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Summary 

For economical and ecological reasons, in the feeding of ruminant livestock precisely 

adjusted protein content is aspired. Ruminants have a unique ability to counterbalance low 

protein, and therefore low dietary nitrogen (N) intake by decreasing N excretion due to 

endogenous N recycling. Within this recycling process urea reabsorption in the kidneys by 

urea transporters (UTs) plays a central role. However, despite this endogenous N recycling, 

in was shown in growing goats that low N intake did not only impact N metabolism, but also 

electrolyte homeostasis (MUSCHER et al. 2011). This was reflected by decreased plasma 

concentrations of insulin-like growth factor-1 (IGF-1), 1,25-dihydroxy vitamin D3 (calcitriol) 

and increased plasma concentrations of carboxyterminal cross-linked telopeptide of type I 

collagen (CTX). In the present PhD project, the adaptation of both N and electrolyte 

homeostasis to low dietary N intake was investigated in growing goats with special emphasis 

on examination of renal adaptation to low N intake. The response of renal N and electrolyte 

handling to the changing dietary conditions was investigated in four different studies.  

In the first study the impact of low N intake on renal UT expression in growing goats was 

investigated. The results showed the mRNA expression of the UT isoform UT-A1 to be 

increased due to low N intake. This finding indicates an enhanced renal capacity for 

reabsorption of N and thus, a more efficient endogenous N recycling due to low N intake also 

in goats. 

In the second study the involvement of renal calcium (Ca) and phosphate (Pi) transport in 

the adaptation of electrolyte homeostasis to low N intake was investigated. Therefore, renal 

expression of Ca and Pi transporters and of some of their regulatory proteins was measured. 

The results showed that the protein expression of the renal sodium (Na)-dependent Pi 

transporter type IIa (NaPi IIa) was increased upon low N intake. Accordingly, protein 

expression of the renal parathyroid hormone receptor (PTHR) and of the phosphorylated 

extracellular signal regulated kinases 1 and 2 (pERK1/2), which are known to reduce NaPi 

IIa protein amounts, was decreased. These findings suggest that not only adaptation of 

hormones, but also of renal Pi transport pathways occurred due to low N intake in growing 

goats.  

In the third study the question was raised, whether the observed alterations in renal Pi 

transporter expression influenced electrolyte excretion in vivo. Therefore, balance trials were 

performed in goats fed low N content and daily intake and excretion of N, Ca and phosphorus 

(P) were measured. Also in these animals the protein expression of renal Ca and Pi 

transporters and their regulatory proteins was examined. Low N intake resulted in reduced 
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daily N excretion, but unchanged N retention. However, the excretion of Ca and P remained 

unchanged. On the level of renal protein expression, only the amount of PTHR was 

decreased, but neither NaPi IIa nor pERK1/2 protein amount was altered. Although adaptation 

of renal electrolyte handling appeared to differ from that in the second study, again lower 

plasma IGF-1 and a trend towards lower plasma calcitriol concentrations were observed. 

Furthermore, linear regression analyses indicated IGF-1, calcitriol and the renal Na-dependent 

Pi transporter type IIc (NaPi IIc) to play a major role in the regulation of electrolyte handling 

in growing goats. These findings further emphasize a connection between low N intake and 

adaptive responses of electrolyte handling.  

In the fourth study it was investigated whether the adaptive responses of electrolyte 

handling to low N intake, as observed in the previous experiments, were goat-specific. Thus, a 

comparative feeding experiment similar to that in goats was performed in rats, carefully 

considering species-specific peculiarities in the digestive physiology and metabolism. Rats 

were fed a diet reduced in N content and the same parameters as in the goat experiments were 

determined. For a comparative analysis all data were related to metabolic body size in rats and 

goats. The results showed that also in rats N excretion decreased due to low N intake. N 

retention in rats remained unchanged, despite a putative less effective N recycling, whereas in 

goats N retention was slightly, but not significantly decreased, when related to metabolic 

body size. Also the influence of low N intake on renal Ca excretion differed between the two 

species. Whilst in goats renal Ca excretion decreased in relation to metabolic body size, the 

urinary Ca concentration was increased in rats. Furthermore, in contrast to goats, the hormone 

concentrations and the expression of the detected renal proteins were not altered by low N 

intake in rats. Thus, the results showed that the adaptation of electrolyte handling to low N 

intake, as it was observed in the previous studies, was goat-specific.  Further research is 

needed to elucidate the exact metabolic pathways leading to adaptation of electrolyte handling 

to low N intake.  
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Zusammenfassung 

Aus ökonomischen und ökologischen Gründen wird bei der Fütterung von Wiederkäuern 

die Proteinzufuhr möglichst genau an den Bedarf der Tiere angepasst. Eine Besonderheit bei 

Wiederkäuern ist, dass sie bei geringer Protein-, und damit bei geringer Stickstoff (N)-Zufuhr 

in der Lage sind, dieser diätetischen N-Reduktion durch eine Einschränkung der N-

Ausscheidung und einer damit einhergehenden N-Rezyklierung entgegenzuwirken. In diesem 

Prozess der endogenen N-Rezyklierung spielt der Harnstofftransport in der Niere über 

sogenannte urea transporter (UTs) eine wichtige Rolle. Bei einem Versuch mit wachsenden 

Ziegen wurde festgestellt, dass eine verminderte N-Aufnahme trotz dieser endogenen N-

Rezyklierung nicht nur Veränderungen des N-Stoffwechsels, sondern auch des 

Elektrolythaushaltes nach sich zog (MUSCHER et al. 2011). Dies äußerte sich in 

verminderten Plasmakonzentrationen des insulin-like growth factor-1 (IGF-1) und des 1,25-

dihydroxy vitamin D3 (Calcitriol), sowie in einer erhöhten Plasmakonzentration des 

carboxyterminal cross-linked telopeptide of type I collagen (CTX). In der vorliegenden PhD 

Studie wurde in verschiedenen Experimenten sowohl die Adaptation des N- als auch des 

Elektrolythaushaltes an eine reduzierte diätetische N-Aufnahme in wachsenden Ziegen 

untersucht. Der Fokus dieser Untersuchungen lag dabei auf der Adaptation der Nieren an die 

reduzierte N-Aufnahme.  In diesen Untersuchungen wurde die Adaptation des renalen N-, Ca- 

und Pi-Stoffwechsels an die veränderten diätetischen Bedingungen in vier verschiedenen 

Studien genauer betrachtet. 

In der ersten Studie wurde die Beeinflussung der renalen Expression von UTs durch eine 

reduzierte N-Aufnahme in wachsenden Ziegen untersucht. Die Ergebnisse dieser 

Untersuchungen zeigten, dass die mRNA-Expression der Isoform UT-A1 bei reduzierter N-

Aufnahme erhöht war. Dieser Befund deutet auf eine erhöhte renale N-Resorption während 

einer verminderten N-Aufnahme, und damit auf eine Steigerung der endogenen N-

Rezyklierung hin. 

In der zweiten Studie wurde die Beteiligung des renalen Kalzium (Ca)- und Phosphat (Pi)-

Transportes an der Adaptation des Elektrolythaushaltes an die reduzierte N-Aufnahme 

untersucht. Dazu wurde die Proteinexpression renaler Ca- und Pi-Transporter und die 

Expression einiger ihrer Regulationsproteine gemessen. Die Ergebnisse zeigten, dass die 

Proteinexpression des renalen Natrium (Na)-abhängigen Pi-Transporters Typ IIa (NaPi IIa) 

bei reduzierter N-Aufnahme erhöht war. Damit übereinstimmend war die Proteinexpression 

des renalen Parathormon-Rezeptors (PTHR) und der phosphorylierten extracellular signal 

regulated kinases 1 and 2 (pERK1/2), die die NaPi IIa Proteinmenge vermindern, erniedrigt. 
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Diese Ergebnisse zeigen, dass in wachsenden Ziegen neben hormonellen Veränderungen auch 

der renale Elektrolyttransport mit in die Adaptation an eine reduzierte N-Aufnahme 

einbezogen ist. 

In der dritten Studie wurde untersucht, inwiefern sich diese Veränderungen der 

Proteinexpression im Bereich des renalen Pi-Transportes auf die renale 

Elektrolytausscheidung in vivo auswirken. Dazu wurden in einem Versuch mit Ziegen unter 

N-reduzierter Fütterung Bilanzversuche durchgeführt. Die tägliche Aufnahme und 

Ausscheidung von N, Ca und Phosphor (P) wurde gemessen. Des Weiteren wurde auch bei 

diesen Tieren die Proteinexpression der renalen Ca- und Pi-Transporter und der zugehörigen 

Regulationsproteine untersucht. Die Ergebnisse zeigten, dass die tägliche N-Ausscheidung bei 

verminderter N-Aufnahme deutlich reduziert war, die N-Retention jedoch unverändert blieb. 

Auch die Ausscheidung von Ca und P war unverändert. Bezüglich der renalen 

Proteinexpression war bei dieser Tiergruppe allerdings lediglich die Expression des PTHR 

erniedrigt, während weder die Expression des NaPi IIa noch der pERK1/2 verändert war. 

Obwohl sich demnach die Adaptation des renalen Elektrolythaushaltes von der in der zweiten 

Studie unterschied, wurde auch in diesem Versuch wieder eine reduzierte 

Plasmakonzentration von IGF-1 und, tendenziell, von Calcitriol beobachtet. Lineare 

Regressionsanalysen zeigten weiterhin, dass bei wachsenden Ziegen besonders IGF-1, 

Calcitriol und der renale Na-abhängige Pi-Transporter Typ IIc (NaPi IIc) eine wichtige Rolle 

bei der Regulation des Elektrolythaushaltes spielten. Die Ergebnisse liefern insgesamt erneut 

Hinweise auf einen Zusammenhang zwischen verminderter diätetischer N-Aufnahme und 

einer Adaptation des Elektrolythaushaltes bei Ziegen.  

In der vierten Studie sollte festgestellt werden, ob die beobachteten Veränderungen aus 

den vorherigen Versuchen ziegenspezifische Adaptationsmechanismen an eine reduzierte N-

Aufnahme darstellten. Für diese vergleichende Betrachtung wurde ein dem Ziegenversuch 

möglichst ähnlicher Fütterungsversuch an Ratten durchgeführt, wobei die nötigen spezies-

spezifischen Fütterungsbedingungen beachtet wurden. Auch den Ratten wurde eine Diät mit 

reduziertem N-Gehalt gefüttert und die gleichen Parameter wie im Ziegenversuch wurden 

gemessen. Die Ergebnisse zeigten, dass auch bei den Ratten bei verminderter N-Aufnahme 

die N-Ausscheidung erniedrigt war. Die N-Retention war trotz einer vermeintlich weniger 

starken N-Rezyklierung unverändert, während in Ziegen unter Bezug der Daten auf das 

metabolische Körpergewicht sogar eine tendenziell erniedrigte N-Retention beobachtet 

wurde. Auch die Beeinflussung der Ca-Exkretion durch die reduzierte N-Aufnahme 

unterschied sich zwischen beiden Tierarten. Während die renale Ca-Exkretion bei Ziegen in 
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Bezug auf das metabolische Körpergewicht erniedrigt war, war die Ca-Konzentration im Harn 

der Ratten erhöht. Auch eine Veränderung der untersuchten Hormone und der Expression der 

renalen Transportproteine wurde bei Ratten im Gegensatz zu den Ziegen nicht nachgewiesen. 

Die Ergebnisse zeigen daher, dass die Adaptation des Elektrolythaushaltes, wie sie in den 

vorhergehenden Versuchen beobachtet wurde, ziegenspezifisch war. Weitere Untersuchungen 

sind notwendig, um die genauen, zugrunde liegenden Regulationsmechanismen dieser 

Adaptation des Elektrolythaushaltes an eine reduzierte N-Aufnahme aufzuklären. 
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1 Introduction 

1.1 Dietary nitrogen reduction – why? 

In the feeding of ruminant livestock precisely adjusted protein, and thus nitrogen (N) 

content is aspired. On the one hand, the N content should be adjusted to the lowest possible 

level for reasons of minimizing costs and also minimizing pollution by N excretion. On the 

other hand, the N content should not be reduced to an extent, at which it has negative impact 

on the animals’ health and growth performance. Furthermore, in arid or semi-arid regions 

feeding high or at least adequate N containing diets can be virtually impossible due to the 

available feeding stuff in these climatic conditions. However, ruminants are considered being 

unique in their ability to economize N and therefore, in contrast to other mammals, they are 

able to deal with unfavourable nutritional conditions (MARINI and VAN AMBURGH 2003). 

 

1.2 How ruminants economize N – rumino-hepatic urea-N recycling 

Even in situations of N scarcity, ruminants are able to cope very efficiently with the 

residual amounts of N. This effective way of economizing N is based on ruminant-specific N 

recycling mechanisms, which are referred to as rumino-hepatic urea recycling (Figure 1). 

Rumen microbial protein serves as the main source of protein for the ruminant as host. 

Therefore, a constant N supply to the rumen is essential for maintaining microbial protein 

synthesis and thus, also for maintaining protein supply to the host. After protein degradation 

into amino acids and subsequent digestion, finally the toxic ammonia (NH3) is produced. To a 

high proportion it is detoxified in the liver by synthesis of urea, which is then released into the 

blood stream and can be excreted mainly by the kidneys. However, when urea is shifted from 

the bloodstream to the salivary glands or directly into the rumen again, it can also be reused as 

source of N for rumen microbial protein synthesis. Therefore, in times of N scarcity, the 

excretion of valuable urea can be reduced to a minimum in ruminants. Reduction in renal urea 

excretion is mediated by increased urea reabsorption from the ultrafiltrate and by subsequent 

return of urea to the bloodstream. Renal reabsorption, and thereby excretion of urea are 

implemented by specific urea transporters (UTs). The structure, function and role of UTs for 
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urea recycling have been investigated in monogastric animals, in cattle and in parts in small 

ruminants, as discussed in the following.  

 

 

 

 

 

1.3 Urea transporters – a brief overview 

The molecular structure of UTs was identified for the first time in Xenopus oocytes (YOU 

et al. 1993). Meanwhile, UT expression was detected in different tissues (for example kidney, 

liver, testis, intestine) and species (COURIAUD et al. 1996; FENTON et al. 2000; INOUE et 

al. 2004; SMITH et al. 2004). Furthermore, different UT isoforms encoded by the SLC14 

genes are known (FENTON et al. 1999; BAGNASCO et al. 2001; NAKAYAMA et al. 2001). 

From the UT-A (SLC14A2) five protein and eight cDNA isoforms and from the UT-B 

(SLC14A1) two isoforms are known (for a review see SANDS 2002). 

In the kidney urea transport is accomplished in medullary collecting ducts by UT-A 

isoforms, which are localized in the apical membranes of tubule epithelium and by UT-B, 

which is localized in the renal vasa recta. By recycling urea, both are also involved in 

regulating urine concentration. In ruminants, the UT-A and UT-B have been detected in renal 

medulla, papilla and pelvis of sheep (MARINI et al. 2004; ARTAGAVEYTIA et al. 2005). 

Figure 1: Schematic overview of urea synthesis and urea recycling in ruminants. Protein in the gastrointestinal 
tract (GIT) is degraded into amino acids. Amino acids pass from the GIT into the blood stream and are 
metabolized, producing the waste product NH3. The major proportion of NH3 is detoxified by hepatic urea 
synthesis. Urea is returned to the plasma pool and can be transferred into the GIT again directly via transport 
across the rumen epithelium or via secretion with the saliva, serving as new source of N for rumen microbial 
protein synthesis. Plasma urea is partially filtered by the kidneys and can either be excreted with the urine or can 
be reabsorbed into the blood stream again. 
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By intestinal UTs, urea can be shifted into the enteric lumen, where it can be hydrolysed 

into NH3 and carbon dioxide by urease activity of intestinal bacteria. Subsequently, NH3 can 

either be used for microbial protein synthesis or it can be reabsorbed again. In human and rat 

the UT-B transporter was detected in colon (INOUE et al. 2004; SMITH et al. 2004; INOUE 

et al. 2005) and in human and mice also the UT-A has been characterized in the intestine 

(FENTON et al. 2004; STEWART et al. 2004). Also in ruminants, UT-A and UT-B have 

been detected in the gastrointestinal tract (GIT) (RITZHAUPT et al. 1997; RITZHAUPT et 

al. 1998; MARINI et al. 2004; STEWART et al. 2005; LUDDEN et al. 2009). Especially in 

ruminants, facilitated urea transport across intestinal but also ruminal epithelia could play a 

crucial role for ruminal N recycling mechanisms. The existence of UT-B in the rumen wall 

was documented in studies in cattle, sheep and goats (MARINI and VAN AMBURGH 2003; 

MARINI et al. 2004; STEWART et al. 2005; PETERS 2007; LUDDEN et al. 2009; ROJEN 

et al. 2011).  

In addition, in vitro experiments revealed that urea flux across the ruminal wall was 

increased when goats were fed a diet with low N content (MUSCHER et al. 2010). More 

recently, these findings were also made in sheep (DORANALLI et al. 2011). Though, higher 

urea fluxes into the rumen could not be attributed to increased UT-B function here. Also in 

vivo studies documented that the proportion of blood-derived urea-N in the rumen increased 

in cows with low N intake (MARINI and VAN AMBURGH 2003). These findings underline 

the importance of maintaining urea flux into the rumen in the event of unfavourable dietary 

conditions, such as low N intake.  

However, the exact regulation and interplay of renal and gastrointestinal UTs in 

ruminants, especially during low N intake, is not yet fully understood. It can be assumed that 

in times of dietary N shortage and accordingly lower plasma urea concentrations, N excretion 

is minimized by an increase in UT expression. Subsequently, urea reabsorption in the kidneys 

and urea transport into the rumen is advantageous to improve N availability for rumen 

microbes in times of dietary N shortage. 

 

1.4 Dietary N intake and electrolyte homeostasis 

An adequate supply of protein and amino acids guarantees maintenance of growth in all 

tissues. Any imbalance in N supply will therefore not only alter pathways related to N 

metabolism, but also pathways linked to body growth, like energy balance, lipid and glucose 
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metabolism and electrolyte homeostasis. Since phosphorous (P) and calcium (Ca) are 

essential for bone mineralization and phosphate (Pi) is required for energy metabolism (ATP 

synthesis) and regulation of enzyme activity (phosphorylation), a close connection between N 

and electrolyte homeostasis seems quite compelling. 

 In humans and monogastric animals, it was shown that low N intake influenced the 

function and metabolism of key organs involved in regulating electrolyte homeostasis: the 

bones, the intestine and the kidneys. When consuming a low protein diet, bone growth, bone 

resorption and density were altered in rats and humans, but the results were ambiguous. From 

some studies it was concluded that consuming a high protein diet improved bone mass 

(DAWSON-HUGHES et al. 2004), from others that high protein intake increased bone 

resorption (KERSTETTER et al. 1999). Furthermore, in some studies intestinal Ca absorption 

decreased and in most studies also renal Ca excretion decreased upon low protein intake 

(ORWOLL et al. 1992; KERSTETTER et al. 1999; DAWSON-HUGHES et al. 2004). 

Recently varying N intake was shown to alter electrolyte homeostasis also in goats 

(MUSCHER and HUBER 2010). However, although several studies documented a 

connection between N intake and electrolyte handling, the causal relationship is still unknown 

and the exact signalling pathways remained unclear. It seems to be likely that not proteins 

themselves, but their metabolites, free amino acids, act as initial signals to alter further 

pathways. Amino acid sensing mechanisms have been found intra- and extracellularly (for 

review see CONIGRAVE et al. (2008)). Two amino acid sensing proteins were discussed as 

potential targets mediating the connection between N and electrolyte metabolism, the calcium 

sensing receptor (CaR) and the mammalian target of rapamycin (mTOR). The potential role 

of these two proteins regarding electrolyte homeostasis will be discussed later (chapter 7.3).  

 

1.5 The regulatory network of electrolyte metabolism – a brief 

overview 

Alongside amino acid sensing proteins, several other regulatory pathways of Ca and Pi 

homeostasis are potentially influenced by low dietary N intake. Electrolyte handling underlies 

a tightly controlled system with involvement of different organs. Three organ systems are 

mainly responsible for maintaining balanced Ca and Pi homeostasis: the bones, the intestine 

and the kidneys (Figure 2). The interplay of these organs particularly aims to maintain 

constant plasma Ca and Pi concentrations. Thereby, electrolyte-related diseases like organ 
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calcifications or formation of stones, for example in the bladder, are prevented. In the bones, 

the intestine and the kidneys Ca and Pi absorption and reabsorption, and thereby also Ca and 

Pi excretion, are regulated to a great extent by hormonal influences. Parathyroid hormone 

(PTH) is synthesized in the parathyroid gland and it is released when plasma Ca concentration 

decreases. More recently it could be shown that the signal transduction between plasma Ca 

concentration and PTH release was mediated by the CaR localized in the parathyroid gland 

(BROWN et al. 1993). Increasing PTH plasma concentrations affect bone and renal Ca and Pi 

handling by binding to the respective PTH receptor (PTHR). In the bones this leads to 

increased release of Ca and subsequently of Pi. In the kidneys, Ca reabsorption from the 

ultrafiltrate increases, but Pi reabsorption decreases. In addition to factors, such as plasma Ca 

and Pi concentrations, also increasing plasma PTH concentrations lead to the activation of the 

renal 1α-hydroxylase. This enzyme catalyzes the transformation of 25-hydroxy vitamin D 

(calcidiol) to its biologically active form, 1,25-dihydroxy vitamin D3 (calcitriol). Calcitriol is 

intracellularly bound to its receptor, the vitamin D receptor (VDR) and this complex can be 

transported into the nucleus, where it acts as transcription factor. Finally, an elevated calcitriol 

concentration leads to increased Ca and Pi release from the bones, similar to PTH action, and 

furthermore, to increased Ca and Pi reabsorption from the ultrafiltrate in the kidneys. In 

addition, in contrast to PTH, calcitriol also increases Ca and Pi absorption in the intestine. By 

the concerted action of these mechanisms both PTH and calcitriol increase and in turn 

normalize plasma Ca concentration. Obviously, for a balanced functioning of these 

mechanisms, Ca and Pi transport in the kidneys plays an essential role. Therefore, knowledge 

about renal Ca and Pi transport is summarized in the following. 
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1.6 Renal Ca and Pi transport  

As it is known from monogastric animals, in the renal distal convoluted tubule and in the 

connecting duct Ca reabsorption is mediated by the transient receptor potential channel 

subfamily vanilloid member 5 (TRPV5). TRPV5-mediated Ca reabsorption is influenced by 

both the presence of TRPV5 in the apical membrane and by its activity. Targeting to the 

apical membrane is modulated by the interplay of TRPV5 gene expression and clathrin- and 

dynamin-mediated internalization and recycling of the channel to the apical membrane. The 

activity of TRPV5 is mainly controlled by various factors including as klotho, tissue 

kallikrein, pH or different ion concentrations (for a review see DE GROOT et al. 2008). 

However, in the kidneys paracellular Ca transport in the proximal tubule and the thick 

Figure 2: Schematic overview of the interplay of parathyroid gland, kidney, bones and intestine in regulation 
Ca and Pi homeostasis 
Adapted from: www.chirurgie-im-bild.de, www.dialyse-hsh.de, www.kultfaktor.de, www.planet-wissen.de 
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ascending limb of Henle’s loop was found to play a more central role than transcellular Ca 

transport (reviewed by HOENDEROP et al. (2005)).  

Renal Pi reabsorption, however, is mainly mediated by Pi transporters. Pi reabsorption 

primarily occurs in the proximal convoluted tubule and plays a central role in controlling 

whole body Pi homeostasis. Hitherto, three renal sodium (Na)- dependent Pi cotransporters 

have been described. The Na-dependent Pi transporter type IIa (NaPi IIa) is encoded by the 

SLC34A1 gene and is localized in the apical membranes of the proximal convoluted tubules. 

In addition, the Na-dependent Pi transporter type IIc (NaPi IIc, SLC34A3) and the Na-

dependent Pi transporter type III (PiT-2, SLC20A2) mediate renal Pi transport and are 

expressed in the apical membranes of proximal convoluted tubules as well. The secondary-

active Pi transport through the NaPi IIa, NaPi IIc and PiT-2 is driven by the force of the 

intracellular directed Na+ ion gradient. Electrogenic transport of Pi is mediated by NaPi IIa 

and PiT-2, whereas in contrast, NaPi IIc mediates electroneutral Pi transport (MURER et al. 

2000; RAVERA et al. 2007; VIRKKI et al. 2007). The participation of these three 

transporters in total Pi reabsorption appeared to differ depending on factors like species and 

age. From rodent models it is suggested that mainly the NaPi IIa mediates renal Pi transport, 

whereas renal NaPi IIc-mediated Pi transport was found to be predominant in humans and in 

weaning rodents (BECK et al. 1998; SEGAWA et al. 2002; BERGWITZ et al. 2006; 

LORENZ-DEPIEREUX et al. 2006). The role of renal PiT-2 in whole body Pi homeostasis 

has not yet been described and remains subject to clarification.  

Several factors regulate proximal tubular Pi reabsorption, such as hormones (PTH, growth 

factors, estrogen), acid base-load or plasma Pi concentration, whereby the different Pi 

transporters appeared to be differently influenced by these signals. However, most of the 

regulatory factors impact Pi reabsorption by altering the abundance of Pi transporters in the 

apical membranes (BIBER et al. 2009). The regulation of apical Pi transporter abundance is 

best known for the NaPi IIa and its downregulation by PTH (Figure 3). PTHR activation by 

PTH binding subsequently activates protein kinases A and C (PKA and PKC). Through 

involvement of phosphorylated extracellular signal regulated kinases 1 and 2 (pERK1/2) the 

NaPi II a protein is removed from the membrane via endocytosis. Many different factors can 

influence this regulatory pathway, including stabilizing effects of different proteins on NaPi 

IIa in the membrane or intracellular signalling molecules, such as cyclic adenosine 

monophosphate (cAMP). Recently it could be shown that NaPi IIa and PiT-2 were 

downregulated in an acute response to PTH, whereas NaPi IIc downregulation appeared to be 
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a long-term effect (PICARD et al. 2010). For a detailed review characterizing regulation of 

renal Pi transporters see BIBER et al. (2009). 

 

 

 

 

1.7 Low N intake and electrolyte homeostasis – linked also in 

ruminants 

Due to very efficient N recycling, as described in chapter 1.2, it can be hypothesized that 

in ruminants, consequences of low N intake for other organ systems is compensated to a 

certain extent in ruminants. Thus, related consequences for Ca and Pi homeostasis are 

hypothesized to be marginal in ruminant species. Nonetheless, first indications for a response 

of electrolyte homeostasis to low N intake were found in goats (MUSCHER et al. 2010; 

MUSCHER et al. 2011). This response included decreased plasma insulin like growth factor-

1 (IGF-1) concentrations, a decrease of plasma calcitriol concentrations and an increase of 

plasma carboxyterminal cross-linked telopeptide of type I collagen (CTX) concentrations, the 

latter being a bone resorption marker. These findings confirm results of studies in humans and 

rodents (DAWSON-HUGHES et al. 2004; DUBOIS-FERRIERE et al. 2011). However, as 

mentioned before, the regulatory mechanisms, which led to an adaptive response of 

Figure 3: Overview of sodium dependent phosphate transporter type IIa (NaPi IIa) downregulation by 
parathyroid hormone (PTH) via activation of protein kinases A and C (PKA, PKC) and extracellular signal 
regulated kinases (ERK)  
Source: Biber et al. 2009. 
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electrolyte homeostasis due to low N intake, are neither known for monogastric animals nor 

for ruminants.  

In ruminants, PTH did not affect renal Na-dependent Pi transport in vitro, which was in 

contrast to studies in opossum kidney cells (PFISTER et al. 1997; SCHRÖDER et al. 2000). 

Furthermore, also calcitriol-mediated intestinal Pi transport has been suggested to be regulated 

different from that in monogastric species (SCHRÖDER et al. 1995). More recently it was 

shown that electrolyte homeostasis and its regulation differed even between ruminant species 

with respect to the regulation of intestinal Ca absorption (WILKENS et al. 2012). Therefore, 

the adaptive response of electrolyte handling to low N intake and its regulation is likely to be 

different from that in monogastric animals, possibly due to rumino-hepatic N recycling. 

 

1.8 Hypothesis and aim of the present PhD project 

It was shown that in growing goats low N intake did not only affect N, but also electrolyte 

homeostasis. It was hypothesized that renal Ca and Pi handling are included in the adaptive 

response of electrolyte homeostasis to low N intake.  

Thus, the present PhD project aimed to investigate the adaptation of N, Ca and Pi 

homeostasis to low N intake with a focus on renal adaptive responses. Therefore, the impact 

of low N intake on hormonal regulation of electrolyte homeostasis, on renal urea, Ca and Pi 

transporter expression and on N, Ca and phosphorus (P) excretion in vivo was examined. 

Furthermore, by comparing rats and goats, goat-specific adaptation mechanisms to low N 

intake were underlined. The study was divided into four subprojects to answer the following 

questions: 

 

1. Do renal UTs contribute to the adaptation of N metabolism and N recycling to low N 

intake in goats? 

2. Is renal electrolyte transport, especially renal Pi reabsorption, involved in the observed 

adaptive response of electrolyte homeostasis to low N intake in goats?  

3. Does low N intake impact the renal daily electrolyte excretion in vivo? 

4. Are the observed adaptive responses of electrolyte homeostasis to low N intake 

specific to ruminants, possibly due to their ability to recycle N? 
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2 Background information on experimental setup 

2.1 Animals 

The results of the four subprojects (chapter 1.8) originate from different animal 

experiments. The first subproject was performed using samples from a total number of 12 

goats. A detailed description of the animals is given in the 1st publication. For the second 

subproject samples obtained from 20 goats were analyzed. A detailed description of these 

animals was published by MUSCHER et al (2011). The third subproject was performed using 

a total number of 12 goats, as described more detailed in the 3rd publication. In the fourth 

subproject data obtained from a study in 16 rats were analyzed. In the 4th publication these 

data were compared to those from the goats of the third subproject.  

Although the data of the present PhD project were obtained from different animal 

experiments, all trials were conducted according to the same criteria: 

 

During growth N requirements are increased due to a great muscle protein accretion and a 

high basal energy rate. Hence, it is assumed that in young individuals restricted dietary N 

intake leads to more pronounced N recycling mechanisms than in adults. Therefore, all 

studies in the present PhD project were conducted on growing individuals. The experimental 

trials were started directly after weaning and acclimatization to solid feed. At the time of 

slaughtering the final body weight of all animals was within the ascending, linear range of the 

growth curve (data not shown), confirming that all animals were still within the growth phase. 

Furthermore, it was summarized by SAINT-CRIQ et al. (2012) and BLAINE et al. (2011) 

that female sexual hormones can influence Ca and Pi homeostasis and also energy metabolism 

due to milk production and specific female skeletal development. To exclude influences of 

female sexual hormones, all studies were conducted on male individuals.  

Accordingly, all goat experiments were conducted on growing male Saanen-type goats, 

whereas the rat experiments were conducted on growing male Wistar rats.  

2.2 Diets 

In all goat experiments, the results of animals from two different feeding groups were 

compared to each other. In each experiment, one feeding group received a diet containing a 

moderately low, but not deficient N content. The animals were supposed to be able to cope 
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with the chosen degree of reduction in N content by urea recycling. The other group received 

the same diet supplemented with urea to achieve an N supply adequate for goats (GfE 2003). 

Both diets therefore only varied in their N-content and were isoenergetic.  

Regarding the N content, the dietary conditions used for the rat experiment were chosen 

referring to the diets used in the goat experiment. One group received a diet containing an 

adequate N content (GV-SOLAS 2004). In the other rat diet the N content was reduced to the 

same extent as it was reduced in the goat experiment. Detailed components and composition 

of the diets for both species and a detailed discussion regarding the comparability of the rat 

and goat diets are given in the 3rd and 4th publication and in chapter 8.1.4. 
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7 Continuative investigations and unpublished data 

The results of the four subprojects provide insights into adaptive responses of Ca and Pi 

homeostasis and its regulation to low N intake in goats. However, the findings evoked several 

subsequent research questions.  

It remains unclear how electrolyte homeostasis and especially renal Ca and Pi handling is 

exactly regulated in ruminants. Hormonal effects by IGF-1 and calcitriol appeared to play a 

significant role within the regulation of electrolyte handling in goats (3rd and 4th publication). 

How far their modes of action differ from those in monogastric animals is not yet understood. 

However, with respect to the results of the 4th publication, in ruminants renal Ca and Pi 

transport and its regulation due to low N intake appeared to differ from those in monogastric 

animals. The participation of different Na-dependent Pi transporters in renal Pi reabsorption 

might contribute to the different renal adaptation of monogastric animals and ruminants to 

low N intake. However, the role of for example renal NaPi IIc or PiT-2-mediated Pi 

reabsorption in ruminants remains subject to investigation. Also the interplay of Ca and Pi 

handling in the kidneys with that in the intestine and in bones during low N intake in 

ruminants is poorly understood. Furthermore, the molecular link between N metabolism and 

Ca and Pi handling remains unknown. 

Therefore, continuing studies should include the elucidation of hormonal signals and of 

renal cellular structures controlling Ca and Pi transport in monogastric animals and ruminants. 

The effects of PTH, calcitriol and IGF-1 on the activity of renal NaPi IIa, NaPi IIc, PiT-2 and 

TRPV5 in goats should be investigated more detailed. In addition, the renal VDR presents a 

possible target linking hormonal signals to subsequent renal cellular responses. Also the 

examination of the interplay between kidneys, gut and bones upon low N intake is of great 

interest due to the close regulatory interactions between these organs. In addition, the 

signalling between N homeostasis and electrolyte handling needs to be assessed more 

detailed. 

Some of these parameters have already been investigated within the present PhD project 

and, at least in part, are still under investigation at present. Further experiments were carried 

out on  

- the renal response of Ca and Pi transport to low N intake by detecting the protein 

expression of renal PiT-2, TRPV5 and VDR 
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- the inter-organ crosstalk upon low N intake by measuring the content of Ca and P in 

chyme and bones 

- the molecular link between N metabolism and renal Ca and Pi handling by detecting 

the protein expression of renal CaR, mTOR and phosphorylated mTOR (pmTOR) 

Furthermore, the question arose how the renal response to particular stimuli, which are 

caused by dietary N reduction, can be investigated. These stimuli for example include 

variations in concentrations of hormones, electrolytes and urea, or for example variations in 

acid base-load. However, based on in vivo conditions it is nearly impossible to investigate the 

renal response to only one of these stimuli. A suitable method for examining renal responses 

to particular variables can be to work on isolated, perfused kidneys. Therefore, a preliminary 

protocol for this method was established within the present PhD project. 

As far as possible, the continuative investigations were conducted in a comparative 

manner in rats and goats. The preliminary results of these experiments are demonstrated and 

discussed in the following.  

 

7.1 Renal response of Ca and Pi transport to low N intake - PiT-2, 
TRPV5 and VDR protein expression 

Until now, only a few studies have documented the contribution of PiT-2 to renal Pi 

reabsorption and to overall Pi homeostasis. In mice, renal Pi reabsorption was attributed to 

PiT-2 activity to a low extent (VILLA-BELLOSTA et al. 2009). The PiT-2 was discussed to 

be a transporter involved in PTH-dependent Pi reabsorption (PICARD et al. 2010). The role of 

PiT-2 for renal Pi reabsorption in goats or other ruminants has not been elucidated to date.  As 

discussed in the 2nd publication, despite increased renal NaPi IIa protein amounts Pi uptake 

into brush border membrane vesicles (BBMV) did not increase in goats with low N intake. 

This discrepancy was likely to be linked to the activity of Pi transporters other than NaPi IIa. 

The PiT-2 can be hypothesized being one of these other transporters. Therefore, it is of 

special interest to find out whether the renal PiT-2 contributes to Pi reabsorption in ruminants 

and whether in the present study the protein expression of renal PiT-2 differed due to low N 

intake in rats and goats. 

As described in the 4th publication, renal Ca handling appeared to be regulated differently 

in rats and goats. However, it remains unknown whether these differences can be attributed to 

transcellular or paracellular Ca transport. In goats, the relation between transcellular and 

paracellular transport of Ca in the kidney and its regulation is unknown. To further investigate 
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the transcellular Ca transport via TRPV5 and its adaptation to low N intake in goats and rats, 

TRPV5 protein expression was determined in this study. Alterations in TRPV5 protein 

amounts might help clarifying the differences in renal Ca handling, which were observed in 

the fourth subproject. As described in chapter 1.5 renal Ca reabsorption can be regulated by 

calcitriol. Upon low N intake in goats, plasma calcitriol concentration tended to decrease. 

Therefore it seems reasonable that also the expression of its receptor, the VDR, might be 

altered. Thus, VDR protein was semiquantified in whole cell lysates and in nuclear extracts of 

renal cortical tissue in both rats and goats upon low N intake. 

The detection and semiquantification of PiT-2, TRPV5 and VDR in caprine and rat kidney 

is still under investigation at present. Therefore, the current state concerning the establishment 

of the protocols for the use of the antibodies is given.    

 

7.1.1 Materials and Methods 

For detection of renal PiT-2, TRPV5 and VDR protein from caprine and rat renal cortices 

whole cell lysates, brush border membranes (BBM), whole membrane fractions and nuclear 

extracts were prepared. All preparation procedures are described in detail in the 4 

publications.  

Protein concentrations of all cell fractions were measured using a commercial protein 

assay (Bio-Rad) according to the Bradford method (BRADFORD 1976). Samples for 

detection of PiT-2 were treated with dithiothreitol (DTT) and samples for detection of TRPV5 

and VDR with DTT and mercaptoethanol and with or without heat for denaturing the 

proteins. Samples of each fraction were separated by sodium dodecylsulfate polyacrylamide 

gelelectrophoresis (SDS-PAGE; 10% gel for PiT-2 detection, 8.1% gel for detection of all 

other proteins) and transferred onto nitrocellulose membranes. For detection of VDR in 

nuclear extracts, 15µg protein were loaded per lane, for detection of all other proteins and 

VDR in whole cell lysates, 30µg protein were loaded per lane. All nitrocellulose membranes 

were blocked with phosphate buffered saline with tween (PBST) containing 5% fat free milk 

for 2 h and were incubated at 4°C overnight with primary antibody for protein detection. The 

PiT-2 protein was detected in BBM, the antibody (anti human PiT-2, Alpha Diagnostics 

International, San Antonio, TX, USA) was diluted 1:100 in 1% fat free milk in PBST. The 

specificity of PiT-2 antibody was tested using a blocking peptide. The primary antibody was 

incubated with the fivefold amount of blocking peptide for 2 h at 37°C and for 4 h at 4°C. The 

membrane was incubated with the blocked antibody over night at 4°C. TRPV5 protein was 
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detected in BBM, the primary antibody (anti human TRPV5, AVIVA Systems Biology, San 

Diego, CA, USA) was diluted 1:1000 in 1% fat free milk in PBST. The VDR protein was 

detected in whole cell lysates and nuclear extracts. The primary antibody (anti human VDR, 

AVIVA Systems Biology) was diluted 1:1000 in 1% fat free milk in PBST. 

Immunoreactivity of the primary antibodies was detected using HRP-coupled secondary 

antibodies against rabbit (Cell Signaling, Danvers, MA, USA; dilution 1:4000). The band 

signals were measured using an enhanced chemiluminescence system (Perbio Science GmbH, 

Bonn, Germany). Semiquantitative analyses of the bands were performed using the software 

Image Lab (Bio-Rad, Munich, Germany). 

 

7.1.2 Results and discussion 

PiT-2 protein was detected as one prominent double band 70 kDa in size and two faint 

bands 40 and 100 kDa in size in rat kidney. In goat kidney four bands were detected 35, 40, 

50, 70 in size and a double band 100 kDa in size (Figure 4). The expected size according to 

manufacturer was 72 kDa. Treatment of the antibody with blocking peptide resulted in 

disappearance of all bands in rat kidney and of the 35 kDa, 50 kDa, 70 kDa and 100 kDa 

bands in goat kidney (Figure 4). TRPV5 protein was detected as a single band 130 kDa in size 

in rat kidney and 3 bands 40, 70 and 170 kDa in size in caprine kidney (Figure 5). VDR 

protein was detected in whole cell lysates displayed by 3 bands in rat kidney about 35, 50 and 

70 kDa in size, whereas in caprine kidney one prominent band about 50 kDa in size and faint 

bands 70 and 130 kDa in size were detected (Figure 6A). Detection of VDR protein in nuclear 

extracts was displayed by one prominent band of 70 kDa in size for both rats and goats, and 

one faint band 50 kDa in size in rat kidney (Figure 6B). 

Further optimization of the protocol is needed to precisely detect PiT-2, TRPV5 and VDR. 

Afterwards, protein expression can be semiquantified in goats and rats to assess potential 

differences in protein expression between control and low N fed animals. 
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Figure 4: Detection of phosphate transporter type III (PiT-2) protein by Western Blot analysis in rat and goat 
kidney without (left) and with (right) treatment with blocking peptide (b.p.).  

Figure 5: Detection of transient receptor potential channel vanilloid type 5 (TRPV5) protein by Western Blot 
analysis in rat and goat kidney. Samples were treated with mercaptoethanol (Merc.) or with dithiothreitol 
(DTT) and were heat denatured (+h) or not (-h). 

Figure 6: (A) Detection of vitamin D receptor (VDR) protein in whole cell lysates and (B) in nuclear extracts 
by Western Blot analysis in rat and goat kidney. Samples were treated with mercaptoethanol (Merc.) or with 
dithiothreitol (DTT) and were heat denatured (+h) or not (-h). 
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7.2 Crosstalk between the organs - analyses of Ca and P content in 
bones and intestine upon low N intake 

In addition to renal Ca and Pi handling, skeletal and intestinal Ca and Pi handling are 

likely to be influenced by low N intake. Adaptive responses of skeletal metabolism to low 

protein intake have been reported for monogastric animals and humans (see chapter 1.4), and 

also in growing goats plasma CTX concentrations increased upon low N intake (MUSCHER 

et al. 2011). However, these findings could not be confirmed by the present study, because 

neither in goats nor in rats plasma CTX concentrations were altered by low N intake (3rd and 

4th publication). However, the investigation of only one single bone resorption marker does 

not yield conclusive data about bone turnover or alterations in bone formation. Therefore, 

alterations of Ca and P contents in bones by low N intake were investigated in this study. Due 

to technical reasons, only in rats skeletal Ca and P contents were determined and compared 

between the two feeding groups.  

Adaptive responses of intestinal Ca transport to low protein intake have already been 

demonstrated in studies in rats and humans (ORWOLL et al. 1992; KERSTETTER et al. 

1998; GAFFNEY-STOMBERG et al. 2010). Recently, also in goats adaptive responses of 

intestinal Ca and Pi fluxes and of intestinal Ca and Pi transporter expression to a diet reduced 

in N and Ca content were documented (MUSCHER et al. 2012). Furthermore, the existence 

of a direct gut-kidney-axis has been postulated by BERNDT et al. (2007). When rats were 

infused different Pi contents into the gut lumen a rapid increase in renal Pi excretion was 

observed. From these data it may be hypothesized that in the present study low N intake may 

have altered Pi content in chyme and thereby also influenced renal Pi reabsorption. To 

examine whether low N intake impacts the Ca or Pi content in the gut, chyme samples were 

taken from the jejunum and were analyzed for alterations of Ca and P content based on 

different N supply. Due to technical reasons, these samples could only be taken from goat, but 

not from rat jejunum.  

 

7.2.1 Materials and methods 

Directly after sacrificing, the right femur was removed from each animal and remaining 

muscles were eliminated. The Ca and P contents in rat femurs were measured in the Institute 

of Animal Nutrition, University of Veterinary Medicine, Hannover, Germany. In brief, dry 

matter and crude ash contents were determined and subsequently, acidic hydrolysis of the 

crude ash was performed. Ca content was measured by atomic absorption spectrometry and P 
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content was determined photometrically by the ammonium-vanadium-molybdate-method 

according to official methods established by the Association of German Agricultural 

Investigation and Research Institutions (VDLUFA 2007).  

Chyme samples were taken from goat jejunum directly after slaughtering. The Ca and P 

contents were determined using the same methods as for detection of Ca and P in rat bones. 

For statistical analysis a comparison of Ca and P contents in bones and chyme between the 

two feeding groups was performed using Student’s t-test. Correlations of several variables of 

N, Ca and P handling with Ca and P contents in bones and chyme were tested by linear 

regression analyses. P<0.05 was set to be significant. 

 

7.2.2 Results and discussion 

The Ca and P contents in the rat bones did not differ between the two feeding groups. 

However, linear regression analyses showed that skeletal P content was positively correlated 

with plasma Pi concentrations and furthermore with renal NaPi IIc expression (Figure 7 A, B). 

In rats, plasma Ca, Pi, PTH, CTX, IGF-1 and calcitriol concentrations were not changed by 

low N intake. Therefore, unchanged skeletal Ca and Pi content were not unexpected. 

However, the weak correlation between renal NaPi IIc expression and skeletal P content may 

nonetheless indicate a link between skeletal and renal Pi handling. Hypothetically, increasing 

NaPi IIc expression enhances renal Pi reabsorption and results in increasing bone Pi content. 

This link between skeletal and renal Pi handling did apparently not involve the renal NaPi IIa 

expression (correlation NaPi IIa expression with skeletal P content: P=0.25). It appears to be 

reasonable that skeletal P content and renal NaPi IIc expression can be linked through plasma 

Pi concentration. Changes in skeletal Pi release or Pi incorporation can lead to changes in 

plasma Pi concentration. Plasma Pi concentration in turn regulates renal Pi reabsorption. 

Conversely, also altered renal Pi reabsorption can result in altered plasma Pi concentration and 

thus in altered skeletal Pi handling. However, the results show that plasma Pi concentration 

correlated with skeletal P content, but not with renal NaPi IIc protein expression (correlation 

NaPi IIc protein expression with plasma Pi concentration: P=0.13). Thus, the connection of 

skeletal P content and renal NaPi IIc expression did not appear to be modulated by plasma Pi 

concentrations. Several other variables, such as hormones or growth factors are known to 

regulate skeletal and as well renal electrolyte handling, as reviewed by RENKEMA et al. 

(2008). It can be hypothesized that during growth a greater demand of skeletal Pi 

incorporation results in increased levels of growth hormones. Increasing levels of growth 



CONTINUATIVE INVESTIGATIONS AND UNPUBLISHED DATA 
 

23 
 

hormones in turn can lead to higher NaPi IIc expression and thus to increased renal Pi 

reabsorption. Besides growth hormones, another class of molecules called phosphatonins was 

suggested to link skeletal and renal Pi homeostasis. The phosphatonins are phosphaturic 

substances and comprise the fibroblast growth factor 23 (FGF 23), the secreted frizzled 

related protein 4 (sFRP-4), fibroblast growth factor 7 (FGF-7) and the matrix extracellular 

phosphor-glycoprotein (MEPE). All these phosphatonins were shown to impact renal, skeletal 

and hormonal Pi homeostasis, as reviewed by LAROCHE and BOYER (2005) and by 

SHAIKH et al. (2008). Possibly, phosphatonins are also involved in the adaptation of Pi 

homeostasis to low N intake in goats. However, further research is needed to investigate 

mechanisms of interactions between skeletal and renal Pi handling. 

The Ca content in chyme of goats was not altered, but P content decreased with low N 

intake (Figure 8 A, B). In addition, P content of the chyme was negatively correlated with 

renal NaPi IIc expression and it was positively correlated with plasma IGF-1 concentrations. 

Also plasma IGF-1 concentration was negatively correlated with the renal NaPi IIc expression 

(Figure 9 A, B, C). It was documented by BERNDT et al. (2007) that an increase in Pi content 

in the intestine resulted in rapid increase of renal Pi excretion in rats. In accordance, our data 

showed a negative correlation between P content in chyme and renal NaPi IIc expression. 

This correlation indicates that also in goats increasing P content in chyme was associated with 

a renal response towards increasing Pi excretion. Furthermore, increasing P content in chyme 

was associated with increasing plasma IGF-1 concentration. Plasma IGF-1 concentrations in 

turn were negatively correlated with renal NaPi IIc expression. These associations might 

imply that increasing P content in chyme leads to a downregulation of renal NaPi IIc protein 

expression mediated by plasma IGF-1. Contrary to this assumption, IGF-1 was shown to 

increase NaPi II-mediated Pi transport in opossum kidney cells (JEHLE et al. 1998), likely 

due to increased stability of NaPi IIa in the membrane. However, whether IGF-1 impacts 

NaPi IIc in the same manner, and how IGF-1 influences Pi transport in ruminants, is not 

known so far. 

To summarize, these results imply an interplay of the kidneys with bones and intestine 

regarding electrolyte handling. Mainly Pi handling and renal NaPi IIc expression seemed to be 

involved in this interplay. Further research is needed to clarify the regulatory mechanisms of 

this crosstalk between intestine, bones and kidneys and to clarify goat-specific metabolism in 

this context. 
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Figure 7: (A) Correlation of plasma phosphate (Pi) concentration with skeletal phosphorus (P) content (r2=0.3; 
P<005) and (B) of sodium-dependent Pi transporter type IIc (NaPi IIc) protein expression with skeletal P 
content (r2=0.3; P<0.05) in rats. Filled squares represent animals of the control group, blank circles represent 
animals of the low nitrogen (low N) fed group. 

Figure 8: (A) Comparison of calcium (Ca) content and (B) phosphorus (P) content in chyme of goats 
between control and low nitrogen (low N) fed animals. The number in brackets represents the number of 
animals. * P<0.05 

Figure 9: (A) Correlation of phosphorus (P) content in chyme with plasma insulin-like growth factor-1 (IGF-
1) concentration (r2=0.6; P<0.01), (B) sodium-dependent phosphate transporter type IIc (NaPi IIc) protein 
expression (r2=0.4; P<0.05) and (C) of plasma IGF-1 concentration with NaPi IIc protein expression (r2=0.4; 
P<0.05) in goats. Solid squares represent animals of the control group, blank circles represent animals fed low 
N.  
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7.3 The molecular link between N metabolism and renal Ca and Pi 
handling – CaR and mTOR? 

Until now the link between N intake and an adaptive response of the electrolyte 

homeostasis has not been identified. It is conceivable that hormonal signals can link N and 

electrolyte metabolism. Indeed, N intake was shown to impact the release of hormones, such 

as insulin or PTH and also of other variables like IGF-1. At least in goats IGF-1 was shown to 

play a central role within the adaptive response of renal electrolyte handling to low N intake. 

Due to its involvement in regulating growth, skeletal and as well renal metabolism, IGF-1 can 

be hypothesized being a hormone connecting N and electrolyte metabolism. However, in 

addition to hormonal signals, also free amino acids were assumed to be key signals within the 

interaction of protein and electrolyte metabolism (CONIGRAVE et al. 2008). After ingestion 

proteins are degraded to peptides or amino acids, and after digestion free amino acids can be 

released into the blood stream. Accordingly, cellular amino acid sensing mechanisms might 

play a crucial role in mediating signals obtained from protein intake to electrolyte handling. 

Amino acids can be sensed extra- but also intracellularly. One of the extracellular amino acid 

sensors, which have been identified so far, is the CaR. One of the intracellular amino acid 

sensors is a serine/threonine kinase named mTOR. 

 

7.3.1 The CaR 

The CaR consists of seven transmembrane domains, one N-terminal large extracellular 

domain comprising about 600 amino acids and a cytoplasmatic C terminus (BROWN et al. 

1993; GARRETT et al. 1995; RICCARDI et al. 1995; RUAT et al. 1995). As reviewed by 

CONIGRAVE et al. (2008), the CaR has initially been cloned from bovine parathyroid cells 

and its expression has been verified in different tissues so far, also including kidney, thyroid 

C-cells and brain. The CaR possesses binding sites for amino acids and as well for Ca ions. 

For this reason it is predestinated as a molecular link between protein intake and electrolyte 

handling. Some groups of amino acids are preferentially bound, others with a lower 

sensitivity. The intracellular pathways, which are activated subsequently, appeared to depend 

on the activation of the CaR either by Ca or by amino acids. In general, it was found that 

signal transduction was mediated by G-protein-coupled processes, by activation of different 

protein kinases and by changes in intracellular Ca concentrations (VARRAULT et al. 1995; 

BROWN et al. 1996; RUAT et al. 1996; YE et al. 1996). In the parathyroid gland these 

mechanisms finally regulate gene expression and secretion of PTH (LEVI et al. 2006). The 
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CaR is also expressed in the kidneys and attenuating effects of PTH on Pi transport (BA and 

FRIEDMAN 2004). Furthermore CaR activity mediated increased VDR expression and 

resultant decrease in plasma calcitriol concentrations (MAITI and BECKMAN 2007). Due to 

this action of the CaR on renal electrolyte handling, CaR protein expression was investigated 

in this study. Furthermore, it should be examined whether CaR protein expression was 

influenced by low N intake and might have contributed to changes in renal Ca and Pi handling 

in goats.  

 

7.3.2 The mTOR 

The mTOR is a member of phosphoinositide 3-kinase-related kinases (PIKK) and was 

shown to act as serine/threonine kinase in vitro (DENNIS et al. 2001). It is the target of 

rapamycin, an immunosuppressant factor. Rapamycin is used for several clinical treatments, 

taking advantage of the inhibiting action on mTOR activity. By the serine/threonine kinase 

activity mTOR can be autophosphorylated (BROWN et al. 1995) and thereby be activated. 

Activation of mTOR regulates both activation and inactivation of mRNA translation 

repressors and thus impacts cell and tissue growth by activation of protein synthesis. 

Signaling of mTOR includes various factors, such as hormones, growth factors, ATP, G 

proteins, mitogen-activated protein kinase (MAPK) pathways and several other intracellular 

signaling proteins (reviewed by HAY and SONENBERG 2004 and WANG and PROUD 

2006). Furthermore, it was found that mTOR stimulated the activity of the intestinal Na-

dependent Pi transporter type IIb (NaPi IIb) (SHOJAIEFARD and LANG 2006). More 

recently, this stimulating effect was also demonstrated for the renal NaPi IIa (KEMPE et al. 

2010). Thus, mTOR might also be a key factor in mediating effects between protein 

metabolism and renal electrolyte handling. Therefore, renal mTOR protein expression was 

examined in this study.  

To evaluate the impact of low N intake on protein expression of CaR and mTOR, Western 

Blot analyses were performed. Whereas for the CaR antibody the protocol still has to be 

modified, the protein expression of renal mTOR could be semiquantified and analyzed for rats 

and goats.  
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7.3.3 Materials and methods 

For detection of renal mTOR, pmTOR and CaR protein from caprine and rat renal cortices 

whole cell lysates and whole membrane fractions were prepared. The preparations are 

described in the 4 publications. 

Protein concentrations of all cell fractions were measured with a commercial protein assay 

(Bio-Rad) by a Bradford assay (BRADFORD 1976). Samples for detection of mTOR and 

pmTOR were treated with DTT for denaturation. For detection of CaR the samples were 

treated with DTT or, respectively, mercaptoethanol and were heat-denatured. Samples of each 

fraction were then separated by SDS-PAGE (8.1% gel). For detection of mTOR, pmTOR and 

CaR 30µg protein were loaded per lane. Afterwards, proteins were transferred onto 

nitrocellulose membranes. All nitrocellulose membranes were blocked with PBST containing 

5% fat free milk for 2 h and were incubated at 4°C overnight with primary antibody for 

protein detection. The mTOR and pmTOR were detected in whole cell lysates. Primary 

antibodies (anti human mTOR/ pmTOR, Cell Signaling) were diluted 1: 500 (mTOR 

detection in goats), 1: 200 (pmTOR detection in goats), 1:400 (mTOR detection on rats) and 

1:150 (pmTOR detection in rats). CaR protein was detected in whole membrane fractions and 

the primary antibody (anti rat CaR, Sigma-Aldrich, St Louis, MO, USA) was diluted 1:400 in 

1% fat free milk in PBST overnight. Immunoreactivity of the primary antibodies was detected 

using HRP-coupled secondary antibodies against rabbit (detection of mTOR and pmTOR, 

dilution 1:4000) or against mouse (detection of CaR, dilution 1:100000). The band signals 

were measured using an enhanced chemiluminescence system (Perbio Science GmbH). 

Semiquantitative analyses of the bands were performed using the software Image Lab (Bio-

Rad). 

Statistical analyses were performed using GraphPad Prism version 4.0 software (San 

Diego, California, USA, www.graphpad.com). P-values <0.05 were set to be significant. 

 

7.3.4 Results and Discussion 

CaR protein detection showed 3 bands in rat kidney 40, 70 and 130 kDa in size, whereas 

in caprine kidney a single band 70 kDa in size was detected (Figure 10). The expected size 

according to the antibody manufacturer was 130 kDa. The bands 40 and 70 kDa in size might 

be cleavage products.  

The mTOR protein was detected as one prominent band about 260 kDa in size in both rat 

and goat kidney. Further faint bands about 220 kDa in size occurred, which might represent 
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cleavage products (Figure 11 A, B). In both species only the prominent band was 

semiquantified. The pmTOR protein was detected as one single band about 250 kDa in size 

for both species (Fig. 11 A, B). For both mTOR and pmTOR, no difference in protein 

expression between the two feeding groups was detected in both species. The ratio between 

mTOR and pmTOR also remained unchanged by low N intake in both species, indicating that 

activation of mTOR by phosphorylation was not influenced by low N intake.  
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For the CaR antibody a new optimized protocol is needed to quantify and analyze protein 

content in both rats and goats.  

The expression of mTOR and pmTOR was not altered by low N intake in both rats and 

goats. Also the ratio of pmTOR to mTOR did not vary with N intake in both species. 

Figure 10: Detection of renal calcium sensing receptor (CaR) protein by Western Blot in rats and goats. 
Samples were treated with mercaptoethanol (Merc.) or with dithiothreitol (DTT) and were heat denatured 
(+h) or not (-h). 

Figure 11: Detection of renal mammalian target of rapamycin (mTOR, top) and phosphorylated mTOR 
(pmTOR, bottom) protein by Western Blot analysis (A) in rats and (B) goats. A representative membrane from 
each blot including 4 animals of each feeding group (Control and low N) is shown. 
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Therefore, it can be concluded that renal Ca and Pi transport was not regulated by variations 

of mTOR protein expression or its phosphorylation in rats and goats.  

 

7.4 The isolated perfused kidney 

The present PhD project aimed to elucidate the adaptation of renal Ca and Pi transport to 

low N intake. However, the kidneys participate in regulation of various different metabolic 

pathways and consequentially themselves are closely integrated in a concerted interplay of 

different organ systems. Thus, many different humoral, endocrine and neuronal signals can 

alter kidney function and renal metabolism. Therefore, adaptive renal responses to low N 

intake, which were observed in this study, could often not be allocated to one initial signal. 

This complex regulation of kidney function in vivo impedes the investigation of renal 

responses to particular stimuli, such as PTH or calcitriol. For example, gaining knowledge 

about renal responses to variations for example in certain hormone concentrations would be 

of great interest, especially to further examine ruminant-specific kidney function. One 

methodological approach allowing exclusively the investigation of particular influences on 

kidney function is to work on isolated, perfused kidneys.  

Working on isolated, perfused kidneys allows investigation of renal responses for example 

to hormones or other humoral factors, while maintaining all other experimental conditions. 

Thus, physiological goat-specific renal reactions to changing calcitriol, PTH, IGF-1, Ca or Pi 

concentrations could be examined. Furthermore, differences between the renal response of 

control and low N fed animals to these stimuli can be determined. Changes in renal 

metabolism can be detected by measuring metabolites in the renal venous outflow. Changes in 

renal function can be detected by measuring glomerular filtration rate and by measuring 

excretion of different substances in the ureteral outflow. By subsequent tissue preparation and 

in vitro analyses, such as Western Blotting, immunohistochemical staining or PCR, it is also 

possible to reveal changes on a molecular level. Therefore, the model of the isolated, perfused 

kidney could be a very suitable analytical method for gaining detailed insights into renal 

responses to low N intake in goats.  

Research on dissociated kidneys has been described in literature for different species and 

with different stages of isolation from the complete organism (NIZET 1975). To achieve 

complete isolation and thereby to achieve complete control over all variables potentially 

influencing kidney function, an artificial perfusion by a mechanical pump is necessary. 



CONTINUATIVE INVESTIGATIONS AND UNPUBLISHED DATA 
 

30 
 

According to STARLING and VERNEY (1925) this kind of kidney perfusion was firstly 

described by Löbell in 1848.  

An aim of this study therefore was to establish a working protocol for the isolation and 

perfusion of kidneys.  

 

7.4.1 Materials and methods 

For the methodological establishment, kidneys from swine of the breed Deutsche 

Landrasse, aged about 5 months were used. Directly after stunning with a captive bolt gun 

and exsanguination the intestine was removed from the abdominal cavity and the kidney, the 

ureter and the afferent and efferent blood vessels (Arteria and vena renalis) were dissected 

(Figure 12A). The blood vessels were ligated with commercial surgical suture. A venous 

catheter was inserted in each vessel and fixed with a surgical suture. Afterwards, the kidney 

was completely removed from the abdominal cavity and was embedded in ice cold 

physiological NaCl solution. A small tube connector was fixed to the ureter for later 

collecting of ureteral outflows. Through the arterial catheter the kidney was rinsed with 20 

mL of 0.002% heparin solution to remove clotted blood from the vascular network (Figure 

12B) and to test vessels and catheters for patency. Afterwards the kidney was cautiously 

rinsed with 10 mL of iced physiological NaCl solution. The same procedure was performed 

with the second kidney. Both kidneys were then completely embedded in Ringer’s solution at 

38°C. The tube connectors and catheters were fixed to commercial rubber tubes (Figure 12C). 

The arterial tube was connected via an automatic pump to 38°C-warmed Krebs-Henseleit 

buffer (KHB) solution (containing 117.0 mmol/L NaCl, 4.7 mmol/L KCl, 2.5 mmol/L CaCl2, 

1.2 mmol/L MgCl2, 1.2 mmol/L NaH2PO4, 11.0 mmol/L glucose, 25.0 mmol/L NaHCO3, 

gassed with carbogen (95% O2 and 5% CO2), pH adjusted to 7.4), which is widely accepted as 

standard perfusion medium for organs (BAILEY and ONG 1978). The venous and the ureter 

tube were fixed to sample cups. A schematic illustration of the experimental setup is given in 

Figure 13. During the connecting procedure attention was paid to the fact that no air bubbles 

were trapped in the tubes. Perfusion rate was set to 26 mL per minute. From both kidneys 

samples of the venous outflow were taken after 20, 40, 60, 90, 120, 150, 180, 210 and 240 

minutes of perfusion. Ureter samples were collected after 60, 120 and 180 minutes. After a 

maximum of 5 hours, the perfusion was stopped and tissue samples for hematoxylin and eosin 

(HE)-staining and immunohistochemical staining were taken. In the outflow samples glucose 

content was measured using a commercial kit based on the GOD/PAP (glucose oxidase/ 
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phenol + aminophenazone) method (mti diagnostics, Idstein, Germany). Lactate and lactate 

dehydrogenase (LDH) were measured using commercial kits for detection of lactate and LDH 

in blood according to the mono-LOX (lactateoxidase)-PAP method and to a kinetic UV test 

according to the International Federation of Clinical Chemistry (IFCC), respectively (mti 

diagnistics). 

 

A      B 

         

C 

 

 

 

 

 

 
Figure 13: Schematic overview of the experimental setup of the isolated perfused kidney. 1 water quench, 2 
thermostat, 3 buffer solution, 4 carbogen fumigation, 5 automatic pump, 6 organ bath, 7 arterial tubes, 8 
venous tubes, 9 ureteral tubes, 10 sample cups 

Figure 12: (A) Porcine kidney in situ, 
Arteria renalis (A.r.), Vena renalis (V.R.) 
and ureter (Ur.) dissected. (B) Perfusion 
of the kidney through the arterial catheter 
(art. Cat.) with heparin solution, outflow 
of clotted blood through the venous 
outflow (ven.out.). Ureteral catheter 
(ur.cat.) connected to ureter. (C) Left and 
right kidney in organ bath connected to 
arterial, venous and ureteral tubes. 
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7.4.2 Results and discussion 

After a few minutes of perfusion no blood residue was apparent in the venous outflow. 

Also peristaltic movement of the ureters could be observed and after 15-20 minutes of 

perfusion ultrafiltrate was released. After a maximum of 3 hours, edema formation in the peri-

renal capsule was apparent.  

In the samples from venous and ureteral outflow glucose concentrations of about 10-11 

mmol/L were measured. However, the renal ultrafiltrate of healthy animals is generally 

expected not to contain glucose possible explanation for the high glucose level measured in 

this study might be excessive glucose concentration in the perfusion buffer resulting in an 

exceeded renal threshold and in subsequent glucosuria. Indeed, standard values of plasma 

glucose in swine range between 3.9 and 6.5 mmol/L, but higher values about 11 mmol/L may 

occur under stress conditions (KRAFT and DÜRR 2005). Furthermore, an unphysiologically 

high perfusion rate would potentially result in increased pressure and consequentially in 

destruction of renal glomeruli. A glomerular destruction could be identified by histological 

staining of glomeruli. However, the samples taken for these investigations are yet to be 

analyzed.  

Although the measurements of lactate and LDH in the samples were conducted according 

to the manufacturer’s protocol, measured values of the standards were too low (data not 

shown). Therefore, lactate and LDH could not be quantified in the samples. Since the original 

protocol was specified for plasma samples, measuring lactate and LDH concentrations in 

KHB solution might not work without modifying the standard protocols for perfusate 

samples. 

In conclusion, a preliminary procedure of working on isolated, perfused kidneys was 

established. However, several single steps during the process need to be modified or 

optimized and the complete establishment of this methodological approach requires further 

investigation.
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8 Discussion 

8.1 Critical evaluation of the PhD project 

8.1.1 First subproject: Impact of low N intake on renal UT expression 

In the first subproject the expression and distribution of UTs in caprine kidney was 

examined. The expression of UT-A1 mRNA in the kidney was significantly increased in the 

animals fed low N. However, due to technical reasons, UT-A1 was only detected on mRNA, 

but not on protein level. Therefore it cannot be stated to what extent alterations in mRNA 

expression reflected alterations in protein expression and therefore in urea reabsorption. 

Posttranscriptional regulation of UTs, for instance protein folding, trafficking to the apical 

membrane or removal of UT protein from the apical membrane might occur independently of 

mRNA expression and might be influenced by low N intake. Thus, for all UTs, UT-A1, UT-

A2 and UT-B a semiquantitative analysis of protein amounts present in the renal apical 

membranes would be desirable for future studies.  

 

8.1.2 Second subproject: Adaptation of renal Ca and Pi handling to low N intake 

The findings of the second subproject strongly suggest the kidneys to be involved in the 

adaptation of Ca and Pi homeostasis to low N intake. Changes in protein expression of key 

constituents of the renal Pi transport were found. However, from this study it remained 

unclear whether these observed molecular changes would also impact electrolyte excretion in 

vivo. Urine samples were taken from the bladder directly after slaughtering to measure urinary 

Ca and Pi fractional excretion. However, the values obtained from these measurements likely 

were of limited validity, because electrolyte concentration in the bladder could have easily 

been influenced for example by differences in water uptake before slaughtering. Therefore, 

urine samples obtained from the bladder at one random time point do not provide sufficient 

evidence to the observed molecular changes for constant urinary Ca and Pi excretion in vivo. 

Furthermore, in the second subproject, the animals were not fed individually and thus, 

feeding of accurate amounts of N, Ca and P for each animal could not be guaranteed. As a 

consequence, correlations between single variables of nutrient intake and excretion could not 

be performed. Therefore, in following studies it should be ensured that individual intake and 
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excretion of nutrients can be determined and that 24h-urine and faeces samples are taken. 

These demands could for example be met by performing balance trials in metabolic cages.  

 

8.1.3 Third subproject: Impact of low N intake on Ca and Pi handling and 

excretion in vivo 

When comparing repeated experiments from the second subproject, within the third 

subproject some discrepancies occurred. In the animals of this third subproject protein 

expression of the key proteins involved in renal Pi reabsorption was not altered by low dietary 

N intake, as it had been in the second subproject. One possible explanation for this is the fact 

that in general adaptation to changes in feeding or housing conditions may vary to a great 

extent between single individuals in goats. An individual capacity for adaptation to low N 

intake might have resulted in high standard deviation within each feeding group and thus in 

missing statistical significances in the third subproject. Furthermore, although the same breed 

of goats was used in both experiments, the animals originated from different breeding lines in 

the two trials. Therefore, genetic differences are possible factors leading to differences in 

adaptation to low N intake. In addition, it should be taken into account that in the second 

subproject a number of 10 animals per group was available, whereas the third subproject was 

performed with only 6 animals per group. Combined with a high individual adaptability and 

with variances regarding the genetic background this small number of animals possibly might 

have contributed to missing statistical significances between the two feeding groups for some 

of the measured parameters.  

Furthermore, the experimental design slightly varied between the two experiments. As 

implicated above, only in the third subproject feed intake could be controlled individually. 

Therefore, in the second subproject also an equal energy intake between the two feeding 

groups was not warranted. This fact is raising the possibility that differences in feed or energy 

intake may at least in part have led to differences in adaptation of electrolyte handling to low 

N intake between the two feeding groups in the second subproject. With exactly adjusted 

individual feed and energy intake in the third subproject these differences could not be 

detected. 

Altogether, it is not possible to assess one particular reason for the differences observed 

between the results of the two subprojects. From these findings it is concluded that in future 

experiments with goats an exact adjustment of experimental conditions is necessary to 

strengthen reproducibility. 
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8.1.4 Fourth subproject: Impact of low N intake on Ca and Pi handling and 

excretion in vivo – comparative approach between rats and goats 

In the fourth subproject, adaptive responses of N, Ca and P handling based on low N 

intake were compared between goats and rats, representing a ruminant and a non-ruminant 

species, respectively. As discussed in the 4th publication, completely identical experimental 

conditions for the two species cannot be achieved due to large physiological differences in 

nutritional requirements. Therefore, some differences in the feeding conditions occurred, as 

discussed in the manuscript. However, it should be considered that the purpose of this study 

was not to compare adaptation of two species to exactly identical diets, but rather to compare 

adaptive responses of the two species to dietary N restriction with maintenance of all other 

species-specific nutritive aspects. Obviously, the data gained from this study are not 

transferable to other ruminant or monogastric species without limitations. As discussed above, 

goats appear to be unique in their adaptation to different nutritional or housing conditions. 

Thus, adaptive metabolic responses in goats do not necessarily have to be similar to those in 

other ruminants, such as cattle or sheep. Differences in electrolyte handling between goats 

and sheep have already been characterized (WILKENS et al. 2012). Due to characteristics in 

physiology and anatomy of rats, also the transfer of the obtained data to other monogastric 

species has to be assessed cautiously. Nonetheless, specificity of metabolic pathways in 

ruminants can only be examined by comparison to metabolic pathways in monogastric 

animals. A lack of data exists concerning such direct comparisons between ruminants and 

monogastric animals. Therefore, to identify species-specific physiological pathways it would 

be important to conduct further trials comparing different species under preferably similar 

conditions, but taking the animals’ physiological requirements into account. 

8.2 Adaptation of N, Ca and P handling to low N intake –main findings 

and discussion 

In the present PhD project the adaptation of N, Ca and Pi homeostasis to low N intake was 

investigated with a focus on renal adaptive responses. The hypothesis that renal Ca and Pi 

handling are involved in the adaptive response of electrolyte homeostasis to low N intake was 

confirmed. The project included investigations on adaptation of renal urea, Ca and Pi 

transport, adaptation of electrolyte excretion in vivo and on adaptation of hormonal regulation 
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of electrolyte homeostasis. Finally, the specificity of the observed adaptive responses for 

caprine metabolism was examined by comparing the results to those of a similar study in rats. 

 

The initial questions underlying the four subprojects were investigated in the 4 publications 

(chapter 3-6) and could be answered as follows: 

 

1. Do renal UTs contribute to the adaptation of N metabolism and N recycling to low N 

intake in goats? 

 

The adaptation of renal urea transport to low N intake was proven by detecting renal UT-

A1, UT-A2 and UT-B mRNA and renal UT-A2 and UT-B protein expression (1st 

publication). Also the localization of renal UTs in caprine kidney was identified. UT-A2 

expression was detected in caprine renal medulla, whereas UT-B expression was detected in 

medulla and papilla. Furthermore, it could be shown that renal UT-A1 mRNA expression was 

increased by low N intake. Therefore, the capacity for saving N by renal urea recycling was 

concluded to be elevated due to low N intake. The adaptation of renal N saving mechanisms 

is suggested to result in more effective usage of N under these dietary conditions. 

Studies aiming to quantify the amounts of recycled urea and of its reuse for microbial 

protein synthesis emerged over the last years. In cows it was shown that absolute amounts of 

recycled urea were not altered by low N intake (KRISTENSEN et al. 2010), but it was 

demonstrated in young goats that the efficiency of rumino-hepatic N recycling was increased 

due to dietary N reduction (COX 2013). However, the exact amount of urea, which is 

recycled in the kidneys and subsequently contributes to rumino-hepatic N recycling upon low 

N intake, still remains subject to investigation.  

Furthermore, the specific involvement of the different UT isoforms in renal urea recycling 

in goats is not fully understood. The regulation of UTs by low N intake appears to differ 

between goats and monogastric animals (1st publication, INOUE et al. 2005), as also 

discussed in the 1st publication. These differences provide evidence that urea transport upon 

low N intake may be regulated species-specifically. Further research on the adaptation of UTs 

to low N intake in monogastric animals and ruminants is needed to confirm this hypothesis. 
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2. Is renal electrolyte transport, especially renal Pi reabsorption, included in the observed 

adaptive response of electrolyte homeostasis to low N intake in goats? 

 

Renal NaPi IIa, PTHR and pERK1/2 protein expression was detected in caprine kidney 

and was shown to be altered by low N intake (2nd publication). The abundance of NaPi IIa 

protein in renal apical membranes increased, whereas PTHR and pERK1/2 protein amounts 

decreased. It can be concluded that on molecular level renal Pi transport was upregulated 

PTHR-dependently due to low N intake in growing goats.  

However, it remains to be discussed why these findings were not reflected by functional 

studies. The Pi uptake into isolated BBMV was not altered by low N intake. This discrepancy 

may be attributed to the methodological approach of BBMV studies, as discussed in the 2nd 

publication more detailed. Furthermore, Pi transporters other than the NaPi IIa may have 

contributed to Pi reabsorption in the functional studies and may have led to the ambiguous 

results. Thus, in following experiments also the protein expression of the renal NaPi IIc (3rd 

publication) and of the renal PiT-2 (chapter 7.1) upon low N intake was investigated. The 

analysis of PiT-2 expression is still under investigation at present. However, it was shown that 

the renal NaPi IIc protein expression was not altered by low N intake. Nonetheless, the renal 

NaPi IIc appeared to play a more important role for Ca and Pi handling upon low N intake 

than the renal NaPi IIa, as also discussed in the 3rd publication. Further investigations are 

needed to clarify the significance of renal NaPi IIa, NaPi IIc and PiT-2 activity for Pi 

reabsorption in growing goats, especially upon low N intake. 

The results of the 2nd publication furthermore suggested the NaPi IIa being regulated 

PTHR-dependently, as it is known from monogastric animals. However, according to 

SCHRÖDER et al (1995, 2000) the effect of PTH on Ca and Pi handling in goats may differ 

from that in monogastric animals. No assay was available for PTH measurement in goat 

plasma in the second subproject. Therefore, the effect of low N intake on plasma PTH 

concentrations and thus, possible effects of plasma PTH on renal Pi transport could not be 

examined. PTH-dependent regulation of renal Pi transport in goats therefore remains to be 

investigated. The isolated, perfused kidneys could be taken as suitable experimental approach 

for this investigation.   

 

 

 

 



DISCUSSION 
 

38 
 

3. Does low N intake impact the renal daily electrolyte excretion in vivo? 

 

To further assess the consequences of the adaptation of renal urea and Pi transporter 

expression, in an additional study on goats fed low N content, daily in vivo excretion of N, Ca 

and P were examined (3rd publication). As expected, daily N excretion decreased due to low 

N intake, whereas N retention remained unaffected. Unexpectedly, low N intake did not affect 

daily Ca and P excretion and retention in vivo. However, in this new group of animals only 

renal PTHR, but neither NaPi IIa nor pERK1/2 protein expression was altered. Possible 

reasons for this discrepancy between the two studies are discussed in chapter 8.1.3. From the 

results of this third subproject it cannot be stated, whether an increase in renal NaPi IIa 

expression, as observed in the second subproject, necessarily results in decreased daily Pi 

excretion in growing goats.  

Although daily Ca and P excretion were not affected by low N intake, an adaptive 

response of hormonal regulation of electrolyte homeostasis to low N intake was observed. It 

was displayed by decreased plasma IGF-1 and a trend towards decreased plasma calcitriol 

concentrations. At least IGF-1 was shown to increase Na-dependent Pi transport in opossum 

kidney cells (CAVERZASIO and BONJOUR 1989). However, despite decreased plasma 

IGF-1 concentrations in the goats NaPi IIa and NaPi IIc expression remained unchanged. 

Whether the enhancing effect of IGF-1 on Na-dependent Pi transport also exists in ruminants 

and may even influence daily renal Pi excretion, remains to be examined. Also for assessing 

IGF-1 effects on renal Pi reabsorption the isolated, perfused kidneys could be taken as suitable 

experimental approach. 

 

4. Are the observed adaptive responses of electrolyte homeostasis to low N intake 

specific to ruminants, possibly due to their ability to recycle N? 

 

It was supposed that due to effective N recycling possible effects of low N intake on in 

vivo electrolyte excretion and on renal Pi transporter expression are attenuated in goats or 

completely differ from those in monogastric animals. Thus, the adaptive responses of Ca and 

Pi handling to low N intake as described in the 2nd and 3rd publication were suggested to be 

goat-specific. It was assumed that effects of low N intake on renal Ca and Pi handling were 

more accentuated in monogastric animals with a putative less effective N recycling. However, 

a comparative study between both species (4th publication) revealed that the effects of low N 

intake on Ca and Pi homeostasis were not more accentuated in rats. Similar to the goat 
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experiment, also in rats low N intake resulted in decreased N excretion and a trend towards 

decreased N retention. Excretion and retention of Ca remained unchanged. Concerning P 

excretion and retention, only urinary P excretion decreased, what was attributed to generally 

lower urine excretion upon low N intake, but not to increased renal Pi reabsorption (more 

detailed discussion in 4th publication). Against the expectations the metabolic response to low 

N intake appeared to be more extensive in goats than in rats. This was especially 

demonstrated by altered IGF-1 and calcitriol concentrations only in goats. A similar alteration 

of IGF-1 and calcitriol was also shown in rats by DOBOIS-FERRIERE et al. (2011), but at 

considerably greater reduction of dietary N content. The finding that in the present study rats 

were able to cope with dietary N restriction better than expected may indicate a very effective 

usage of residual N also in rats, possibly due to very effective UT activity. This again 

underlines the demand for investigations on UT function and regulation upon low N intake 

comparing ruminant and monogastric species. 

In addition, related to metabolic body size, urinary Ca exretion decreased only in goats, 

whereas in rats the urinary Ca concentration increased. These findings underline a goat-

specific adaptive response of Ca handling to low N intake. The reduced urinary Ca excretion 

in goats might be based on increased renal Ca reabsorption. However, the analysis of renal 

TRPV5 protein expression is still under investigation at present (chapter 7.1). Low dietary N 

intake combined with reduced dietary Ca intake was shown to increase intestinal Ca fluxes in 

growing goats (MUSCHER et al. 2011). Also in that study plasma IGF-1 concentration 

decreased and plasma calcitriol concentration tended to decrease. Thus, enhanced Ca 

reabsorption in goats upon low N intake can be speculated to be attributed to IGF-1 or 

calcitriol action. Also the differences between Ca handling in rats and goats upon low N 

intake may be based on the different adaptation of IGF-1 and calcitriol to the dietary changes. 

However, to assess the underlying mechanisms of this different response to low N intake, Ca 

handling upon low N intake needs to be investigated more detailed. 

In conclusion, the findings of the fourth subproject indicate a goat-specific response of 

electrolyte handling to low N intake. 
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9 Summary and closing remarks 

In the present PhD project the adaptive response of N, Ca and Pi handling to low dietary N 

intake in growing goats was investigated. A focus was set on renal adaptive responses to the 

dietary changes. The consequences of low N intake for hormonal regulation of Ca and Pi 

homeostasis, for renal Ca and Pi transporter expression and for Ca and P excretion in vivo 

were examined. Furthermore, specificity of the observed alterations for caprine metabolism 

was highlighted by conducting comparative studies in rats.  

The results showed that N, Ca and Pi handling were adapted to low N intake, including 

adaptation of plasma IGF-1 and calcitriol concentrations on the one hand and of urea, Ca and 

Pi transport in the kidneys on the other hand. However, low N intake did not affect daily Ca 

and Pi excretion in vivo. In addition, it was shown that N, Ca and Pi handling responded 

differently to low N intake in goats and rats, representing a ruminant and a non-ruminant 

species. These results confirm the existence of a goat-specific adaptation of N metabolism and 

of hormonal and renal electrolyte handling to low N intake, possibly based on rumino-hepatic 

N recycling. 

The biological meaning of the adaptation of Ca and Pi homeostasis to low N intake in 

ruminants is not known so far. It can be hypothesized that reduced N intake results in reduced 

growth, including reduced skeletal growth, protein turnover and changes in energy rates. All 

these metabolic changes in turn can lead to changes in requirements of Ca and Pi. Therefore, 

an adjustment of renal Ca and Pi reabsorption due to low N intake appears being reasonable. 

However, further investigations are needed to exactly clarify the metabolic pathways 

connecting N and electrolyte homeostasis in ruminants. 

With respect to practical relevance of the results of this PhD project it can be concluded 

that feeding lower protein content than actually considered to be adequate decreased N 

emission without impairment of body weight gain, but Ca and P emission were not affected. 

However, an adaptive response of overall electrolyte homeostasis was triggered by feeding a 

low N diet. Whether this response might lead to diseases based on electrolyte imbalances as a 

long-term effect, or if it remains without health impairments still needs to be determined. 

Investigations on this topic could be of special interest in goats kept in arid or semi-arid 

regions or in goat breeds which are preferably kept in such areas and which might exhibit 

very pronounced adaptive responses. 
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With respect to scientific significance the data allowed gaining first insights into a 

complex system of adaptive processes caused by low N intake in goats. However, the exact 

mechanisms of urea recycling and of Ca and Pi handling in goats still need to be examined 

with respect to specificity of ruminant metabolism. Within this PhD project particularly renal 

Pi transport was investigated. In future studies also renal Ca transport should be examined in 

detail, especially because urinary Ca excretion was pointed out to be regulated differently in 

goats and rats. Furthermore, as already indicated in chapter 7.2, for a detailed understanding 

of renal electrolyte transport and its regulation the interplay between kidneys and other organs 

controlling electrolyte homeostasis is essential. To gain a deeper understanding of ruminant-

specific adaptive responses of electrolyte handling to low N intake studies comparing 

ruminant and non-ruminant species can be useful.   



REFERENCE LIST 
 

42 
 

10 Reference List 

 
ARTAGAVEYTIA, N., J. M. ELALOUF, C. DE ROUFFIGNAC, R. BOIVIN and A. CIRIO (2005): 
Expression of urea transporter (UT-A) mRNA in papilla and pelvic epithelium of kidney in normal and low 
protein fed sheep. 
Comp Biochem Physiol B Biochem Mol Biol 140, 279-285 
 
BA, J. and P. A. FRIEDMAN (2004): 
Calcium-sensing receptor regulation of renal mineral ion transport. 
Cell Calcium 35, 229-237 
 
BAGNASCO, S. M., T. PENG, M. G. JANECH, A. KARAKASHIAN and J. M. SANDS (2001): 
Cloning and characterization of the human urea transporter UT-A1 and mapping of the human Slc14a2 gene. 
Am J Physiol Renal Physiol 281, F400-406 
 
BAILEY, L. E. and S. D. ONG (1978): 
Krebs-Henseleit Solution as a Physiological Buffer in Perfused and Superfused Preparations. 
Journal of Pharmacological Methods 1, 171-175 
 
BECK, L., A. C. KARAPLIS, N. AMIZUKA, A. S. HEWSON, H. OZAWA and H. S. TENENHOUSE (1998): 
Targeted inactivation of Npt2 in mice leads to severe renal phosphate wasting, hypercalciuria, and skeletal 
abnormalities. 
Proc Natl Acad Sci U S A 95, 5372-5377 
 
BERGWITZ, C., N. M. ROSLIN, M. TIEDER, J. C. LOREDO-OSTI, M. BASTEPE, H. ABU-ZAHRA, D. 
FRAPPIER, K. BURKETT, T. O. CARPENTER, D. ANDERSON, M. GARABEDIAN, I. SERMET, T. M. 
FUJIWARA, K. MORGAN, H. S. TENENHOUSE and H. JUPPNER (2006): 
SLC34A3 mutations in patients with hereditary hypophosphatemic rickets with hypercalciuria predict a key role 
for the sodium-phosphate cotransporter NaPi-IIc in maintaining phosphate homeostasis. 
Am J Hum Genet 78, 179-192 
 
BERNDT, T., L. F. THOMAS, T. A. CRAIG, S. SOMMER, X. LI, E. J. BERGSTRALH and R. KUMAR 
(2007): 
Evidence for a signaling axis by which intestinal phosphate rapidly modulates renal phosphate reabsorption. 
Proc Natl Acad Sci U S A 104, 11085-11090 
 
BIBER, J., N. HERNANDO, I. FORSTER and H. MURER (2009): 
Regulation of phosphate transport in proximal tubules. 
Pflugers Arch 458, 39-52 
 
BLAINE, J., E. J. WEINMAN and R. CUNNINGHAM (2011): 
The regulation of phosphate transport. 
Adv Chronic Kidney Dis 18, 77-84 
 
BRADFORD, M. M. (1976): 
A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of 
protein-dye binding. 
Anal Biochem 72, 248-254 
 
 



REFERENCE LIST 
 

43 
 

BROWN, E. J., P. A. BEAL, C. T. KEITH, J. CHEN, T. B. SHIN and S. L. SCHREIBER (1995): 
Control of p70 s6 kinase by kinase activity of FRAP in vivo. 
Nature 377, 441-446 
 
BROWN, E. M., G. GAMBA, D. RICCARDI, M. LOMBARDI, R. BUTTERS, O. KIFOR, A. SUN, M. A. 
HEDIGER, J. LYTTON and S. C. HEBERT (1993): 
Cloning and characterization of an extracellular Ca(2+)-sensing receptor from bovine parathyroid. 
Nature 366, 575-580 
 
BROWN, A. J., M. ZHONG, J. FINCH, C. RITTER, R. MCCRACKEN, J. MORRISSEY and E. 
SLATOPOLSKY (1996): 
Rat calcium-sensing receptor is regulated by vitamin D but not by calcium. 
Am J Physiol 270, F454-460 
 
CAVERZASIO, J. and J. P. BONJOUR (1989): 
Insulin-like growth factor I stimulates Na-dependent Pi transport in cultured kidney cells. 
Am J Physiol 257, F712-F717 
 
CONIGRAVE, A. D., E. M. BROWN and R. RIZZOLI (2008): 
Dietary protein and bone health: roles of amino acid-sensing receptors in the control of calcium metabolism and 
bone homeostasis. 
Annu Rev Nutr 28, 131-155 
 
COURIAUD, C., P. RIPOCHE and G. ROUSSELET (1996): 
Cloning and functional characterization of a rat urea transporter: expression in the brain. 
Biochim Biophys Acta 1309, 197-199 
 
COX C. (2013): 
Experimentelle Untersuchungen zur Kinetik des Stickstoff-Umsatzes bei wachsenden Ziegenlämmern unter 
Verwendung des stabilen Isotops 15N. 
Doctoral thesis, Justus-Liebig-University Gießen, Germany 
 
DAWSON-HUGHES, B., S. S. HARRIS, H. RASMUSSEN, L. SONG and G. E. DALLAL (2004): 
Effect of dietary protein supplements on calcium excretion in healthy older men and women. 
J Clin Endocrinol Metab 89, 1169-1173 
 
DE GROOT, T., R. J. BINDELS and J. G. HOENDEROP (2008): 
TRPV5: an ingeniously controlled calcium channel. 
Kidney Int 74, 1241-1246 
 
DENNIS, P. B., A. JAESCHKE, M. SAITOH, B. FOWLER, S. C. KOZMA and G. THOMAS (2001): 
Mammalian TOR: a homeostatic ATP sensor. 
Science 294, 1102-1105 
 
DORANALLI, K., G. B. PENNER and T. MUTSVANGWA (2011): 
Feeding oscillating dietary crude protein concentrations increases nitrogen utilization in growing lambs and this 
response is partly attributable to increased urea transfer to the rumen. 
J Nutr 141, 560-567 
 
DUBOIS-FERRIERE, V., T. C. BRENNAN, R. DAYER, R. RIZZOLI and P. AMMANN (2011): 
Calcitropic hormones and IGF-I are influenced by dietary protein. 
Endocrinology 152, 1839-1847 
 



REFERENCE LIST 
 

44 
 

FENTON, R. A., C. L. CHOU, G. S. STEWART, C. P. SMITH and M. A. KNEPPER (2004): 
Urinary concentrating defect in mice with selective deletion of phloretin-sensitive urea transporters in the renal 
collecting duct. 
Proc Natl Acad Sci U S A 101, 7469-7474 
 
FENTON, R. A., J. E. HEWITT, A. HOWORTH, C. A. COTTINGHAM and C. P. SMITH (1999): 
The murine urea transporter genes Slc14a1 and Slc14a2 occur in tandem on chromosome 18. 
Cytogenet Cell Genet 87, 95-96 
 
FENTON, R. A., A. HOWORTH, G. J. COOPER, R. MECCARIELLO, I. D. MORRIS and C. P. SMITH 
(2000): 
Molecular characterization of a novel UT-A urea transporter isoform (UT-A5) in testis. 
Am J Physiol Cell Physiol 279, C1425-1431 
 
GAFFNEY-STOMBERG, E., B. H. SUN, C. E. CUCCHI, C. A. SIMPSON, C. GUNDBERG, J. E. 
KERSTETTER and K. L. INSOGNA (2010): 
The effect of dietary protein on intestinal calcium absorption in rats. 
Endocrinology 151, 1071-1078 
 
GARRETT, J. E., I. V. CAPUANO, L. G. HAMMERLAND, B. C. HUNG, E. M. BROWN, S. C. HEBERT, E. 
F. NEMETH and F. FULLER (1995): 
Molecular cloning and functional expression of human parathyroid calcium receptor cDNAs. 
J Biol Chem 270, 12919-12925 
 
GfE (2003): 
Recommendations for the Supply of Energy and Nutrients to Goats. Empfehlungen zur Energie- und 
Nährstoffversorgung der Ziegen. 
1. Aufl. DLG-Verlag, Frankfurt am Main, Germany 
 
GV-SOLAS (2004):  
Fütterungskonzepte und –methoden in der Versuchstierhaltung und im Tierversuch – Ratte. 
GV-SOLAS, Berlin, Germany. 
 
HAY, N. and N. SONENBERG (2004): 
Upstream and downstream of mTOR. 
Genes Dev 18, 1926-1945 
 
HOENDEROP, J. G., B. NILIUS and R. J. BINDELS (2005): 
Calcium absorption across epithelia. 
Physiol Rev 85, 373-422 
 
INOUE, H., S. D. JACKSON, T. VIKULINA, J. D. KLEIN, K. TOMITA and S. M. BAGNASCO (2004): 
Identification and characterization of a Kidd antigen/UT-B urea transporter expressed in human colon. 
Am J Physiol Cell Physiol 287, C30-35 
 
INOUE, H., S. D. KOZLOWSKI, J. D. KLEIN, J. L. BAILEY, J. M. SANDS and S. M. BAGNASCO (2005): 
Regulated expression of renal and intestinal UT-B urea transporter in response to varying urea load. 
Am J Physiol Renal Physiol 289, F451-458 
 
JEHLE, A. W., J. FORGO, J. BIBER, E. LEDERER, R. KRAPF and H. MURER (1998): 
IGF-I and vanadate stimulate Na/Pi-cotransport in OK cells by increasing type II Na/Pi-cotransporter protein 
stability. 
Pflugers Arch 437, 149-154 



REFERENCE LIST 
 

45 
 

KEMPE, D. S., M. DERMAKU-SOPJANI, H. FROHLICH, M. SOPJANI, A. UMBACH, G. 
PUCHCHAKAYALA, A. CAPASSO, F. WEISS, M. STUBS, M. FOLLER and F. LANG (2010): 
Rapamycin-induced phosphaturia. 
Nephrol Dial Transplant 25, 2938-2944 
 
KERSTETTER, J. E., M. E. MITNICK, C. M. GUNDBERG, D. M. CASERIA, A. F. ELLISON, T. O. 
CARPENTER and K. L. INSOGNA (1999): 
Changes in bone turnover in young women consuming different levels of dietary protein. 
J Clin Endocrinol Metab 84, 1052-1055 
 
KERSTETTER, J. E., K. O. O'BRIEN and K. L. INSOGNA (1998): 
Dietary protein affects intestinal calcium absorption. 
Am J Clin Nutr 68, 859-865 
 
KRAFT, W. and U. M. DÜRR (2005): 
Klinische Labordiagnostik in der Tiermedizin 
5. Aufl. Schattauer-Verlag, Stuttgart, Germany 
 
KRISTENSEN, N. B., A.C. STORM and M. LARSEN (2010): 
Effect of dietary nitrogen content and intravenous urea infusion on ruminal portal-drained visceral extraction of 
arterial urea in lactating Holstein cows. 
J Dairy Sci 93, 2670-2683 
 
LAROCHE, M. and J. F. BOYER (2005): 
Phosphate diabetes, tubular phosphate reabsorption and phosphatonins. 
Joint Bone Spine 72, 376-381 
 
LEVI, R., I. Z. BEN-DOV, V. LAVI-MOSHAYOFF, M. DINUR, D. MARTIN, T. NAVEH-MANY and J. 
SILVER (2006): 
Increased parathyroid hormone gene expression in secondary hyperparathyroidism of experimental uremia is 
reversed by calcimimetics: correlation with posttranslational modification of the trans acting factor AUF1. 
J Am Soc Nephrol 17, 107-112 
 
LORENZ-DEPIEREUX, B., A. BENET-PAGES, G. ECKSTEIN, Y. TENENBAUM-RAKOVER, J. 
WAGENSTALLER, D. TIOSANO, R. GERSHONI-BARUCH, N. ALBERS, P. LICHTNER, D. SCHNABEL, 
Z. HOCHBERG and T. M. STROM (2006): 
Hereditary hypophosphatemic rickets with hypercalciuria is caused by mutations in the sodium-phosphate 
cotransporter gene SLC34A3. 
Am J Hum Genet 78, 193-201 
 
LUDDEN, P. A., R. M. STOHRER, K. J. AUSTIN, R. L. ATKINSON, E. L. BELDEN and H. J. HARLOW 
(2009): 
Effect of protein supplementation on expression and distribution of urea transporter-B in lambs fed low-quality 
forage. 
J Anim Sci 87, 1354-1365 
 
MAITI, A. and M. J. BECKMAN (2007): 
Extracellular calcium is a direct effecter of VDR levels in proximal tubule epithelial cells that counter-balances 
effects of PTH on renal Vitamin D metabolism. 
J Steroid Biochem Mol Biol 103, 504-508 
 
 
 



REFERENCE LIST 
 

46 
 

MARINI, J. C., J. D. KLEIN, J. M. SANDS and M. E. VAN AMBURGH (2004): 
Effect of nitrogen intake on nitrogen recycling and urea transporter abundance in lambs. 
J Anim Sci 82, 1157-1164 
 
MARINI, J. C. and M. E. VAN AMBURGH (2003): 
Nitrogen metabolism and recycling in Holstein heifers. 
J Anim Sci 81, 545-552 
 
MURER, H., N. HERNANDO, I. FORSTER and J. BIBER (2000): 
Proximal tubular phosphate reabsorption: molecular mechanisms. 
Physiol Rev 80, 1373-1409 
 
MUSCHER, A. and K. HUBER (2010): 
Effects of a reduced nitrogen diet on calcitriol levels and calcium metabolism in growing goats. 
J Steroid Biochem Mol Biol 121, 304-307 
 
MUSCHER, A. S., M. PIECHOTTA, G. BREVES and K. HUBER (2011): 
Modulation of electrolyte homeostasis by dietary nitrogen intake in growing goats. 
Br J Nutr 105, 1619-1626 
 
MUSCHER, A. S., B. SCHRÖDER, G. BREVES and K. HUBER (2010): 
Dietary nitrogen reduction enhances urea transport across goat rumen epithelium. 
J Anim Sci 88, 3390-3398 
 
MUSCHER, A. S., M. R. WILKENS, N. MROCHEN, B. SCHRÖDER, G. BREVES and K. HUBER (2012): 
Ex vivo intestinal studies on calcium and phosphate transport in growing goats fed a reduced nitrogen diet. 
Br J Nutr 108, 628-637 
 
NAKAYAMA, Y., M. NARUSE, A. KARAKASHIAN, T. PENG, J. M. SANDS and S. M. BAGNASCO 
(2001): 
Cloning of the rat Slc14a2 gene and genomic organization of the UT-A urea transporter. 
Biochim Biophys Acta 1518, 19-26 
 
NIZET, A. (1975): 
The isolated perfused kidney: 
possibilities, limitations and results. 
Kidney Int 7, 1-11 
 
ORWOLL, E., M. WARE, L. STRIBRSKA, D. BIKLE, T. SANCHEZ, M. ANDON and H. LI (1992): 
Effects of dietary protein deficiency on mineral metabolism and bone mineral density. 
Am J Clin Nutr 56, 314-319 
 
PETERS, D. (2007): 
Molekulare Adaptation des Harnstofftransporters "UT" in Pansen- und Kolonepithel ruminierender Ziegen bei 
unterschiedlicher diätetischer Stickstoff- und Energieversorgung. 
Doctoral Thesis, University of Veterinary Medicine Hannover, Hannover, Germany 
 
PFISTER, M. F., E. LEDERER, J. FORGO, U. ZIEGLER, M. LOTSCHER, E. S. QUABIUS, J. BIBER and H. 
MURER (1997): 
Parathyroid hormone-dependent degradation of type II Na+/Pi cotransporters. 
J Biol Chem 272, 20125-20130 
 
 



REFERENCE LIST 
 

47 
 

PICARD, N., P. CAPUANO, G. STANGE, M. MIHAILOVA, B. KAISSLING, H. MURER, J. BIBER and C. 
A. WAGNER (2010): 
Acute parathyroid hormone differentially regulates renal brush border membrane phosphate cotransporters. 
Pflugers Arch 460, 677-687 
 
RAVERA, S., L. V. VIRKKI, H. MURER and I. C. FORSTER (2007): 
Deciphering PiT transport kinetics and substrate specificity using electrophysiology and flux measurements. 
Am J Physiol Cell Physiol 293, C606-620 
 
RENKEMA, K. Y., R. T. ALEXANDER, R. J. BINDELS and J. G. HOENDEROP (2008): 
Calcium and phosphate homeostasis: concerted interplay of new regulators. 
Ann Med 40, 82-91 
 
RICCARDI, D., J. PARK, W. S. LEE, G. GAMBA, E. M. BROWN and S. C. HEBERT (1995): 
Cloning and functional expression of a rat kidney extracellular calcium/polyvalent cation-sensing receptor. 
Proc Natl Acad Sci U S A 92, 131-135 
 
RITZHAUPT, A., G. BREVES, B. SCHRÖDER, C. G. WINCKLER and S. P. SHIRAZI-BEECHEY (1997): 
Urea transport in gastrointestinal tract of ruminants: effect of dietary nitrogen. 
Biochem Soc Trans 25, 490S 
 
RITZHAUPT, A., I. S. WOOD, A. A. JACKSON, B. J. MORAN and S. P. SHIRAZI-BEECHEY (1998): 
Isolation of a RT-PCR fragment from human colon and sheep rumen RNA with nucleotide sequence similarity 
to human and rat urea transporter isoforms. 
Biochem Soc Trans 26, S122 
 
ROJEN, B. A., S. B. POULSEN, P. K. THEIL, R. A. FENTON and N. B. KRISTENSEN (2011): 
Short communication: Effects of dietary nitrogen concentration on messenger RNA expression and protein 
abundance of urea transporter-B and aquaporins in ruminal papillae from lactating Holstein cows. 
J Dairy Sci 94, 2587-2591 
 
RUAT, M., M. E. MOLLIVER, A. M. SNOWMAN and S. H. SNYDER (1995): 
Calcium sensing receptor: molecular cloning in rat and localization to nerve terminals. 
Proc Natl Acad Sci U S A 92, 3161-3165 
 
RUAT, M., A. M. SNOWMAN, L. D. HESTER and S. H. SNYDER (1996): 
Cloned and expressed rat Ca2+-sensing receptor. 
J Biol Chem 271, 5972-5975 
 
SAINT-CRIQ, V., R. RAPETTI-MAUSS, Y. R.YUSEF and B. J. HARVEY (2012): 
Estrogen regulation of epithelial ion transport: Implications in health and disease. 
Steroids 77, 918-923 
 
SANDS, J. M. (2002): 
Molecular approaches to urea transporters. 
J Am Soc Nephrol 13, 2795-2806 
 
SCHRÖDER, B., E. PFEFFER, K. FAILING and G. BREVES (1995): 
Binding properties of goat intestinal vitamin D receptors as affected by dietary calcium and/or phosphorus 
depletion. 
Zentralbl Veterinarmed A 42, 411-417 
 
 



REFERENCE LIST 
 

48 
 

SCHRÖDER, B., C. WALTER, G. BREVES and K. HUBER (2000): 
Comparative studies on Na-dependent Pi transport in ovine, caprine and porcine renal cortex. 
J Comp Physiol B 170, 387-393 
 
SEGAWA, H., I. KANEKO, A. TAKAHASHI, M. KUWAHATA, M. ITO, I. OHKIDO, S. TATSUMI and K. 
MIYAMOTO (2002): 
Growth-related renal type II Na/Pi cotransporter. 
J Biol Chem 277, 19665-19672 
 
SHAIKH, A., T. BERNDT and R. KUMAR (2008): 
Regulation of phosphate homeostasis by the phosphatonins and other novel mediators. 
Pediatr Nephrol 23, 1203-1210 
 
SHOJAIEFARD, M. and F. LANG (2006): 
Stimulation of the intestinal phosphate transporter SLC34A2 by the protein kinase mTOR. 
Biochem Biophys Res Commun 345, 1611-1614 
 
SMITH, C. P., E. A. POTTER, R. A. FENTON and G. S. STEWART (2004): 
Characterization of a human colonic cDNA encoding a structurally novel urea transporter, hUT-A6. 
Am J Physiol Cell Physiol 287, C1087-1093 
 
STARLING, E. H. and E. B. VERNEY (1925): 
The secretion of urine as studied in the isolated kidney. 
Proceedings of the Royal Society London 97, 321-363 
 
STEWART, G. S., R. A. FENTON, F. THEVENOD and C. P. SMITH (2004): 
Urea movement across mouse colonic plasma membranes is mediated by UT-A urea transporters. 
Gastroenterology 126, 765-773 
 
STEWART, G. S., C. GRAHAM, S. CATTELL, T. P. SMITH, N. L. SIMMONS and C. P. SMITH (2005): 
UT-B is expressed in bovine rumen: potential role in ruminal urea transport. 
Am J Physiol Regul Integr Comp Physiol 289, R605-R612 
 
VARRAULT, A., M. S. PENA, P. K. GOLDSMITH, A. MITHAL, E. M. BROWN and A. M. SPIEGEL (1995): 
Expression of G protein alpha-subunits in bovine parathyroid. 
Endocrinology 136, 4390-4396 
 
VDLUFA (2007): 
VDLUFA Methodenbuch. Die chemische Untersuchung von Futtermitteln. 
3. Aufl. VDLUFA-Verlag, Darmstadt, Germany 
 
VILLA-BELLOSTA, R., S. RAVERA, V. SORRIBAS, G. STANGE, M. LEVI, H. MURER, J. BIBER and I. C. 
FORSTER (2009): 
The Na+-Pi cotransporter PiT-2 (SLC20A2) is expressed in the apical membrane of rat renal proximal tubules 
and regulated by dietary Pi. 
Am J Physiol Renal Physiol 296, F691-699 
 
VIRKKI, L. V., J. BIBER, H. MURER and I. C. FORSTER (2007): 
Phosphate transporters: a tale of two solute carrier families. 
Am J Physiol Renal Physiol 293, F643-654 
 
 
 



REFERENCE LIST 
 

49 
 

WANG, X. and C. G. PROUD (2006): 
The mTOR pathway in the control of protein synthesis. 
Physiology (Bethesda) 21, 362-369 
 
WILKENS, M. R., J. RICHTER, D. R. FRASER, A. LIESEGANG, G. BREVES and B. SCHRÖDER (2012): 
In contrast to sheep, goats adapt to dietary calcium restriction by increasing intestinal absorption of calcium. 
Comp Biochem Physiol A Mol Integr Physiol 163, 396-406 
 
YE, C., K. ROGERS, M. BAI, S. J. QUINN, E. M. BROWN and P. M. VASSILEV (1996): 
Agonists of the Ca(2+)-sensing receptor (CaR) activate nonselective cation channels in HEK293 cells stably 
transfected with the human CaR. 
Biochem Biophys Res Commun 226, 572-579 
 
YOU, G., C. P. SMITH, Y. KANAI, W. S. LEE, M. STELZNER and M. A. HEDIGER (1993): 
Cloning and characterization of the vasopressin-regulated urea transporter. 
Nature 365, 844-847 



 
 

 

Acknowledgement 

 

 

I would particularly like to thank… 

 

 

…Professor Dr. Korinna Huber for her excellent supervision and very good cooperation at 

any time. I also wish to thank her for the great working atmosphere, for her untiring 

willingness for discussion, for always being willing to listen and for best support during 

preparation of manuscripts and publications. Not least, I wish to thank her for allowing lots of 

freedom and personality. 

 

Furthermore, I wish to thank… 

 

 

…Professor Dr Karl-Heinz Südekum for many inspiring conversations, excellent 

supervision, his support at any time and for many “sunny greetings” per mail. 

 

…Professor Dr. Marion Hewicker-Trautwein for good supervision and always taking time 

 

…Kathrin Hansen and Susanne Hoppe for excellent technical support and help at any time.  

 

…all members of the Institute of Animal Science, University of Bonn, who supported me 

during the animal experiments.  

 

…Professor Dr. Gerhard Breves and all members of the Department of Physiology, who 

supported me, for their help and for the nice working atmosphere. 

 

 

Special thanks are directed to… 

 

…Maria Guschlbauer, Karen Tappenbeck and Ákos Kenez for being the best colleagues I 

can imagine and for their heartiness, continuous support and helpfulness. They all have 

become more than just colleagues. 



 
 

 

 

…Yvonne Armbrecht for unremittingly coming up with new, brilliant ideas, for many 

honest words and for just as much non-verbal communication. 

 

…my parents and Martin for their support, help and belief in me at any time. 


