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General introduction

Copper and copper containing compounds have been associated with maintenance of health

and the treatment of diseases for a very long time: as early as 400 BC, copper was used for

medical reasons, such as disinfecting 1, 2. However, it took until the nineteenth century, until

its presence in plants and animals was well-recognised 3. Only in 1926, the evidence was

presented that copper is an essential trace element in animal nutrition 4. The essentiality of

copper for humans was first shown during the 1960s in malnourished children in Peru 5.

In the course of time, copper appeared to be involved in many biochemical processes, e.g. the

formation of haemoglobin 6 and the biosynthesis of elastin and collagen 7-9. Copper

metabolism plays a central role in these biochemical processes. Disturbance of or disorders in

the copper metabolism may have serious consequences, such as liver cirrhosis and necrosis or

death, as is evident from Wilson and Menkes disease 10.

Copper metabolism actually starts with the copper entering the mammal through the

alimentary tract 11, 12. After the digestion of the food, the absorption of copper probably occurs

primarily in the small intestine. This process can be disturbed by other nutritional factors such

as high intakes of zinc, iron, or ascorbic acid decreasing copper absorption 13-16. Some

adaptation of absorption relative to need takes place 17, 18. After the absorption has taken

place, copper enters the interstitial fluid and blood plasma. The process of copper distribution

can be divided into three phases, i.e. transport of copper to the hepatocytes of the liver and to

a lesser extent to the kidneys, uptake of copper into the hepatocytes followed by incorporation

of copper into several enzymes (e.g. ceruloplasmin and Cu-Zn superoxide dismutase), and

transport of copper to and distribution over the other tissues 17, 19. Finally, most of the copper

has to find its way back to the liver. How this happens is unclear. Probably, ceruloplasmin,

transcuprein and albumin are involved in this process. The homeostasis of copper is primarily

maintained by biliary excretion via the faeces; little is excreted via the urine 20.

In order to be able to maintain copper homeostasis, the amount of copper that is excreted must

be compensated for by the absorption of copper from the food or vice versa. The amount that

should be compensated for differs during the various stages of life. In the adult stage,

compensation for endogenous loss of copper is needed, which can be expressed as the

requirement for maintenance. During growth, reproduction and lactation, more copper is
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needed to supply these processes, implying an additional need for copper in the form of a

certain requirement for ‘production’.

The copper requirements of different animal species, including mouse, rat and human, have

been published by the National Research Council (NRC) in the form of minimal requirements

or allowances 21. However, the requirements given for the mouse are not based on thorough

research and, therefore, the reliability can be questioned.

Based on similarities with the rat and research of Reeves et al. 22, Mulhern and Koller 23,

Knapka et al. 24 and Hurley and Theriault Bell 25, the NRC estimates the mouse’s copper

requirement for growth and maintenance to be 6 ppm of Cu and for pregnancy and lactation to

be 8 ppm of Cu 21. However, none of these experiments had the intention to make an

estimation of the mouse’s copper requirement during the various stages of its life. Reeves et

al. 22 limited their research to adult male mice, using only biochemical parameters with

sustainment of maximum serum copper and serum ceruloplasmin activity as criterion. No

zootechnical parameters, such as reproductive performance, were studied in order to arrive at

an estimation. Mulhern and Koller 23 followed mice from birth till 8 weeks of age, examining

the influence of copper status on the immune response. Knapka et al. 24 formulated an open

formula diet and examined whether differences in the results of biological research occurred

when this open formula was fed instead of a closed formula diet. Copper concentrations in

both the open formula as well as the closed formula diet were considerably higher than the

estimated requirement. The experiment of Hurley and Theriault Bell 25 was designed to

examine genetic influence on the effects of a dietary manganese deficiency during prenatal

development. This study did not have the purpose to propose a copper requirement or

allowance.

It may be obvious that more thorough research is needed in order to come to a proper and

reliable estimation of the mouse’s copper requirement. Therefore, an experiment was

designed to study both biochemical and zootechnical parameters over several generations of

mice in order to get more information about the copper requirement during the various stages

of life (chapter 2). Main criteria for proposing a copper allowance for the mouse are the

reproductive outcome, growth performance and sustainment of maximum plasma and hepatic

copper concentrations and of plasma ceruloplasmin.

However, knowing the level of copper required in the mouse’s diet does not necessarily mean

that this is the exact copper concentration found in commercially available diets. In fact,

analyses show that commercially available diets often contain much more copper than is

required by the mouse. Copper appears to be involved in the production of free radicals and
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reactive oxygen species (ROS), which are very reactive particles, through the Haber-Weiss

reaction, which may result in oxidative stress (chapter 3). The hypothesis investigated in

chapters 4 and 5 states that copper overload, caused by higher dietary copper concentrations

than required, may shorten life span and increases oxidative damage to macromolecules by

inducing oxidative stress.

Under normal conditions, a balance exists between the radical generating and the radical-

scavenging systems and free radicals and reactive oxygen species are playing an integral part

in normal cell physiology 26. However, they are also capable of damaging biological

macromolecules such as DNA and proteins. In the case of oxidative stress, which is the result

of an imbalance between the radical-generation and general-scavenging system, more free

radicals are being generated than being scavenged, resulting in damage to DNA, proteins,

saccharides and lipids 27. Oxidative stress has been suggested to be associated with

accelerating ageing. A number of age-related diseases, such as atherosclerosis and

cataractogenesis, and various neurological disorders, such as Parkinson’s disease,

Alzheimer’s disease and amyotrophic lateral sclerosis, are also associated with oxidative

stress 28. Chapter 3 provides a more detailed review on the role of copper in oxidative stress.

Within the range of possible dietary copper concentrations, a copper overload is one extreme;

the extreme at the opposite site is a copper deficiency. Several factors may influence the

copper status. One of these is dietary cholesterol concentration. Feeding cholesterol to rabbits

and rats may alter the metabolism of copper and may result in decreased liver copper

concentrations, though not inevitably in a copper deficiency 29, 30. A relationship between

copper and cholesterol is also indicated by the observation that experimental copper depletion

with a copper-deficient diet induced hypercholesterolemia in rats 31-33. This was the impetus

to compare the hepatic copper content of dietary cholesterol resistant (animals showing only a

slight response to dietary cholesterol and therefore also called hyporesponders) and dietary

cholesterol susceptible (animals showing an enormous increase in plasma and/or liver

cholesterol levels and therefore also called hyperresponders) inbred rat and rabbit strains on a

diet with or without added cholesterol. Based on literature, it was anticipated that on a

cholesterol-rich diet the hyperresponding rat and rabbit inbred strains would have a lower

liver copper content and thus would require a higher copper intake than their hyporesponding

counterparts. The results of the experiment are described in chapters 6 and 9.

In order to search for possible causative factors that might be involved in these strain-specific

differences, we have performed a genetic analysis in both species. The aim of these genetic

analyses was to identify the chromosomal regions that may be involved in controlling liver
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copper content after a cholesterol-rich diet. Identifying the chromosomal regions may provide

clues as to possible candidate genes that may be involved in controlling liver copper content.

Quantitative trait locus (QTL) analyses were performed in two sets of recombinant inbred rat

strains (derived from SHR/OlaIpcv and BN-Lx/Cub progenitors) and in an F2-intercross

progeny of a cross between hyporesponding and hyperresponding rats (derived from

LEW/OlaHsd and BC/CpbU inbred strains) that had been fed a cholesterol-rich diet (chapters 7

and 8). QTL-analysis was also performed in the F2-intercross progeny of a cross between

hyporesponding IIIVO/JU and hyperresponding AX/JU rabbits (chapter 10).

An overview of the results found during this PhD project is given in the Conclusions section

of this thesis (chapter 11). A short description of the results is reported in the summary; a

short description in more plain terms can be found in the ‘Nederlandse samenvatting voor

niet-vakgenoten’.
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