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Summary  

Effect of dietary nitrogen and/or calcium reduction on intestinal calcium and 

phosphate absorption and renal water handling in young goats 

Kristin Elfers 

In feeding ruminants, dietary protein and hence nitrogen (N) levels as low as possible 

are desirable for environmental and economic reasons to reduce urinary N output 

and feeding costs without negatively affecting animals’ performance. Such feeding 

systems are viable due to the unique potential of ruminants, particularly their ruminal 

microbes to use non-protein N compounds such as urea for microbial protein 

synthesis as the most important protein source for the host. In times of low dietary N 

supply endogenously synthesised urea is shifted back to the rumen (rumino hepatic 

cycle) serving as an endogenous N source contributing to the maintenance of an 

adequate microbial protein synthesis. These urea recycling mechanisms include 

several organs, especially the kidneys where urea reabsorption is upregulated during 

dietary N reduction based on increased expression of urea transporters. Possessing 

the above described effective N recycling mechanisms ruminants like goats were 

thought to be relatively independent from dietary protein/N supply and to cope easily 

with reduced N diets without negative effects on their performance. However, it was 

shown in previous studies that feeding an N reduced diet to young goats affected 

mineral, particularly calcium (Ca) and phosphate (Pi) homeostasis including altered 

concentrations of Ca and Pi in several body fluids, reduced plasma calcitriol (1,25-

dihydroxy vitamin D3) and plasma insulin like growth factor 1 concentrations. 

Furthermore, though a single dietary Ca reduction stimulated renal calcitriol synthesis 

and hence intestinal Ca absorption in adult goats, the concomitant reduction of both, 

N and Ca, abolished this stimulating effect and resulted in decreased plasma 

calcitriol concentrations. 

In the first part of the current PhD project, the effect of a dietary N reduction on renal 

water homeostasis was investigated due to the close connection between renal water 

and urea handling and the already known effects on urea reabsorption during such a 

dietary intervention. It was shown that renal medullary aquaporin 2 mRNA and 

protein expression was increased at least partly based on elevated plasma 

concentrations of the antidiuretic hormone/vasopressin in N reduced fed goats. This 

was probably connected with an enhanced renal urea reabsorption underlying the 
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great capacity of small ruminants to compensate for low dietary N intake by 

increasing endogenous urea recycling. 

In the second part of the current PhD study, the potential reason(s) for the already 

known changes in mineral homeostasis occurring during dietary N reduction in young 

goats were examined with an emphasis on the quantification of the absorption 

capacity of caprine intestinal epithelia in Ussing chambers of goats fed a dietary N 

and/or Ca reduction. The results showed that a reduced dietary N supply or 

combined with a low dietary Ca content led to a decrease in intestinal Ca absorption 

in the upper part of the small intestines. This decrease was at least partly based on 

diminished expression of involved Ca transporting structures mediated by decreased 

plasma calcitriol concentrations. Thus, these results indicated a limitation of the 

adaptive capacity of young goats to a reduced dietary N intake especially when 

dietary Ca is limited simultaneously. 

Further research is needed to clarify (hormonal) mechanisms mediating the observed 

changes in renal water homeostasis and the mechanisms responsible for the 

decrease in renal calcitriol production leading to the observed changes in intestinal 

Ca absorption. In addition, organs involved in the maintenance of Ca homeostasis, 

e.g. bone tissue, should be examined regarding their response to low dietary N 

supply in young goats. 
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Zusammenfassung 

Effekt einer diätetischen Stickstoff- und/oder Calciumreduktion auf die 

intestinale Calcium- und Phosphatabsorption und das renale Wasserhandling 

bei jungen Ziegen 

Kristin Elfers 

Bei der Konzipierung von Wiederkäuerdiäten wird im Hinblick auf eine ökonomisch 

und ökologisch effiziente Fütterung der Proteingehalt der Ration möglichst genau an 

den Bedarf der Tiere angepasst. Dadurch sollen der Eintrag Stickstoff (N)-haltiger 

Verbindungen mit dem Kot und Urin in die Umwelt sowie die Fütterungskosten 

minimiert werden, ohne dabei zu Leistungseinbußen bei den Tieren zu führen. Die 

erfolgreiche Umsetzung solcher Fütterungskonzepte basiert auf der Fähigkeit der 

ruminalen Mikroorganismen Nicht-Protein N-Verbindungen wie beispielsweise 

Harnstoff (HST) für die mikrobielle Proteinsynthese nutzen zu können und damit den 

wesentlichen Beitrag zur Proteinversorgung des Wirtstiers zu leisten. Während einer 

reduzierten diätetischen Protein- und damit N-Versorgung, kommt es zu einer 

verstärkten Rezyklierung endogen synthetisierten HST in den Pansen (rumino-

hepatischer Kreislauf), um die mikrobielle Proteinsynthese aufrecht zu erhalten. In 

dieses fokussierte HST-Recycling sind unter anderem die Nieren involviert, in denen 

unter diesen Umständen, vermittelt durch eine erhöhte Expression von spezifischen 

HST-Transportern, vermehrt HST rückresorbiert wird. Durch das Vorhandensein 

dieser effizienten N-Recyclingmechanismen wurde angenommen, dass sich 

Wiederkäuer leicht an im N-Gehalt reduzierte Diäten anpassen können und damit 

relativ unabhängig von der direkten Proteinversorgung über die Diät sind. Allerdings 

konnte in vorangegangen Studien an wachsenden Ziegen bereits gezeigt werden, 

dass eine N-reduzierte Diät den Mineralstoffhaushalt, insbesondere die Calcium 

(Ca)- und Phosphat (Pi)- Homöostase beeinflusste und zu veränderten Ca- und Pi-

Konzentrationen in verschiedenen Körperflüssigkeiten, sowie zu reduzierten 

Plasmakonzentrationen des Hormons Calcitriol und des insulin like growth factor 1 

führte. Weiterhin wurde gezeigt, dass obwohl eine alleinige diätetische Ca-Reduktion 

zu einer stimulierten renalen Calcitriol-Synthese führte, die gleichzeitige Reduktion 

von N und Ca in der Diät diesen Effekt aufhob und reduzierte Plasma-Calcitriol-

Spiegel die Folge waren. 

Im ersten Teil des PhD-Projekts wurde aufgrund der bereits bekannten 

Adaptationsmechanismen der Niere in Bezug auf die HST-Rückresorption unter N-
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reduzierter Diät und der engen Verknüpfung der renalen HST- und 

Wasserhomöostase der Effekt einer N-reduzierten Diät auf renale Wasserkanäle 

untersucht. Die Ergebnisse dieser Untersuchungen zeigten, dass die Expression des 

Wasserkanals Aquaporin 2 im medullären Nierengewebe auf mRNA- und 

Proteinebene unter N-reduzierter Diät erhöht war. Diese Expressionserhöhung 

konnte zumindest teilweise auf erhöhte Werte des Expressions-regulierenden 

Antidiuretischen Hormons (ADH) zurückgeführt werden und war vermutlich mit einer 

für das Tier in der Situation der reduzierten diätetischen N-Versorgung vorteilhaften 

erleichterten renalen HST-Rückresorption verbunden. Diese Befunde unterstreichen 

dementsprechend die hohe Anpassungsfähigkeit von (kleinen) Wiederkäuern an N-

reduzierte Diäten. 

Im zweiten Teil der Arbeit wurden die möglichen zugrundeliegenden Ursachen der 

bereits bekannten Veränderungen im Mineralstoffhaushalt N- und /oder Ca-reduziert 

gefütterter, wachsender Ziegen untersucht. Dabei lag der Schwerpunkt auf der 

Untersuchung der Absorptionskapazität des caprinen intestinalen Epithels für Ca und 

Pi, die in vitro in Ussing-Kammern bestimmt wurde. Die Ergebnisse dieses Teils 

zeigten, dass eine Reduktion des diätetischen N-Gehalts, auch in Kombination mit 

einer Ca-Reduktion zu einer verminderten Ca-Absorption im vorderen Dünndarm in 

vitro führte. Diese Reduktion der Absorptionskapazität war zumindest zum Teil auf 

verringerte Expressionslevel der für den Ca-Transport verantwortlichen Strukturen in 

den intestinalen Epithelien zurückzuführen, was vermutlich durch die gleichzeitig 

verminderten Calcitriol-Werte vermittelt wurde. Diese Ergebnisse demonstrieren 

demnach eine Grenze der Anpassungsfähigkeit wachsender Ziegen an reduzierte N-

Gehalte in der Diät. 

In weiteren Untersuchungen müssen die (hormonellen) Mechanismen, die den 

Veränderungen der renalen Wasser-Homöostase bei diätetischer N-Reduktion 

zugrunde liegen sowie die Mechanismen, die für den Abfall der renalen Calcitriol-

Produktion verantwortlich sind und die entsprechenden Veränderungen in der 

intestinalen Ca-Resorption nach sich ziehen, aufgeklärt werden. Des Weiteren 

müssen Organe, die in die Aufrechterhaltung der Ca-Homöostase involviert sind wie 

z.B. der Knochen hinsichtlich ihrer Beteiligung an der Kompensation einer N-

reduzierten Diät bei der wachsenden Ziege mit einbezogen werden. 
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1 Introduction 
 

1.1 Nitrogen-reduced diets in ruminant feeding – reasons and why it works 

In ruminant feeding, a reduction of dietary protein and hence nitrogen (N) is desirable 

for mainly two reasons: Firstly, lower dietary N intake is accompanied by reduced 

output of N especially via the urine due to increased renal urea reabsorption and 

therefore a reduction of environmental pollution is achieved. Secondly, reduction of 

dietary protein as an expensive feed ingredient minimizes feeding costs.  

To successfully realize such a feeding regime, negative effects for the animal’s 

health and performance have to be excluded. With the rumino-hepatic cycle (Figure 

1) ruminants like goats possess a very efficient mechanism for recycling urea as an 

N source especially when dietary N is limited. Ruminal microbes are able to use non-

protein N compounds (NPN) such as urea for microbial protein synthesis based on 

microbial urease activity which degrades urea to ammonium (NH4
+) and carbon 

dioxide (CO2) and following assimilation of NH4
+ for protein synthesis. Excessive 

ammonium (mostly originating from protein and/or peptide degradation by ruminal 

microbes) is transported to the liver, detoxified to urea and recycled to the rumen by 

bloodstream and saliva. Microbial protein is the most important protein source for the 

host serving for over 96% of essential amino acids. When dietary N is limited, the 

recycling of urea to the rumen guarantees adequate N supply to the microbes for 

protein synthesis and therefore the accomplishment of the host’s protein demand. 

Among a sufficient N availability, the microbial protein synthesis is mainly dependent 

on an adequate supply of energy and limiting macrominerals such as P which has 

resulted in the formula for estimating utilizable crude protein (CP) as given by the 

Society of Nutrition Physiology (GfE) only considering the energy degree of a diet 

(data from recommendations for the supply of energy and nutrients to goats, GfE 

2003). Hence, as long as ruminal microbes are adequately supplied with energy, the 

recycled urea-N can be used for synthesising microbial protein and maintenance of 

the overall protein homeostasis of the host. 
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Figure 1: Rumino-hepatic cycle. 

Excessive ammonia/ammonium (NH3/NH4
+) is detoxified to urea in the liver and fed back to the rumen via the 

salivary glands and the bloodstream, where it serves as a non-protein nitrogen (NPN) compound for microbial 
protein synthesis. Microbial protein is conducted to the small intestines as the main protein source for the host. 
(modified from von Engelhardt et al. 2015). 

 

 

 

1.2 Protein reduction in monogastric species – impact on water and mineral 

homeostasis 

Since monogastric species including humans do not show comparable efficient 

recycling and use of urea for their own protein supply, they are dependent on an 

adequate dietary protein and therefore amino acid supply. Hence, it is conceivable 

that protein and therefore N intake below the requirement level affects several 

systems and biochemical pathways, N is either directly or indirectly linked to. 

Particularly, water and mineral homeostasis were affected in monogastric species by 

the amount of dietary protein as described below. 

In several studies it has been shown that humans and other monogastric species 

including rats and dogs receiving a protein reduced diet developed a urine 

concentrating defect (Epstein et al. 1957, Hendrikx and Epstein 1958, Levinsky and 

Berliner 1959). Reasons for this phenomenon were thought to be either an altered 

renal urea handling (Isozaki et al. 1993) or decreased expression of specific water 

channels, called aquaporins (AQP), in particular AQP2, leading to decreased water 

reabsorption (Sands et al. 1996). A detailed description of renal water transport via 



INTRODUCTION 

7 
 

AQPs and its regulation providing a potential underlying explanation for the recorded 

changes during dietary protein reduction is given in chapter 1.3.  

In addition to renal water homeostasis, low dietary protein intake also led to changes 

in mineral, especially calcium (Ca) and phosphate (Pi) homeostasis in monogastric 

species. In response to a reduced protein diet humans and rats showed diminished 

intestinal Ca absorption (Kerstetter et al. 1998) which was indicated by a reduced 

uptake of Ca into apical membrane vesicles and hence impaired transcellular Ca 

transport (Gaffney-Stomberg et al. 2010). In addition to these changes in intestinal 

Ca absorption alterations in plasma concentrations of the calciotropic hormones 

calcitriol (1,25(OH)2D3) and parathyroid hormone (PTH) could be detected in 

monogastric species kept on protein restriction (Orwoll et al. 1992, Kerstetter et al. 

1997, Kerstetter et al. 1998, Dubois-Ferriere et al. 2011). These studies showed that 

dietary protein has an impact on water as well as on mineral homeostasis, whereas 

underlying mechanisms explaining the existing connection between these systems 

and leading to the recorded changes are mostly unknown at present. 

 

1.3 Renal water reabsorption and its regulation – an overview 

Renal water reabsorption is mainly mediated by AQPs building water permeable 

channels in the apical and basolateral membranes at different sites of the nephron. 

Expression of AQPs and their molecular characteristics were firstly described in the 

early 90’s (Preston et al. 1992) and at least seven different AQPs are present in the 

kidney whereby four of these have well known physiological functions regarding 

water homeostasis (Nielsen 2002). The AQP1 mediates apical water uptake in the 

proximal tubule and in the thin descending limb of loop of Henle (Nielsen et al. 1993), 

whereas the AQP2 is mainly expressed in the apical membrane of collecting duct 

(CD) cells and hence responsible for water reabsorption at this site of the nephron 

(Nielsen et al. 2002). Water reabsorbed by AQP2 is basolaterally extruded by AQP3 

and AQP4 (Nielsen 2002). Figure 2 shows the distribution of AQP1, 2, 3 and 4 in the 

kidney. The AQP1 and AQP2 have been found to be expressed in the ovine and 

bovine kidney, too (Butkus et al. 1997, Altunbas et al. 2013). 

In addition, AQP 6, 7 and 8 were found in the kidney at least of monogastric species, 

with AQP6 and AQP8 representing intracellular water channels in CD intercalated 

cells (Yasui et al. 1999) and in proximal tubules and CD principal cells, respectively 

(Elkjaer et al. 2001) and AQP7 representing an additional water channel in the apical 
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Figure 2: Localisation of aquaporins (AQP) in the nephron (modified from Nielsen 2002).  

ADH, antidiuretic hormone 

membrane of proximal tubule cells (Nejsum et al. 2000). In contrast to AQP1, 2, 3 

and 4, the physiological role of the latter three types is largely unknown. 

 

 

 

 

 

Overall water balance is mainly regulated by the antidiuretic hormone (ADH) also 

called vasopressin (AVP) due to its vasoconstrictive effects at higher concentrations 

which basically affects AQP2 abundance in the CD via short term or long term 

regulatory mechanisms. The short term regulation occurs within minutes after binding 

of ADH/AVP to its receptor, vasopressin receptor 2 (VR2), activation of an adenyl 

cyclase, promoted production of cyclic adenosine monophosphate (cAMP), 

stimulation of protein kinase A and hence phosphorylation of AQP2 stored in 

recycling vesicles. Phosphorylation of AQP2 stimulates the excocytic insertion of 

AQP2 containing vesicles into the plasma membrane (membrane trafficking) 

enhancing water reabsorption (Nielsen et al. 1995) (Figure 3). Increased insertion of 

AQP2 into the plasma membrane in turn triggers gene transcription of AQP2, leading 

to a higher amount of synthesised AQP2 which again can be stored in vesicles and 

inserted into the membrane reflecting the long-term regulation of renal water 

reabsorption (Nielsen et al. 2002) (Figure 3). 
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1.4  Intestinal Ca and Pi transport and its regulation – an overview 

Intestinal Ca absorption can be mediated by transcellular and paracellular 

transepithelial pathways (reviewed in Hoenderop et al. 2005). In monogastric 

species, it is described in detail that the transcellular component of intestinal Ca 

absorption is mediated by a three-step mechanism that comprises the apical uptake 

of Ca, its intracellular transport to the basolateral membrane and the extrusion from 

the cell at the serosal side (reviewed in Hoenderop et al. 2005). The uptake of Ca 

into the enterocyte is facilitated by an apically located Ca channel called transient 

receptor potential channel subfamily vanilloid member 6 (TRPV6) and requires low 

intracellular Ca levels (Hoenderop et al. 1999, Peng et al. 1999). Therefore, within 

the enterocyte Ca is immediately bound to the Ca binding proteinD9K (CaBPD9K) 

serving as a transport protein and as a cytosolic buffer (Buckley and Bronner 1980, 

Feher 1983, Bronner et al. 1986). At the basolateral membrane, Ca is extruded 

mainly by the activity of the plasma membrane Ca ATPase (PMCA) with the 

PMCA1b representing the predominant isoform in the mammalian intestine (for 

review see Hoenderop et al. 2005 and Perez et al. 2008). The existence of the 

described intestinal Ca transporting proteins TRPV6, CaBPD9K and PMCA has also 

Figure 3: AQP2 trafficking and long-term regulation by vasopressin (AVP) 

AC, adenyl cyclase; AQP, aquaporin; AVP, vasopressin; PKA, protein kinase A; V2, vasopressin receptor 2. 
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been shown for goats and sheep (Wilkens et al. 2009, Muscher et al. 2011, Wilkens 

et al. 2011, Muscher et al. 2012, Wilkens et al. 2012).  

In addition to the transcellular pathway, a paracellular route of intestinal Ca 

absorption depending on an electrochemical gradient has been characterised which 

accounts for the majority of Ca absorption when dietary Ca intake and hence Ca 

concentrations within the intestinal lumen are high (Pansu et al. 1981). A schematic 

representation of trans- and paracellular pathways of intestinal Ca absorption is given 

in Figure 4. 

Compared to Ca, less is known regarding the trans- and paracellular transport 

mechanisms for Pi. In monogastric species, members of two families of apically 

located, sodium (Na+)-dependent Pi-transporters are characterised at present, 

facilitating transcellular Pi absorption which is mainly located in the duodenum and 

jejunum in humans and mice (Radanovic et al. 2005) as well as in the ileum in rats 

(Marks et al. 2006). The sodium-dependent Pi transporter type II b (NaPiIIb) belongs 

to the solute carrier (SLC) 34 family and represents the major Pi transporter in the 

small intestines of monogastric species accounting for > 90% of total active Pi 

absorption in mice (Hilfiker et al. 1998, Sabbagh et al. 2009). Likewise, NaPiIIb has 

been found to be the main apical Pi transporter in the small intestines of small 

ruminants with the jejunum representing the major absorption site (Schroeder et al. 

1995, Schroeder and Breves 1996, Huber et al. 2002). In monogastric species, 

another two Na+-coupled Pi cotransporters belonging to the SLC20 family have been 

identified in the small intestines of rats and mice called type III Na+-coupled Pi 

cotransporters, PiT1 and PiT2 (Bai et al. 2000, Giral et al. 2009). The contribution of 

these transporters to the overall transepithelial Pi absorption seems to be more 

moderately (Forster et al. 2011). So far, the existence of these additional P i 

transporters has not yet been elucidated in ruminants. 

Both transport systems, NaPiIIb and the PiT proteins, are driven by a Na+-gradient 

which is generated by the basolateral located Na+-potassium-ATPase (Na+/K+-

ATPase) (Forster et al. 2006). The NaPiIIb is electrogenic, translocating 3 molecules 

of Na+ and one molecule of Pi per transport cycle, preferring divalent Pi (HPO4
2-) 

(Forster et al. 1999). In contrast, electrogenic PiT1 and PiT2 prefer to transport 

monovalent Pi (H2PO4
-) with a 2:1 Na+:Pi stoichiometry (Ravera et al. 2007). The 

intracellular movement and basolateral extrusion of Pi have not yet been clarified. 

Recent results showed that basolateral Pi extrusion is strongly dependent on a Na+-
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gradient generated by the Na+/K+-ATPase (Chirayath and Rao 2015) but the 

molecular basis for Pi extrusion is still unknown. In addition, the paracellular pathway 

of intestinal Pi absorption is poorly characterised and understood at present (Wagner 

et al. 2014). Structures involved in intestinal Pi absorption are shown in Figure 4. 

Both, intestinal Ca as well as Pi transport are regulated by dietary intake of the 

respective mineral and especially by calcitriol. In general, low Ca intake, hence low 

luminal intestinal Ca levels and temporarily decreased plasma Ca concentrations 

stimulate transcellular Ca absorption based on enhanced renal conversion of 

calcidiol to calcitriol by the renal 1α-hydroxylase (for review see Hoenderop et al. 

2005 and Bronner and Pansu 1999). Similarly, low dietary Pi supply stimulated the 

intestinal Pi uptake in monogastric species and ruminants (Schroeder et al. 1995, 

Hattenhauer et al. 1999, Katai et al. 1999). 

On a molecular basis, increased Ca absorption during low dietary Ca intake is 

mediated by altered expression of the above described Ca transporting proteins: in 

monogastric species, TRPV6 is upregulated by calcitriol acting via vitamin D receptor 

(VDR) and a vitamin D responsive element (VDRE) (Van Cromphaut et al. 2001, 

Wood et al. 2001, Meyer et al. 2006). Likewise, in adult goats, a Ca reduced diet 

stimulated renal calcitriol synthesis and led to increased TRPV6 expression (Wilkens 

et al. 2012). The effect of calcitriol on CaBPD9K expression is less clear: several 

studies showed that CaBD9K expression is calcitriol-dependent (Pansu et al. 1983, 

Christakos et al. 1992) and the existence of a VDRE in the CaBPD9K gene was shown 

(Darwish and DeLuca 1992). However, others did not find a high correlation between 

intestinal Ca absorption and CaBPD9K expression (Harmeyer and Deluca 1969, 

Akhter et al. 2007). Furthermore, calcitriol only slightly increased CaBPD9K expression 

in rat intestine (Kutuzova and Deluca 2004) and in Ca-restricted goats (Wilkens et al. 

2012). In case of PMCA, calcitriol was shown to increase the RNA and/or protein 

expression of the pump in monogastric species (Favus et al. 1989, Wasserman et al. 

1992, Van Cromphaut et al. 2001, van Abel et al. 2003). However, studies with rats 

injected with calcitriol showed only a very moderate induction of the PMCA transcript 

in the intestines (Brown et al. 2002) as well as studies with Ca-restricted adult goats 

revealing no change in PMCA expression in the jejunum (Wilkens et al. 2012). 

Therefore, the effect of calcitriol on intestinal PMCA expression is somehow 

controversial. In addition to calcitriol, several other factors are able to influence 

intestinal Ca absorption, whereby Ca itself is an interesting candidate for modulating 
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Ca absorption via the Ca sensing receptor (CaR) from the blood site. Among the 

parathyroid gland, basolateral expression of the CaR was shown in several other 

tissues including kidney and small intestines of monogastric species (Riccardi et al. 

1995, Chattopadhyay et al. 1998). While it is described that activation of the CaR in 

the basolateral membrane of the cortical thick ascending limb suppressed renal Ca 

reabsorption (Brown and Hebert 1996), it is unknown whether and how the intestinal 

CaR is able to modulate Ca absorption. In addition to Ca, the CaR can also be 

activated by amino acids (Conigrave et al. 2000) and therefore represents a suitable 

candidate for connecting protein and Ca homeostasis. Whether the CaR is also 

expressed in caprine intestinal tissues has not been examined so far. 

Regulation of intestinal Pi transport induced by changes in dietary Pi intake is at least 

partly based on altered expression of the Pi transporters. Low dietary Pi intake 

increased NaPiIIb protein abundance in the apical membranes of mice (Hattenhauer 

et al. 1999) and goats (Huber et al. 2002) without affecting the amount of NaPiIIb 

mRNA transcript indicating a posttranscriptional regulation (Forster et al. 2013). 

Interestingly, the effect of low dietary Pi intake on NaPiIIb expression is most 

probably independent from calcitriol due to the fact that VDR as well as 1α-

hydroxylase knockout mice are able to increase NaPiIIb protein expression in 

response to dietary Pi restriction (Segawa et al. 2004, Capuano et al. 2005). 

Nevertheless, apart from the regulation of NaPiIIb during low dietary Pi supply, 

calcitriol is an important stimulator of NaPiIIb expression at least in monogastric 

species (Hattenhauer et al. 1999). Regulation of PiT1 and/or PiT2 expression in the 

intestine has not yet been examined in such detail as it was done for NaPiIIb. Giral et 

al. (2009) found no effect of a low Pi diet on PiT1 mRNA or protein expression. 

Additionally, it was demonstrated by Katai and colleagues (1999) that dietary Pi 

restriction in rats did not lead to changes in PiT1 and PiT2 mRNA expression. 
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1.5 Impact of reduced dietary N on water and mineral homeostasis in 

ruminants 

Based on the described efficient mechanisms for sparing N especially in response to 

low dietary N intake (chapter 1.1) it was thought that ruminants like goats easily 

adapt to a reduced dietary N supply without suffering from the changes in water and 

mineral homeostasis seen in monogastric species. 

However, studies with young goats receiving an N reduced diet showed that both 

systems, water and mineral homeostasis, were affected by such dietary 

interventions: Firstly, reduced N intake led to a significant reduction in urinary N 

excretion in goats (Eriksson and Valtonen 1982, Silanikove 1984, Muscher et al. 

2011) probably based on increased urea reabsorption via increased expression of 

specific renal urea transporters (Starke et al. 2012). Due to the tight connection 

between renal urea reabsorption and the ability of the kidneys to save water, an 

effect of dietary N reduction on renal water handling is conceivable in goats. First 

indications for alterations in renal water reabsorption are given by the observation 

that goats on reduced dietary N showed a downward trend of urinary excretion 

Figure 4: Schematic representation of intestinal transepithelial Ca and Pi transport. 
CaBPD9K, Ca binding proteinD9K; 
Na+/K+ ATPase, sodium potassium ATPase; NaPiIIb, sodium-coupled Pi transporter type IIb; PiT1, sodium-
coupled Pi transporter type III; PMCA, plasma membrane Ca ATPase; TRPV6, transient receptor potential 
channel subfamily vanilloid member 6 
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(Starke et al. 2012). The underlying (molecular) mechanisms are unknown at 

present. 

Secondly, reducing the dietary N supply led to a decrease in plasma calcitriol 

concentrations (Muscher et al. 2011). Additionally, though a single dietary Ca 

reduction stimulated renal calcitriol synthesis and therefore intestinal Ca absorption 

(Wilkens et al. 2012), a concomitant reduction in the supply of Ca and N resulted in 

reduced plasma calcitriol concentrations (Muscher and Huber 2010) and altered 

intestinal Ca and Pi absorption as well as expression of intestinal transporting 

structures for these minerals (Muscher et al. 2012). How a single dietary N reduction 

affects functional aspects of intestinal Ca and Pi absorption and how respective 

changes on a molecular level look like has not been elucidated so far. 

 

 

1.6 Hypotheses and aims of the current PhD project 

As shown in the above mentioned studies, dietary N reduction in young goats did not 

only affect N and therefore urea metabolism but also had effects on renal water 

homeostasis and mineral homeostasis, especially with regard to the small intestines. 

It was hence hypothesised that dietary N reduction affects renal water homeostasis 

based on altered expression of specific renal water channels in young goats.  

Furthermore, it was hypothesised that a reduced dietary N supply with regard to the 

Ca content of the diet led to changes in intestinal Ca and Pi absorption based on 

altered expression of involved transporting structures and to a shift and/or extension 

of the intestinal Ca and/or Pi absorption from their main absorption sites. 

Thus, aim of the present study firstly was to investigate the expression of two specific 

water channels in the kidney of young goats receiving an N reduced diet, namely 

AQP1 and AQP2 as well as to investigate the expression of the renal CaR and 

plasma concentrations of AVP as potential modulators of renal water reabsorption.  

Secondly, it was the aim to investigate the impact of a dietary N reduction either with 

an adequate or reduced Ca supply on the intestinal Ca and P i absorption and the 

mRNA and protein expression of involved Ca and Pi transporting proteins (TRPV6, 

CaBPD9K, PMCA, NaPiIIb, PiT1, Na+/K+-ATPase). With examining three different 

localisations of the small intestine of the goats, a potential shift or extension of 

absorption sites during these dietary interventions was considered. Additionally, 
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expression of potential modulators of intestinal Ca and Pi transport were examined 

(CaR, insulin-like growth factor 1 receptor, VDR). 

 

The PhD project was conducted in order to answer the following questions: 

(1) Does a reduced dietary N supply lead to changes in renal water handling 

based on altered AQP expression? 

(2) Are alterations in intestinal Ca and Pi absorption and respective changes in 

transporting structure expression involved in the observed changes in mineral 

homeostasis in young goats during dietary N reduction? 

(2a) Does a dietary N reduction or in combination with a dietary Ca 

reduction lead to changes in intestinal Ca and/or Pi absorption from 

their main absorption sites? 
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2 Experimental setup – animals & diets 

 

2.1  Animals 

For investigating the effects of a dietary N reduction on renal water homeostasis (first 

project) samples from a total number of 20 german white goats were used. A detailed 

description of the animals is given in Muscher et al. 2011. Examination of the effects 

of an N and/or Ca reduced diet on intestinal Ca and P i absorption (second project) 

was conducted using 26 german coloured goats. These animals are described in 

more detail in the 2nd publication. 

Both animal experiments were performed based on the following criteria: 

Goats at an age of about three months (directly after weaning and an acclimatisation 

period to pelleted concentrates of two weeks) were used to ensure that the animals 

were still in a growth stage. During growth the N requirements are increased due to 

intensive skeletal and muscle development. Hence, restrictive feeding in growing 

animals was assumed to result in more pronounced changes in homeostatic systems 

investigated compared to adult individuals.  

Furthermore, both experiments were conducted on male goats, based on the fact 

that previous studies investigating the effect of dietary N reduction in young goats did 

also use male individuals and therefore ensuring appropriate comparability of the 

results obtained.  

 

 

2.2  Diets 

In the first experiment data obtained from animals from two feeding regimes were 

compared. One group was fed a diet with a moderately low N content and was 

therefore assumed to recycle urea to cope with this dietary intervention. The control 

group received the same diet supplemented with urea and hence containing an N 

content sufficient for growing goats based on the recommendations of the GfE. The 

two diets were isoenergetic. 

In the second experiment the animals were subdivided into four feeding groups 

receiving either a diet adequate in N and Ca (control, N+/Ca+), an N reduced diet (N-

/Ca+), a Ca reduced diet (N+/Ca-) or a combined N and Ca reduced diet (N-/Ca-). 

The control (N+/Ca+) and (N+/Ca-) diet were adjusted to sufficient N contents by 
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supplementation of urea. The Ca contents of the control and (N-/Ca+) diet were 

chosen based on the recommendations of the GfE for growing goats. Again, all diets 

were isoenergetic. Detailed information on components and composition of all diets 

are given in the publications. 
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Abstract 

In ruminants, a decrease of dietary nitrogen (N) is an appropriate feeding concept to 

reduce environmental pollution and costs. In our previous study, when goats were 

kept on an N reduced diet, a decrease of plasma urea concentration and an increase 

of renal urea transporters were demonstrated. Renal urea absorption plays a crucial 

role for renal water absorption and urine concentration. Renal collecting duct water 

absorption is mainly mediated by the water channel aquaporin 1 and 2 (AQP1 and 

AQP2). Therefore, the aim of the present study was to investigate the effects of a 

dietary N reduction on expression of renal AQP1 and AQP2 in young goats. Twenty 

male White Saanen goats, 3 months old, were divided equally into two feeding 

groups, receiving either a diet with an adequate or a reduced-N supply. Goats fed a 

reduced-N diet showed significantly higher amounts of AQP1 mRNA in cortical 

tissue, and the expression of AQP2 mRNA and protein were highly elevated in renal 

outer medulla. An increase of vasopressin concentrations in plasma were detected 

for the N reduced fed goats. Therefore, a stimulation of renal water absorption can be 

assumed. This might be an advantage for ruminants in times of N reduction due to 

higher urea concentrations in the tubular fluid and which might result in higher 

absorption of urea by renal urea transporters. Therefore, interplay of aquaporin water 

channels and urea transporters in the kidney may occur to maintain urea metabolism 

in times of N scarcity in young goats. 
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Abstract 

Feeding ruminants a reduced N diet is a common approach to reduce N output 

based on rumino-hepatic circulation. However, a reduction in N intake caused 

massive changes in Ca and inorganic phosphate (Pi) homoeostasis in goats. 

Although a single dietary Ca reduction stimulated intestinal Ca absorption in a 

calcitriol-dependent manner, a concomitant reduction of Ca and N supply led to a 

decrease in calcitriol, and therefore a modulation of intestinal Ca and Pi absorption. 

The aim of this study was to examine the potential effects of dietary N or Ca 

reduction separately on intestinal Ca and Pi transport in young goats. Animals were 

allocated to a control, N reduced, Ca reduced or combined N and Ca reduced diet for 

about 6−8 weeks, whereby N content was reduced by 25% compared with 

recommendations. In Ussing chamber experiments, intestinal Ca flux rates 

significantly decreased in goats fed a reduced N diet, whereas Pi flux rates were 

unaffected. In contrast, a dietary Ca reduction stimulated Ca flux rates and 

decreased Pi flux rates. The combined dietary N and Ca reduction withdrew the 

stimulating effect of dietary Ca reduction on Ca flux rates. The expression of Ca-

transporting proteins decreased with a reduced N diet too, whereas Pi-transporting 

proteins were unaffected. In conclusion, a dietary N reduction decreased intestinal 

Ca transport by diminishing Ca-transporting proteins, which became clear during 

simultaneous N and Ca reduction. Therefore, N supply in young ruminant nutrition is 

of special concern for intestinal Ca transport. 
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5 Additional examinations and unpublished data 

 

In the second part of the current PhD project, potential effects of a reduced dietary N 

supply on intestinal Ca and Pi absorption were examined at three different sites of the 

small intestines of the goats (proximal and mid jejunum and ileum) as also described 

in the 2nd publication.  

In order to differentiate between trans- and paracellular intestinal transport 

mechanisms and their potential modulation by the applied feeding systems, blockers 

were used to inhibit specific pathways of trans- and paracellular Ca and Pi absorption 

in the Ussing chamber experiments. 

Hence, vanadate as an inhibitor of basolateral PMCA (Barrabin et al. 1980, 

Schroeder et al. 1999) was added to epithelia of the proximal jejunum and Ca flux 

rates were determined before and after addition of this blocker. In the mid jejunum, Pi 

flux rates were determined before and after addition of Na+-arsenate as a competitive 

inhibitor of NaPiIIb (Schroeder et al. 1995). A detailed description of the effect of Na+-

arsenate on transcellular Pi transport is given in the 2nd publication. In all three 

intestinal segments the effect of 2,4,6-triaminopyrimidine (TAP), a blocker of tight 

junctions (TJ) and therefore of paracellular transport (Moreno 1975), was 

characterised with emphasis on effects on unidirectional mucosal to serosal flux rates 

of mannitol which was used as a marker of the paracellular route (Auchere et al. 

1998). 

An overview on structures blocked by the applied substances is given in Figure 5. 

The effects of vanadate and TAP on flux rates determined in the Ussing chamber 

experiments are described and discussed in the following. 
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5.1 Effect of vanadate and 2,4,6-triaminopyrimidine (TAP) on flux rates in 

caprine intestinal epithelia 

Vanadate is used as an inhibitor of basolateral located PMCA due to the well 

characterised inhibiting effect on cation transport ATPases (Cantley et al. 1977, 

Barrabin et al. 1980) and due to the lack of a specific PMCA inhibitor. Vanadate was 

shown to inhibit Ca extrusion in non-ruminant red cells by irreversible inhibition of 

PMCA (Barrabin et al. 1980, Bond and Hudgins 1980, Tiffert and Lew 2001). It was 

further used in studies characterising the basolateral extrusion of Ca in ovine ruminal 

epithelia (Schroeder et al. 1999). Vanadate develops its inhibitory effect by leading to 

conformational changes at the cytosolic site of the ATPase (Rossi et al. 1981). 

Similar to monogastric species, PMCA expression was shown on mRNA and protein 

level in intestinal epithelia of small ruminants (Wilkens et al. 2011, Wilkens et al. 

2012), hence indicating an important role of the PMCA in intestinal transcellular Ca 

absorption in ruminants. To investigate potential modulation of transcellular Ca 

absorption due to the N and/or Ca reduced feeding based on altered PMCA 

expression or activity, vanadate was added to the epithelia of the proximal jejunum in 

the Ussing chamber experiments, with the proximal and mid jejunum representing 

Figure 5: Sites of action of Na+-arsenate, 2,4,6-triaminopyrimidine (TAP) and vanadate. 

CaBPD9K, Ca binding proteinD9K; Na+/K+ ATPase, sodium potassium ATPase; NaPiIIb, sodium-coupled Pi 
transporter type IIb; PMCA, plasma membrane Ca ATPase; TAP 2,4,6 triaminopyrimidine; TRPV6, transient 
receptor potential channel subfamily vanilloid member 6. 
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the main intestinal absorption sites for Ca in small ruminants (Schroeder et al. 1997, 

Muscher et al. 2012). 

The paracellular route which is mediated and regulated by TJ connecting 

neighboured enterocytes at their apical end (Van Itallie and Anderson 2004) was 

characterised in caprine intestinal tissue in more detail by using TAP which has been 

frequently used as a blocker of the paracellular pathway. Thereby, TAP showed 

inhibiting effects on cationic, especially Na+-permeability (Moreno 1975) and on 

electrophysiological properties such as short circuit currents and tissue conductances 

(Moreno 1975, Fanestil and Vaughn 1979). So far, the paracellular route of intestinal 

absorption of small solutes such as Ca or Pi has not been investigated in goats. 

Hence, the application of TAP in the current study was thought to provide further 

information on this issue with an emphasis on potential changes in paracellular 

permeability based on the different feeding regimes. 

 

5.1.1 Material and methods 

For Ussing chamber experiments, intestinal segments of the goats were removed 

within 5 min after exsanguination from the carcasses, rinsed with ice-cold saline and 

opened along the mesenteric line. Until mounting into the Ussing chambers, tissues 

were kept in a carbogen-aerated buffer solution. A detailed description of the 

composition of the buffer, further information on preparation of intestinal tissues, 

mounting into Ussing chambers and composition of buffer solutions applied to the 

Ussing chambers are given in the 2nd publication. 

A total number of 24 Ussing chambers were used for determining unidirectional flux 

rates of Ca, Pi and mannitol, whereby 10 chambers contained epithelia of the 

proximal and mid jejunum, respectively and four chambers contained ileal epithelia. 

After an equilibration time (around 20 min), radioisotopic tracers (45Ca, 32P and (3H)-

mannitol) were added to each chamber to the serosal or mucosal side which became 

the so called “hot” compartment/site of the respective chamber, whereas the 

corresponding compartment was called the “cold” compartment/site. Sampling at four 

intervals of 15 min each was conducted and afterwards 0.1 mM vanadate was added 

to the serosal side of four of the 10 chambers containing epithelia of the proximal 

jejunum in order to characterise transcellular Ca transport processes. Likewise, in 

four of the 10 chambers mounted with epithelia of the proximal and mid jejunum, 

respectively, as well as in each chamber containing ileal epithelia 20 mM of TAP was 
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added to the mucosal side for blocking paracellular permeability. For proximal and 

mid jejunal epithelia two chambers (chambers nine and 10 for the proximal jejunum 

and chambers 11 and 12 for the mid jejunum) served as control chambers, 

respectively, where no blockers were added. After a 10 min exposure, sampling was 

continued for a second three 15 min intervals. 

Table 1 shows the complete protocol of Ussing chamber experiments including time 

points of sampling, addition of the three different blockers and the following sampling 

period. Glucose solved in distilled water and forskoline solved in dimethyl sulfoxide 

(DMSO) were added to all chambers at the end of the experiments to verify the 

viability of the tissues, except for chambers nine and 10 and chambers 21 and 22 

where only DMSO was added serving as a solvent control for forskoline. Detailed 

information on how unidirectional and net flux rates were calculated by tracer 

appearance are given in the 2nd publication. 

 
Table 1: Protocol of Ussing chamber experiments 

Time represents minutes after which the next sample was taken or additive was applied. “Hot” samples were 
taken from that site of the Ussing chamber to which radioactive tracers were added, “cold” samples were taken 
from the corresponding other site. DMSO, dimethyl sulfoxide; muc, mucosal; ser, serosal; TAP, 2,4,6-triamino 
pyrimidine. 

 

 

 

time                   prox. jejunum mid jejunum ileum 

                                                  
  5 min                                         
20 min                              
15 min                                                           
15 min                                                           
15 min                                                           
15 min                                                           

mounting of tissues into the Ussing chambers, „short-circuit“ conditions 

addition of labelled tracers (
45

Ca, 
32

Pi, (3H)-mannitol) 
1st „hot“ sample (50 µl) and 1st „cold“ sample (500 µl) 

2nd „cold“ sample (500 µl) 
3rd „cold“ sample (500 µl) 
4th „cold“ sample (500 µl) 
5th „cold“ sample (500 µl) 

adding of ser. vanadate (0.1 mM) 
chamber 1-4 
muc. TAP (20 mM) 
chamber 5-8 
control (chamber 9+10) 

muc. Na+-arsenate (5 mM)  
chamber 13-16 
muc. TAP (20 mM) 
chamber 17-20 
control (chamber 21+22) 

muc. TAP (20 mM) 
chamber 11+12; chamber 
23+24 

15 min                                                           
15 min                                                           
15 min                                                           
15 min                                                           

6th „cold“ sample (500 µl) 
7th „cold“ sample (500 µl) 
8th „cold“ sample (500 µl) 

2nd „hot“ sample (50 µl) and 9th „cold“ sample (500 µl) 

5 min adding of glucose (100 mM) to all chambers (mucosal) 

15 min 
adding of 

ser. forskoline (0.05 mM) 
chamber 1-8 
DMSO (chamber 9+10) 

 

ser. forskoline (0.05 mM) 
chamber 13-20 
DMSO (chamber 21+22) 
 

ser. forskoline (0.05 mM) 
chamber 11+12 
chamber 23+24 
 

30 min end 
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5.1.2 Results and discussion 

When vanadate was added to epithelia of the proximal jejunum, a decrease of net 

flux rates of Ca (JnetCa) could be detected (Table 2) in all feeding groups which could 

not be delineated from the decrease of JnetCa detected during the same time in time 

control tissues (Table 2). Additionally, when only considering unidirectional flux rates 

from the mucosal to the serosal site (JmsCa) which were mediated by transcellular 

transport revealed by correlation with mannitol flux rates (see 2nd publication) and 

hence assumed to be blocked by inhibiting basolateral Ca extrusion, there was no 

inhibitory effect of vanadate detectable (Figure 6). Hence, adding of vanadate to 

epithelia of the proximal jejunum did not exhibit a specific inhibitory effect on Ca flux 

rates based on blocking of PMCA. Similarly, in studies determining Ca absorption in 

ovine ruminal epithelia (Schroeder et al. 1999), as well as when Ca absorption was 

examined in intestinal epithelia of Ca restricted fed goats (personal communication 

Dr. M. Wilkens) vanadate did not decrease JnetCa or JmsCa flux rates. Potential 

reasons for the missing effect of vanadate on Ca flux rates could be a residual 

activity of the pump which was sufficient for Ca extrusion as it has been reported for 

red cells (Tiffert and Lew 2001). In addition, further Ca extrusion systems located at 

the basolateral membrane might have compensated for diminished PMCA activity. A 

potential candidate is the Na+/Ca2+-exchanger 1 (NCX1) which is also expressed in 

ovine intestinal epithelia (Wilkens et al. 2012). Furthermore, vanadate is not a 

specific PMCA inhibitor, but inhibits all cation ATPases including Na+/K+-ATPase with 

a much higher affinity (Cantley et al. 1977, Pande et al. 2011). Therefore, it might be 

that in the current study several effects of vanadate overlapped, neutralised or 

potentiated each other, making it impossible to evaluate a single effect on PMCA 

activity. 

 

 

 

 

 

Figure 6: Effect of vanadate on 

unidirectional flux rates of Ca from 
mucosal to serosal (JmsCa) in the 
proximal jejunum. 
Feeding groups are named with 
additional and minus symbols based 
on N and Ca content in the diet. 
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When TAP was added, mucosal to serosal flux rates of mannitol (Jmsman) did not 

decrease (Table 2), as it would have been assumed due to the blockage of TJ and 

therefore the paracellular route of transepithelial transport. In contrast, in nearly all 

epithelia examined Jmsman even increased after adding of TAP (Table 2). Only in the 

mid jejunum a slight decrease in Jmsman was detectable in the (N-/Ca+) group (Table 

2) which was not present in all six animals of the group but only in four and only to a 

very moderate extent. It could be speculated that mannitol probably used a different 

paracellular pathway not blocked by TAP. It was recently shown that TAP did not 

inhibit permeability of the well-established paracellular marker polyethylene glycol 

(PEG) in fish intestinal tissues (Wood and Grosell 2012). Based on well comparable 

size and nearly identical permeability values of PEG and TAP (Watson et al. 2001), it 

is conceivable that both substances cross the epithelium by a pathway which is not 

affected by TAP. In earlier studies TAP was shown to inhibit specifically paracellular 

cation permeation in frog gallbladder and trout urinary bladder (Moreno 1974, 

Moreno 1975, Simmons and Naftalin 1976) and permeability of non-ionic solutes 

such as glycerol and urea in frog and rabbit gallbladder (Moreno 1975). In the current 

study, an inhibitory effect of TAP on unidirectional JmsCa flux rates could be detected 

in the proximal jejunum in all feeding groups with concomitantly unchanged JmsCa 

flux rates in time control tissues (data not shown; manuscript in preparation), 

indicating that TAP has an impact on paracellular cation permeability in caprine 

intestinal tissue. Investigations in canine intestinal epithelia revealed an additional 

effect of TAP on glucose and fructose uptake which were considered to be based on 

effects of TAP not only on TJ but also on transcellular processes (Krejs et al. 1977). 

Hence, though TAP seems to exhibit a well reproducible inhibiting effect on 

paracellular cation permeability in leaky epithelia of some species, the exact mode of 

action of this substance remains unclear and does obviously not or only to a minimal 

extent affect the route of some of the most frequently used paracellular markers. 

In conclusion, vanadate seems not to be a useful tool for inhibiting PMCA activity in 

intestinal epithelia of young goats or only to an extent which is too less to detect 

changes between basal and inhibited fluxes in order to characterise basolateral Ca 

extrusion. In further studies, application of more specific inhibitors of the PMCA, such 

as caloxins which are short peptides specifically inhibiting PMCA by binding to the 

allosteric site (=extracellular loops) of the pump already used in human medicine 

(Pande et al. 2011) may be a possibility to overcome the described difficulties.  
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In case of TAP the following points should be considered in further studies with 

intestinal epithelia: Firstly, the permeability of widely used paracellular markers such 

as mannitol or PEG is not necessarily blocked due to different pathways used and 

hence an evaluation of the TAP-effect is not possible based on changes in marker 

permeability. Secondly, the current study showed that unidirectional flux rates of Ca 

as well as electrophysiological properties such as tissue conductances (data not 

shown, manuscript in preparation) were affected by addition of TAP, hence providing 

a tool for characterising paracellular transport also in caprine intestinal epithelia. 

 
Table 2: Change of net flux rates (Jnet) and mucosal to serosal fluxrates in case of mannitol (Jmsman) after 

addition of blockers 
Change of net flux rates (Jnet) of Ca in the proximal jejunum and of net flux rates of Pi in the mid jejunum as well 
as of mucosal to serosal flux rates of mannitol (Jmsman) in the proximal and mid jejunum and the ileum, 
respectively, after adding of the specific blockers vanadate in the proximal jejunum, Na+ arsenate in the mid 
jejunum and TAP in the proximal and mid jejunum and ileum expressed as a percentage compared to basal Jnet 
or basal Jms. man, mannitol; TAP, 2,4,6-triamino pyrimidine 

Change of Jnet or Jms (%) after adding of the respective blocker or in 
chambers without any additives (time control) 

 N+/Ca+ N-/Ca+ N+/Ca- N-/Ca- 

proximal jejunum 
JnetCa after vanadate 
JnetCa after TAP 
JnetCa time control 
Jmsman after TAP 
Jmsman time control 

 
- 46.75 
- 43.57 
- 152.43 
+ 27.18 
+ 89.15 

 
-307.17 
- 86.83 

- 1390.17 
+ 19.48 
+ 85.64 

 
- 79.17 
- 58.83 
-194.50 
+ 29.57 
+ 82.33 

 
- 98.29 
- 75.71 
+ 2.17 

+ 29.79 
+ 112.02 

mid jejunum 

JnetPi after Na+-arsenate 
JnetPi after TAP 
JnetPi time control 
Jmsman after TAP 
Jmsman time control 

 
- 59.43 
- 19.29 
+ 0.63 
+ 2.22 

+ 35.73 

 
- 60.17 
- 11.50 
- 0.17 
- 4.11 

+ 48.22 

 
- 60.40 
- 12.50 
- 3.60 
+ 1.13 

+ 44.89 

 
- 58.00 
- 32.86 
- 11.14 
+ 5.77 

+ 43.30 

ileum 
JnetCa after TAP 
JnetPi after TAP 
Jmsman after TAP 

 
+ 183.43 

- 5.00 
+ 104.01 

 
- 77.17 
+ 5.00 

+ 68.12 

 
- 10.67 
- 19.33 
+ 86.16 

 
+ 12.00 
+ 1.86 

+ 104.02 
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6 Discussion 

 

6.1 Evaluation of the PhD project – critical aspects 

In the first part of the PhD project the impact of a reduced dietary N supply on renal 

water handling, particularly the expression of water channels AQP1 and AQP2 was 

examined in the caprine kidney. It was shown that AQP2 expression was upregulated 

in both, mRNA and protein level in renal medullary tissue of N reduced fed goats. 

The AQP1 expression was only examined on mRNA level in renal cortical tissues 

due to the lack of an appropriate primary antibody and was also found to be 

increased in N reduced fed goats. Hence, for complete evaluation of the 

physiological function of increased AQP1 expression concerning increased water 

reabsorption capacity, quantification of protein expression would be necessary and 

desirable for future studies. Additionally, no measurement of daily individual water 

intake and urinary excretion was undertaken in goats of the present study. This 

would be very helpful in further studies to assess the impact of dietary N reduction on 

renal water handling on a functional level in addition to molecular examinations. It 

has to be considered that those measurements would require individual housing of 

the animals in metabolic cages which might be very stressful to gregarious animals 

like goats. Furthermore, it was shown that goats use social information concerning 

foraging and showed higher feed intake when housed in groups with more than two 

conspecifics compared to single housing (Shrader et al. 2007) what might limit 

housing in metabolic cages over a longer period. 

In the second part of the PhD project, intestinal Ca and Pi absorption as affected by 

single dietary N or Ca reduction and combined dietary N and Ca reduction was 

examined. It could be shown that a dietary N reduction alone or in combination with a 

concomitant Ca reduction led to a decrease in active, transcellular Ca absorption in 

the upper part of the small intestines in young goats. This decrease in the absorption 

capacity of the intestinal epithelia found in vitro was at least in part caused by 

decreased calcitriol concentrations during dietary N reduction (2nd publication). 

Furthermore, though a single dietary Ca reduction stimulated renal calcitriol synthesis 

as shown by the current PhD project as well as in adult, Ca restricted fed goats 

(Wilkens et al. 2012), this stimulating effect was withdrawn when dietary N was 

restricted at the same time. Reduced calcitriol concentrations were thought to be the 
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reason for the detected decrease in the expression of Ca transporting structures in 

the intestinal segments investigated. Under physiological conditions PTH secretion 

from the parathyroid is rapidly stimulated by a drop in plasma Ca concentrations via 

reduced activation of the extracellular CaR which was firstly characterized in the 

bovine parathyroid (Brown et al. 1993) to stimulate calcitriol production and to induce 

further mechanisms to maintain Ca homeostasis. Based on these facts, it would have 

been an asset to measure PTH concentrations in plasma samples of the goats. Due 

to the lack of a suitable PTH assay for caprine plasma samples it was not possible to 

check directly for the PTH response in N reduced fed goats but only indirectly by 

measuring the plasma concentrations of cAMP as it was done in human studies 

(Kaminsky et al. 1970, Elfers et al. 2015). Two points regarding plasma cAMP 

concentrations have to be taken into consideration: Firstly, plasma cAMP 

concentrations do only modestly react to increases in PTH concentrations (Kaminsky 

et al. 1970). Hence, changes in PTH concentrations in goats of the present study 

might have been undetectable by measuring cAMP. Secondly, cAMP as a second 

messenger system is induced by many hormones in addition to PTH. Therefore, the 

origin of plasma cAMP probably is not of great specificity. Furthermore, goats 

involved in this second part of the PhD project were housed and fed in groups and 

therefore no individual feed intake could be detected. Hence, this represents a 

limitation of the study regarding the evaluation of energy and mineral intake, despite 

nearly equal energy contents of the diets and similar plasma concentrations of the 

energy dependent thyroidal hormone trijodthyronine in all goats in the second part of 

the PhD project indicate sufficient energy supply also during dietary N reduction. As 

stated above, to overcome this limitation, balance trials in metabolic cages could be 

undertaken. Such balance trials would also provide valuable information on Ca and Pi 

digestibility, therefore representing the in vivo situation, in addition to the results 

obtained from the in vitro experiments in Ussing chambers. In the current PhD 

project, it was not possible to take chymus samples from different intestinal segments 

during killing of the goats due to technical reasons. 

 

6.2 Impact of dietary N reduction on water and mineral homeostasis – main 

findings and discussion 

The current PhD project was conducted to examine the effects of a reduced dietary N 

supply on renal water as well as on intestinal mineral homeostasis in young goats. In 
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the first part of the project the question whether a dietary N reduction led to changed 

expression of renal water channels AQP1 and AQP2 could be affirmed and it was 

shown that the changed expression was at least partly based on increased 

concentrations of AVP. In the second part of the project the focus was on the 

intestinal Ca and Pi absorption in the small intestines of young goats on a dietary N 

and/or Ca reduction. The question was affirmed whether the already known changes 

in parameters of mineral homeostasis in young goats receiving an N reduced diet 

were based on alterations in intestinal absorption of these minerals. On a molecular 

basis changed intestinal Ca absorption was caused by altered expression of 

structures responsible for transcellular Ca transport, which in turn was at least in part 

mediated by decreased calcitriol concentrations. 

Ruminants like goats are unique in their ability to use NPN sources such as urea for 

synthesising microbial protein given that dietary energy intake is sufficient. Microbial 

protein in turn serves as the major protein source for the host. This is further 

supported by the fact that microbial protein is the largest proportion of total amino 

acid N entering the small intestines of ruminants (Allison 1969, Storm and Orskov 

1984, Ferreira 2004). Daily N intake is the major determinant of hepatic (= 

endogenous) urea synthesis, and hence, a reduced N supply resulted in decreased 

plasma urea concentrations (Harmeyer and Martens 1980), which was also 

confirmed in the current study (data not shown). To still meet the N requirements of 

ruminal microbes for protein synthesis during reduced dietary N intake, the return of 

urea to the rumen via saliva and the bloodstream is increased in such a situation and 

furthermore, the urea permeability of the rumen was shown to be increased and was 

associated with an increased microbial urease activity and hence increased urea 

cleavage in the rumen at least during moderate dietary N reduction (Muscher and 

Huber 2010). Data from Kraushaar (2014) indicate that an N reduced feeding indeed 

lowered microbial protein synthesis compared to a control group, but that the 

synthesised amount of microbial protein per day was still within the standard range 

found in literature. Further evidence for the induction of efficient urea recycling 

mechanisms especially during dietary N reduction is given by enhanced renal urea 

reabsorption based on increased expression of specific renal urea transporter A1 

(UTA1) (Starke et al. 2012). The reabsorbed urea thereby can be shifted back to the 

rumen serving as an N source for microbial protein synthesis. Taken together, the 

whole system of urea recycling especially in times of N scarcity is a highly efficient 
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and adaptable system enabling ruminants to cope with reduced N availability and 

intake. Results of the first part of the current PhD project can be taken as a further 

example for the described response of ruminants to low dietary N intake and hence 

the demand for an efficient urea recycling. Goats involved in this part of the project 

showed a drop in renal urea excretion by approximately 90% (Muscher et al. 2011), 

which was probably based on increased UTA1 expression in the kidney. The UTA1 

expression can be stimulated by AVP as shown in mice (Fenton et al. 2002). Plasma 

concentrations of AVP were increased in goats in the N reduced feeding group (1st 

publication) and might therefore have increased UTA1 expression in the kidney of 

these animals enhancing urea reabsorption. As stated in the introduction, one main 

effect of AVP is the stimulation of renal AQP2 expression and hence an increase in 

renal water reabsorption. The increased expression of medullary AQP2 in the N 

reduced fed goats seemed to be a very specific effect due to unaltered AQP2 

expression in renal cortex indicating a functional coupling between water and urea 

reabsorption in the medullary part of the nephron especially during dietary N 

reduction. Both, AQP2 and UTA1 are expressed in renal CD which terminal parts are 

located in the renal medulla, and hence, increased water reabsorption might have 

been specifically connected with enhanced urea reabsorption at this site of the 

kidney without affecting AQP2 expression in the cortical region. The reason for this 

exclusive effect of AVP on medullary AQP2 expression in caprine kidney is unknown 

at present but might be due to a different expression or sensitivity of the VR2 at this 

site. The underlying question that still needs to be answered is the reason for 

elevated AVP levels in plasma of the N reduced fed goats. The major stimulator for 

an increased release of AVP from the pituitary gland is an increase in plasma 

osmolality e.g. occurring during dehydration (Dunn et al. 1973, Bankir 2001). Due to 

unaltered values of haematocrit and plasma osmolality during dietary N reduction in 

goats of the present study (1st publication), osmolality changes and/or haemo-

concentration can be somehow excluded as a stimulus for increased AVP secretion 

and hence indicated no differences concerning water intake between the feeding 

groups. Nevertheless, it should be considered that due to technical reasons no 

ongoing, individual water intake was determined to evaluate whether goats receiving 

the N reduced diet showed a lower water intake compared to control animals at any 

time of the feeding period which might have caused a transient increase in plasma 
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osmolality at some point of the experiment and therefore a stimulated AVP secretion 

prior to exsanguination.  

It was furthermore shown, that both, renal water and urea permeability were 

increased in parallel in rat CD in vitro in response to very low concentrations of AVP, 

indicating a coordinated and rapid regulation of these parameters for maintaining 

sufficient water reabsorption from the urine (Star et al. 1988). With regard to the 

goats’ origin from (semi-) arid environments it is of great importance for these 

animals to be able to save water during dry periods. It is therefore not surprising that 

goats are very well adapted to dehydration including secretion of AVP to maintain 

performance in any way (Maltz et al. 1984). Furthermore, dry periods are usually 

connected with feed resources limited in quantity and quality. It was shown that goats 

challenged by heat stress connected with limited water and feed availability react 

with multiple adaptive strategies including neuroendocrine responses like increased 

AVP secretion to ensure further production in the form of lactation, growth etc. (Sejan 

2013). Growth was the only performance of goats involved in the first part of the PhD 

project and as measured by unaffected final body weights N reduced fed goats 

showed an overall successful or adequate performance (Muscher et al. 2011). 

Anyway, daily weight gain and daily dry matter intake tended to be lower in the N 

reduced fed goats (Muscher and Huber 2010, Muscher et al. 2011). With regard to 

the tight connection between limited feed and water availability in their original 

environment, increased AVP plasma concentrations in the N reduced fed goats might 

have been a response to the reduced N intake in order to maintain both, adequate 

renal urea and sufficient water reabsorption to maintain whole body urea and water 

homeostasis and thereby performance in form of growth. An increased urea recycling 

of about 20% and an improve of N balance to positive values during water restriction 

has already been shown in adult desert goats receiving very low protein diets (Mousa 

et al. 1983) underlying the beneficial effect of stimulated water retention on urea 

metabolism. 

In conclusion, findings of the first part of the PhD project represent a further 

mechanism in (small) ruminants to improve urea recycling in times of low dietary N 

intake contributing to the high adaptation capacity of these animals to such a dietary 

intervention with maintenance of a sufficient N supply to ruminal microbes and 

therefore microbial protein synthesis to ensure adequate protein supply to the host 

and hence hosts’ performance.  
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However, results of the second part of the PhD project show limitations of reduced N 

feeding systems in growing goats. Based on decreased expression of involved 

transporting structures, intestinal Ca absorption was significantly diminished in N 

reduced fed goats which led to a decrease in plasma Ca concentrations (2nd 

publication). Furthermore, though goats in the (N+/Ca-) group based on increased 

plasma calcitriol concentrations and hence increased expression of Ca transporting 

structures showed stimulated Ca absorption in the intestinal segments investigated, 

this effect was abolished by a concomitant N reduction (2nd publication). Given the 

reduced Ca plasma levels at time of exsanguination, N reduced fed goats obviously 

were not able to compensate for impaired intestinal Ca absorption by other 

mechanisms such as Ca mobilization from the bone or increased renal Ca 

reabsorption. Evidence for these assumptions is given by unaltered expression of the 

principal renal Ca channel TRPV5 in kidneys of goats during dietary N reduction and 

unaltered urinary Ca excretion (Starke et al. 2013, Starke and Huber 2014). In 

addition, examination of the left metatarsus of goats in the present study revealed 

markedly decreased values of bone mineral content and bone mineral density as well 

as stimulated bone turnover due to the N reduced diet (Elfers et al. 2015). This might 

have been an effort to compensate for decreased plasma Ca concentrations which 

was nevertheless not successful. 

Based on high Ca requirements during growth especially for adequate skeletal and 

muscle development (Meschy 2000), the uncompensated decrease in intestinal Ca 

absorption has to be taken as an unavoidable side effect in young goats receiving 

such low dietary N amounts as applied in the current study during the life period 

investigated. The underlying mechanism mediating the decrease in the expression of 

intestinal Ca transporting structures is unidentified at present but obviously affects 

renal calcitriol synthesis. One potential candidate mediating the reduction in calcitriol 

synthesis (also discussed in the 2nd publication) is IGF1. With stimulating renal 1α-

hydroxylase expression and activity (Caverzasio et al. 1990, Nesbitt and Drezner 

1993), IGF1 was shown to be able to affect the enzyme which is mainly responsible 

for conversion of the prehormone 25-hydroxycholecalciferol to calcitriol in the kidney 

(see chapter 1.4; Fraser and Kodicek 1970). Plasma IGF1 concentrations were 

decreased in N reduced fed goats (2nd publication, Muscher et al. 2011, Muscher et 

al. 2012) probably preventing this stimulation of calcitriol synthesis and therefore 

negatively affecting intestinal Ca absorption. 
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In conclusion, results of the second part of the PhD project indicate that feeding 

inadequate N amounts to goats during the life period investigated which is 

characterised by intensive growth, is connected with negative impacts on intestinal 

Ca absorption and hence overall Ca homeostasis. This was furthermore shown by 

significantly reduced final body weights of the N reduced fed goats (2nd publication). 

Therefore, these results clearly indicate a limitation of the adaptation capacity of 

young, growing goats to reduced dietary N amounts over a longer period taking 

mineral and particularly Ca homeostasis and final body weights as indicators for 

undisturbed performance. 
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7 Concluding remarks and further investigations 

The present PhD project was conducted to investigate how a dietary N reduction 

(first part of the PhD project) or in combination with a reduced dietary Ca supply 

(second part of the PhD project) affected renal water handling and intestinal Ca and 

Pi absorption. Expression patterns of involved water and Ca and Pi transporting 

structures were investigated in caprine kidney and small intestines, respectively. 

Furthermore, involved and potentially altered hormonal responses modulating the 

examined systems were considered. The results underlined the adaptation capacity 

to a reduced dietary N supply even of still growing goats with a therefore not yet fully 

developed forestomach system based on adaptive responses of the kidney regarding 

water and hence urea metabolism. It was further shown that dietary N supply below a 

requirement level led to marked changes in mineral homeostasis based on impaired 

intestinal Ca absorption affecting plasma Ca concentrations. Own further 

investigations showed that bone metabolism of the N reduced fed goats was also 

affected (see chapter 6.2) probably in order to compensate for reduced intestinal Ca 

absorption by Ca mobilisation without a satisfactory outcome based on diminished 

plasma Ca levels.  

With regard to the practical relevance of the obtained findings, the following 

conclusions can be drawn: offering a reduced dietary N supply to young, male goats 

during the life period investigated in the present study induced effective water and 

therefore urea recycling mechanisms on the renal level. This was furthermore 

connected with the desired reduction in urinary N output without markedly affecting 

goats’ performance on the level of weight gain and final body weight. Nevertheless, 

the applied N reduced feeding system in the second part of the PhD project affected 

mineral homeostasis, particularly intestinal Ca absorption which was obviously not 

compensated by other mechanisms (see chapter 6.2) considering plasma Ca 

concentrations. With regard to the already mentioned high Ca requirements during 

growth (see chapter 6.2), a reduction of dietary N in feeding growing goats should be 

conducted carefully and not to an extent as performed in the present study to exclude 

negative effects on muscle and skeletal growth and further systems which are 

dependent on balanced mineral especially Ca homeostasis during their development.  

With the data obtained from the current studies the applied N reduced feeding 

system could only be evaluated for goats at the age and developmental stage 
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investigated. It is conceivable that once the forestomach system and therefore the 

capacity of ruminal microbes to use NPN for their protein synthesis has fully 

developed, the animals might be able to completely compensate for the N reduction 

without any remaining signs of this dietary intervention in their early life. To evaluate 

the time scale of a dietary N reduction, examinations in adult goats (with an age of 6 

to 8 months) after receiving dietary N reduction during their growing period should be 

undertaken. Furthermore, organs contributing to the maintenance of Ca homeostasis 

like bone tissue should be examined for their (compensatory) involvement in the 

observed changes in mineral particularly Ca balance. From goats in the second part 

of the PhD project several bone parameters such as plasma concentrations of bone 

resorption and bone formation markers and bone mineral content and bone mineral 

density have already been determined and published (Elfers et al. 2015). From these 

first results regarding the impact of a dietary N reduction on bone metabolism in 

young goats, it can be concluded that dietary N reduction was connected with 

increased bone turnover and bone loss. From a biological point of view with these 

first data on the effects of a dietary N reduction on bone metabolism it is hardly 

possible to evaluate whether bone development was retarded due to dietary N 

reduction or whether already developed bone substance was affected to mobilize Ca 

or a combination of both. To evaluate this in more detail, dorsal vertebra or hip bone 

should be analysed in addition to long bones like the metatarsus and if possible 

analyses of bones at different time points of the feeding trial should be conducted 

including examination of the bone after a longer period of N reduced feeding to 

evaluate if the animals are able to adapt to the dietary conditions and restore bone 

tissue. 

Finally, it would be interesting to evaluate the effects of a reduced dietary N supply in 

animals whose N and Ca balance is challenged to a different and probably even a 

greater extent than in young male goats. For this purpose e.g. female goats during 

gestation or lactation who have got greater protein and especially Ca requirements 

compared to young male goats in order to ensure embryonal growth and milk 

production, respectively, could be an interesting target. 
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