigs after the weaning, the increasing practice to feed milk replacers during the 
suckling period raises the question about the metabolic reactions to the dietary Zn level, since 
no recommendations are yet available.   
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2.1 Zinc Metabolism 
 
The Zn homeostasis is an essential process for the survival of an organism (Roohani et al., 
2013). Although the dietary Zn intake can vary, the body Zn homeostasis is maintained within 
narrow margins by intestinal absorption and endogenous excretion (King et al., 2000; Weigand 
and Kirchgessner, 1980). Thereby, the body Zn content remain constant at approximately 30 
mg/kg fresh tissue or averaging 2,1 g Zn in a pig of 100 kg body weight (BW) and 1.4 to 2.3g 
Zn in total adult body of humans. Zn contents in respective tissue concentration between 
mammalian species show only small differences (Stefanidou et al., 2016; Underwood, 1977; 
Dourmad, 2015). However, Rincker et al. analysed nursery pig at the age of 19 ± 3days and 54 
± 3days and measured a total body Zn content of 59.7 and 74.4 mg/kg, respectively. This is in 
good concordance to reports of rising Zn concentrations during the suckling period (Rincker et 
al., 2004). With approximately 57% the main percentage of body Zn is located in the skeletal 
muscles. It is followed by bone (29%), skin (6%), liver (5%) and brain (1.5%). In kidney tissue 
0.7 % of total body Zn is found. Hair, blood plasma and heart muscle contain approximately 
0.1 to 0.4 % of total body Zn content (Suttle, 2010b; Yoshida et al., 2008). Indeed, the highest 
concentration per gram tissue is situated in retina (200 – 500 mg/kg dry matter (DM)), hair and 
wool (100– 200 mg/kg DM), liver (196 mg/kg DM), testes (app. 100 mg/kg DM) and bones 
(70-90 mg/kg DM) (Galin et al., 1962; Suttle, 2010b).  

The Zn homeostasis is controlled at organism and cellular level (Wang and Zhou, 2010). 
While each organ and each cell necessarily needs Zn, some organs are more relevant for the 
total body Zn metabolism and storage. This metabolic highly relevant organs are intestine, liver, 
pancreas, kidney, bone and skin (Cotzias et al., 1962; King and Turnlund, 1989; King et al., 
2000; Sullivan et al., 1981).  

After ingestion, Zn is absorbed along the entire small intestine (see Chapter 2.1.1 Zinc 
absorption and bioavailability), whereby the jejunum has the highest absorption rate in 
comparison to the remaining sections of small intestine (Lee et al., 1989). From the enterocytes 
Zn is transferred into the portal blood stream via Zn transporters and loosely bound to albumin 
(70%) or α-Macroglobulin (20%). The remaining Zn in blood plasma is bound to amino acids, 
transferrin, histidine-rich glycoprotein and metallothionein (MT) (King, 1999; Reyes, 1996). 
Zn, which is bound to albumin, is available for hepatocytes (Cousins and Swerdel, 1985). In 
hepatocytes, the Zn metabolism is regulated through proteins (see Chapter 2.2 Cellular zinc 
homeostasis and zinc transporter). Therefore, the liver is an important organ in Zn metabolism 
by involvement in Zn excretion, distribution via systemic circulation and incorporation into 
proteins.  

Approximately 90% of the body Zn content is present in slow-exchangeable Zn pool 
organs, namely skeletal muscles (60%) and bones (30%) (Chesters, 1982). These organs are 
important for the total body Zn homeostasis and the compartments, which store Zn inside the 
cells, are necessary for the homeostasis of mentioned organs as well. The remaining 10% of 
body Zn is rapidly exchangeable and thereby available for maintaining Zn homeostasis within 
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a short time. Organs with rapidly turn-over rates of Zn are e.g. liver, pancreas and gut (Chesters, 
1982; Miller et al., 1994).  

The pancreas has exocrine and endocrine functions. Thereby over 85% of the pancreas 
tissue contains of exocrine cells (Gorelick and Jamieson, 2006). And while 95% of the exocrine 
component are acinus cells, the remaining 5% are part of the duct system (Miller et al., 1991). 
The acinar cells can produce and store several enzymes and zymogens (Miller et al., 1991). 
Pancreatic Zn is localized mainly in the exocrine part of pancreas, more exactly in granules of 
acinar cells (Guo et al., 2010). If the organ is stimulated, the acinar cells release their products 
into the acinus and the duct system transport secretions to the duodenum. Thus, the pancreas 
plays an important role in Zn homeostasis by facilitating Zn secretion into the intestinal lumen. 
In turn, excessive dietary Zn results in altered pancreas cell structure, increase of proteins 
involved in oxidative stress including necrosis and even death of the animals (Gabrielson et al., 
1996; Pieper et al., 2015).  
 
2.1.1 Zinc absorption and bioavailability 
 
For the body Zn homeostasis, the gastrointestinal system plays the most important role (Wang 
et al., 2010 ). For the uptake mechanism into enterocytes mainly via transporters (see chapter 
2.2 Cellular zinc homeostasis and zinc transporter), Zn ions have to be soluble. While the Zn 
solubility rises with decreasing pH, Zn is predominantly absorbed in small intestine in non-
ruminant animals and humans (Annenkov, 1979).   
In the gut two possible mechanisms for Zn uptake exist  

1) active and  
2) passive transport (Martin et al., 2013; Solomons and Cousins, 1984; Suttle, 2010b).  

The active, carrier-mediated transport is facilitated through specific Zn transporter (see chapter 
2.2 Cellular zinc homeostasis and zinc transporter). Under normal physiological conditions this 
transport process is not saturated, but saturable in general (Cousins, 1985). The second way of 
Zn absorption is the para-cellular way or diffusion. This is an energy- independent, non-
saturable process (Lichten and Cousins, 2009; Martin et al., 2013).  

The absorption rate depends on diet composition and the form of the diet. For example, 
absorption efficiency of solid diets is less effective in comparison to aqueous solutions in fasted 
men (Roohani et al., 2013).  
Further, for the bioavailability of Zn, three factors seem to be important  

1) individual body Zn status  
2) Zn content of the diet and  
3) availability of Zn from the diet components and interaction with other diet ingredients 
(Lönnerdal, 2000). 
The availability depends on the solubility of Zn and the enhancers or inhibitors, which 

are possibly within the diet (see Chapter 2.1.3 Factor affecting zinc absorption).  
Moreover, absorption efficiency can depend on Zn concentration in supplied diets (Sandström 
and Cederblad, 1980). Thus, during periods of insufficient Zn concentration in diets, the 
fractional Zn absorption rises, whereas it decreases during excess Zn intake. However, the 
fractional Zn absorption differs between individuals of the same group (King et al., 2000). On 
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the contrary, another study showed, that Zn uptake efficiency seems to be unaffected by Zn 
status, whereas rather the excretion of endogenous Zn depends on Zn status (Krebs, 2013). 
Taken into account the endogenous Zn excretion, the real Zn absorption rate can only be 
measured by stable isotope technique (Sandström et al., 1993). The trace minerals contents in 
blood plasma or serum were bad biomarkers for status of trace minerals (except selenium) since 
plasma concentration is carefully regulated to ensure mineral maintenance of the organs 
(Hambidge, 2003).  

Nevertheless, average Zn absorption for adult humans is approximately 33% (Cousins, 
1985; Turnlund et al., 1984). On the other hand, for pigs receiving maize-soy diet apparent Zn 
absorption depend on age and is between 16% (age of 37 – 44 days) and 24% (age of 51 to 58 
days) (Pallauf and Rimbach, 1992). This is in good concordance to Chu et al. who reported a 
true absorption of approximately 20% in growing pigs (Chu et al., 2008).  
If womens´ dietary Zn intake is restricted during lactation, the Zn absorption rate rises up to 
70%, however other studies did not present similar results, conceivably because of different 
food limitation (King, 2002) 

Hence, Zn absorption rate vary widely from 15 to 60 % and depend on numerous factors, 
including stage of life, since the Zn uptake is greater in growing compared to adult organism 
(McDowell, 2003; Weigand and Kirchgessner, 1979).   
 
 
2.1.2 Zinc excretion 
  
Zn is mainly excreted via the faeces. In the intestine, Zn is excreted into the gut lumen through 
pancreatic juice, bile, gastrointestinal secretions, transepithelial flux or bound in desquamate 
enterocytes (Chesters, 1997; Krebs, 2000).  
For homeostatic adaptation, the pancreas play a more important role in comparison to liver, 
since during dietary Zn deficiency pancreatic Zn excretion decreased while Zn excretion 
through bile did not change (Sullivan et al., 1981). The adjustments of endogenous excretion 
respond immediately but in relatively small amounts. Even so, endogenous Zn is from major 
importance for Zn homeostasis (Weigand and Kirchgessner, 1978). On the contrary to that, 
adaptation of absorption process to dietary Zn is slowly but can cope with larger fluctuations 
(Krebs, 2000). Nevertheless, both adaptation processes are important to maintain homeostasis.  
Finally, a small amount of Zn is excreted via urine and integumental losses (e.g. sweat, hair and 
wool growth and seminal emission). Under normal conditions, Zn losses through this route 
make up to approximately 10 - 20% (King et al., 2000; McDowell, 2003). In addition, neither 
urinary nor integumental losses adapt during high dietary Zn supply (King and Keen, 1999). 
Nevertheless, urinary losses can rise after trauma and increased muscle catabolism and decrease 
during extremely low Zn intake (Hambidge et al., 1986; Johnson et al., 1993). Since the renal 
excretion is quantitatively insignificant, adjustments after low Zn contents in diets occur only 
if Zn intakes are extremely low (King et al., 2000). However, the mechanism of Zn excretion 
via urine is still unclear.  
Adaptation processes in Zn absorption and excretion can maintain body Zn content throughout 
a 10-fold change in Zn intake in animals and human (King et al., 2000).  
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2.1.3 Factor affecting zinc absorption  
 
There are numerous of dietary factors, which can negatively affect Zn uptake and thereby 
reduce Zn bioavailability of primordially Zn-rich diets. The most noted factors are e.g., other 
divalent ions such as calcium, magnesium and iron (Fe) and chelating agents like EDTA or 
phytate (Lloyd et al., 1978b). In Table 2.1 an overview of some important factors is given.  

Dietary phytate can supress reabsorption of Zn and stimulation of mucosal cell 
sloughing and intestinal fluid secretion (Brink et al., 1992; Krebs, 2000). Phytate is composed 
of several phosphorylated forms of inositol phosphate (Sandberg and Ahderinne, 1986). 

The most common form is hexaphosphate, but tri-, tetra- and pentaphosphate are also 
present. In rat pups model only penta- and hexaphosphate inhibited Zn absorption, while other 
inositol phosphates had no influence (Lönnerdal et al., 1989). These findings were supported 
by a trial with human subject groups (Sandström and Sandberg, 1992). Likewise in a pig trial 
phytate impaired Zn absorption by the formation of poorly soluble complexes (Turnbull et al., 
1990). Moreover, feed processing types can influence the composition of phosphorus 
(Beauchemin and Holthausen, 2001; Schlemmer et al., 2009). Regarding negligible endogenous 
phytase activity in the gut of mammals, phytase can be added to diets, to improve Zn absorption. 
But till date, it is not clear if phytase improves bioavailability without affecting apparent 
absorption of Zn, or if apparent absorption rate of Zn is increased by phytase (Adeola et al., 
1995; Nasi et al., 1995; Yokoyama et al., 1993). Nevertheless, apparent digestibility of Zn in 
piglets increases curvilinear with rising phytase levels in pigs (Windisch, 1996a). A 
supplementation of 700 units of microbial phytase can reduce Zn supply by 35 mg/kg feed for 
weaned piglets (Revy et al., 2006).  

In addition, the Zn source influence the efficiency of Zn absorption. According to the 
European Union register of feed additives pursuant to Regulation No. 1831/2003 Zn can be 
added in various forms including Zn acetate, Zn oxide, Zn hydroxide, Zn sulphate, Zn chloride, 
Zn chelate of amino acids, Zn chelate of glycine, Zn chelate of the hydroxy analogue of 
methionine and Zn chelate of methionine.  

At the moment several Zn sources, organic and inorganic, are commercially available. 
Zn oxide (ZnO) is the most common inorganic Zn source, but it is relatively insoluble at neutral 
pH and therefore considered to have a lower bioavailability. On the contrary, Zn sulphate 
(ZnSO4) has an increased absorption rate in comparison to ZnO. In piglets, ZnO has 68% 
bioavailable Zn, relative to ZnSO4 (Wedekind et al., 1994). Furthermore, apparent Zn 
digestibility is higher from Zn-Methionine (Zn-Met) compared to ZnO (Nitrayova et al., 2012). 
Nevertheless, the ratio of Zn and Methionine effect the bioavailability. In this way Zn-Met 
complex with a 1:1 ratio did not have this positive effect which was observed in Zn-Met (1:2) 
(Nitrayova at al., 2012; van Heugten et al., 2003). Moreover, compared to ZnO the relative 
bioavailability of tetrabasic Zn chloride (TBZC) is higher (Zhang and Guo, 2007). While ZnSO4 
seems to be higher bioavailable than Zn-Lysininate (Zn-Lys), it is followed by Zn-Met and ZnO 
(Schell and Kornegay, 1996). On the contrary, another study showed following ranking:  
ZnSO4 > ZnMet > ZnO > ZnLys (Wedekind et al., 1994).  
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Finally, the bioavailability of Zn from organic sources, relative to inorganic Zn sources 
may depend on the amount of antagonistic dietary factors as Ca, phytate or fibre (Wedekind et 
al., 1994). Currently, the use of ZnO and ZnSO4 as inorganic sources of Zn is more common 
although the use of organically bound Zn as Zn-yeast and Zn-glycine seems to be an option of 
replace high Zn concentration of inorganic Zn in diets through enhanced digestibility and 
retention and thereby decrease Zn excretion and environmental pollution (Nitrayova et al., 
2012).  
 
The interactions of different trace elements with Zn are manifold. A well-known 
interdependency is the antagonism between Zn and Copper (Cu), although the reasons are not 
yet clear. It is postulated that Cu can inhibit the Zn absorption (Van Campen, 1969). On the 
other hand, Zn can inhibit Cu contribution into blood stream and thereby result in general Cu 
deficiency after long periods of high Zn supply (Baker and Ammermann, 1995; Ritchie et al., 
1963). Both, Fe and cobalt can inhibit Zn uptake as well as the transfer across the basolateral 
side of enterocytes (Flanagan et al., 1980; Vallberg et al., 1984). But the interaction between 
Fe and Zn is controversial discussed and the results are inconsistent. Thus, it seems that Fe:Zn 
ratio has to be greater than 2, suggesting a common pathway between both trace elements 
(Solomon, 1986, Flanagan et al., 1980). In addition, an interaction between both elements 
appears less, if Zn and Fe intake is closer to “physiological” level (Lönnerdal, 2000).  

Phosphorus can reduce Zn absorption only if it is Phytate-Phosphate like it appears  from 
50 to 80 % in legumes and crops (Rimbach et al., 1996).  

Ca have no influence on Zn absorption in the absence of Phytate (Forbes et al., 1984). 
However, Ca can raise the adverse effect of Phytate by building insoluble Ca-Zn-Phytate-
complexes (Fordyce et al., 1987; Windisch, 1996b). 

Zn itself can have an influence on Zn absorption. If diets have extremely high Zn 
contents, relative Zn absorption efficiency is reduced, but finally leads to an enhanced absolute 
Zn uptake (Liu et al., 2014). 

Further intrinsic factors can also have an influence on Zn absorption. In this way, some 
luminal factors like pH and therefore Zn solubility and the intensity of digestion can have an 
impact (Krämer and Rimbach, 1994).  
To summarize, stress, infections, functionality of liver and kidney, hormone status and also 
anabolic requirement (as lactation, gravidity or growth) are the most common intrinsic factors 
which can influence Zn absorption (Krämer and Rimbach, 1994; Rimbach et al., 1996). 
Consequently, intrinsic factors can enhance (e.g., citric acid), competitively inhibit (e.g., Cu, 
Fe) or not competitively inhibit Zn absorption (e.g., Phytate).  
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Table 2.1 Overview of commonly occurring components, influencing Zn absorption efficiency in pigs  
Dietary components Absorption rate Remark Literature 

Calcium  ↓→ 
Building of insoluble Ca-Zn-

Phytate-complexes 
(Lewis et al., 1957) 
(Windisch, 1996a) 

Protein ↑ 

Animal protein is a good 
enhancer, likely through 

higher AA-content, except 
casein 

(Sandström and 
Ammermann, 1980) 

Casein 
phosphopeptide  

↑ 

Containing phosphorylated 
threonine and serine residues 
which can bind Zn & keeping 

in soluble form,  
likely more pronounced in 

liquid diets  

(Hansenet al., 1997) 
(Lönnerdal, 2000) 

Phytic acid (PA) 
 

Phytate 

↓→ 
 
 

binding of endogenous Zn 
and thereby inhibit 

reabsorption 

hexaphosphate and 
pentaphosphate groups can 
form insoluble complexes 

with cations  

(Rimbach et al., 
1996) 

 

(O´Dell, 1969; 
Vohra and Kratzer, 

1964)  

Fibre → 

Pay attention on real fibre and 
not on PA through it, 

e.g. isolated Alpha-cellulose 
has no influence 

cellulose & hemi-cellulose 
increased feacal Zn excretion  

(Turnlund et al., 
1982) 

 
(Rimbach et al., 

1996) 

EDTA ↑ 

Capacity to bind Zn and 
phytate-bounded Zn, but it 

can only enhance Zn uptake 
into enterocytes, not through 

basolateral membrane   

(Lönnerdal, 2000) 

AA ↑ 

Low moleculare Zn-binding 
agents in the lumen, but  
depending on the AA: 

Histidine is a good chelator, 
whereby Met has not this 

good property 
But,  the excretion as Zn-His 
rise also, resulting in decrease 

Zn concentration in blood 
plasma 

(Schwarz and 
Kirchgessner, 1975) 
(Scholmerich et al., 

1987) 
(Henkin et al., 

1975) 
(Lönnerdal, 2000) 
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Organic acid ↑ Citric acid  

(Höhler and Pallauf, 
1994)  

(Pabón and 
Lönnerdal, 1993) 

Pectin ↓→ 

Depending on rate of 
methylation: low methylated 

apple pectine decrease 
bioavailablity, high 

methylated pectine has no 
influence 

(Bagheri and 
Gueguen, 1985; 
Sandberg et al., 

1983) 
 

  
PA, phytic acid; EDTA, Ethylenediaminetetraacetic acid; AA, amino acid  
 
 
 
2.2 Cellular zinc homeostasis and zinc transporter 
 
Around 95 % of body Zn is intracellular, whereby 40 % of the cellular Zn can be found in the 
nucleus. The amount of free cytosolic Zn is very low, likely due to the cytotoxic potential of 
double positively charged Zn ions (Outten and O`Halloran, 2001). A closely controlled Zn 
concentration in cytoplasm is essential for the cellular function.  For this, the cells have the 
ability to regulate the in- and efflux of Zn and can store surplus Zn e.g. in cellular vesicles 
(Sekler et al., 2007).  

To date, numerous Zn transporters are known. They are subdivided into two families 
which both related to solute-carrier (SLC) families, namely ZIP (Zinc-regulated, Iron-regulated 
transporter-like protein; SLC39) and ZnT (Zinc transporter, SLC30) family (Lichten and 
Cousins, 2009). While ZIP family members are responsible for enhancing, ZnT family 
members decreasing Zn concentration in cellular cytoplasm (Eide, 2004; Liuzzi and Cousins, 
2004). Furthermore, both families differ from each other by their structure. ZnT proteins have 
six transmembrane domains with intracellular N- and C-terminus and an intracellular loop with 
histidine residues. On the contrary ZIP proteins have eight transmembrane domains with 
extracellular N- and C-terminus and an intracellular histidine-rich loop. Nevertheless, there are 
two exceptions. ZnT5 have 12 transmembrane domains and ZIP14 have an extracellular loop 
(Romeo et al., 2014). 

The distribution of the ten known ZnTs and the 14 known ZIPs is tissue-specific 
different (Cousins, 2010). However, most of the ZnT proteins were located at intracellular 
compartments including Golgi apparatus and endoplasmatic reticulum. Only ZnT1 is located at 
the plasma membrane (Romeo et al., 2014). This is in contrast to ZIP proteins, which were 
generally located in the plasma membrane and only ZIP7, 9, 11 and 13 have localisations in 
Golgi apparatus or nucleus.  
Following, a brief overview of important transporting proteins in several tissues is given. 
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Jejunum 
ZIP4 is a transporter for cellular uptake into cells of the gastro intestinal tract and kidney 

across the apical membrane (Romeo et al., 2014; Wang and Zhou, 2010; Huang and Gitschier, 
1997). It is the crucial transporter for Zn absorption in the small intestine and thus, numerous 
diseases are known due to mutations in ZIP4 gene (see Chapter 2.3 Zinc deficiency and genetic 
disorder in zinc metabolism) (Liuzzi et al., 2009). During periods of dietary Zn restriction ZIP4 
is up-regulated in enterocytes, to increase Zn absorption rate in the small intestine (Weaver et 
al., 2007). Vice versa, there are decreased ZIP4 mRNA levels in enterocytes after periods of 
excess dietary Zn intake in pigs (Martin et al., 2013). On the contrary, ZIP5 translation is also 
Zn-responsive, but during Zn deficiency it is internalized and degraded in enterocytes, while 
excess Zn results in rapid re-synthesis and translocation at basolateral enterocyte side, 
suggesting serosal-to-mucosal transport of Zn by oppose ZIP4 and ZIP5 transports (Liuzzi et 
al., 2009).  

The ubiquitously expressed ZnT1 can facilitate both, Zn efflux into intracellular vesicles 
and across basolateral membranes (Wang et al., 2010 ). The most important function of ZnT1 
is facilitating the export of Zn from one compartment to another, e.g., from enterocytes into the 
blood stream and thereby have a crucial role in Zn providing for the hole organism, or from 
exocrine cells to the pancreatic ducts and though for Zn excretion (Palmiter and Huang, 2004).  
 
Liver  

ZIP14 is the most important transporter for Zn uptake into hepatocytes. It is localized at 
the plasma membrane and up-regulated during acute-phase response to inflammation through 
interleukin (IL) 6 (Liuzzi et al., 2005). ZIP5 is located at the basolateral side of hepatocytes, 
which is contrary to ZIP4 localization and its translation is responsive to Zn concentration 
(Liuzzi et al., 2009). 

ZnT2 in liver is responsible to sequester Zn in intracellular organelles, particularly late 
endosomes (Palmiter and Huang, 2004). Moreover, ZnT2 mRNA contents are strongly 
increasing after oral doses of Zn in mice (Liuzzi et al., 2001).  ZnT7 gene was also detected in 
high amounts in liver tissue (Liuzzi et al., 2009). 

Since ZnT1 is ubiquitously expressed in the body, it is also important in liver tissue 
(Palmiter and Huang, 2004).  

 
Pancreas  

ZIP 14  gene expression is high in pancreatic tissue and the localization is plasma 
membrane, similar to liver tissue (Taylor et al., 2005). In human pancreas, high ZIP5 mRNA 
were measured and the translation of basolateral localized ZIP5 is sensitive to distinct Zn 
levels (Wang et al., 2004).  

ZnT1 is localized at the plasma membrane, whereas ZnT2 is additionally associated 
with the zymogen granules (acidic intragranule pH) in acinar cells, suggesting several functions 
in Zn trafficking (Guo et al., 2010). ZnT2 is up-regulated in pancreas during high dietary Zn 
intake (Guo et al., 2010). In ß-cells of pancreatic tissue ZnT8 transports Zn which accumulates 
in this insulin-secreting cells, were two Zn2+ ions are bound to one insulin-hexamer (Liuzzi and 
Cousins, 2004). 
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Kidney 
Abundant ZIP4 expression was found in kidney tissue, as it is potentially involved in 

reabsorption of Zn (Liuzzi and Cousins, 2004). Furthermore, ZIP5 was detected in kidney, 
whereby its expression has no response to Zn concentration, but the translation is responded to 
Zn (Liuzzi et al., 2009). Moreover, ZIP14 is found in kidney cells. To date it is speculative, if 
this protein only plays a critical role during growth and development. However, the role of 
ZIP14 in response to inflammation and its responsiveness to IL-6 signalling is certainly 
interesting (Liuzzi and Cousins, 2004; Liuzzi et al., 2009). 

ZnT1 was found on the basolateral side in kidneys´ thick ascending and distal 
convoluted tubules, indication a function in recovery of Zn from glomerular filtrate (Liuzzi et 
al., 2009). ZnT2 is sensible to Zn supply and mRNA levels strongly rises after high dietary 
intake (Palmiter and Huang, 2004). Indeed, it is not clear, if the ZnT2 protein is localized to 
late endosomes under physiological conditions because studied baby hamster kidney (BHK) 
cells appropriate intracellular targeting may depend on chaperones that are not present in 
mentioned cells (Palmiter and Huang, 2004). ZnT4 protein was found in rat normal kidney 
(NRK) cells, although neither the response to oral Zn intake nor location in kidney cells is clear 
to date (Palmiter and Huang, 2004). Moreover, mRNA of ZnT6 & 7 was found in kidney tissue. 
However, ZnT7 proteins of mentioned transporters were not found by Western blot (Huang et 
al., 2002).  
 

In addition to ZnTs and ZIPs, which represent specific Zn transporter, a further non-
specific transporter is involved in cellular Zn homeostasis.  
Divalent metal ion transporter 1 (DMT1 or  divalent cation transporter 1, DCT1) can transport 
Fe2+ into enterocytes and out of endosomes (Garrick et al., 2003). Furthermore, this transporter 
plays a role in non-transferrin bound iron uptake (Garrick et al., 2003). The DMT1 can transport 
several ions. To date, affinity to metal ions seems to have the following ranking: 
Mn2+>?Cd2+>?Fe2+ >Pb2+~Co2+~Ni2+ >Zn2+ (Garrick et al., 2006).  In this way, DMT1 can play 
a role in Zn homeostasis.  
 
Finally, a storage protein, metallothionein (MT), has an influence on Zn homeostasis inside the 
cells. MT is a small (7 kDa) cysteine-rich metal binding protein with the property of heavy 
metal detoxification, anti-oxidation, protection against DNA damage and homeostasis of Zn 
and Cu (Kagi and Valee, 1960; Martinez et al., 2004; Thirumoorthy et al., 2011). For MTs´ 
anti-oxidant capability, the Zn concentration is important. During pathological processes of 
oxidative stress and concomitant Zn mobilization, anti-oxidant properties of MT were enhanced 
(Maret, 2009). MT consist of four iso-enzymes and can be divided into four classes, with 
partially tissue-specific distribution. While MT-1 and MT-2 are presented in all cells, MT-3 
was only detected in brain and male reproductive organs, kidney and in small amounts in both, 
pancreas and intestine. MT-4 is restricted to stratified squamous epithelia, including 
gastrointestinal tract and skin (Cherian et al., 2003; Thirumoorthy et al., 2011).  
Depending on dietary amounts of Zn and Cu, MT-1 and -2 are mainly synthesized in liver and 
kidney in humans, where MT expression rises with high dietary Zn contents (Romeo et al., 
2014; Thirumoorthy et al., 2011). In addition, they can sequester Zn in mucosal cells of the gut 
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and thereby have an influence in Zn absorption (Romeo et al., 2014). Thus, high intracellular 
Zn levels result in increased MT synthesis and vice versa (Andrews, 2001). The MT synthesis 
is influenced by Zn through direct, reversible binding to the Zn-finger domain of metal 
transcription factor-1 (MTF-1). After adopting a DNA-binding conformation and translocation 
into nucleus, the MTF-1 binds to metal-response element in gene promoters and thereby 
increase transcription of genes which are involved in Zn homeostasis, including MT (Andrews, 
2001). 
Since there is no specific functional test for measurements of Zn status in blood plasma until 
today, it is suggested to use MT for Zn status diagnostics (King and Turnlund, 1989). In blood, 
MT is detectable in plasma and erythrocytes. On the contrary to erythrocyte MT, plasma MT 
seems to be receptive to changes in hepatic MT levels. However, hepatic MT concentration is 
not only sensitive to Zn, but also to stress and inflammation (Cousins and Leinart, 1988; 
Martinez et al., 2004; Ruttkay-Nedecky et al., 2013). In addition cytokines such as IL-1, IL-6 
and glucocorticoids can regulate synthesis of MT (Andrews, 2001). Nevertheless, the quantity 
is also depended on the supply with essential sulphur-containing amino acids cysteine and 
histidine (Thirumoorthy et al., 2011). Although the binding affinity to Zn is relatively high, it 
is low in comparison to cadmium. The latter can replace bounded Zn and thereby MT play a 
crucial role in detoxification of heavy metals (Romeo et al., 2014).  
 
  
2.3 Zinc deficiency and genetic disorder in zinc metabolism  
 
Regarding the number of physiological functions Zn, deficiency can appear with non-specific 
symptoms. While marginal lack in Zn supply can result in loss of appetite, delayed wound 
healing, delayed bone maturation, growth retardation and lethargy, severe deficiency lead to 
alopecia, hyperkeratosis and parakeratosis in pigs, diarrhoea, default spermatogenesis and 
increased susceptibility to infection (Hambidge et al., 1986; Prasad, 2012). Female rats are 
unable to conceive whereas already pregnant rats bear malformed puppies reasoned by Zn 
deficiency periods (Shrader and Hurley, 1972). In both, animals and men pathological dermal 
appearance  including increased dermal thickness and thus developing chaps´ exudates of serum 
and blood appear as brown crusts were described and known as parakeratosis of swines 
(Chesters, 1983; Romanucci et al., 2011). Concerning also oesophageal epithelia, ruminants 
and swine lose weight when those affected patients’ left untreated (Fell et al., 1973; Miller and 
Miller, 1962). Since Zn is essential for hair and claws, affected goats and sheep have curled 
wool and deformed claws. Curled feathers and thickened hocks were already observed in Zn 
deficient chickens (O´Dell ,1958). 
During phases of Zn deficiency, rats stop growing and consequently reach a normal whole-
body Zn concentration (Williams and Mills, 1970). Nevertheless, there are some tissues, which 
lose Zn in favour to other tissues. Thus, e.g. liver and bone Zn concentration decline, while 
muscle Zn concentration is conserved (King, 1990).  
If the gene mutation results in Zn deficiency the clinical signs are similar to severe dietary Zn 
deficiency. An overview of important diseases is given in Table 2.2. 
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Table 2.2 Genetic disorder in Zinc metabolism in several species  

Zn deficiency disorder Gene mutation Phenotype Literature 

Acrodermatitis 
enteropathica 

ZIP4 

Diarrhoea, acrodermatitis 
& alopecia 
Symptoms develop after 
weaning, 
Treatment: life-long oral 
Zn supplementation (high 
bioavailability – ZnSO4 / 
Zn-gluconate) is required 

(Danbolt, 1979) 
 

(Perafan-Riveros 
et al., 2002) 
(Kharfi et al., 

2010) 

Bovine hereditary 
zinc deficiency 

(=lethal trait A46) 
ZIP4 

Diarrhoea, lethargy, 
lacrimation, salvation, 
hyperkeratotic skin 
lesions from eyes and 
mouth to occiput & 
potential distal 
extremities, 
Treatment: life-long Zn 
supplementation 

(Weismann and 
Flagstad, 1976; 
Yuzbasiyan-
Gurkan and 

Bartlett, 2006) 

Lethal milk mouse 
syndrome 

ZnT4 

Newborn mice die within 
few days if suckling from 
affected animals 
Treatment: Zn 
supplementation for 
nursing mice or suckling 
from other mice 
 

(Huang and 
Gitschier, 1997) 
(Ackland and 
Michalczyk, 

2006) 
 

Lethal acrodermatitis 
of bull terrier 

Unknown  
(likely ZIP4) 

Progressive 
acrodermatitis, 
parakeratosis, chronic 
pyoderma, diarrhoea, 
abnormal behaviour & 
retarded growth 
Treatment: oral Zn 
supplementation is only 
weakly successful 

(Grider et al., 
2007) 

(Jezyk et al., 
1986) 

 
The acrodermatitis enteropathica (AE) is a recessive disease. Clinical signs are normally a triad 
of diarrhoea, acrodermatitis and alopecia. Besides this, additional symptoms as retarded growth, 
immunological deficiency and weak wound healing can be observed. Anorexia and anaemia 
can occur as a result of Zn malabsorption and finally global Zn deficiency (Dillaha et al., 1953).   
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Bovine hereditary Zn deficiency (BHZD, or bovine hereditary Zn parakeratosis) is an 
autosomal recessive gene defect which result in reduces milk uptake in calves. This leads to 
decreased immune response and diarrhoea. In cases of extreme diarrhoea an acidotic situation 
can lead to dehydration and death (Machen et al., 1996). 

In case of a homozygote lm/lm mice, the pups will die within a few days of suckling, 
since the Zn concentration in milk is reduced by 58% (Ackland and Michalczyk, 2006; Lee et 
al., 1992). Hence, the ZnT4 seems to have a major role in Zn release to the milk.  

Bull terriers, which suffer from lethal acrodermatits show similar symptoms like AE or 
BHZD patients. But it is not as easy to treat as mentioned diseases. While 880 mg Zn/day twice 
a day alleviated the skin lesions only in part (Grider et al., 2007), AE patients were successfully 
treated with 1-3 mg Zn/kg body weight per day (Kharfi et al., 2010).   
 
 
 
2.4 Zinc poisoning  
 
In general, compared to other species, pigs are relative tolerable to high levels of Zn (Maret and 
Sandstead, 2006). Nevertheless, acute and chronical intoxications are described whereby most 
of them are due to oral exposure (Plumlee, 2003). In animal husbandry, zinc-based paints, 
galvanized tray or pipes, galvanized nuts and wires of cages and errors in calculation of diets 
can lead to toxicosis (Plumlee, 2003). The critical dose depends on the bioavailability of the 
source. For example, 1000 ppm dietary Zn from Zn-lactate results in lame and unthrifty pigs 
within two months, while pigs with diets containing 1000 ppm ZnSO4 did not show signs of 
intoxication (Miller et al., 1991). Further clinical signs of toxicosis in swine can include 
anorexia, lethargy, abnormal articular cartilarges and pancreatic failure (Plumlee, 2003) 

In 1996  a case report was published, where they described a trial with two piglets, which 
were fed with total parenteral nutrition (Gabrielson et al., 1996). The 90 ppm Zn containing diet 
led to pancreatic epithelial cell necrosis, diffuse acinar atrophy and marked interstitial fibrosis 
in addition to Zn accumulation in liver tissue and finally in piglets´ death. This report points 
towards the essential role of the intestinal tract for absorption and excretion of Zn. In addition, 
Zn concentration in liver tissue was nearly tenfold higher in Zn poisoned piglets in comparison 
to control pigs.  

Moreover, chronical Zn surplus could result in anaemia, Cu deficiency, decline in 
chaperones ceruloplasmin and cytochrome oxidase Cu chaperone and changes in 
immunological parameters (Maret and Sandstead, 2006). However, it is not advisable to 
enhance both, Zn and Cu to prevent Cu deficiency due to possible Cu intoxication (de Romana 
et al., 2011) (see Chapter 2.9 Copper in swine nutrition). 

 
 
 

2.5 Requirement and recommendation of zinc 
  
The Zn requirements in pigs were determined by several scientific authorities (e.g., Gesellschaft 
für Ernährungsphysiologie (GfE) and Nutritional Research Council (NRC)) to formulate 
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recommendations for optimal dietary Zn supply. The requirement of Zn depends on species, 
sex, stage of life and BW. Thus, the Zn requirement is higher for gilts than for barrows and it 
is highest for boars (NRC, 2012).  

While 33 ppm dietary Zn are adequate for sows through 5 parities, the number of weaned 
pigs per litter increased when sows received 200 ppm Zn (Hedges et al., 1976; Payne et al., 
2006). Moreover, during lactation, Zn supply has to exceed 33 ppm to acquire essential Zn 
concentration in milk (NRC, 2001). 

The NRC recommended 100 mg Zn/kg feed for piglets with BW between 5 and 11 kg. 
This amount (100 mg/kg DM (88%) applies also for piglets up to a BW of 30 kg (GfE). 
Subsequently, the amounts of Zn per kg diet (90 % DM) decrease from 80 and 60 to finally 50 
mg/kg for 11-25, 25-50 and 50-135 kg pigs, respectively (GfE & NRC, 2012). 

These dietary recommendations already take into account interactions with other dietary 
compounds (see chapter 2.1.3 Factor affecting zinc absorption) which could negatively affect 
the Zn absorption. 
On the contrary, extremely high Zn contents can result in Zn poisoning, including clinical signs 
of depressed feed intake and performance, haemorrhage in axillary space, lymph nodes, spleen 
and intestine, anaemia, swollen joints, gastric ulceration and death (Brink et al., 1959). 
Furthermore, it has to be considered that the European Union restricted the dietary Zn 
concentration to a maximum of 150 mg/kg for pigs to prevent environmental pollution through 
pigs´ manure (EU 1334/2003). This upper limit ensures a coverage of the dietary 
recommendations. 
 
2.6 Zinc in sow milk  
 
Milk is secreted through the mammary gland of the sow and thereby serves as Zn source for the 
suckling piglet. Thereby the sow delivers an easily digestible source of energy, lipids amino 
acids, vitamins and biologically active components (Hurley, 2015). The secret of the mammary 
gland within the first 24 hours after parturition is called colostrum.  
Zn is an essential trace element for normal growth and development and therefore the 
bioavailability of Zn is very important since milk is the only source of suckling animals (Pabón 
and Lönnerdal, 2000). Colostrum has a higher concentration of micro minerals including Zn 
and Cu in comparison to milk. The Zn amount in sow milk has a range of 5.1 to 8.3 µg/ml 
(Farmer, 2015). This relatively low Zn concentration, nevertheless, seems to be sufficient to 
meet the requirements for the suckling piglet, likely due to absent substrates like phytate (Krebs 
et al., 1996). Furthermore, the fractional Zn absorption from breast-fed human infants 
approached the Zn absorption of 60%, which is the fractional absorption from Zn administered 
water (Krebs et al., 1996). However, wide differences between several milk sources are shown 
(Pabón and Lönnerdal, 2000). The bioavailability of Zn from human milk was higher compared 
to cows´ milk and soy-based formula (Sandstrom et al., 1983). However, the bioavailability 
was analysed in suckling rats. Trace element status of sow milk suckling piglets, cow´s milk 
and soy based formula fed piglets were compared and both, serum Zn concentration and MT 
content in liver tissue was lower in soy formula compared to sow milk and cows´ milk formula 
(Ronis et al., 2014; Sandström and Keen, 1983). The diversity could be explained by varying 
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composition and binding rate of Zn to ligands like citrate, casein and albumin (Pabón and 
Lönnerdal, 2000). Surprisingly, Zn bioavailability was only 28% from human milk, 24% from 
whey-adjusted cows´ milk formula and 10% from soy formula in suckling rats (Sandstrom et 
al., 1983). For suckling piglets differences in trace mineral composition and bioavailability 
between breast milk and infant soy or cow milk formulas may affect metal homeostasis, since 
significant differences in serum Zn concentration, expression of Zn transporters, binding 
proteins, and Zn-regulated genes were measured (Ronis et al., 2015). But, it is yet unclear 
whether piglet Zn metabolism is influenced by higher levels of inorganic Zn sources in the milk 
replacer.  
 
 
2.7 Copper  
 
Similar to Zn, Cu is also a micro-mineral. Taken into account partly similar metabolic pathways 
and interaction with Zn, it is likely that the Zn status in the body has direct or indirect effects 
on Cu metabolism. 
 
2.8 Copper absorption and distribution 
 
Cu homeostasis is regulated through absorption and excretion, similar to Zn. Thereby Cu is 
absorbed from enterocytes and mainly excreted via bile. The Cu absorption occurs along the 
small intestine, primarily in the duodenum, but presumably also in stomach and distal jejunum 
(Cater and Mercer, 2005; Mason, 1979). Approximately 12 to 60 % of the dietary Cu will be 
absorbed (King and Turnlund, 1989). The efficiency depends on the amount of Cu in the diet, 
inhibitory or enhancing ingredients in the diet and the whole body Cu status (de Romana, 2011). 
Cu absorption enhancing components in humans are e.g., inulin and short chain fructo-
oligosaccharids. Up to now, Zn, ascorbic acid and phenol seems to have no influence on Cu 
absorption (de Romana et al., 2011). 

The apical Cu uptake into the enterocyte is not completely understood. To date, an 
involvement of Cu transport protein 1 (Ctr1) and divalent metal transporter protein 1 (DMT1) 
is discussed (Cater and Mercer, 2005). Both are carrier-mediated processes (Danks, 1995; Gross 
et al., 1989). Following absorption, Cu is immediately chelated by MT or bound to Cu 
chaperons (de Romana et al., 2011). Subsequently, Cu is bound to albumin, transcuprein or 
linked in Cu-histidine-complexes. In this way, Cu is transported to the liver via the portal blood 
stream (Bal et al., 1998; de Romana et al., 2011). Cu uptake into hepatocytes is facilitated 
mainly through Ctr1. In hepatocytes, Cu can be stored bound to MT or glutathione (GSH), or 
via chaperons transferred to trans-golgi-network (TGN) or proteins like SOD1 (de Romana et 
al., 2010). Recapitulating, similar to Zn, Cu is either stored in the liver or distributed to other 
organs through ceruloplasmin (CP) which is given into the blood stream or, if surplus Cu, is 
excreted via bile (Miller et al., 1991). Thus, the liver is the most important organ to enable Cu 
homeostasis.  

In contrast to Zn, Cu, when released into the gut via bile, is not more available for 
absorption. Cu can also be excreted via urine and sweat, which play only a minor role under 
normal physiological conditions (Cater and Mercer., 2005).   
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Although albumin is by far the most abundant protein in blood plasma, the major part 
(70%) of Cu is bound to CP and only the minor ratio is bound to albumin and transcuprein 
(Cater and Mercer, 2005). For the uptake of Cu into the cells, Cu must dissociate from the 
transporting proteins again (see Chapter 2.8.1 Copper transporter and chaperons) (Miller et al., 
1991).  

Cu is a critical metal since it can exist in two redox states in the body and can thereby 
result in various problems by changing this states through donation or acceptance of electrons 
(Hill and Link, 2009). To prevent the production of free radicals the bounding to proteins is 
necessary. Hence, the body Cu regulation is tightly managed and the delivery to cells is 
metabolically regulated, which is very similarly to Zn.  
 
2.8.1 Copper transporter and chaperons  
 
Cu uptake into cytoplasm is facilitated through several transporters.  

One of them is DMT1. This transporter does not only transport Cu. Instead, this protein 
is known to facilitate the uptake of Cu2+, Fe2+, Zn2+ and Mn2+ into cells (Cater and Mercer, 
2005; Garrick et al., 2006). 
 A more specific high-affinity transporter, which is critical for Cu uptake, is Ctr1. The 
Ctr1 is found ubiquitously in all tissues with the highest abundance in liver tissue. The protein 
has three histidine- and methionine-rich transmembrane domains which probably form a 
channel to transport Cu2+ into cells (Hill and Link, 2009). Indeed, different authors reported a 
reduction of Cu2+ to Cu1+ at the apical membrane through the reductases Steap2 and Dyctb and 
a transport of Cu1+, a soft Lewis acid, through the membrane channel, where sulfur ligand of 
the methionine rich motif is a soft Lewis base (Cater and Mercer, 2005; de Romana et al., 2011; 
Guo et al., 2004). Inside the cell Cu is delivered to Cu chaperons (as Cu1+) to prevent the 
accumulation of free Cu ions in the cytoplasm (Bertinato and L'Abbe, 2004; Cater, 2005). If Cu 
is in excess, Ctr1 is internalized into the plasma membrane and degraded in endosomal 
compartments (Cater and Mercer, 2005; Hill and Link, 2009). 

One of the Cu chaperons is named cytochrome c oxidase Cu chaperon (COX17), which 
transfers Cu to the mitochondria. Following, Cu is translocated into the intermembrane space 
and incorporated into cytochrome c oxidase by other proteins (Bertinato and L'Abbe, 2004). 
This is an important step since cytochrome c oxidase is the most efficient ATP-producing 
enzyme in cells (Hill and Link, 2009). 

A further Cu chaperon protein (CCS) delivers Cu to the enzyme SOD. The 70 kDA 
protein CCS is suggested as a biomarker for Cu status, since CCS gene was found to be up-
regulated in liver and red blood cells in Cu-deficient rats (Bertinato et al., 2003). CCS is 
necessary to convert apo-SOD to holo-SOD and thereby built an essential antioxidant enzyme 
which remove superoxide radicals and thus, have a considerable proportion in cellular 
protection. Primarily, SOD can be found in cytoplasm, but one to two percent also occurs in 
mitochondrial intermembrane space (Field et al., 2002). Contrary to CCS, SOD activity did not 
change in liver, brain and red blood cells, when rats received Cu-deficient diets about 6 weeks 
(Bertinato and L'Abbe, 2004). In addition, CCS gene expression in red blood cells were 
responsive even to a mild Cu-deficiency (Iskandar et al., 2005).  
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The Cu chaperon Atox-1 directly interact with two ATPases, ATP7A and ATP7B, and 
delivers Cu to mentioned Cu transporting ATPases. The proteins are normally located at the 
TGN. There, Cu is incorporated into enzymes including lysyl oxidase, CP and others (Cater 
and Mercer, 2005). In case of rising Cu concentration inside the cells, ATP7A translocates to 
plasma membrane and eliminates excess Cu. Different from this, ATP7B helps to store Cu in 
vesicular compartments during phases of increased cellular Cu concentration. In this way, Ctr1 
and ATP7A and B play a critical role for cellular Cu homeostasis (Petris et al., 2003).  
  
2.8.2 Copper deficiency and genetic disorder in copper metabolism  
 
Certain genetic disorders illustrate the importance of ATP7A and B for Cu metabolism.  
 Patients suffering from Wilson disease (WD) have a defect in ATP7B protein 
(Pechanova et al.2010). This results in inability of Cu excretion via bile and consequently in 
Cu accumulation in liver tissue. Thus, clinical signs are liver dysfunction, neurological 
dysfunction, loss of red blood cell integrity and finally death (Hill et al., 1987). But it is possible 
to use the metabolic interaction of Cu and Zn to protect patients against too much Cu uptake by 
adding pharmacological Zn concentration to the diet. Thus, the high Zn amounts in gastro-
intestinal-tract cause to MT up-regulation in enterocytes (Hill and Spears, 2000). The higher 
affinity of MT to Cu result in bonds of Cu in enterocytes as Cu-MT (Huang and Gitschier, 
1997). Afterwards, sloughed cells with high amounts of Cu-MT were excrete via faeces.  

A further genetic disorder concern Bedlington terrier. The disease has a very similar 
outcome, although the metabolism is different to WD. It is an autosomal recessive gene defect 
of the MURR1 (=COMMD1). Beside other functions, this protein normally interacts with 
ATP7B (Bertinato and L'Abbe, 2004). Absense of the interaction leads to Cu excretion failure 
and Cu accumulates in liver tissue. 

Menke´s disease (MD) patients´ have a defect in ATP7A. This protein is, beside others, 
important for the delivery of Cu across the blood-brain barrier (Hill and Link, 2009). Thus, 
patients show neuronal degeneration and demyelination (Turmer and Moller, 2010). Apart from 
this, patients show a lack of pigmentation in skin and hair, growth retardation, neurological 
dysfunctions and connective tissue abnormalities and die early in life (Cater and Mercer, 2005; 
Tumer and Moller, 2010). Except brain and liver, which have low Cu contents, other tissues 
like intestine, kidney, spleen, pancreas, skeletal muscle and placenta show Cu accumulation, 
since Cu elimination through ATP7A is disturbed (Kaler, 2013). Nevertheless, Cu does not 
reach toxic amounts, probably due to defective Cu export from enterocytes (Tumer and Moller, 
2010). 

 
2.9 Copper in swine nutrition  
 
Cu is involved in various metabolic processes and is inevitable for many proteins. Cu is an 
essential co-factor for many enzymes including e.g., cytochrome c oxidase and SOD1. In 
addition, an adequate Cu supply is necessary for the immune system. Furthermore, lysyl 
oxidase, which is critical for normal elastin and collagen fibres and therefore, among others, 
form cartilages and blood vessels, depends on Cu (Miller et al., 1991). The involvement of the 
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different micro minerals in similar metabolic processes can e.g. results in disturbance of Fe 
metabolism with secondary anaemia in case of Cu deficiency (de Romana et al., 2011).  

High levels of Cu can be toxic, especially as a chronic effect (de Romana et al., 2011).  
Clinical signs of acute Cu toxicity include vomiting, abdominal pain, paralysis, convulsions, 
anaemia and finally death. Similar to Zn, pigs are considered quite tolerant to high dietary Cu 
contents. Thus, 250 ppm Cu is already lethal to ruminants, while the toxic margin for pigs is 
400 - 500 ppm Cu (NRC, 2005).   

However, Cu can be used to enhance performance in rearing and fattening pigs if the 
supply is about 100 to 200 mg/kg feed (GfE, 2006). In case of such high Cu contents in feed, 
absorption of several essential minerals like Fe and Zn can be reduced, which results in 
deficiency of mentioned minerals if they are supplemented in marginal levels. To prevent this, 
Fe and Zn should be supplemented 150 mg/kg feed, each. Nevertheless, the positive effect on 
growth performance and reduced digestive diseases like diarrhoea of high Zn supply about 2000 
to 3000 ppm are not additive if 250 ppm Cu is supplied in addition (Hess et al., 2000). This is 
similar to findings of Smith et al. (1997) who did not find additive responses on average daily 
feed intake and ADG for 14 and 28 days after weaning.  

However, pharmacological high dietary Cu contents should be avoid regarding 
ecotoxicity. That is why, the upper limit of dietary Cu is restricted to 170 mg/kg feed for piglets 
up to 12 weeks and only 25 mg/kg for older piglets, sows and boars (EU regulation Nr. 
1334/200).  Thus, the current dietary recommendation is 8 to 20 mg Cu/kg DM (90%) for 
lactating sows and decrease from 6 mg Cu/kg DM (BW of 5 to 11 kg) to 3mg Cu/kg DM for 
BW of 75 to 135 kg (Gfe, 2006 & NRC, 2012).  

Zn and Cu absorption can inhibit each other, probably through antagonistic ionic effects 
(Gfe, 2006) and chronic Zn toxicity can result in Cu deficiency in pigs and man (Fosmire, 1990; 
Pritchard et al., 1985; Suttle, 2010b). On the other hand, Zn and Cu are absorbed through 
different transporters in small intestine (Bertinato and L'Abbe, 2004; Cousins, 2010; Eide, 
2004; Garrick et al., 2003; Lichten and Cousins, 2009). Furthermore, some researches showed 
accumulation of Cu in kidney tissue after periods of high dietary Zn intake (Carlson et al., 1999; 
Martinez et al., 2004). This is in good accordance to findings of our institute (unpublished data). 
This indicates that Cu absorption is probably not inhibited and same chaperons of Cu and Zn 
or binding likely to MT, like it is described for intestinal epithelial cells, could be a possibility 
of the antagonistic effect (Fosmire, 1990).  
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Chapter 3: Objectives of this thesis  
 
As the literature overview show, certain questions in metabolism of Zn and Cu in pigs are still 
unresolved. The interaction of Zn and Cu in absorption process is known, but does not explain 
why several researches showed increased Cu contents in piglets´ kidney tissue after longer 
period of high dietary Zn intake (Carlson et al., 1999; Martinez et al., 2004). This rises the 
question weather there is an impairment of Cu utilization beyond absorption process.  
Furthermore, through rising numbers of born piglets per sow and year, alternative rearing 
systems come into our focus and bring up the question of a good trace mineral composition of 
formula milk. To date, recommendation of formula milk and comparisons of formula vs. sow 
milk suckling piglets are rare.  
 
With this thesis, two major questions should be answered:  
 
 
1. How does a higher Zn level from an inorganic source (ZnO) affect the trace element status 
and indicators of homeostasis in suckling or formula-fed piglets? 
 
2. Does a high dietary level influence the intermediary Zn and Cu metabolism and what is the 
role of the kidney in this process?
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Abstract: Increasing litter sizes in modern swine production have raised an urgent need for 
artificial rearing strategies and formula feeding. The current experiment was conducted to study 
the influence of formula trace element concentration according to recommendations for weaned 
piglets on mRNA concentration of zinc (Zn) -related genes in jejunum, liver and pancreas of 
neonatal piglets. Eight artificially reared piglets were fed a cow-milk based formula (FO) 
containing 100mg Zn/kg dry matter. Eight of their sow-reared (SM) littermates were used as 
control. After 14 days, all sixteen piglets were killed and jejunum, liver and pancreas evaluated 
for Zn, copper (Cu), manganese (Mn) and iron (Fe) concentration and mRNA concentration of 
metal and Zn specific transporters, metallothioneins (MTs) and interleukin 6 (IL-6). Feeding 
FO resulted in significantly higher Zn concentrations in liver tissue (p < 0.05). Furthermore, Fe 
and Mn concentrations in liver and jejunal tissue were higher (p < 0.05) in the FO group, 
whereas neither Zn transporters nor MTs in jejunal and pancreas tissue showed differences 
between both groups. MT mRNA concentration was higher (p < 0.05), whereas Zn transporter 
protein 1 (ZnT1) and divalent metal-ion transporter 1 (DMT1) mRNA concentration was lower 
(p < 0.05) in the liver of FO piglets. Besides Zn-induced expression of transporters and MTs, 
significantly increased IL-6 expression in the FO group suggests the involvement of cytokine-
mediated Mn and Fe sequestration in the liver and jejunum. The results reveal that dietary trace 
element concentration used in the study likely exceeded the requirements of the neonatal pig as 
reflected by homeostatic counter regulation in different organs. 

 
Key words: neonatal piglets, formula, artificial rearing, zinc, gene expression 
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4.1 Introduction 
In pigs, the genetic selection for hyper-proliferation of sows during the past decades has 

increased the number of life born pigs, but also the number of low birth-weight piglets per litter 
(Foxcroft, 2012). As the ability of sows to raise large litters with > 14 piglets is limited, there 
is an increased need for alternative rearing systems for piglets using formula (FO) feeding. To 
date there is limited information available about formula composition and how this will affect 
the development and health of the neonate. This includes the dietary level of trace elements. 
Zinc (Zn) is involved in a multitude of different physiological processes (Suttle, 2010a). The 
Zn requirement of young pigs fed milk based diets was estimated as being approximately 14-
20 mg Zn/kg diet (Shanklin et al., 1968). Current recommendations for Zn in diets for young 
weaned piglets are 100 mg Zn/kg feed and take into account some safety margins due to 
possible interactions of Zn with phytate, calcium or other factors (GfE, 2006; NRC, 2012). In 
addition, differences may occur between organic and inorganic Zn source in terms of their 
bioavailability (Schlegel et al., 2013). Other publications indicated a Zn concentration between 
50 and 60 mg/kg feed would meet the requirements in cereal-based diets for young pigs 
(Brugger et al., 2014; Paulicks et al., 2011; Revy et al., 2006). In corn, soybean, whey based 
diets 75 mg Zn/kg feed were considered to be sufficient (Hill et al., 2014). Literature data about 
Zn concentration in sow milk and colostrum ranges between 5.1 to 16.1 mg/L (Farmer, 2015; 
Hill et al., 1983a) and it can be assumed that Zn in milk is highly bioavailable compared to 
inorganic sources in pig diets. However, it is yet not clear how piglet formula supplemented 
with zinc according to the current requirements will affect the trace element metabolism in the 
very young animal compared to sow-reared counterparts. 

Usually, Zn homeostasis in the body is controlled by intestinal absorption and secretion 
in narrow margins (Weigand and Kirchgessner, 1980). This is accomplished through specific 
transport proteins such as Zrt-, Irt-like (ZIP-like) and Zn transporter protein-like (ZnT-like) 
families. While ZIP family members facilitate Zn uptake into the cells, ZnTs facilitate the Zn 
efflux from cytosol (Lichten and Cousins, 2009). Some of these transporters are distributed 
ubiquitously in the jejunum, liver, pancreas and kidney, whereas others show strong tissue 
specificity. In the small intestine, for example, ZnT1, ZnT2 and ZIP4 are involved in Zn 
homeostasis (Lichten and Cousins, 2009). The divalent metal-ion transporter 1 (DMT1) appears 
to play a more minor role in Zn homeostasis (Kordas and Stoltzfus, 2004) but is involved in 
iron (Fe) and copper (Cu) uptake. Within the cell, Zn is mainly bound to metallothioneins 
(MTs), a family of low molecular weight proteins with a high cysteine content and binding 
affinity towards heavy metal ions such as Zn, Cu, cadmium (Lloyd) and others. Thus, 
interactions between trace elements may occur at absorption and intracellular metabolism level 
with possible consequences for the animal.  

The current study was performed to evaluate the effect of trace element level in piglet 
formula using recommendations for weaning piglets on trace element status and expression of 
Zn-related genes in neonatal piglets.  
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4.2 Material and Methods 
 The study followed the institutional and national guidelines for the care and use of 
animals, and the study was approved by the State Office of Health and Social Affairs 
‘Landesamt für Gesundheit und Soziales Berlin’ (LaGeSo Reg. Nr.281/13). 
 
4.2.1 Animals, diets and housing 
 Sixteen new-born piglets from a total of 4 litters were used in this study. Eight randomly 
selected piglets (4 male, 4 female) with a mean body weight (BW) of 1.42 ± 0.2 kg were 
removed from their mothers 4 h after birth (FO group) and placed (2 piglets each) in artificial 
acryl glass rearing pens (60 x 60 x 100 cm). Another 8 piglets (mean BW 1.36 ± 0.2 kg) were 
selected and suckled by their mothers together with the remaining littermates (SM group). The 
artificial rearing units were equipped with a heating lamp (allowing an ambient temperature of 
32 ± 1 °C), ventilation and ad libitum water supply. Within the following 12 h, all FO piglets 
were successfully trained to drink the formula from trays. From this time point on, FO piglets 
were offered the pre-mixed and pre-warmed formula (1:4 w/w; 37 °C) every 2 h starting from 
6:00 am until 12:00 pm. The formula was composed of skimmed milk powder (63 %), whey 
powder (15 %), soy oil (19.9 %), limestone (1.0 %), mineral and vitamin premix (1.0 %) and 
methionine (0.1 %). The composition of the mineral and vitamin premix has been published 
previously (Martin et al., 2013b). The chemical composition of the formula and average 
chemical composition of sow milk from sow-reared litters is provided in Table 1. The BW, 
food intake and fecal score (based on a subjective scoring system from 1 = entirely liquid to 5 
= hard pellets) were recorded daily.  
Place table 1 approximately here. 
 
4.2.2 Sampling 

At 14 ± 1 d of age, FO and SM piglets were killed for tissue and digesta sampling 4 h 
after the last meal. Pigs were sedated with 20 mg/kg BW of ketamine hydrochloride 
(Ursotamin®, Serumwerk Bernburg AG, Germany) and 2 mg/kg BW of azaperone (Stresnil®, 
Jansen-Cilag, Neuss, Germany) prior to euthanization by intracardial injection of 10 mg/kg BW 
of T61® (Intervet, Unterschleißheim, Germany). Jejunal, liver and pancreas tissue were 
collected, snap-frozen in liquid nitrogen and stored at -80 °C until further analyses. 
 
4.2.3 Gene expression analysis 

Analysis of mRNA concentration in jejunum, liver and pancreas tissue was 
accomplished as described previously (Villodre Tudela et al., 2015). Briefly, total RNA was 
extracted using the NucleoSpin® RNAII kit (Marchery-Nagel GmbH & Co. KG, Düren, 
Germany). The mRNA quality and quantity was determined on an Agilent 2100 Bioanalyzer 
(Agilent, Waldbronn, Germany) followed by reverse-transcription of 100 ng RNA into cDNA 
in a final volume of 20 µl using Super Script® III Reverse Transcriptase First-Strand cDNA 
Synthesis System (Invitrogen, Carlsbad, CA). Primers for ZIP4, ZnT1, ZnT2, DMT1, MT-1a, 
MT-2b, MT-3 and interleukin 6 (IL-6) were used (Table 2). Gene expression data were 
normalized using β2-microglobulin, succinate dehydrogenase subunit A (SDHA) and β-actin as 
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housekeeping genes and fold expression was calculated based on mean ct values of the 
housekeeping genes using the real-time PCR efficiency  (Pfaffl, 2001).  

Place Table 2 approximately here 
 
4.2.4 Chemical analyses 

Weende crude nutrients (dry matter, ash, crude protein, ether extract) were determined 
using standard procedures (Naumann and Bassler, 2004). Lactose was determined 
enzymatically (ENZYTECTM Lactose/D-galactose kit, R-Biopharm, Darmstadt, Germany). 
Trace mineral content in feedstuffs and organs was determined by atomic absorption 
spectrometry in an AAS vario 6 spectrometer (Analytik Jena, Jena, Germany) after hydrolysis 
of samples in concentrated hydrochloric acid as described in detail by Pieper et al. (2015). The 
Amino acid analyses were performed on a Biochrom 20 Plus amino acid analyser (Amersham 
Pharmacia Biotech, Piscataway, USA) after hydrolysis of lyophilized samples in 6 M aqueous 
HCl at 110 °C for 24 h. Methionine and cysteine were measured after oxidation (H2O2/formic 
acid). 
 
4.2.5 Statistical analysis  

For statistical analysis, the Mann-Whitney test was used to analyze group differences 
using SPSS (version 21.0, Chicago, USA). Additionally, Spearman correlation analysis was 
performed. Differences at p < 0.05 were considered significantly. Data were given as mean ± 
SE unless otherwise stated.  
 
4.3 Results 
4.3.1 Performance 
 Average daily gain (223 ± 64 g vs 187 ± 21 g; p = 0.15) and final BW (5.1 ± 0.7 kg 
versus 5.0 ± 0.3 kg; p = 0.63) did not differ significantly between SM and FO fed piglets, 
respectively. More liquid faeces (p < 0.05) was determined in FO fed piglets during the entire 
period as reflected in lower faecal scores (2.7 ± 0.7 versus 3.0 ± 0.3 for FO and SM piglets, 
respectively). No other clinical signs of impaired health were determined during the entire 
period. 
 
4.3.2 Organ trace mineral concentration 
  Liver tissue Zn concentration was higher (p < 0.01) in FO than in SM fed piglets (Table 
3). Similarly, Mn and Fe concentration in jejunum (p < 0.01) and liver (p < 0.05) tissue in FO 
fed group was higher compared to the SM group. There were no differences in Cu concentration 
of examined tissues between both groups.  
Place Table 3 approximately here 
 
4.3.3 Gene expression 
 As presented in Table 4 mRNA concentration of the three tested MT iso-enzymes MT1a 
(p < 0.01), MT2b (p < 0.05) and MT3 (p < 0.01) were increased in liver tissue in FO fed piglets 
in comparison to SM piglets. While ZnT2 tended to be higher, ZnT1 mRNA concentration was 
lower (p < 0.05) in liver tissue of FO fed piglets. Additionally, DMT1 mRNA concentration 
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was lower (p < 0.01) in liver tissue of FO compared to SM fed piglets. In FO group the IL-6 
mRNA concentration was higher (p < 0.05) than in SM group in liver tissue. The mRNA 
concentration of MTs, DMT1, ZnT1 and 2 and ZIP4 in pancreas and jejunal tissue did not differ 
between both groups.  
Place Table 4 approximately here 
 
4.3.4 Correlation analysis 
 Spearman’s Correlation Coefficients are given in Table 5. While ZnT1 mRNA 
concentration was negatively correlated (R = -0.67; p < 0.01), ZnT2 mRNA concentration in 
liver tissue was positively (R = 0.53; p < 0.05) correlated to liver Zn concentration. Furthermore 
liver Zn concentration showed a strong positive correlation to MTs (p < 0.01) whereby 
correlation to MT1a (R = 0.89) was higher than to MT3 (R = 0.82) and MT2b (R = 0.70). While 
liver Mn concentration was positively correlated to MT1a (R = 0.58;  
p < 0.05), MT2b (R = 0.68; p < 0.01) and MT3 (R = 0.67; p < 0.01), liver Fe concentration was 
only positively correlated to MT1a (R = 0.67; p < 0.01) and MT3 (R = 0.79; p < 0.01). 
Moreover, Mn and Fe concentrations in liver tissue showed positive correlation to liver Zn 
concentration (R = 0.63; p < 0.01). Fe concentrations in jejunum and liver were strongly 
positive correlated (R = 0.67; p < 0.01) to each other (Data not shown). DMT1 mRNA 
concentration in liver tissue was negatively correlated to liver Zn concentration (R = -0.52; p < 
0.05). IL-6 showed a strong positive correlation to MT1a (R = 0.82, p < 0.01), MT3 (R = 0.88, 
p < 0.01) and the trace elements Zn (R = 0.78, p < 0.01), Mn (R = 0.59, p < 0.05) and Fe (R = 
0.73, p < 0.05).  
 
4.4 Discussion  

The formula used in the present study differed from sow milk regarding contents of 
protein, ether extract, lactose, potassium, Fe, Zn and Mn. Nevertheless, the formula 
composition is in good accordance with commercially available milk replacers and those used 
in previous studies (Comstock et al., 2014; Thymann et al., 2006; Wang et al., 2013a).  

As expected, Zn concentrations in liver tissue were higher in FO fed piglets as compared 
to SM pigs. The trace element concentration in the formula was adjusted to meet the 
recommendations for very young (weaned) piglets (GfE, 2006; NRC, 2012) which usually takes 
into account some safety margins due to possible interactions with other dietary factors such as 
phytate. Since the formula was devoid of plant-based ingredients and phytate, one could assume 
that the availability of trace elements in the formula was higher compared to nursery or weaning 
diets. However, very limited information is to date available regarding the trace element 
requirements of suckling or FO fed piglets. Since the use of artificial rearing systems is 
currently increasing to address increasing litter sizes in swine, it is important to assess whether 
recommendations for weaned piglets could be used for the pre-weaning, suckling piglet as well. 

Zn concentration in the formula was adjusted to nearly 100 mg Zn/kg, which exceeds 
the normal concentration in sow milk approximately three- to five-fold. Usually, Zn 
homeostasis is tightly controlled in narrow margins (Weigand and Kirchgessner, 1980). 
Nevertheless, Zn in very high dietary concentrations in weaned piglets results in Zn 
accumulation in several tissues including bone, liver, intestine and pancreas (Davin et al., 2013; 
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Martin et al., 2013b; Pieper et al., 2015). In the present study, no change in Zn concentration in 
jejunal tissue was determined, which indicate that Zn uptake was not counter-regulated at the 
intestinal level, which led to subsequent Zn accumulation in the liver. The homeostasis of 
cellular Zn is mainly regulated through 2 families of Zn transporters (Lichten and Cousins, 
2009). Whereas ZnT1 occurs ubiquitously, ZnT2 mRNA is tissue specifically distributed and 
occurs solely in small intestine, liver, kidney, placenta, mammary gland and testis (Palmiter 
and Huang, 2004). No significant changes in ZIP4 and ZnT1 gene expression were determined 
in jejunum and pancreas of FO or SM fed piglets, respectively. However, ZnT2 mRNA 
concentration increased numerically in liver tissue of FO fed piglets. Dietary Zn intake can 
influence ZnT2 mRNA concentration in rats liver tissue (Liuzzi et al., 2001), likely to sequester 
excessive Zn into endosomal vesicles and thus protect cells from Zn toxicity (Palmiter and 
Huang, 2004). This is at least in part supported by our findings in FO fed group. Surprisingly 
ZnT1 mRNA concentration in liver tissue decreased in FO fed piglets and showed a negative 
correlation to liver Zn concentration. Reasons are yet not clear but one might speculate that 
post-translational modification of ZnT1 mRNA concentrations could also play a role 
(McMahon, 1998).  

The major organ in the maintaining of Zn hodemeostasis is the pancreas (Oberleas, 
1996). As presented in previous studies, high dietary Zn intake results in increase Zn 
concentration in various organs including pancreas and jejunum (Davin et al., 2013). In this 
study, neither the pancreas nor the jejunum showed significantly higher tissue Zn concentration 
in FO group despite the higher Zn concentrations in formula milk. This is partly in contrast to 
previous studies where Zn concentration in pancreatic tissue of 28 days old suckling piglets 
was higher when the sows received high dietary Zn concentrations (Hill et al., 1983b). Although 
speculative, this could indicate on the one hand that whole body Zn homeostasis was maintained 
in FO fed piglets during the experimental period and on the other hand, that Zn concentration 
in sow milk was sufficient to meet the requirements. 

Trace element concentration was higher in formula milk compared to sow milk and 
significantly higher Fe and Mn concentrations were determined in jejunal and liver tissue of 
piglets receiving the formula diet. Fe homeostasis is mainly regulated by the liver and at small 
intestinal level. Fe is absorbed in small intestine by haem carrier protein or DMT1 into 
enterocytes (Garrick et al., 2003; West and Oates, 2008).  No changes in jejunal DMT1 gene 
expression were determined in the current study. However, a reduced DMT1 abundance was 
determined in liver tissue, which is in good concordance to Hansen et al. (Hansen et al., 2009). 
This could be also explained by the fact that Zn is involved in DMT1 gene expression (Kordas 
and Stoltzfus, 2004; Yamaji et al., 2001). Thus, a higher dietary Zn concentrations could result 
in decreased DMT1 mRNA concentration (Yamaji et al., 2001) as also indicated by the negative 
correlation coefficient (R = -0.52) in the liver tissue of the presented study. Interestingly, FO 
fed piglets had significantly higher Fe concentration in jejunum and nearly threefold higher Fe 
concentration in liver tissue compared to SM fed piglets. The liver acts as an important storage 
organ to protect different tissues from Fe induced cellular damage during excess Fe conditions 
(Anderson and Shah, 2013). Considering a fivefold higher formula Fe concentration, one could 
assume that the Fe concentration supplied with the formula in the current study by far exceeded 
the actual requirements. On the other hand, inflammatory processes and pro-inflammatory 
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cytokines could result in increased Fe sequestration in the liver and jejunum through cytokine 
induced hepcidin synthesis (Nemeth et al., 2004). Hepcidin inhibits ferroportin thereby 
inhibiting Fe efflux into plasma, which in turn leads to enhanced Fe concentration in liver, 
jejunal and splenic tissue (Ganz and Nemeth, 2012). Pro-inflammatory cytokine expression 
(interleukin 8, interferon γ and tumor necrosis factor α) and the relative proportion of 
CD2+/CD5+ T cells and CD2+/Cd5- Natural Killer cells was higher in jejunal tissue for FO fed 
pigs in the present study compared to SM group (unpublished data). Therefore, we determined 
IL-6 mRNA concentration in the liver, since this cytokine is involved in Fe metabolism. Indeed, 
increased IL-6 mRNA concentration in liver tissue may explain, at least in part, a higher Fe 
sequestration in the organ. A similar effect could be assumed for Mn, although less is yet known 
about metabolic regulation of this trace element. Since Mn is important for growth and 
development the absorption rate is higher in suckling animals (20 %) in comparison to adult 
animals (between 1 % and 5 %) (Jeroch et al., 2008). Mn is absorbed in small intestine and is 
mainly excreted via bile (Pallauf et al., 2012). Similar to Fe, Mn is transported across the 
cellular membrane by DMT1, although the affinity to Fe is higher (Fleming and Andrews, 1998; 
Gunshin et al., 1997).  

MTs are small (7 kDa) cysteine-rich proteins which are able to bind divalent metal ions 
as Zn, Cu, Cd and Fe with different binding affinities. The mRNA concentration of all three 
MTs was significantly higher in liver of FO fed piglets. The MT synthesis is among others 
induced by elevated metal abundance including Zn, Cu and Cd (Kägi, 1991). The transcriptional 
factor MTF-1 induces gene expression by binding to metal responsive elements of the MT gene 
(Heuchel et al., 1994). In addition, metals such as Mn, Fe and Silver can induce MT expression 
to a lesser extent (Fleet et al., 1990). Indeed, metals such as Mn and Fe can raise MT expression 
through cytokine-mediated signaling pathways (Kobayashi et al., 2007; Yang et al., 2001). 
Thus, Mn-induced MT expression depends on IL-6 production which in turn activates MTF-1. 
Taken into account that enhanced Zn, Mn or Fe concentration in liver tissue can result in 
elevated MT mRNA concentration in FO fed piglets through different modes of action than 
only liver Zn concentration.  

In conclusion, the data indicate that dietary recommendation for trace elements in very 
young weaned piglets are likely too high for formula fed piglets due to accumulation of trace 
elements including Fe, Zn and Mn in organs including the jejunum and liver. However, further 
dose-response studies are needed to estimate the specific trace element requirements for the 
nutrition of artificially reared piglets. 
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 Table 4.1 Chemical composition of sow milk and formula in the study. 
 Sow milk Formula 

 g/kg DM 

Ash 50 71 

Protein 302 226 

Ether extract 373 200 

Lactose 210 460 

Lysine 16 17 

Methionine + Cysteine 14 11 

Threonine 11 10 

Calcium 13 14 

Phosphorus 8 7 

Potassium 4 12 

Sodium 3 4 

 mg/kg DM 

Iron 13 70 

Zinc 37 98 

Manganese 1 7 

Copper 5 7 
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Table 4.2 Primers used in this study. 
Target  Sequences 5´-3´ AT* [°C] Accession number PCR product size 

ZnT1 CCAGGGGAGCAGGGAACCGA 
TCAGCCCGTTGGAGTTGCTGC 60 NM_001139470.1 84 

ZnT2 GACAGCGCCAGCCAGCATCA 
GGCAGCCACCAAAACGCCCA 60 NM_001139475.1 104 

ZIP4 TGCTGAACTTGGCATCTGGG 
CGCCACGTAGAGAAAGAGGC 60 AK393971.1 130 

MT1a  GCTTGGTCTCACCTGCCTC 
CTCTTCTTGCAGGAGGTGCAT 60 NM_001001266.2 132 

MT2b GCCTGAAGTTGGGGAGACC 
TAGCAAACGGGTCAGGTTGTAT 60 XM_003355808.2 95 

MT3 CAAGTGCGAGGGATGCAAAT 
TTACACACGCAATCCTTGGC 60 NM_214056.1 109 

DMT1 CGCGCTTCGCCCGAGTGAT 
TGGAAGACGGCCACCAGCAGA 60 NM_001128440.1 78 

IL-6 CCACCGGTCTTGTGGAGTTT 
TCTGCACAGCCTCGACATTT 59 AF518322.1 96 

*AT, Annealing temperature; ZnT1/2, Zinc transporter protein 1/2; ZIP4, Zrt-, Irt-like protein 4; MT, 
Metallothionein 1a/2b/3; DMT1, Divalent metal transporter; #IL-6, Interleukin 6 
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Table 4.3 Concentration of Zn, Cu, Mn and Fe in tissues in piglets fed sow milk or formula * 

Trace element 
(mg/kg DM) Organ   Sow milk Formula  p-values  

Zn Jejunum  79.65 (67.79 - 99.61) 84.68 (71.29 - 106.6)  0.505 

Liver 187.6 (158.2 - 424.3)a 569.3 (383.3 - 718.3)b 0.001 

Pancreas 137.2 (118.6 - 179.8) 136.1 (119.4 - 165.0)  0.645 

Cu Jejunum  15.08 (6.678 - 25.51) 10.48 (8.074 - 16.15)  0.328 

Liver 160.5 (114.0 - 205.3) 171.9 (135.9 - 271.0)  0.654 

Pancreas 2.541 (1.726 - 3.043) 2.810 (2.077 - 4.215)  0.536 

Mn Jejunum  5.851 (2.201 - 9.483)a 9.090 (8.080 - 11.90)b  0.008 

Liver 9.481 (7.332 - 10.62)a 10.42 (9.408 - 12.06)b 0.029 

Pancreas 4.606 (2.950 - 6.180) 5.645 (3.830 - 7.830)  0.083  

Fe Jejunum  99.99 (66.07 - 136.1)a 126.5 (112.6 - 167.8)b  0.010 

Liver 760.8 (84.67 - 1095)a 1580  (710.2 - 2138)b 0.014 

Pancreas 68.08 (31.59 - 99.54) 75.11 (41.05 - 97.71)  0.574 
* Notes: Data are presented as Median (Minimum - Maximum), n=8/group 
a,b Medians with different superscripts within a row indicate significant differences between groups (p  < 0.05). 
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Table 4.4 Relative Gene expression in liver, jejunum and pancreas tissue in formula and sow milk fed 
piglets* 

Organ  Target  Sow milk  Formula  p-value§  

Liver MT1a 1.05 (0.47 - 1.17)a 2.97 (1.50 - 6.96)b 0.001 

 MT2b 1.02 (0.37 - 1.85)a 2.25 (0.49 - 4.30)b 0.043 

 MT3 0.74 (0.53 - 3.21)a 3.34 (0.76 - 6.18)b 0.006 

 DMT1 1.00 (0.88 - 1.50)a  0.82 (0.53 - 0.95)b 0.008 

 ZnT1 1.03 (0.73 - 1.37)a 0.86 (0.77 - 0.87)b  0.048 

 IL-6 0.89 (0.60 - 1.07)a 1.32 (0.68 - 2.12)b 0.026 

 ZnT2 0.73 (0.26 - 1.90) 2.28 (0.55 - 3.04) 0.093 

Pancreas  MT1a 1.26 (0.27 - 3.37)  1.47 (0.05 - 7.05)  1.000 

 MT2b 0.96 (0.30 - 1.34) 1.35 (0.06 - 3.03)  1.000 

 MT3 0.91 (0.50 - 1.25)  1.23 (0.21 - 1.90)  0.435 

 DMT1 0.99 (0.63 - 1.09)  0.82 (0.39 - 1.48)  0.833 

 ZnT1 1.12 (0.52 - 1.54)  0.53 (0.23 - 1.63)  0.836 

 ZnT2 0.93 (0.64 - 1.58) 0.82 (0.19 - 1.05) 0.228 

Jejunum MT1a 0.78 (0.28 - 3.57) 0.67 (0.49 - 1.91) 1.000 

 MT2b 1.44 (0.14 - 2.55) 0.89 (0.12 - 1.28)  0.268 

 DMT1 0.82 (0.48 - 2.09) 0.78 (0.26 - 2.00)  0.694 

 ZIP4 0.83 (0.55 - 2.51) 1.61 (0.60 - 1.97)  0.491 

 ZnT1 1.08 (0.49 - 1.90)  0.60 (0.45 - 1.81)  0.345 
* Notes: Data are presented as Median (Minimum – Maximum), n=6/group 
§ Notes: Mann-Whitney Test  
ZnT1/2, Zinc transporter protein 1/2; ZIP4, Zrt-, Irt-like protein 4; MT, Metallothionein 1a/2b/3; 
DMT1, Divalent metal transporter;  IL-6, Interleukin 6 
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Table 4.5 Correlation coefficients for liver tissueA  
 ZnT1 ZnT2 MT1a MT2b MT3 DMT1 Zn Mn Fe IL-6 

ZnT1 - -0.333 -0.357 -0.154 -0.473 0.709** -0.670** -0.588* -0.509 -0.600 

ZnT2 - - 0.566* -0.236 0.609* -0.633* 0.538* 0.329 0.418 0.533 

MT1a - - - 0.798** 0.859** -0.643* 0.893** 0.586* 0.678** 0.818** 

MT2b - - - - 0.657* -0.035 0.701** 0.684** 0.482 0.552 

MT3 - - - - - -0.518 0.820** 0.679** 0.790** 0.879** 

DMT1 - - - - - - -0.522* -0.37 4 -0.38 2 -0.733* 

Zn - - - - - - - 0.635** 0.637** 0.783** 

Mn - - - - - - - - 0.407 0.594* 

Fe - - - - - - - - - 0.733* 

IL-6 - - - - - - - - - - 
A Spearman correlation, n=6/group, *p < 0.05; **p < 0.01 
ZnT1/2, Zinc transporter protein 1/2; MT, Metallothionein 1a/2b/3; DMT1, Divalent metal transporter; 

IL-6, Interleukin 6 
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Abstract 

A study was conducted to determine the effect of high dietary zinc (Zn) oxide on trace element 
accumulation in various organs with special emphasis on the kidney. A total of 40 weaned 
piglets were allocated into two groups with 16 and 24 piglets each receiving a diet containing 
normal (NZn; 100 mg Zn/kg) or high (HZn; 2,100 mg Zn/kg) Zn concentration, respectively. 
After two weeks, eight piglets from each treatment were killed and organ samples were taken. 
Eight piglets from the remaining 16 pigs fed HZn diets were changed to NZn diets (CZn). All 
remaining piglets were killed after another two weeks for organ sampling. Trace element 
concentration was determined in the jejunum, liver, kidney, pancreas, bone (metacarpal IV), 
spleen, lung, thymus, tonsils and lymph nodes of jejunum, ileum and colon. Kidney mRNA 
expression of Zn transporter ZnT1 and ZIP4, genes involved in Cu metabolism (Ctr1, Atox1, 
SOD1, ATP7A, CCS, CP) and divalent metal ion transport (DMT1) and binding (MT-1a, MT-
2b, MT-3) were determined. The Zn concentration in jejunum, liver, pancreas tissue and 
metacarpal IV was higher (P < 0.05) in HZn group compared with NZn and CZn groups. Trace 
element concentration in organs of CZn pigs was similar to those fed NZn diets. Zn 
concentration in muscle, lung and lymphatic organs as thymus, tonsils, spleen and lymph nodes 
of jejunum, ileum and colon did not differ between the groups. Zn and Cu were positively 
correlated (R = 0.67; P < 0.05) in the kidney. No significant differences for Cu chaperones, Cu 
transporters and Cu-dependent factors were determined despite decreased expression of Atox1 
after two weeks and increased Ctr1 expression over time in the HZn group. Expression of MT-
1a, MT-2b and MT-3 were significantly higher in HZn fed pigs with most pronounced effects 
for MT-1a > MT-2b > MT-3. Gene expression of MTs in pigs fed CZn diets did not differ from 
pigs fed NZn diets. The data suggest that high dietary Zn feeding in pigs leads to Cu co-
accumulation in the kidney of pigs with minor effect on genes relevant for Cu metabolism. In 
addition, the organ Zn and Cu accumulation is reversible after two weeks of withdrawal of high 
dietary Zn.  
Keywords: piglets, zinc oxide, copper, kidney, gene expression   
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5.1 Introduction 
The time after weaning in pigs is often accompanied with an increased risk for gastrointestinal 
disorders and reduced growth performance. High levels of dietary zinc oxide (ZnO) (1500-3000 
mg Zn/kg diet), exceeding the dietary recommendations and maximum allowances in the EU 
by 10- to 20-fold, have been frequently shown to reduce diarrhoea and improve the performance 
of weaned piglets [1]. However, these high Zn concentrations in the diet have been shown to 
outbalance Zn homeostasis in the body with subsequent Zn accumulation and change of 
metabolic reactions in different organs including the small intestine, liver and pancreas [2-5]. 
The accumulation of Zn goes along with increased abundance of metallothioneins (MTs), which 
are essential for the regulation of intracellular heavy metal homeostasis and detoxification [6,7]. 
Dietary Zn increases the MT expression in a dose-depended manner, and the expression and 
metal-binding affinity differs between the different MT isoforms [6,8]. Thus, it is likely that 
feeding high dietary Zn levels with subsequent Zn accumulation and MT induction in different 
organs would also affect other trace elements such as copper (Cu).  
Usually, the Cu concentration in extrahepatic tissues is low and maintenance is regulated 
through Cu storage in the liver and biliary excretion. Genetic defects such as Wilson disease 
are associated with toxic Cu accumulation in the liver, brain, kidney and cornea in humans [9] 
and livestock [10]. Interestingly, the administration of Zn to patients suffering from Wilson 
disease could reduce the toxic effects of Cu overload in the liver due to the induction of MT 
[9]. In addition, a chronic intake of Zn can lead to severe Cu deficiency in humans, likely due 
to MT induction and Cu fixation in intestinal epithelial cells [11]. Compared to humans or 
ruminants, pigs are relatively tolerant against high dietary levels of Zn and reports about 
secondary Cu deficiency are scarce [12]. Interestingly, previous studies with piglets fed high 
dietary Zn showed an increased Cu accumulation in the kidney but no other organ [13,14]. The 
reasons or consequences for Cu metabolism in the kidney are yet not known.  
The present study was conducted to determine the influence of feeding high dietary levels of 
ZnO to weaned piglets on the accumulation Zn and Cu in various organs with special emphasis 
on the kidney and the influence on Zn- and Cu-specific transporters and binding protein in this 
organ. Furthermore, the change in trace element metabolism and accumulation after the switch 
from very high to normal dietary Zn was studied.  
 
5.2 Material and Methods 
The study followed the institutional and national guidelines for the care and use of animals and 
the study was approved by the State Office of Health and Social Affairs ‘Landesamt für 
Gesundheit und Soziales Berlin’( LaGeSo Reg. Nr 0296/13). 

5.2.1 Animals, diets and sampling 
A total of 40 piglets (7.6 ± 0.7 kg) were weaned at the age of 26 ± 2 days and randomly assigned 
into two groups. One group received normal dietary Zn concentration (NZn, n = 16) the other 
group received a very high level of dietary Zn (HZn, n = 24). The experimental diets are given 
in Table 1. To achieve the respective Zn concentrations in the diets, corn starch was partially 
replaced by analytical grade ZnO. Piglets were kept in flatdeck pens (n = 2 per pen) and had ad 
libitum access to feed and fresh water. Body weight and feed intake per pen were recorded 
throughout the experimental period. None of the piglets received medication before or during 
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the experiment. After 14 days, eight piglets from each group were killed and samples from 
jejunum, liver, kidney, pancreas, bone, spleen, lung, thymus, tonsils and lymph nodes of 
jejunum, ileum and colon were taken, immediately snap-frozen in liquid nitrogen and stored 
at -80 °C until further analyses. In addition, a 1.5 cm x 1.5 cm part of left kidney was 
immediately placed in RNAlater® (Sigma-Aldrich) for 30 min and subsequently stored 
at -80 °C. The remaining eight piglets in the NZn group and eight piglets of the HZn group 
were fed their respective diets another 14 days, whereas eight piglets from the HZn group were 
subjected to NZn for the next 14 days (CZn group). At the end of this period, all remaining 
piglets were killed and organ samples takes as described above.  
 
5.2.2 Chemical analyses 
Proximate nutrients in the diets were analysed by standard Weende procedures [15]. After 
hydrolysing ash in hydrochloric acid, concentration of Zn, Cu, Mn and Fe in diets and organs 
were analysed by atomic absorption spectrometry in an AAS vario 6 spectrometer (Analytik 
Jena, Jena, Germany) as described previously [5].   

5.2.3 Gene expression  
Total RNA from kidney tissue was extracted using the Nucleo Spin® kit (Macherey Nagel) and 
mRNA quality and quantity were determined on an Agilent Bioanalyzer 2100 (Agilent). 
Equimolar mRNA (104 ng RNA) was transcribed into complementary DNA (cDNA) by 
Superscript® reverse transcriptase kit (Life Technologies). Subsequently, real-time qPCR was 
performed using Brilliant 	  SYBR® Green QPCR Master Mix low Rox (Agilent Technologies) 
on a Stratagene Mx3005P (Agilent Technologies) with cycling conditions as described 
previously [16,17]. Primers (Supplemental Table 1) were designed targeting zinc transporter 
(ZnT1, ZIP4), copper transport 1 (Ctr1), antioxidant 1 copper chaperon (Atox1), superoxide 
dismutase 1 (SOD1), copper-transporting P-type ATPase (ATP7A), copper chaperone for 
superoxide dismutase (CCS), ceruloplasmin (CP), divalent metal ion transporter 1 (DMT1) and 
three metallothionein isoforms (MT-1a, MT-2b, MT-3) using the NCBI online primer designer 
tool. Relative gene expression was calculated based on PCR efficiency and Ct values of target 
genes normalized using Succinate Dehydrogenase subunit A, β-2-microglobulin and β-actin 
[18]. 
 
5.2.4 Statistical analyses  
For statistical analyses, normally distributed data were analyzed by student´s t-test to compare 
means within a group at the different time points and group differences after 2 weeks of feeding 
several dietary Zn concentrations. Furthermore, ANOVA followed Bonferroni post hoc test for 
group differences after four feeding weeks using SPSS (version 22.0, Chicago, USA). Pearson 
correlation coefficients were determined for trace elements within organs and for gene 
expression data with trace elements in the kidney. Unless otherwise stated, results are presented 
as mean ± SD. Differences at P < 0.05 were considered as significant.  
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5.3 Results 
5.3.1 Performance  
After the first two weeks, piglets in the HZn group had higher weight gain (P < 0.05) compared 
to NZn group (10.6 ± 1.00 kg vs. 9.8 ± 1.3 kg, respectively). Average daily gain (Ronis et al.) 
was numerically (P = 0.168) higher in HZn compared to the NZn group (170 ± 59 g/d vs. 
122 ± 72 g/d, respectively). After four weeks, no significant differences in body weight (BW) 
(17.1 ± 1.9 kg, 16.0 ± 2.6 kg and 16.6 ± 0.9 kg for HZn, NZn and CZn, respectively) or ADG 
(442 ± 89 g/d, 402 ± 148 g/d and 393 ± 54 g/d for HZn, NZn and CZn, respectively) were 
determined. No clinical signs of diarrhoea or impaired health were observed during the entire 
period.  

 
5.3.2 Organ trace mineral concentration   
The Zn concentration in jejunum, liver, pancreas tissue and metacarpal IV was higher 
(P < 0.05) in HZn group after two and four weeks as compared with NZn and CZn group, 
respectively (Supplemental Table S2). The concentration of Zn and Cu in kidney tissue was 
approximately twofold higher in HZn group than in NZn and CZn group (Figure 1A, B) after 
two and four weeks, respectively (P < 0.05). Kidney Zn and Cu concentration did not differ 
between NZn and CZn group after four weeks. Correlation analysis of kidney Zn and Cu 
concentration from all animals revealed a strong positive correlation in kidney tissue (R = 0.67, 
P < 0.05; Figure 2). Neither Mn nor Fe concentration correlated to measured minerals in kidney 
tissue (data not shown). In addition, significant correlations were determined between jejunal 
Zn and liver (R = 0.54), kidney (R = 0.62) and metacarpal IV (R = 0.72) Zn concentrations 
(data not shown). The Zn concentration in muscle and lung tissue or in lymphatic organs as 
thymus, tonsils, spleen and lymph nodes of jejunum, ileum and colon did not differ between 
the groups (Supplemental Table S2). In addition, no differences in Mn, Cu and Fe concentration 
in jejunum, pancreas, bone, spleen, lunge, muscle, thymus, tonsils and lymph nodes of jejunum, 
ileum and colon were determined (data not shown).  
 
5.3.3 Gene expression 
Expression of Zn and Cu binding proteins and transporters was analysed in kidney tissue. The 
relative gene expression data are presented in Table 2. The expression of MT-1a, MT-2b and 
MT-3 was higher (P < 0.05) in HZn compared to the NZn group after two and four weeks, 
respectively. MT-1a mRNA abundance was higher in NZn group after four weeks compared 
with two weeks (P < 0.05). The MT-1a and MT-3 mRNA abundance was lower (P < 0.05) in 
the CZn group compared with the HZn group, but similar to the NZn group. Expression of MT-
2b was intermediate in the CZn group compared to the other two groups. The Atox1 mRNA 
expression was lower (P < 0.05) in HZn group after two weeks compared with the NZn group 
but was not different between groups after four weeks. The Ctr1 mRNA concentration in HZn 
group was high (P < 0.05) after four weeks compared with levels at two weeks. Expression of 
DMT1 was numerically higher in the HZn compared with NZn group after four weeks (P = 
0.224). The mRNA abundance of ZnT1, ZIP4, CCS, CP, ATP7A and SOD1 did not differ 
between groups and time points.  
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The Zn concentration in kidney tissue correlated with gene expression of the three determined 
MT isoforms (Table 3). However, the association between Zn and MT-1a (R = 0.69; P < 0.05) 
and MT-3 (R = 0.59; P < 0.05) was higher compared with MT-2b (R = 0.28; P < 0.05). A 
positive correlation (R = 0.29; P < 0.05) between Zn and CP expression was determined. 
Similar to Zn, the Cu concentration in the kidney showed a stronger correlation to MT-1a 
(R = 0.65; P < 0.05) and MT-3 (R = 0.64; P < 0.05) compared with MT-2b (R = 0.41; P < 0.05). 
In addition, positive correlations between Cu concentration and CP (R = 0.51; P < 0.05) and 
Ctr1 (R = 0.35; P < 0.05) gene expression were determined. No further significant correlations 
were found between kidney trace element concentration and expression of Zn and Cu binding 
proteins and transporters.  
   
5.4 Discussion 
In the present study, feeding piglets with HZn diets during the first two weeks after the weaning 
increased BW compared with a normally supplemented group but not thereafter. Similar to the 
observation made in the present study, improved performance was only observed during the 
first 2 weeks of feeding high dietary Zn, whereas no or even opposite effects were determined 
thereafter [4,19]. Reasons for this effect are yet not clear. Considering the fact that Zn 
homeostasis is usually regulated within narrow margins in the body, feeding much higher 
dietary Zn will likely outbalance homeostatic regulation, induce Zn accumulation in various 
organs and impair their metabolic function [2,3,5]. The present and previous studies revealed 
higher Zn contents in several organs including jejunum, liver, pancreas, bone and kidney after 
long-term supplementation of high dietary Zn [3,5,14,20,21]. Additionally, no increased Zn 
concentration in HZn group were observed in muscle and lunge tissue, which was also reported 
in previous studies [20]. Moreover, no accumulation in immune organs such as spleen, thymus, 
tonsils and analysed lymph nodes was noted, which might indicate different uptake or 
intracellular metal binding mechanisms in these organs. Similarly to the present results, feeding 
2000 mg Zn/kg to piglets did not increase Zn concentration in the spleen [21,22].  
Interestingly, a switch from HZn to NZn diets after two weeks resulted in organ Zn 
concentrations that were similar to piglets fed NZn diets over the entire period. This is in good 
agreement with a recent study in weaned piglets, where similar observations were reported after 
a four-week period of high dietary Zn followed by dietary Zn reduction for another two weeks 
[20]. This indicates a re-balanced homeostasis after a period of excessive Zn accumulation in 
the pig.  
In the present study, a co-accumulation and strong correlation between Zn and Cu concentration 
was observed in the kidney, which is in concordance with previous studies in pigs [13,14]. This 
is an interesting finding because the urinary excretion of both Zn and Cu is low [12,23]. There 
is yet no clear explanation why co-accumulation occurs only in the kidney and not in other 
organs, but this could be related to intracellular processes following ultrafiltration and 
reabsorption. Usually, Zn is ultrafiltrated in kidneys´ tubular systems and reabsorbed in 
proximal and distal parts [24]. Intracellular, cytoplasmic Zn is bound to MTs, which are 
cysteine rich metalloproteins with a number of isoforms. MTs bind heavy metals such as Zn, 
Cu or Cd to reduce their potential toxicity as free ions in the cytoplasm [25]. While MT-1a and 
MT-2b occur only in proximal tubular cells, MT-3 was observed in glomeruli, proximal and 
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distal tubular cells [26-28]. MT gene expression is induced by high Zn concentration in cells 
through Zn-responsive transcription factors such as MTF-1 [29]. Studies in rats suggested an 
additive effect of Zn and Cu on MT expression and protein abundance [30]. In human proximal 
tubular cells, elevation of MT-3 expression occurred within 24 hours but a reduction to normal 
levels was determined after seven days of high Zn exposure suggesting time-dependent 
regulation of MTs due to Zn exposure [31]. In the present study, tissue samples were taken after 
two and four weeks, which could explain differences in MT-1a, MT-2b and MT-3 gene 
expression. Interestingly, MTs have a higher affinity towards Cu [32]. It is thus likely that Zn 
induced expression of MTs results in a higher binding of Cu to these proteins in the kidney. 
Unfortunately, attempts to stain Cu and Zn within renal compartments failed in this study. 
However, data from rodent models indicate that higher concentrations of both Zn and Cu can 
be found in the area of proximal tubular cells [33]. Although speculative, this may also explain 
higher expression of MT-1a and MT-2b as well as strong correlation between the MTs with Cu 
and Zn concentrations.    
Besides the role of intracellular MTs, we assumed that higher Zn and Cu concentration in the 
kidney would affect the expression of Zn and Cu specific transporters. For example, ZnT1 and 
ZnT2 are highly expressed in renal tubular epithelial cells but show different responsiveness to 
Zn [34-36]. No differences in ZnT1 expression were determined, suggesting that Zn 
accumulation could due to absent Zn export from cytoplasm. While the ZnT transporter family 
mainly regulates Zn export from the cell, ZIP proteins are responsible for cellular Zn uptake. 
In the present study, the expression of ZIP4 was determined. In contrast to a previous study, 
where ZIP4 expression was down-regulated in jejunal tissue of piglets fed high dietary Zn [3], 
no difference were determined in renal tissue. Therefore, tissue specific differences in ZIP4 
expression and response to high Zn can be assumed. The expression of renal ZIP8 and ZIP10 
was not determined in the present study.  
Cellular Cu uptake is facilitated via Ctr1. During high dietary Cu intake Ctr1 protein 
translocates to intracellular vesicular compartments but is not regulated at transcriptional level, 
which could explain that no differences in Ctr1 mRNA abundance were observed in the present 
study [7,37]. Similarly, only minor differences were determined for DMT1 expression. DMT1 
is located at the apical site of epithelial cells likely to reabsorb divalent ions [38]. A possible 
explanation is that DMT1 expression is moderately regulated via Fe [38] which was not affected 
by high Zn feeding in the current study.  
Among others, Atox1 and CCS are important intracellular Cu trafficking proteins. While Atox1 
delivers Cu to ATP7A, CCS is a Cu chaperone for SOD1 [39]. SOD1 catalyses superoxide 
radicals to hydrogen peroxide and molecular oxygen and is highly expressed in mammalian 
liver and kidney tissue [40]. Neither changes in CCS nor SOD1 in mRNA concentration were 
observed in the present study. This is in good concordance to previous findings, were CCS 
protein level was independent from CCS mRNA concentration due to post-translational 
modification [41]. Similar differences between mRNA and protein abundance can be assumed 
for SOD1 [41]. A lower Atox1 mRNA concentration was determined in the HZn group after 
two weeks in comparison to NZn group. A reduced abundance of Atox1 might decrease cellular 
Cu export and could thereby be associated with elevated Cu concentration [42]. However, this 
may also indicate that Cu is bound to proteins with higher affinity to Cu, such as MTs [32].  
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In conclusion, feeding high dietary Zn confirmed selective accumulation of Zn in several organs 
as indicator of outbalanced Zn homeostasis, whereas no accumulation was observed in muscle, 
lung and lymphatic tissues. High dietary Zn promoted a co-accumulation of Cu only in the 
kidney with only minor effect on genes involved in Cu metabolism. This co-accumulation 
appears to be partly due to Zn-dependent MT induction. Further quantitative studies would be 
required to determine the role of renal ultrafiltration processes, possible consequences on 
urinary Cu excretion or whole body Cu status and metabolism.  
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Figure 5. 1Concentration of Zn (A) and Cu (B) in the kidney of piglets fed diets containing 
normal (100 mg Zn/kg; NZn; n = 16), very high (2000 mg Zn/kg; HZn; n = 16) dietary zinc 
oxide for two and four weeks, and piglets fed HZn for two weeks followed by NZn for 
another two weeks (CZn; n = 8). Superscripts indicate significant (P < 0.05) differences.  
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Figure 5. 2 Pearson correlation between Zn and Cu concentration in the kidney of piglets fed 
diets containing normal (100 mg Zn/kg; NZn; n = 16), very high (2000 mg Zn/kg; HZn; n = 
16) dietary zinc oxide for two and four weeks, and piglets fed HZn for two weeks followed by 
NZn for another two weeks (CZn; n = 8).  
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Table 5. 1 Ingredients and chemical composition of the diets used in the study 
Ingredients g/kg diet Chemical composition NZn† HZn‡ 

Wheat 300 g/kg 

Barley 200 Dry matter 892 891 

Corn 230 Crude protein 188 192 

Soybean meal 200 Crude fiber 30 32 

Monocalcium phosphate 13 Ether extract 29 30 

Limestone 14 Starch 424 445 

Vitamine-mineral pre-mix* 15 Ash 51 52 

Soy oil 10    

Lysine-HCl 3.5 mg/kg 

Tryptophan 1 Iron 183 156 

Methionine 1 Manganese 96 113 

Salt 2.5 Copper 18 19 

Zinc oxide / Corn starch 10 Zinc 72 2103 

*containing per kg: 600,000 IU vitamin, 120,000 IU Vitamin D3, 8,000 mg Vitamin E, 300 mg Vitamin 
K3, 250 mg Vitamin B2, 400 mg Vitamin B6, 2,000 µg Vitamin B12, 2,500 mg nicotine acid, 100 mg 
folic acid, 1,000 mg Pantothenic acid, 80,000 mg Choline chloride, 30 mg Cobalt, 45 mg Iodine, 35 mg 
Selenium, 6,000 mg Manganese, 1,000 mg Copper, 5,000 mg Iron  
† Normal dietary zinc group; ‡ High dietary zinc group 
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Table 5. 2 Relative mRNA concentration in kidney tissue after two and four feeding weeks of 
normal (NZn), high (HZn) and changed (CZn) dietary Zn concentration in weaning piglets.  
 

  2 weeks 4 weeks 
Target  NZn HZn NZn HZn CZn 

ZIP4 1.19 ± 0.70 2.21 ± 1.44 1.34 ± 0.94 1.62 ± 0.67 1.03 ± 0.33 
ZnT1 1.05 ± 0.42 2.18 ± 1.40 1.28 ± 0.86 1.27 ± 0.51 1.20 ± 0.71 
MT-1a 1.19 ± 0.80A,a 6.48 ± 3.56B 2.78 ± 1.55X,b 10.8 ± 5.67Y 3.21 ± 1.98X 

MT-2b 1.04 ± 0.37A 2.89 ± 1.30B 1.28 ± 0.63X 3.84 ± 3.04Y 2.16 ± 0.76XY 

MT-3 0.99 ± 0.11A 2.43 ± 0.79B 0.94 ± 0.39X 2.09 ± 0.89Y 1.11 ± 0.45X 

CCS 1.08 ± 0.49 0.83 ± 0.11 0.87 ± 0.29 0.88 ± 0.36 0.70 ± 0.21 
CP 1.08 ± 0.49 0.97 ± 0.62 0.66 ± 0.29 1.15 ± 0.64 0.76 ± 0.56 
ATP7A 1.01 ± 0.17 1.03 ± 0.24 1.14 ± 0.36 1.18 ± 0.42 1.26 ± 0.28 
Atox1 1.01 ± 0.19A 0.80 ± 0.21B 1.14 ± 0.31 1.13 ± 0.50 1.16 ± 0.23 
Ctr1 1.01 ± 0.20 0.92 ± 0.12y 1.22 ± 0.32 1.27 ± 0.60z 1.19 ± 0.15 
SOD1 1.00 ± 0.12 0.95 ± 0.15 1.06 ± 0.31 0.99 ± 0.22 1.17 ± 0.15 
DMT1 1.47 ± 1.39 1.96 ± 1.30 2.23 ± 0.95 3.18 ± 0.80 2.58 ± 1.47 

NZn, 100 mg Zn/kg DM; HZn, 2000 mg Zn/kg DM; CZn, high dietary Zn concentration for 2 weeks 
followed by 2 weeks normal dietary Zn concentration 
ZIP4, Zinc-regulated transporter and Iron-regulated transporter-like protein 4; ZnT1, Zinc Transporter 
protein 1; MT, Metallothionein; CCS, Copper chaperone for SOD; CP, Ceruloplasmin; ATP7A, 
Copper transporting ATPase A; Atox1, antioxidant 1 copper chaperon; DMT1, Divalent metal ion 
transporter; Ctr1, Copper transporter 1; SOD1, Superoxide dismutase 1 
AB labels indicate differences between groups after 2 weeks, XY labels indicate differences between 
groups after 4 weeks, ab, yz labels indicate differences within groups between 2 and 4 weeks; n=7, P < 
0.05 
 
 
 
Table 5. 3 Correlation coefficients between Zn and Cu concentration in the kidney and gene 
expression of metallothioneins (MT-1a, MT-2b, MT-3), copper transporter 1 (Ctr1) and 
ceruloplasmin (CP) in piglets fed diets with different zinc concentration. The table shows 
only the significant correlations (P < 0.05) between Zn and Cu with all analysed genes. 
 
 Kidney Zn Kidney Cu 

MT-1a 0.69 0.65 

MT-2b 0.28 0.41 

MT-3 0.59 0.64 

Ctr1 - 0.35 

CP 0.29 0.51 
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Supplemental Table S 5. 1 Primes used in this study 
Target Sequence 5  ́to 3  ́ AT [°C]# Accession number PCR product size*  

ZIP4 
TGCTGAACTTGGCATCTGGG 

CGCCACGTAGAGAAAGAGGC 
60 AK393971.1 130 

ZnT1 
CCAGGGGAGCAGGGAACCGA 

TCAGCCCGTTGGAGTTGCTGC 
60 NM_001139470.1 84 

MT-1a 
GCTTGGTCTCACCTGCCTC 

CTCTTCTTGCAGGAGGTGCAT 
60 NM_001001266.2 132 

MT-2b 
GCCTGAAGTTGGGGAGACC  
TAGCAAACGGGTCAGGTTGTAT 

60 XM_003355808.2 95 

MT-3 
CAAGTGCGAGGGATGCAAAT 

TTACACACGCAATCCTTGGC 
60 NM_214056.1 109 

CCS 
GTCACTCTCTCTGTCCACCC 
CTGCACACTAGGTCTCCTGG 

60 NM_001001866.1 86 

CP 
GTGGCGCCCAAAGAAACATT 

GACAGGATCTTTGTAAGTGGGC 
60 NM_001267694.2 85 

ATP7A 
TGTACCTCAAACTCTCCCTCCA 

AGTCAGAGGCTGGCTCACTA 
60 XM_003135200.2 81 

Atox1 
AGGTCTGCATTGACTCTGAGC 

ACGGCCTTTCCTGTTTTCCC 
60 NM_001167641.1 82 

Ctr1 
TGACAGAGAAGCGGATCGAG 

CAGCAGAAGATTCTCCCCAGA 
60 AF320815.2 84 

SOD1 
CTGAAGGGAGAGAAGACAGTGTTA 

ATCTCCAAACTGATGGACATGGAA 
60 GQ913661.1 100 

DMT1 
CGCGCTTCGCCCGAGTGAT 

TGGAAGACGGCCACCAGCAGA 
60 NM_001128440.1 78 

* PCR Product size is presented in base pairs; # AT, Annealing temperature; ZIP4, Zinc–regulated 
transporter and Iron-regulated transporter-like protein 4; ZnT1, Zinc Transporter protein 1; MT, 
Metallothionein; CCS, Copper chaperone for SOD; CP, Ceruloplasmin; ATP7A, Copper transporting 
ATPase A; Atox-1, antioxidant 1 copper chaperon; Ctr1, Copper transporter 1; SOD1, Superoxide 
dismutase 1; DMT1, Divalent metal ion transporter 1  
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 Supplemental Table S 5. 2 Trace element concentration (mg/kg DM) in different organs 
after two and four feeding weeks of normal (NZn), high (HZn) and changed (CZn) dietary Zn 
concentration in weaning piglets. 
   2 weeks 4weeks 

Organ Element 
[mg/kg DM] NZn HZn NZn HZn CZn 

Jejunum  Zn 53.1 ± 28.6A 849 ± 444B,y 36.8 ± 12.3X 340 ± 225Y,z 38.2 ± 7.32X 

Jejunum  Cu 16.7 ± 8.81 19.5 ± 6.04 10.5 ± 4.14 12.9 ± 3.18 9.97 ± 3.59 
Liver  Zn 72.5 ± 27.4A,a 463 ± 145B 103 ± 19.2X,b 467 ± 191Y 171 ± 20.8X 

Liver  Cu 242 ± 98.5a 158 ± 107 142 ± 75.8b 97.3 ± 45.3 120 ± 57.1 
Kidney  Zn 75.9 ± 13.8A 115 ± 21.1A 65.0 ± 17.0X 110 ± 29.6Y 69.2 ± 12.8X 

Kidney  Cu 28.6 ± 7.23A 68.3 ± 22.7B 29.7 ± 10.3X 69.4 ± 36.0Y 36.4 ± 10.7X 

Kidney  Mn 5.53 ± 0.48 5.00 ± 0.76 5.11 ± 1.12 5.04 ± 0.74 5.19 ± 0.66 
Kidney  Fe 0.17 ± 0.04 0.16 ± 0.01 0.20 ± 0.04 0.24 ± 0.03 0.22 ± 0.04 
Pancreas  Zn 66.5 ± 23.9A 328 ± 109B,y 108 ± 62.8X 685 ± 320Y,z 121 ± 58.3X 

Pancreas  Cu 7.49 ± 3.15 6.30 ± 1.46 7.73 ± 1.97 9.52 ± 1.63 7.28 ± 2.01 
Bone  Zn 77.2 ± 18.2A 157 ± 8.42B 75.7 ± 17.0X 140 ± 13.8Y 90.7 ± 9.13X 

Bone  Cu 2.61 ± 2.56 1.38 ± 0.19 1.10 ± 0.44 0.89 ± 0.34 1.03 ± 0.62 
Spleen Zn 62.7 ± 10.6 69.1 ± 5.86 65.5 ± 9.42 74.4 ± 4.09 66.4 ± 12.0 
Lung Zn 64.2 ± 4.23 65.2 ± 7.38 67.2 ± 3.87 72.0 ± 4.77 68.8 ± 7.04 
Muscle  Zn 43.4 ± 12.4 43.7 ± 8.70 40.7 ± 5.39 44.1 ± 8.34 43.3 ± 3.70 
Thymus  Zn 60.4 ± 11.1 66.5 ± 17.2 60.2 ± 13.9 67.7 ± 15.2 65.8 ± 9.78 
Tonsils  Zn 75.0 ± 5.60a 91.0 ± 26.7y 58.0 ± 4.87b 66.3 ± 9.76z 63.7 ± 6.37 
Ln. Ileum  Zn 65.5 ± 11.5 67.3 ± 13.4 51.5 ± 11.8 63.8 ± 21.9 69.5 ± 16.2 
Ln. Jejunum  Zn 90.6 ± 24.0 90.1 ± 25.7 79.3 ± 17.7 78.2 ± 25.7 90.0 ± 16.5 
Ln. Colon  Zn 54.1 ± 11.2 63.9 ± 13.7 57.9 ± 10.0 72.9 ± 17.2 60.8 ± 10.2 

NZn, 100 mg Zn/kg DM; HZn, 2000 mg Zn/kg DM; CZn, high dietary Zn concentration for 2 weeks 
followed by 2 weeks normal dietary Zn concentration 
AB labels indicate differences between groups after 2 weeks, XY labels indicate differences between 
groups after 4 weeks, ab, yz labels indicate differences within groups between 2 and 4 weeks; n=7, P < 
0.05 
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The early period of piglets´ life is a stressful time and the adequate supply with nutrients is 
essential for animals´ health and consequently animal welfare, rare occurrence of infections, 
mortality and good farm economics. Furthermore, rising litter sizes with limited ability of sows´ 
milk production increased the need of artificial rearing systems and common research of the 
best composition of milk replacers (Foxcroft, 2012). Since growth, among others, dependent 
on trace minerals we focused on Fe, Mn, Cu and Zn supply.  
 
Thus, we conducted a trial examined suckling piglets´ mineral status and focused on gene 
expression of transporting and storage proteins.  
For a better understanding of the involvement of Zn- related genes in Zn accumulation and 
possibly Co-accumulation with further minerals, like they were described from Schell and 
Kornegay we conducted a further trial with different dietary Zn concentrations and feeding 
periods in weaned piglets (Schell and Kornegay, 1996).  
 
Formula  
For a productive animal production manifold factors are critical. Animal welfare, health, 
performance, fertility and sustainable production are only a part of these factors. Regarding the 
rising number of piglets per sow and farrow, already the suckling period can be a hurdle for 
some piglets and artificial breeding comes into a focus in pig production, too, like it is usual in 
several animal husbandries for decades. Because trace mineral supply has a great impact in 
piglets´ growth, considering common Fe injection or high-concentrated Zn diets during 
weaning period, we focused on trace minerals in formula (FO) milk and consequently in piglets´ 
organs. We hypothesised, that milk replacer would affect trace mineral status and gene 
regulation. Therefore, we determined trace mineral concentration in several tissues and relative 
mRNA contents of genes which are involved in homeostatic regulation from 16 piglets (n=8 
per group, receiving either sow milk or formula milk) after an experimental time of 14 days.   

After birth, the gut has to adapt to the new form of nutrition. This leads to a direct 
modification of the intestine and a lot of physiological and immunological responses (Lalles et 
al., 2007). The intricate problem is the question of the best way to ascertain the true 
requirements of trace elements. There are different ways to come to a result using the example 
of Zn (Hambidge and Krebs, 2001). The first, simple, but inaccurate method is the estimation 
of alimentary intakes in populations without signs of Zn deficiency. A better way could be the 
measurement of biomarkers to detect the Zn status. Unfortunately, we have a lack of adequate 
biomarkers for mild Zn deficiency, be it laboratory, clinical or functional. Neither plasma Zn 
concentration nor hair or activity of Zn-depended enzymes are useful. Also functional indices 
like haematocrit or concentration of circulating hormones are non-specific because they could 
causally change by changes of other trace minerals. Beyond this, Zn balance data were used to 
get a better result. For this, excreted Zn from faeces and urine is subtracted from dietary Zn. 
However, is has to be pointed to the failure of distinct endogenous from not absorbed Zn. A 
further strategy is the estimation of fractional approach. With the use of stable Zn isotopes, 
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physiologic Zn requirements can be calculated since endogenous Zn can be detected with these 
isotopes. In addition, with the help of tracer isotopes measurements of exchangeable Zn pool 
sizes could be conducted, which seems to be an important research priority (Hambidge, 2003). 
On the other hand, MT seems to be further potential good biomarker. Especially MT mRNA in 
monocytes are fast responsible to several Zn levels (Hambidge, 2003).  

In this study we decided to use relative MT mRNA concentration in several organs 
including jejunum as the organ of Zn uptake and adjustment, liver as a part of rapidly 
exchangeable Zn pool and pancreas as one of the tissues with the highest MT concentration 
(King, 2011; Pinna et al., 2001).  

It is difficult to compare organ Zn concentration of suckling piglets to adult ones´ 
because growing individuals have a positive Zn balance regarding retention for new tissue 
requirements (Krebs and Hambidge, 1986). This is in good concordance to the decline 
concentration of Zn in milk during the lactation period. Certainly, it complicates the finding of 
the true requirement and rises the risk of an insidious Zn deficiency. In our two studies Zn 
concentration in liver, pancreas and jejunal tissue were measured and let us compare 
concentrations in piglets of different age. Numerically decreasing Zn concentrations could be 
recognized in jejunum with 79.6, 53.1 and 36.8 mg Zn/kg DM and liver with 188, 73.5 and 103 
mg Zn/kg DM for 14 (sow milk suckling), 42 (receiving normal dietary Zn concentration) and 
58 (receiving normal dietary Zn concentration) days of life, respectively (See Table 4.3 and 
supplemental table S5.2). This underlines the need of further researches concerning suckling 
piglets because we cannot compare them to weaned pigs. In the present study, the Zn 
concentration in FO milk is with 98 mg/kg DM nearly threefold higher than sow milk 
concentration (37 mg/kg DM), although used FO milk was in good concordance to commercial 
available milk replacers. Indeed, the significant disparity between liver Zn concentration of sow 
milk suckled (188 mg/kg DM) and FO fed piglets (569 mg/kg DM) rises the question whether 
the current commercially available formula milk contains too high Zn concentration or sow 
milk suckled piglets are undersupplied.  

The research in human infants´ nutrition is much better in comparison to piglets´. On 
the one hand, dietary Zn is a limiting growth factor in young infants, regarding a combination 
of high fractional Zn absorption and efficient conservation of endogenous Zn (Krebs et al., 
1996), but on the other hand, too high Zn contents in diets can result in Cu deficiency. Thus, in 
human milk the Zn:Cu ratio is about 4. And Cu deficiency of prepared cow milk fed infants is 
reported since in cows´ milk the ratio is higher (Widdowson et al., 1974). While in sow milk 
the Zn:Cu ratio was about 8, the ratio in FO milk was nearly 14. This suggest the assumption 
that the Zn concentration in used FO milk is likely too high, albeit Zn concentration only in 
liver tissue increased (threefold compared to sow milk fed piglets). However, no clinical signs 
of Cu deficiency were observed in our trial. Similar to the trial with older piglets, Cu 
concentration in liver tissue of FO fed piglets did not change, although relative expression of 
MT increased significantly two- to threefold. This is astonishing, because usually the binding 
affinity of MT is higher to Cu than to Zn so maybe this normally liver Cu concentration can 
indicate an incipient Cu deficiency. On the other hand, MT binding affinity in liver tissue seems 
to be different and no displacement of Zn through Cu occur (López-Alonso et al., 2012).   
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The current study did not include plasma sampling, because blood plasma is not a good 
indicator of Zn and Cu status. Indeed, Zn plasma as well as Zn binding capacity in plasma and 
activity of alkaline phosphatase were mentioned as a good marker for Zn deficiency conditions 
and the point of transition from deficient to sufficient Zn supply in piglets (Brugger et al., 2014). 
But to date, there are no investigations of markers in blood plasma for Zn status in general or 
for the high of oversupply in particular. Moreover, several biomarkers showed several results, 
so that a determination of Zn status with a combination of biomarkers including Zn plasma 
concentration and MT serum concentration is suggested, because biomarkers fluctuate to 
different points of life and reproductive cycles, suggesting several roles in Zn metabolism (van 
Riet et al., 2015). 

Furthermore, Mn and Fe concentration increased in jejunum and pancreas tissue in FO 
group, whereas MT, analysed Zn transporter and DMT1 did not change in mentioned tissues, 
suggesting storage of surplus elements to protect other tissues in case of exceeding dietary 
elements, or inflammatory-induced sequestration in liver tissue. Inflammation seems to be an 
interesting and important point, considering increased relative cytokine mRNA concentration 
in jejunum and liver tissue of FO feed group (discussed detailed in chapter 4.4 Discussion).  

Summarizing, FO feeding resulted in accumulation of Zn, Mn and Fe in jejunum and 
liver tissue and homeostatic counter regulation demonstrated by increased MT and decreased 
DMT1 mRNA expression were observed. Taken into account the manifold influences on Zn 
requirement including stress, health and stage of life, maybe several recommendations for 
different rearing systems (think of number of piglets per pen, separation from mother etc.), 
health status and age (considering decreasing sow milk Zn concentration during lactation 
period) have to be detected. Moreover, we have to keep Zn excretion and potential influence in 
antibiotic resistance (see below) in our mind and set us the goal to find the best mineral 
concentration for both, piglets and environment. 
 
Weaning piglets  
Weaning is a very stressful period in piglets´ life and the animals have to deal with manifold 
alterations, including separation from theirs mother, changed environmental temperature and 
microbiota, coming together with piglets from different litters and therefore hierarchic 
encounters, rotation from liquid to solid feed and its independent search, vaccination and 
consequently changing gut microbiota. High dietary Zn contents up to 3000 mg/kg DM are 
commonly used as alternative to antibiotic growth promoters in pigs. Although the mode of 
action is not completely understood, such high doses of Zn result in reduced diarrhoea and 
improved growth promotion, performance and gut health in the first two weeks after weaning 
(Hollis et al., 2005; Martin et al., 2013b). Some reports, however, showed no or even adverse 
effects of long-term (longer than two weeks) supplementation of high dietary Zn (Martin et al., 
2013a; Martin et al., 2013b). The use of pharmacological high dietary Zn concentration for 
more than 14 days can also lead to increased abundance of antibiotic resistance genes including 
genes conferring resistance to sulfonamides and tetracyclines genes in pigs (Vahjen et al., 
2015). 
In previous studies within SFB 852, among others, the impact of such high dietary Zn supply 
on tissue concentration, genes which were involved in Zn metabolism, composition of intestinal 
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bacteria population, proteomic profiles of pancreas and liver, jejunal morphology and 
immunology was examined (Bondzio et al., 2013; Starke et al., 2014; Liu et al., 2014; Pieper 
et al., 2015). Based on these researches, we conducted a study to get a deeper insight into 
kidney´s metabolism of Zn and Cu, since only in kidney tissue a Co-accumulation of Zn and 
Cu was observed. Besides, we conducted our study for two and for four weeks (n= 8 per group), 
to research the influence of time on metabolism. Additionally, we divided a third group, which 
received high concentrated Zn diet for the first two weeks after weaning and afterwards 
switched to normal dietary Zn supply for another two weeks, to study the impact on Zn-related 
genes and whether mineral concentration in tissues is reversible, too (see Chapter 5: 
Accumulation of copper in the kidney of pigs fed high dietary zinc is due to metallothionein 
expression with minor effects on genes involved in copper metabolism).  

In weaned piglets of high dietary Zn group (HZn group), increased weight gains were 
observed only during the first two weeks. Afterwards no differences in performance parameters 
were observed, which is in good concordance to findings of Martin et al. (2014). Furthermore, 
no diarrhoea was observed, neither in control, nor in treated group.  

In this trial we measured a positive correlation of Zn and Cu in kidney tissue of HZn 
group after two and four weeks (R=0.67; P<0.05) in addition to Zn accumulation in several 
tissues including jejunum, liver, pancreas, bone and tonsils. Although the absolute 
concentrations of Zn and Cu differ from each other, by nearly twofold, the tendency from the 
study of Janczyk et al. (2015) comes to the same result of Zn accumulation in mentioned tissues 
after several feeding periods. Furthermore, kidney tissue is the only tissue with a rise in Zn and 
Cu concentration, if piglets receive diets with pharmacological high Zn contents (see 
Supplemental Table S 5.2 and Janczyk et al., 2015).  
Zn is the only metal which can be found in all six enzyme classes and has mainly catalytic 
functions via binding and activating substrates (Andreini and Bertini, 2012; Vallee and Falchuk, 
1993).  Moreover, Zn plays a crucial role in gene regulation, since nearly half of the human 
transcriptional factors are so-called Zn finger proteins whereby Zn is important for the functions 
of more than 3000 transcription factors (Grattan and Freake, 2012; O'Geen et al., 2010).  
Furthermore, Zn have antioxidant properties by its induction of MT synthesis and SOD1 
stabilization (Andrews, 2001). The changed expression of 15 liver proteins by changing of Zn 
supplementation in piglets´ diets, elucidate the influence of Zn intake on protein expression 
(Bondzio et al., 2015). These proteins included proteins with transport function, signal 
transduction, stress responds and metabolic function, which mirror the potential complexity of 
the global influence of Zn (Bondzio et al., 2015).  

So it is hardly surprising that both, Zn surplus and Zn deficiency have a negative impact 
on the organism. If the homeostatic regulation failure, abnormal cellular Zn levels (in both 
directions: high and low) can result in apoptosis, while normal Zn levels inhibit apoptosis (Pal 
et al., 2004). Even autophagy, a form of programmed cell death, could be initiated by Zn 
deficiency to provide needed nutrients (Fraker, 2005). And nutrition plays an important role in 
the emergence of chronic diseases and Zn with it manifold functions comes into focus of cancer 
aetiology and outcome (Grattan and Freake, 2012).  Supplementation of Zn leads to promotion 
of DNA synthesis, whereby depletion cause in inhibited DNA synthesis. Furthermore, all RNA 
polymerases are Zn metallo-enzymes (Paski and Xu, 2001). It is suggested, that Zn deficiency 
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can result in DNA damage and this is the start of cancer (Grattan and Freake, 2012). In contrast, 
rapidly dividing cancer cells necessarily needs Zn and developed mechanisms to reduce Zn 
efflux in case of reduced availability, likely through ZnT1 (Sankavaram and Freake, 2012). 
Indeed, different tissues show either increased (mamma) or decreased (prostate) Zn 
concentration in case of cancer (Grattan and Freake, 2012). Thus, Zn metabolism could be 
involved in tumour genesis so that the understanding of metabolism is very important.  

As mentioned above, Zn influence MT induction and in current study relative MT 
content of three different MT isoforms were measured in kidney tissue, where all three isoforms 
increased two- to fourfold in HZn group in comparison to NZn group (see 5.3.3 Gene 
expression). We detected just mRNA levels, although post-translational changes can not be 
excluded. And while MT-detection by Western blot is difficult, a sensitive technique like high-
performance liquid chromatography (HPLC) should be use to detect MT protein abundance in 
tissues. A further possibility is the use of micro RNA (miRNA) (Mizzen et al., 1996; Habibi et 
al., 2011). These nucleic acids are small and non coding. They reduce the translation process 
of some proteins by the interaction with “RNA-induced silencing complexes” and the detection 
of several miRNAs via qPCR is very sensitive and specific (Wang et al., 2013b). Thus, for the 
future, one of the suggested techniques should be used to get an insight into protein abundance. 
The overall MT concentration in pigs´ liver tissue is high, compared to other animals and is a 
possibly reason for relative tolerance of pigs to Cu and Zn poisoning. 
The small, cysteine-rich protein MT is involved in metabolism of trace minerals, detoxification 
of heavy metals and plays a role in several cell functions including protection against DNA 
damage and oxidative stress, angiogenesis and programmed cell death, so that MT expression 
is dysregulated in tumour cells. Moreover, MT is overexpressed in proliferating tissues 
(Beyersmann and Haase, 2001). Thus, during early differentiation state of cells, MT-1a 
expression is more dependent on Zn concentration in comparison to differentiated cells 
(Gefeller et al., 2015). Nevertheless, Zn is a strong inducer of MT abundance and consequently 
replacement of Zn through Cu in kidney tissue is conceivable.  
A further, not yet mentioned problem could be identified as the interaction of Zn and Cu with 
a further heavy metal – Cadmium (Cd). Cd contents of intensively and extensively produced 
pigs showed accumulation of Cd in kidney and liver tissue (López-Alonso et al., 2012). Cd can 
occupy binding sites of MT and have even stronger binding affinity in comparison to Zn and 
Cu. But it seems to appear tissue-specific differences in the ability of repressing Zn from MT 
and occupying binding sites. Cu-MT complexes increase with rising MT concentrations in 
kidney tissue, which is in contrary to liver tissue, were Cd and Cu cannot compete with Zn and 
the proportion of apparently occupied binding sites of Cu and Cd decrease with rising MT 
concentration in favour to Zn. However, the authors could not be sure, that this effect go along 
with high Zn or Cu intake or with high dietary Cu during weaning period and therefore 
increased Cd accumulation, which was described previously. And although the authors did not 
differentiate MT-isoforms the findings are in good concordance to our findings of Cu and Zn 
co-accumulation only in kidney tissue (López-Alonso et al., 2012). 

In addition to storage and detoxification proteins, we determined mRNA contents of 
some transporters and Cu chaperons in kidney tissue. But with the exception of Atox-1 contents, 
it did not differ between both, time and group (extensive discussed in chapter 5.4 Discussion).  
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To summarize the findings, excessive dietary Zn supply resulted in accumulation of Zn 
in several tissues and a Co-accumulation of Cu only in kidney tissue, whereby neither Mn nor 
Fe showed such a Co-accumulation. Additionally, we determined increased MT mRNA 
expression (MT-1a, MT-2 and MT-3) in kidney tissue, whereas neither Cu, nor Zn-related 
transporter or chaperons adapted. Finally, the Zn and Cu concentration and MT expression 
decreased after withdrawal of high dietary Zn.   

To develop further, someone could propose the question, if pet food consist also of too 
high Zn and Cu concentrations because of used kidney tissues and if thereby some negative 
effects in pet health could develop in turn through metal accumulation. 

Although livestock manures are known as a good and important organic fertilizer source 
in agriculture for decades, excreted medicine residues, pathogens and heavy metals can trickle 
into soil and rise the question of the impact on food quantity and quality since trace elements 
possibly could be transferred into plants. Further on, such plants with high mineral 
concentration are potentially inappropriate for nutrition of livestock and man in regard to 
restricted contents in feed by the European union (Brugger and Windisch, 2015). Of course, 
discharge into water is conceivably and therefore groundwater protection is another important 
assignment. Though, suspected environmental pollution is one reason for the limitation of Zn 
oxide supplementation in pigs´ diets in the European union (Jondreville et al., 2003). A negative 
Zn balance even in diets with 150 ppm Zn is shown (Case and Carlson, 2002). Certainly, if pigs 
receive 3000 ppm Zn, excreted Zn content increased distinctly. The environmental pollution by 
Zn through slurry can be explained by the involvement in then prosthetic group of carbonic 
anhydrase (Keilin, 1939). Through this enzyme, all species including plants depend on Zn since 
carbonic anhydrase hydrate CO2 and therefore can transport CO2, regulate blood pH, build 
gastric fluid and is involved in photosynthesis (Vahjen et al., 2015). That is why it is alarming 
that the Zn concentration in pigs´ manure is fourfold higher than cattle manure (1200 mg/kg 
DM and 300 mg/kg DM, respectively) in Europe. Furthermore, Cu concentration is even 
eightfold higher in pigs´ manure, compared to cattle manure (400 mg/kg DM and 50 mg/kg 
DM, respectively). This demonstrate a fast need for action in Europe, where Zn application is 
limited by law and rises the question of concentration in further, non-limited, countries 
(Brugger and Windisch, 2015).  

For the reduction of environmental pollution through Zn excretion at simultaneous 
positive effects of Zn supplementation like positive performance, organic Zn sources could be 
a good alternative and many investigations comparing organic to inorganic Zn sources exist. 
For example, Buff et al. (2005) used Zn-polysaccharide and showed that piglets fed 300 and 
400 ppm Zn as Zn-polysaccharide had the same overall growth performance after 21 days of 
trial as pigs which received 2000 ppm Zn as ZnO. But the faecal excretion of piglets with Zn-
polysaccharide diet (300 ppm) decreased by 76 % in comparison to ZnO (2000 ppm). Another 
possibility could be the use of microbial in-feed enzymes which reduce phytate contents and 
thereby increase Zn bioavailability of and reduce excreted Zn concentration consequently 
(Bikker et al., 2012).  
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Conclusion and perspective 
Dietary Zn in high concentration is a common feed additive to improve animal performance 
parameters. To achieve a deeper insight into Zn metabolism and influence on further trace 
minerals Cu, Mn and Fe, one animal trial with suckling and one with weaned piglets were 
conducted.  

The formula feeding resulted in increased tissue concentration of Zn (liver), Mn 
(jejunum, liver) and Fe (jejunum, liver), although trace mineral concentration in formula milk 
meet the current recommendations for young, but weaned piglets and no recommendations for 
suckling piglets exists to date. Because of the requirement of specific recommendations for 
piglets´ milk replacer further dose-responded studies were needed. 

Pharmacological high dietary Zn intake in weaned piglets resulted in an accumulation 
of Zn in several organs, including liver, pancreas, bone and jejunum, in addition to co-
accumulation of Zn and Cu in kidney tissue and increased MT mRNA contents which switched 
to normal concentrations after return of feeding well-balanced dietary Zn. Further researches 
with the objective of body Cu status and influence on renal ultrafiltration were needed. 
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Chapter 7: Summary / Zusammenfassung  
 
Zinc (Zn) is a trace mineral which has to supply to man an animal via nutrition. Through its 
participation in approximately 6000 proteins, 300 metallo-enzymes and its uniqueness of metals 
in involvement of all six enzyme classes the importance for organisms is demonstrated. 
However, it is an ambivalent metal, considering Zn surplus and undersupply have severe 
consequences (see chapters 2.3 Zinc deficiency and genetic disorder in zinc metabolism and 
2.4 Zinc poisoning). Thus, Zn could be the limited growth factor and consequently the sufficient 
concentration in piglets´ feed is indispensable.  
 
Therefore, we conducted a feeding trial of suckling piglets to investigate the effect of trace 
elements in mineral organ concentrations and expression of Zn-related genes (see Chapter 4: 
Influence of formula versus sow milk feeding on trace element status and expression of zinc-
related genes in the jejunum, liver and pancreas of neonatal piglets). Randomly selected 
neonatal piglets were divided into two groups (n=8 per group). The control group stayed by 
their mothers, whereby the second group were separated from the sows after uptake of 
colostrum, held in acryl boxes in sets of two and received milk replacer for a trial period of 14 
days. After experimental time, BW of both groups did not differ significantly to each other 
(approximately 5.0 kg). To determine mineral concentration of Zn, Cu, Mn and Fe, tissues of 
jejunum, pancreas and liver were analysed by atomic absorption spectrometry. While Zn 
concentration in liver tissue of formula (FO) suckled piglets was approximately threefold higher 
compared to sow milk group (569 mg/kg DM and 188 mg/kg DM, respectively; P<0.01), they 
did not differ in pancreatic and jejunal tissue. Furthermore, Cu concentration in analysed tissues 
were comparable between both groups. Both, Fe and Mn concentration increased significantly 
in liver and jejunum in FO fed group (P<0.05). Following, we determined mRNA contents by 
using real-time-PCR and subsequent calculated relative mRNA abundance by the use of 
housekeeping genes (succinate dehydrogenase subunit A, ß-microglobulin and ß-actin), mean 
ct and PCR efficiency. This way, relative contents of Zn transporter (ZnT1 and 2 for reducing 
cellular Zn and ZIP4 for increasing cellular Zn concentration), metallothionein (MT-1A, MT-
2B and MT-3 as cellular storage and detoxification proteins), divalent metal ion transporter 
(DMT1, transporting several divalent ions across the cellular membrane) and a pro-
inflammatory cytokine (interleukin (IL)-6), involved in Fe metabolism in liver tissue) mRNA 
were determined. Neither in pancreas nor in jejunum changes occur. But in liver tissue all 
determined MT isoforms and IL-6 increased significantly in FO group. On the contrary, ZnT1 
and DMT1 were significantly higher in sow milk suckled piglets. Finally, Spearman´s 
correlation was executed to get a deeper insight into correlations of minerals and gene 
expression in liver tissue (see Table 4.5). In conclusion, accumulation of diverse minerals and 
increased MT expression in tissues of FO fed piglets, although fed concentration satisfied 
recommendation of NRC for very young, but weaned, piglets, let us propose the question, 
whether requirements are possibly lower as to date expected. Considering the rising number of 
litter size per sow and limited ability of nourish the piglets, artificial rearing systems and 
therefore composition of milk replacer are an instant problem.   
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On the other hand, high dietary Zn concentration were used as antibiotic-free growth 
promoter in pig breeding for decades. Indeed, accumulation in different tissues and 
environmental pollution through excreted Zn were reported, dietary Zn up to the high of 3000 
mg Zn/kg DM remains in weaning piglets´ nutrition (see chapter 2.5 Requirement and 
recommendation of zinc). Thus, we conducted an animal trial to examine the impact of Zn and 
Cu co-accumulation on mineral metabolism involved proteins in kidney tissue of weaned 
piglets after 14 and 28 days. Furthermore, we measured mineral concentrations of several 
tissues to evaluate whether prolonged pharmacological dietary Zn intake rise further on and if 
a regression of Zn tissue concentration occurs after 14 days of withdraw to required dietary Zn 
(see Chapter 5: Accumulation of copper in the kidney of pigs fed high dietary zinc is due to 
metallothionein expression with minor effects on genes involved in copper metabolism). 
Therefore, 40 weaned piglets were randomly divided into two groups (n=16 and 24, 
respectively) for the first two weeks and afterwards a third group was created and after further 
two weeks remaining 24 piglets were euthanized to take samples (n=8 per group). The tissue 
Zn concentration (measured by atomic absorption spectrometry) were higher in jejunum, liver, 
pancreas, and bone of high fed Zn group (HZn, 2100 mg Zn/kg DM) compared to normal 
dietary Zn group (NZn, 100 mg Zn/kg DM) after 14 and 28 experimental days, respectively. 
The group which switched from HZn to NZn after 14 days (CZn group) did not differ from 
NZn group, which indicated that Zn accumulation is reversible. Kidney tissue was the only of 
analysed tissues showing a Co-accumulation of Zn and Cu and a strong positive correlation to 
each other (R=0.67; P<0.05). Therefore, we determined relative mRNA concentration of Zn 
transporter (ZnT1, ZIP4), DMT1, MT-1a, MT-2b, MT-3 and genes which are involved in Cu 
metabolism (plasma membrane Cu transporter: Ctr1, Cu chaperons: Atox-1, CCS and ATP7A, 
Cu/Zn superoxide dismutase: SOD1 and a cytoplasmic binding protein ceruloplasmin: CP) in 
kidney tissue using real-time qPCR. Relative mRNA concentration of Cu metabolism involved 
proteins did not differ between time points and groups, apart from decreased Atox-1 after two 
weeks and increased Ctr1 over time in HZn group, respectively. Contrary, relative MT 
expression of all three measured iso-enzymes were higher in HZn group at both time points, 
compared to NZn and CZn group. Thereby, the most distinct effect was observed in MT-1a 
expression, followed by MT-2b and MT-3, possibly due to binding affinities or tempo of 
adaptation processes. 

To conclude, despite usually carefully regulated Zn homeostasis, counter regulation in 
jejunal absorption processes during excessive high dietary Zn concentration for two and four 
weeks did not protect against Zn accumulation in several tissues, which is an indicator for 
outbalanced homeostasis. Furthermore, Zn induced MT expression resulted in Cu Co-
accumulation in kidney, whereby Cu metabolism involved genes did not adapt on transcription 
level. Indeed, all mentioned changes were reversible by a change to normal dietary Zn intake 
for two weeks. Nevertheless, further quantitative studies were required to determine the reason 
for renal co-accumulation of Zn and Cu, consequences on urinary element emission and body 
Cu status of piglets.  
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Zusammenfassung  
 
Studien zum Einfluss von Zink auf den Spurenelementstatus neonataler 
Ferkel und die Kupferkonzentration in der Niere abgesetzter Ferkel, 
einschließlich zinkabhängiger Gene 
 
Zink (Zn) ist ein Spurenelement, das Menschen und Tieren über die Nahrung zugeführt werden 
muss. Seine außerordentliche Relevanz für den Organismus ist durch das Vorkommen in ca. 
6000 Proteinen und 300 Metalloenzymen zu erkennen. Darüber hinaus kommt es als einziges 
Metall kommt es in allen sechs Enzymklassen vor. 
 Allerdings ist es ein ambivalentes Metall, da sowohl Zn-Überschuss, als auch eine  
Unterversorgung mit Zn schwere Folgen haben können (siehe Kapitel 2.3 Zinc deficiency and 
genetic disorder in zinc metabolism and 2.4 Zinc poisoning). Dadurch kann Zn ein limitierender 
Wachstumsfaktor sein und eine bedarfsdeckende Versorgung über das Futter ist unerlässlich.  
 
 Der Effekt von Mineralkonzentration in verschiedenen Organen und die Expression Zn-
abhängiger Gene bei säugenden Ferkeln wurde in einem Fütterungsversuch untersucht (siehe 
Chapter 4: Influence of formula versus sow milk feeding on trace element status and expression 
of zinc-related genes in the jejunum, liver and pancreas of neonatal piglets). Dazu wurden 
zufällig ausgewählte, neonatale Ferkel in zwei Gruppen mit jeweils 8 Ferkeln eingeteilt. Die 
Kontrollgruppe blieb bei ihren Müttern, während die Tiere der zweiten Gruppe nach der 
Kolostrumaufnahme separiert wurden. Sie waren jeweils zu zweit untergebracht und bekamen 
für die Versuchszeit von 14 Tagen Milchaustauscher (MAT). Nach dieser Versuchszeit gab es 
zwischen beiden Versuchsgruppen keine signifikanten Unterschiede in der Körpermasse (ca. 5 
kg). Die Mineralkonzentration im Jejunum-, Pankreas- und Lebergewebe wurde mittels 
Atomabsorptionsspektrometrie bestimmt und in mg/kg Trockenmasse (TM) angegeben. 
Während die Zn-Konzentration im Lebergewebe bei den mit MAT aufgezogenen Ferkeln ca. 3 
Mal höher war als in der Kontrollgruppe (569 mg/kg TM bzw. 188 mg/kg TM; P<0.01), gab es 
keine Unterschiede in der Zn-Konzentration in Pankreas oder Jejunum. Allerdings fanden wir 
sowohl signifikant erhöhte Eisen- (Fe), als auch Mangan- (Mn) Konzentrationen in der Leber 
und dem Jejunum der MAT Gruppe (P<0,05). Anschließend bestimmten wir aus genannten 
Organen die mRNA unten genannter Gene mittels real-time-PCR und berechneten daraufhin 
relative mRNA-Gehalte, indem Haushaltsgene (Succinatdehydrogenase A, ß-Mikroglobulin 
uns ß-Aktin), mittlerer ct und PCR Effizienz verwendet wurden. So konnten wir relative 
Gehalte von Zn-Transportergenen (ZnT1 und 2 für die Reduktion der zellulären Zn-
Konzentration und ZIP4 für die Erhöhung der zellulären Zn-Konzentration), Metallothioneine 
(MT-1a, MT-2b und MT-3 als zelluläre Speicher und Entgiftungsproteine), ein divalenter 
Metallionen Transporter (DMT1 als Transportprotein für verschiedene Ionen über die 
Zellmembran) und ein proinflammatorisches Cytokin (Interleukin 6, welches in den Fe-
Metabolsimus involviert ist) bestimmen. Weder im Pankreas, noch im Jejunum wurden 
Veränderungen an genannten mRNA-Gehalten gemessen. In der Leber hingegen gab es in der 
MAT Gruppe einen signifikanten Anstieg von allen 3 bestimmten MT-Isoformen und 
Interleukin 6. Im Gegensatz dazu waren sowohl ZnT1-, als auch DMT1- mRNA Gehalte in der 
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Kontrollgruppe signifikant erhöht. Um einen tieferen Einblick in die Korrelation zwischen 
Mineralkonzentration und Genexpression im Lebergewebe zu erhalten, führten wir eine 
Korrelationsanalyse nach Spearman durch (siehe Tabelle 4.5). 

Da es keine Empfehlungen für Ferkel-MAT gibt, jedoch einige auf dem Markt zu finden 
sind, hielten wir uns an die GfE- und NRC-Empfehlungen für sehr junge (allerdings abgesetzte) 
Ferkel und an die Zusammensetzung von MAT, die in früheren  Studien genutzt wurden. Da 
dies zur Akkumulation verschiedener Mineralstoffe und einem signifikanten Anstieg der 
Expression von MT in Geweben der mit MAT ernährten Ferkel führte, wirft es die Frage auf, 
ob der Bedarf an Mineralstoffen niedriger ist, als derzeit angenommen. Durch die steigende 
Anzahl der Ferkel je Sau und Wurf und die limitierte Fähigkeit ihrer Ernährung durch die Sau, 
ist die Aufzucht mit Hilfe von MAT und folglich deren Zusammensetzung, ein dringendes 
Problem, das weitere Forschung bedarf.  
 
In einem weiteren Bereich der Schweineaufzucht, dem der abgesetzten Ferkel, werden 
Mineralstoffe, insbesondere hohe diätetische Zn-Zulagen bis zu 3000 mg Zn/kg Futter), seit 
Jahrzehnten als antibiotikafreie Wachstumsförderer eingesetzt. Allerdings kommt es dadurch 
sowohl zu massiver Umweltbelastung, durch ausgeschiedenes Zn, als auch zur Akkumulation 
in verschiedenen Geweben der Ferkel (siehe Kapitel 2.5 Requirement and recommendation of 
zinc).  
 Um den Einfluss der Co-Akkumulation von Zn und Cu auf Proteine der Niere, die beim 
Mineralmetabolismus involviert sind, zu untersuchen, erfolgten Messungen bei abgesetzten 
Ferkeln nach 14 und 28 Tagen. Des Weiteren wurden auch in diesem Versuch die 
Konzentrationen verschiedener Mineralstoffe in unterschiedlichen Geweben mittels 
Atomabsorptionsspektrometrie gemessen, um zu evaluieren, ob pharmakologisch hohe Zn-
Zulagen im Futter die Gehalte im Gewebe weiter ansteigen lassen und ob es nach 14 Tagen 
einen Rückgang der Zn-Konzentration in den Geweben gibt, wenn die Zn-Zulagen wieder 
verringert werden (siehe Chapter 5: Accumulation of copper in the kidney of pigs fed high 
dietary zinc is due to metallothionein expression with minor effects on genes involved in copper 
metabolism). Dazu wurden 40 abgesetzte Ferkel zufällig in zwei Gruppen eingeteilt (n=16 und 
n=24). Nach 14-tägiger Versuchsdauer wurden jeweils 8 Tiere beprobt und eine dritte Gruppe 
eröffnet, sodass nach weiteren 14 Tagen Proben von den verbleibenden Ferkeln (n=8 pro 
Gruppe) gewonnen wurden.  
 Die Zn-Konzentration in der Gruppe mit hohen Zn-Zulage im Futter (HZn Gruppe, 2100 
mg Zn/kg TM) war in Jejunum, Leber, Pankreas und Knochen im Vergleich zu 
bedarfsgedeckten Zn-Gruppe (NZn, 100 mg Zn/kg TM), sowohl nach 14, als auch nach 28 
Tagen Versuchsdauer signifikant erhöht. Da sich der Zn-Gehalt in den genannten Geweben der 
Ferkel der angepassten Gruppe (CZn, 14 Tage HZn und anschließend 14 Tage NZn) sich nach 
28 Tagen nicht von der NZn Gruppe unterschied, kann geschlussfolgert werden, dass diese 
Akkumulation reversibel ist. Des Weiteren war die Niere das einzige Gewebe, das eine Co-
Akkumulation von Zn und Cu und eine starke positive Korrelation zueinander aufwies (R=0.67; 
P<0.05). Weiterhin bestimmten wir durch real-time qPCR die relativen mRNA Gehalte von 
Zn-Transportern (ZnT1, ZIP4, DMT1, MT-1a, MT-2b, MT-3) und Genen, die den Cu-
Metabolismus beeinflussen (Cu Transporter der Plasmamembran: Ctr1; Cu-Chaperonen: Atox-
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1, CCS, ATP7A; Cu/Zn-Superoxid Dismutase: SOD1 und cytoplasmatisches Bindungsprotein 
Ceruloplasmin: CP) im Nierengewebe der Ferkel. Abgesehen von Atox-1 und Ctr1, die jeweils 
in der HZn Gruppe anstiegen, gab es keine Veränderung der relativen mRNA Gehalte der am 
Cu-Metabolsimus beteiligten Gene. Im Gegensatz dazu stieg die relative mRNA Expression 
aller MT-Isoenzyme der HZn Gruppe im Vergleich zu NZn und CZn Gruppe an. Dabei war der 
größte Effekt bei der Expression von MT-1a zu beobachten, gefolgt von MT-2b und MT-3. 
Mögliche Ursachen sind entweder die Geschwindigkeit der Expressionsanpassung oder 
unterschiedliche Bindungsaffinitäten gegenüber den Mineralstoffen.  
 Zusammenfassend ist festzustellen, dass trotz der äußert sensibel regulierten 
Homöostase von Zn, die Gegenregulation im Absorptionsprozess des Darms nicht ausreicht, 
um vor Zn-Akkumulation in verschiedenen Organen nach zwei- bzw. vierwöchiger exzessiv 
hohe Zn-Aufnahmen zu schützen, was ein Indikator für eine Störung der Homöostase ist. 
Darüber hinaus resultiert die erhöhte Zn-induzierte Expression von MT in einer Co-
Akkumulation von Cu im Nierengewebe, wohingegen die Gene des Cu-Metabolismus auf dem 
Level der Transkription nicht beeinflusst werden. Anzumerken ist, dass alle genannten Prozesse 
nach 14 Tagen bedarfsdeckender Zn-Zugabe reversibel sind. Nichtsdestotrotz werden weitere, 
quantitative Studien benötigt, um die Gründe der ausschließlich renalen Co-Akkumulation und 
ihre Konsequenz für die eventuelle Ausscheidung der Mineralstoffe mit dem Urin und den Cu-
Status von Schweinen zu beurteilen.  
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