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1 Summary 

 

Caroline Firmenich 

 

Effects of dietary nitrogen and / or calcium on renal calcium and phosphate 

transport and modulation of calcitriol- and IGF1-synthesis in young goats 

 

In intensive farming, ruminants contribute to huge amounts of nitrogen (N) excreted into the 

environment through urinary and faecal N output. Feeding ruminants a dietary protein and 

therefore N content close to their demand is an approach adopted for environmental and 

economic reasons. Due to efficient rumino-hepatic circulation of urea, ruminants are able to 

cope with a diminished N-intake. Ruminal microorganisms are able to synthesise microbial 

protein, which is the main protein source for ruminants by using non-protein N-compounds 

such as urea. In the case of a reduction in dietary N-intake, endogenously synthesised urea is 

less excreted by the kidneys, but secreted back to the rumen by the salivary glands and across 

the rumen epithelium.  

In previous studies, a dietary N-reduction led to diminished levels of blood calcium (Ca) 

through reduced intestinal Ca absorption which is mediated by a reduced expression of 

Ca-transporting proteins due to decreased blood concentrations of 1,25-dihydroxy vitamin D3 

(calcitriol), as the expression of intestinal Ca-transporting proteins is modulated in a calcitriol-

dependent manner. The reason for diminished calcitriol levels might be a reduction in insulin 

like growth factor 1 (IGF1) concentration because IGF1 has a direct stimulating effect on renal 

calcitriol synthesis. IGF1 is mainly synthesised by the liver after pulsatile stimulation by growth 

hormone (GH) from the pituitary gland. The GH binds to the hepatic GH receptor (GHR) dimer 

and therefore initiates the Janus kinase-signal transducers and activators of transcription (JAK-

STAT) pathway leading to IGF-1 secretion. The JAK-STAT signalling pathway is controlled via 

negative feedback by suppressors of cytokine signalling (SOCS) proteins. Thus, it has to be 
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assumed that IGF1 is the link between reduced dietary N intake and diminished levels of 

calcitriol leading to a decrease in blood Ca levels. 

In the first part of the current PhD study, the effects of an N- and / or Ca-reduced feeding on 

renal Ca- and phosphate (Pi)-transporting proteins was investigated, as it was assumed that 

renal Ca-transporting proteins were modulated by these dietary interventions. It was shown 

that the expression levels of renal Ca-transporting proteins were modulated by a dietary 

N-reduction contributing to diminished levels of blood Ca. However, a single reduction in 

dietary Ca did not cause a modulation of the examined renal proteins. Moreover, a singular 

reduction in dietary Ca led to an enhancement of renal calcitriol synthesis. The protein 

expression of renal Ca channel transient receptor potential cation channel subfamily V 

member 5 decreased due to the N-reduced feeding, whereas in the animals receiving the Ca 

reduced diet, the expression remained unchanged. The mRNA and protein expression levels 

of the Ca-binding protein, calbindin-D28K (CaBPD28K), and the sodium-Ca exchanger 1 (NCX1) 

were diminished in the N-reduced fed goats. By contrast, dietary Ca restriction increased the 

mRNA expression levels of CaBPD28K and NCX1. The mRNA and protein expression of the 

parathyroid hormone receptor decreased in response to the N-reduced feeding. The 

expression of renal sodium dependent Pi transporter type IIa was enhanced in the goats 

receiving the N-reduced diet, indicating a compensatory mechanism and leading to stable Pi 

levels, while the concomitant N and Ca reduction even led to increased plasma Pi levels.  

In the second part of the current PhD project, the impact of a protein-reduced diet on hepatic 

vitamin D and cholesterol metabolism was investigated and the examination of the 

somatotropic axis in relation to a potential modulation by dietary protein was performed. It 

was shown that a restriction in dietary protein has an impact on hepatic enzymes involved in 

vitamin D and cholesterol metabolism. Moreover, it was assumed that the influence of a low 

protein diet on the GH-IGF1 axis might be causal for reduced levels of blood Ca occurring 

during this feeding regime. Besides measuring GH concentrations over 24 h, components 

involved in GH signalling, leading to decreased hepatic IGF1 secretion, were considered in 

relation to the reduced protein feeding. The results show that the GH concentration patterns 

over 24 h were not modulated by the dietary intervention, while the expression levels of 
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hepatic GHR were diminished due to the reduced dietary protein intake. Moreover, 

concentrations of blood Ca, calcitriol and insulin were reduced. The mRNA expression of JAK2 

and STAT5B and protein expression levels of JAK2 and STAT1 were not modulated by the 

dietary intervention. Protein expression levels of STAT3 and STAT5B showed an upward trend 

due to the protein-reduced feeding. Expression levels of SOCS1 mRNA remained unaltered 

due to the protein-reduced feeding, while SOCS2 and SOCS3 mRNA and protein expression 

increased. Hence, it can be concluded that protein-reduced feeding leads to a disruption of 

the somatotropic axis that is mediated by a modulation of GHR expression. It was assumed 

that the reduction in GHR expression was mediated by diminished concentrations of insulin 

that occurred during the protein-reduced feeding as insulin is involved in GHR expression. 

Moreover, insulin release in turn is dependent on Ca. Thus, it can be concluded that decreased 

levels of blood Ca might be causal for the decrease in insulin concentrations.  

The results of this PhD project underline a limitation of the adaptive capacity of young goats 

to a low protein diet. 

Further investigations are needed to determine a potential modulation of the regulatory 

mechanism responsible for GH secretion by a reduced protein intake, as diminished IGF1 

concentrations might affect GH secretion via feedback mechanisms. It would be of interest to 

determine whether the concentrations of IGF1 decreased due to a protein-reduced diet in 

general or whether concentrations of free IGF1 might remain unaltered. Moreover, further 

studies could examine the impact of reduced insulin levels as well as the modulation of 

calcitriol synthesis through other pathways with regard to their response to diminished 

protein intake. 
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2 Zusammenfassung 

 

Caroline Firmenich 

 

Einfluss von diätetischem Stickstoff und / oder Calcium auf den renalen Calcium- 

und Phosphattransport und Modulation der Calcitriol- und IGF1-Synthese 

wachsender Ziegen 

 

Im Rahmen intensiver Nutztierhaltung tragen Wiederkäuer große Mengen Stickstoff (N) in 

Form von Ammoniak in die Umwelt ein. Eine diätetische Protein- und damit N-Versorgung nah 

am Bedarf der Tiere, ist ein Ansatz, der ökonomische sowie ökologische Ziele verfolgt. Der 

Wiederkäuer kann aufgrund der Wiederverwertung durch den ruminohepatischen Kreislauf 

Harnstoff effektiv als endogene N-Quelle nutzen. Ruminale Mikroorganismen synthetisieren 

mikrobielles Protein, welches die Hauptproteinquelle für Wiederkäuer darstellt, und können 

dafür Nicht-Protein-N (NPN)-Quellen wie Harnstoff nutzen. Im Fall einer verminderten N-

Aufnahme über das Futter wird weniger Harnstoff renal ausgeschieden und gelangt 

stattdessen über die Speicheldrüsen in die Blutbahn und durch das Pansenepithel zurück in 

den Pansen. In vorangegangenen Studien führte eine verminderte N-Aufnahme zu einer 

reduzierten intestinalen Ca-Absorption und infolgedessen zu erniedrigten 

Blutkonzentrationen von Ca. Ursächlich für eine verminderte intestinale Ca-Aufnahme sind 

verringerte Expressionen der Ca-transportierenden Proteine infolge reduzierter 

Konzentrationen von 1,25-Dihydroxy-Vitamin D3 (Calcitriol), da die intestinalen 

Ca-transportierenden Proteine in ihrer Expression durch Calcitriol moduliert werden. Der 

Grund für eine Reduzierung der Calcitriol-Spiegel könnte eine Minderung der Konzentrationen 

des Insulinähnlichen Wachstumsfaktors 1 (IGF1) sein, da IGF1 eine stimulierende Wirkung auf 

die renale Calcitriolsynthese hat. IGF1 wird vornehmlich in der Leber synthetisiert infolge 

pulsatiler Stimulation durch das Wachstumshormon (GH), welches aus dem 

Hypophysenvorderlappen ausgeschüttet wird. Das GH bindet an zwei GH-Rezeptoren (GHR) 
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und initiiert auf diese Weise eine intrazelluläre Signalkaskade, die Januskinase-Signal-

transducers-and-Activators-of-Transkription (JAK-STAT)-Kaskade, welche die IGF1-Synthese 

einleitet. Der JAK-STAT-Signalweg wird über einen negativen Feedback-Mechanismus durch 

Supressor-of-cytokine-signalling (SOCS)-Proteine gehemmt. Es wird vermutet, dass IGF1 die 

Verbindung zwischen einer N-reduzierten Fütterung und erniedrigten Calcitriolspiegeln 

darstellt.  

Im ersten Teil des PhD-Projektes wurde der Effekt einer N- und / oder Ca-reduzierten 

Fütterung auf renale Ca- und Phosphat (Pi)-transportierende Proteine untersucht. Es wurde 

gezeigt, dass es durch eine N-reduzierte Fütterung zu einer Modulation der Expression renaler 

Ca-transportierender Proteine kommt, welche zu erniedrigten Ca-Spiegeln beitragen. Im 

Gegensatz dazu, führt eine Ca-reduzierte Fütterung nicht zu einer Modulation der 

untersuchten Proteine. Es kommt durch eine diätetische Ca-Reduktion zu einer 

kompensatorischen Erhöhung der Calcitriolsynthese. Die Proteinexpression des renalen 

Ca-Transporters Transient-receptor-potential-cation-channel-subfamily-V-member-5 war 

infolge der N-reduzierten Fütterung erniedrigt, wohingegen es zu keiner Modulation der 

Expression durch die Ca-reduzierte Diät kam. Die mRNA- und Proteinexpressionen des 

Calcium-binding-proteins-D28K (CaBPD28K) und des Natrium-Ca-Austauschers (NCX1) waren 

bei den Tieren erniedrigt, die eine Fütterung mit erniedrigten N-Gehalten erhalten haben. Im 

Gegensatz dazu, kam es während einer Ca-reduzierten Fütterung zu einer Zunahme der 

mRNA-Expression des CaBPD28K und des NCX1. Die mRNA- und Proteinexpression des 

Parathyroidhormonrezeptors war infolge der N-reduzierten Diät verringert. Die Expression 

des renalen Na-abhängigen Pi-Transporters IIa war durch das N-reduzierte Futter erhöht und 

ging mit konstanten Pi Konzentrationen einher. Eine kombinierte N- und Ca-reduzierte Diät 

führte sogar zu einer Erhöhung der Pi-Gehalte im Plasma. 

Im zweiten Teil dieses Projektes wurde der Einfluss einer proteinarmen Fütterung auf den 

Vitamin-D- und Cholesterinstoffwechsel sowie die somatotrope Achse in Hinblick auf eine 

mögliche Modulation durch eine proteinreduzierte Fütterung untersucht. Es wurde zunächst 

gezeigt, dass hepatische Enzyme des Vitamin-D- und Cholesterinstoffwechsels durch eine 

proteinreduzierte Fütterung in ihrer Expression moduliert werden. Da IGF1 eine stimulierende 

Wirkung auf die Calcitriolsynthese hat, wurde angenommen, dass der Einfluss einer 
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proteinreduzierten Fütterung auf die GH-IGF1-Achse ursächlich für verringerte Ca-Spiegel ist. 

Neben einer Messung der GH-Konzentrationen über einen Zeitraum von 24 Stunden wurden 

Komponenten, die an der Signalvermittlung der somatotropen Achse beteiligt sind, 

untersucht. Die Ergebnisse zeigen, dass es durch eine proteinreduzierte Fütterung nicht zu 

einer Veränderung der GH-Ausschüttung über 24 Stunden kommt, allerdings zu einer 

Minderung der Expression des hepatischen GHR. Zudem waren die Konzentrationen von Ca, 

Calcitriol und Insulin erniedrigt. Die mRNA-Expression von JAK2 und STAT5B, sowie die 

Proteinexpression von JAK2 und STAT1 wurden nicht beeinflusst infolge dieser Diät. Die 

Proteinexpression von STAT3 und STAT5B war durch die proteinreduzierte Fütterung 

tendenziell erhöht. Die Expression von SOCS1 wurde durch die proteinreduzierte Fütterung 

nicht beeinflusst, während die Expression von SOCS2 und SOCS3 erhöht war. Die Ergebnisse 

dieses Projektes lassen den Schluss zu, dass es durch eine proteinreduzierte Fütterung 

wachsender Ziegen, vermittelt durch eine Modulation der Expression des hepatischen GHR, 

zu einer Entkopplung der somatotropen Achse kommt. Ursächlich für eine erniedrigte 

Expression des GHR können erniedrigte Insulinkonzentrationen sein, welche infolge der 

proteinreduzierten Fütterung auftraten, da Insulin eine Rolle in der Expression des GHR spielt. 

Die Insulinsekretion ist unter anderem abhängig von Ca, so dass vermutet wird, dass die 

verringerten Konzentrationen von Ca ursächlich für erniedrigte Insulinwerte sind. Die 

Ergebnisse dieser PhD-Arbeit stellen die Grenzen der Anpassungsfähigkeit wachsender Ziegen 

an erniedrigte Proteingehalte dar. 

In weiterführenden Untersuchungen sollte eine mögliche Beeinflussung regulatorischer 

Mechanismen der GH-Sekretion durch eine proteinreduzierte Fütterung untersucht werden, 

da reduzierte IGF1-Konzentrationen über einen Feedback-Mechanismus einen Einfluss auf die 

GH-Ausschüttung haben könnten. Es gilt festzustellen, ob es zu einer Erniedrigung des 

gesamten IGF1 kommt oder ob die Gehalte an freiem IGF1 möglicherweise unbeeinflusst 

bleiben. Zudem sollte der Einfluss erniedrigter Insulinwerte und eine Modulation der 

Calcitriolsynthese durch andere Regulationswege einbezogen werden. 
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3 Introduction 

3.1 Feeding ruminants – nitrogen reduced diets 

In the past years, environmental protection has gained increasing public and scientific 

attention with regard to ammonia (NH3) emission. It was postulated that approximately 70 % 

of the nitrogen (N) fed to high-yielding dairy cows could eventually be excreted in faeces and 

urine (Castillo et al., 2000). As intensive agronomy and to a large extent cattle farming are 

responsible for the highest amount of NH3 that is emitted into the environment, different 

concepts have arisen to reduce environmental pollution. Feeding ruminants a protein-

reduced diet, which is therefore low in N is a common approach for environmental and 

economic reasons. A reduction in dietary N intake is accompanied by an increase in renal urea 

reabsorption and leads to a reduction in N output because in ruminants, N intake was shown 

to be strongly correlated with renal N excretion (Silanikove, 1984). Hence, a decrease in 

environmental pollution through N output by ruminants is obtained. Moreover, feeding costs 

are lowered as dietary protein is an expensive ingredient in forage. To provide optimal 

conditions for performance and profit, negative effects that would limit the animal’s 

sustenance and health must be avoided. Another aspect for investigating the idea of feeding 

a protein-reduced diet to ruminants is the fact that in arid or semi-arid regions, serving a 

sufficient protein amount to animals might be difficult or even impossible due to disposable 

substrates under these climatic conditions. 

Due to effective rumino-hepatic circulation, ruminants are able to recycle urea as a non-

protein N (NPN) source in case of a limited N intake by feed (Figure 1). Toxic NH3 that 

originates from protein degradation by ruminal microorganisms is carried to the liver and urea 

is synthesised as part of detoxification. In case of an insufficient dietary N intake, urea is not 

primarily excreted by the kidney as usual but released back to the rumen by the bloodstream 

across the rumen epithelium and the salivary glands. Ruminal microorganisms are able to use 

NPN like urea for synthesising microbial protein due to the action of the microbial urease 

activity that degrades urea into ammonium (NH4
+), NH3 and carbon dioxide. For ruminants, 

microbial protein is the most important protein source as it contains most of the essential 
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amino acids. In case of a limitation in dietary protein and therefore N intake, ruminants are 

able to provide a sufficient N supply for the ruminal microorganisms by increased recycling of 

urea due to rumino-hepatic circulation. Besides an adequate amount of N, a sufficient energy 

supply has to be available for the microorganism. In summary, ruminants are able to use 

recycled urea as a source for NPN for synthesising microbial protein to cover their overall 

protein demand as long as the energy supply remains sufficient. 

 

 

Figure 1: Rumino-hepatic cycle. 

Ammonia and ammonium (NH3/NH4
+) are transported to the liver as part of detoxification and urea is 

synthesised. Urea is secreted back to the rumen by the salivary glands and across rumen epithelium to serve as 

a non-protein nitrogen (NPN) source for microbial protein synthesis. The synthesised microbial protein is an 

important protein source for ruminants (adapted from von Engelhardt et al., 2015). 

3.2 Dietary protein reduction – impact on calcium and phosphate 

homeostasis 

For monogastric animals it is known that a reduction in dietary protein leads to changes in 

mineral homeostasis, especially in calcium (Ca) and phosphate (Pi) homeostasis. Besides a 

modulation of intestinal Ca absorption (Orwoll et al., 1992; Kerstetter et al., 1998), plasma 

concentrations of 1,25-dihydroxy vitamin D3 (calcitriol) were diminished in humans and rats 

during a low protein diet (Kerstetter et al., 1998; Dubois-Ferriere et al., 2011). Calcitriol, which 

is the biologically active vitamin D3 metabolite, is involved in regulating intestinal transcellular 
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Ca and Pi transporting proteins. Since ruminants are able to recycle N more effectively than 

monogastric species, it is possible to feed them with a protein and therefore N-reduced diet. 

Nevertheless, in previous studies, it was shown that a reduction in dietary N had an impact on 

mineral homeostasis in young goats (Muscher and Huber, 2010). It was demonstrated that a 

reduction in dietary N intake as well as a concomitant reduction in dietary N and Ca led to 

diminished levels of blood Ca, calcitriol and decreased levels of insulin-like growth factor 1 

(IGF1) (Muscher and Huber, 2010; Elfers et al., 2015). A solitary reduction in dietary Ca 

stimulated calcitriol synthesis for compensatory reasons (Elfers et al., 2015). A modulation of 

blood Ca and Pi concentration during a solitary N and concomitant N- and Ca-reduced diet was 

shown to be in response to changes in intestinal Ca and Pi absorption (Elfers et al., 2015). It 

was presumed that a reduction in blood Ca concentration due to an N-reduced feeding 

occurred in reaction to reduced expression levels of intestinal Ca-transporting proteins (Elfers 

et al., 2015). Moreover, it was assumed that the changes in expression patterns were due to 

diminished concentrations of calcitriol, suspecting calcitriol-mediated regulation of protein 

expression (Elfers et al., 2015). By contrast, a reduction in dietary Ca stimulated intestinal Ca 

absorption (Elfers et al., 2015). It was further shown that a dietary reduction in N and / or Ca 

influenced the intestinal paracellular transport of Ca and Pi in young goats (Elfers et al., 2015). 

While a reduction in blood Ca led to a compensatory stimulation and therefore increase in 

renal calcitriol synthesis (Hoenderop et al., 2005; Wilkens et al., 2012), a decrease in dietary 

N resulted in diminished calcitriol concentrations in young goats (Muscher et al., 2011) that 

could not even be prevented by a concomitant reduction in N and Ca (Muscher and Huber, 

2010). It was assumed that IGF1 is the link between reduced dietary N intake and diminished 

levels of calcitriol and blood Ca because IGF1 levels were decreased in monogastric animals as 

well as in goats on a low protein diet (Dubois-Ferriere et al., 2011; Muscher et al., 2011). 

Additionally, IGF1 is known to have a stimulating effect on renal calcitriol synthesis (Bianda et 

al., 1997). 
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3.3 Ca and Pi homeostasis – an overview 

The Ca and Pi homeostasis refers to an interaction between the bones, intestines and the 

kidneys due to the absorption, reabsorption and excretion of Ca and Pi. Superior regulation of 

the mechanisms aiming at maintaining constant plasma concentrations of Ca and Pi is further 

achieved by hormones like calcitriol, calcitonin from the thyroid gland or the parathyroid 

hormone (PTH) from the parathyroid glands. The connection between reduced concentration 

of blood Ca and increased PTH levels is mediated by the Ca sensing receptor (CaR) localised in 

the parathyroid gland, which regulates Ca homeostasis by controlling the release of PTH. The 

CaR is essential for inhibiting Ca, K+, Na+, sensing of amino acids and water reabsorption as it 

influences signalling pathways used by tubulocytes to activate mineral or water reabsorption 

(Vezzoli et al., 2009). In previous studies, serum and urine concentrations of cyclic adenosine 

monophosphate (cAMP) were used as an indirect parameter for the activity of PTH because 

of a missing specific caprine PTH detection system (Elfers et al., 2015). In goats, the 

concentrations of serum cAMP were significantly enhanced due to a Ca-restricted diet, 

indicating an activation of the PTH system for regulating Ca homeostasis (Elfers et al., 2015), 

as was shown for monogastric animals in response to PTH infusion (Kaminsky et al., 1970). 

PTH binds to the PTH receptor (PTHR) to mediate its activity on bone and at renal level. 

Increased plasma levels of PTH lead to enhanced release of Ca and Pi from bones and to 

elevated Ca reabsorption from the ultra-filtrate in the kidneys. By contrast, renal Pi 

reabsorption decreases due to enhanced concentrations of PTH by internalising and therefore 

reducing the number of Na-dependent Pi transporter type IIa (NaPi IIa/SLC34A1). Besides this, 

PTH plays a role in calcitriol synthesis as it leads to an activation of the renal 1-alpha-

hydroxylase (CYP27B1) which is responsible for the hydroxylation of 25-hydroxy vitamin D 

(calcidiol). Enhanced concentrations of plasma calcitriol lead to an increase in Ca and Pi release 

from the bone and enhanced renal reabsorption. Moreover, calcitriol increases intestinal Ca 

and Pi absorption. Therefore, PTH and calcitriol contribute to maintaining mineral 

homeostasis. 
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3.4 Renal Ca and Pi transport 

As stated above, the kidneys are involved in modulating Ca and Pi homeostasis by changes in 

renal handling of Ca and Pi. Approximately 99 % of the filtered Ca is reabsorbed along the renal 

tubules, whereby 60 % of the filtered Ca is reabsorbed passively in the proximal tubules (Jeon, 

2008). Moreover, in the thick ascending limb, 15 % of the Ca is reabsorbed by paracellular 

diffusion (Jeon, 2008). In ruminants, renal Ca and Pi excretion is generally very low in 

comparison to monogastric species and moreover, tubular Ca and Pi resorption is operating 

at maximum capacity under physiological conditions (Herm et al., 2015; Widiyono et al., 1998). 

Renal Ca reabsorption can be mediated by transcellular and paracellular transepithelial 

pathways. Paracellular Ca transport in the proximal tubule and the thick ascending limb of the 

Henle’s loop was shown to be more important in comparison to renal transcellular Ca 

transport, as most of the Ca is reabsorbed paracellularly (Hoenderop et al., 2005). The apically 

located transient receptor potential vanilloid channel subfamily member 5 (TRPV5) is essential 

for renal Ca reabsorption in monogastric animals and in ruminants and important for 

regulating renal Ca reabsorption (Hoenderop et al., 2003; Herm et al., 2015). 

Intracellular, cytosolic Ca-binding protein calbindin-D28K (CaBPD28K) buffers the influx of Ca by 

binding it on its four binding sites. Therefore, significant changes in the intracellular Ca 

concentration are avoided (Jeon, 2008). CaBPD28K was shown to be colocalised with TRPV5 and 

the sodium Ca exchanger type 1 (NCX1) in the same cells (Jeon, 2008).  

Bound Ca diffuses to the basolateral membrane to be extruded into the blood by the NCX1 in 

exchange for Na+ and by the plasma membrane Ca adenosine triphosphatase (Friedman, 

2000). 

As the Ca channel TRPV5, NCX1 and the CaBPD28K are known to be vitamin D responsive genes, 

calcitriol influences their expression levels by binding to the vitamin D receptor (VDR) (Adams 

and Hewison, 2010). The VDR forms a heterodimer receptor complex with the retinoid X 

receptor (RXR) that binds to vitamin D responsive elements (VDRE) in the region of the genes 

controlled by calcitriol. Therefore, it influences their gene expression (Haussler et al., 2013). 

To a great extent, the VDR-RXR complex modulates the transcription of genes encoding 

proteins that procure the functions of vitamin D, including signalling intestinal Ca and Pi 
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absorption as well as effects on skeletal and whole body Ca and Pi homeostasis (Haussler et 

al., 2013). 

Renal Pi is transported via the secondary-active, apically located NaPi IIa driven by the sodium 

potassium adenosine triphosphatase (Na+/K+-ATPase) localised in the basolateral membrane 

that transports one Pi simultaneously with three Na+. In adult mice, it was shown that renal Pi 

reabsorption is mainly performed by NaPi IIa (Biber et al., 2008). Renal reabsorption of Pi is 

mainly located in the proximal convoluted tubule and is important for maintaining whole body 

Pi homeostasis. Besides the NaPi IIa, the Na-dependent Pi transporter type IIc (NaPi IIc/ 

SLC34A3) and the Na-dependent Pi transporter type III are also involved in renal Pi 

reabsorption. Pi reabsorption is controlled by various factors such as plasma concentrations 

of Pi and hormones like IGF1, fibroblast growth factor 23 (FGF23), PTH or growth factors. It 

was shown that regulation of renal Pi reabsorption can be achieved by modulating the apical 

Pi transporter expression (Biber et al., 2008). The abundance of NaPi cotransporters was 

shown to be dependent on the rate of protein synthesis in the biosynthetic pathway and on 

their insertion into the apical membrane (Biber et al., 2008). Moreover, enhanced 

concentrations of PTH were found to downregulate NaPi IIa abundance by eliminating NaPi IIa 

protein from the membrane (Picard et al., 2010).  

Besides the direct renal impact on mineral homeostasis by regulating Ca and Pi reabsorption, 

renal regulation of calcitriol synthesis plays an important role regarding Ca and Pi homeostasis, 

as calcitriol regulates expression levels of proteins involved in intestinal Ca and Pi handling 

(Elfers et al., 2015). A schematic representation of the main proteins involved in renal 

transepithelial Ca and Pi transport is shown in Figure 2. 
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Figure 2: Schematic representation of renal transepithelial aa and Pi transport. aa, calcium; aaBPD28K, aa binding 

proteinD28K; Na+, sodium; NaPi IIa, sodium-dependent phosphate transporter type IIa; Na+/K+-ATPase, sodium 

potassium ATPase; NaX1, sodium calcium exchanger type 1; Pi, phosphate; TRPV5, transient receptor potential 

channel subfamily vanilloid member 5. 

3.5 IGF1 secretion – regulation and impact 

The liver mainly synthesises IGF1 and insulin-like growth factor 2 (IGF2) in response to 

pulsatile stimulation by growth hormone (GH) from the anterior pituitary gland. The synthesis 

and secretion of GH are regulated by the hypothalamus, stimulated by the GH releasing 

hormone (GHRH) and inhibited by somatostatin (SRIF) (Kato et al., 2002). Besides this, GH 

release is controlled by other factors like neuropeptides, neurotransmitter and metabolic 

substrates (Giustina and Veldhuis, 1998). In a previous study with male Shiba goats, GH 

secretion occurred in a pulsatile manner with very regular 5 h periodicity that consisted of a 

characteristic GH pulse and an interval with virtually no GH release (Mogi et al., 2002). In this 

previous study, no circadian variation in periodicity was detected. However, blood samples 

were taken under continuous light conditions (Mogi et al., 2002). In male rats, GH pulsatility 

was characterised to show enhanced GH secretion every 3-4 h, subdivided into two peaks 

(Tannenbaum and Martin, 1976). 
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The GH mediates its action by binding to two membranous hepatic GH receptors (GHR) that 

form a dimer and therefore initiate the intracellular janus kinase-signal transducers and 

activators of transcription (JAK-STAT) pathway leading to IGF1 secretion (Brooks and Waters, 

2010). The receptor dimerisation of two GHR leads to enhanced affinity of the receptors for 

JAK2, and the activated GHR/JAK2 complex activates STAT proteins by phosphorylation. STAT 

proteins form homo- or heterodimers, translocate to the nucleus and therefore lead to the 

transcription of target proteins, especially IGF1 (Herrington et al., 2000). The JAK-STAT 

signalling pathway is controlled via negative feedback by suppressors of cytokine signalling 

(SOCS) proteins (Hansen et al., 1999). The expression of SOCS1, 2 and 3 is stimulated by GH, 

including STAT-proteins, especially STAT5B. The inhibition of the JAK-STAT signalling occurs in 

response to the interaction between SOCS1 and JAK2 and SOCS2 or SOCS3 and the 

phosphorylated GHR, respectively (Hansen et al., 1999). Besides the JAK-STAT pathway signal 

transduction via tyrosine-protein kinase src (Src), activating extracellular signal–regulated 

kinases (ERK1/2) is involved in mediating the intracellular effect of GH (Brooks and Waters, 

2010).  

In blood, circulating IGF1 is bound to insulin-like growth factor binding proteins (IGFBPs) which 

serve as carrier proteins and regulate IGF1 turnover, transport and distribution (Duan and Xu, 

2005). IGFBPs may both stimulate and inhibit the action of IGF1 (Duan and Xu, 2005). This 

binary complex binds to the acid-labile subunit (ALS), leading to the formation of a ternary 

complex that plays an important role in the biology of circulation IGFs (Boisclair et al., 2000). 

Only IGF1 bound to IGFBPs is able to pass through the vascular endothelium and reach the 

target tissue. Both ALS and IGFBPs are exclusive synthesised by the liver.  

IGF1 mediates its action through binding to membranous type 1 IGF receptors (IGF-R) 

constituted of two α- and two ß- subunits. Aside from its affinity for IGF1, the IGF-R shows a 

reduced affinity for IGF2 and insulin. A schematic representation of the hepatic part of the 

somatotropic axis is shown in Figure 3. 
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Figure 3: Schematic representation of the hepatic part of the somatotropic axis. 

Acid labile subunit (ALS); extracellular regulated kinase (ERK); growth hormone (GH); growth hormone receptor 

(GHR); insulin-like growth factor 1 (IGF1); insulin-like growth factor binding protein (IGFBP); janus kinase 2 

(JAK2); suppressor of cytokine signalling (SOaS); tyrosin protein kinase src (Src); signal transducers and 

activators of transcription (STAT). 

3.6 Dietary protein – impact on growth hormone and IGF1 synthesis 

Studies on the effects of changes in dietary protein supply on the somatotropic axis led to 

different results concerning the impact on GH synthesis, secretion and concentration 

regarding the species, study design and diets. In rats, it was shown that a reduction in dietary 

protein decreased hepatic IGF1 mRNA expression as well as GHR mRNA expression in the liver 

(Bornfeldt et al., 1989), though it remained unclear for what reason. In another study with 

rats, it was assumed that decreased serum IGF1 concentrations occurring during protein-

calorie malnutrition despite high levels of GH appeared as a result of a diminished number of 

hepatic GH binding sites (Maes et al., 1988). It was further found that in hypophysectomised 

rats fed a low protein diet, GH administration does not result in increasing IGF1 concentrations 

(Maes et al., 1988). These results implicate a relationship between hepatic synthesis and 

secretion of IGF1 and dietary protein supply. In previous studies with young, male goats, a 

reduction in dietary N led to no apparent changes in GH concentration, while IGF1 levels 
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decreased significantly, like it was shown in rats (Muscher et al., 2011; Muscher-Banse et al., 

2012; Elfers et al., 2015). Due to the non-physiological relationship between unaltered levels 

of GH and a reduction in serum IGF1 concentration during N-reduced feeding, a disruption of 

the somatotropic axis in young goats was assumed. 

3.7 Dietary nitrogen intake – impact on renal calcitriol synthesis  

As described above, calcitriol is an important factor for regulating the Ca and Pi homeostasis 

and is synthesised from calcidiol catalysed by the enzyme CYP27B1 in the kidney (Omdahl et 

al., 2002). Catabolism of calcitriol is initiated by mitochondrial 24-hydroxylase (CYP24A1) 

(Omdahl et al., 2002). For regulating calcitriol concentration and maintaining Ca and Pi 

homeostasis, the activities of CYP27B1 and CYP24A1 are regulated contrarily. Renal CYP27B1 

is induced by PTH in response to reduced blood Ca concentrations, whereas it is repressed 

due to a feedback mechanism by calcitriol in a feedback loop and by FGF23 via a long loop 

(Haussler et al., 2013). In addition, a relation between renal calcitriol synthesis and the 

somatotropic axis is known, as IGF1 has a direct stimulating effect on renal CYP27B1 

(Rowlinson et al., 2008), thus influencing the enzymatic expression and activity. In rats and 

mice, it was shown that GH or IGF1 application led to an enhancement in calcitriol 

concentration (Caverzasio et al., 1990; Nesbitt and Drezner, 1993). In rats, an increase in the 

activity of renal CYP27B1 in response to intravenous IGF1 injection was detected (Nesbitt and 

Drezner, 1993). Besides this, it was shown in another study, that enhanced CYP27B1 mRNA 

expression led to increased concentrations of plasma calcitriol in response to IGF1 application 

(Gomez, 2006). Recently, it was published that an N-reduced feeding in young goats affected 

the expression levels of CYP27B1, resulting in lowered circulating levels of calcitriol (Wilkens 

et al., 2018). Hence, it was assumed that a reduction in dietary N leading to diminished levels 

of IGF1 led to a reduction in CYP27B1 activity and therefore reduced calcitriol concentrations. 

Interestingly, in this aforementioned study, calcidiol concentrations were enhanced while 

renal CYP24A1 expression remained unaltered (Wilkens et al., 2018). One potential 

explanation for this finding might be an enhanced production of calcidiol or an alteration of 

enzymes with known 24-hydroxylase activity. Therefore, the influence of a reduced protein 
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diet on enzymes with 24- and / or 25-hydroxylase activity which are involved in vitamin D 

metabolism remains unclear. 

3.8 Hypothesis and aims of the current PhD project 

As previously shown, dietary protein reduction in young goats affected the circulation of urea 

as well as mineral homeostasis and Vitamin D metabolism. Thus, it was hypothesised that a 

low N feeding affects renal Ca and Pi reabsorption based on modulated expression levels of 

Ca and Pi transporting proteins as was shown for the intestinal Ca and Pi transporting proteins. 

Currently, no data on the potential role of the kidneys in modulating Ca and Pi homeostasis 

during that dietary intervention are available. It was assumed that IGF1 might be the link 

between an N-reduced diet and decreased concentration of blood calcitriol, because IGF1 is 

known to have a direct stimulating effect on renal synthesis of calcitriol and was shown to 

decrease in the case of a reduced dietary N intake. Due to the fact that IGF1 is synthesised by 

the liver in response to GH, it was further hypothesised that a reduction in dietary N leads to 

a disruption of the somatotropic axis as in previous studies it was shown that GH 

concentrations were not altered during N-reduced feeding in young goats.  

Hence, the aim of the present project was firstly to examine the effect of an N- and / or Ca-

reduced diet on the expression levels of renal proteins involved in Ca and Pi reabsorption, 

namely TRPV5, CaBPD28K, NCX1, NaPi IIa, Na+/K+-ATPase, CaR and PTHR. 

Secondly, a further aim was to investigate the effects of a solitary reduced protein feeding on 

components of the somatotropic axis (ERK1/2, GHR, INSR, JAK2, STAT1, STAT3, STAT5B, 

SOCS1, SOCS2, SOCS3, Src) with special emphasis on the potential disruption of the 

somatotropic axis due to dietary intervention. Additionally, GH concentration profiles were 

measured for 24 h to investigate a potential modulation of the GH secretion pattern through 

the experimental feeding. In addition to these somatotropic examinations, in the second part 

of the PhD project, the impact of a protein-reduced diet on vitamin D and cholesterol 

metabolism was determined, as cholesterol can be used as a precursor for the hepatic 

synthesis of other steroid hormones such as vitamin D. Besides, currently no data are available 
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on the potential changes a protein-reduced diet might have to cholesterol metabolism in 

ruminants. 

 

This PhD project set out to answer the following questions: 

(1) Are renal Ca and Pi transporting proteins modulated by dietary N and / or Ca in young 

goats? 

(2) Does a protein-reduced diet modulate components of the somatotropic axis or lead to 

a disruption of the somatotropic axis and does such a diet modulate pulsatile GH 

secretion patterns in young goats? 
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4 Experimental setup – animals & diets 

The protocols of the animal feeding and handling experiments were in accordance with the 

German Animal Welfare Law and approved by the Animal Welfare Officer of the University of 

Veterinary Medicine Hannover (Hannover, Germany). 

4.1 Animals 

For examining of the effects of a dietary N and / or Ca reduction on renal Ca transporting 

proteins (first part of the PhD project), kidney tissue and blood and urine samples from a total 

of 26 male coloured German goats were used. A detailed description of the animals is given in 

Elfers et al., 2015.  

For investigating the effects of a protein-reduced diet on the somatotropic axis in young goats 

(second part of the PhD project) 17 male coloured German goats were used. A more detailed 

description of these animals is given in the second and third manuscripts. 

 

Both animal experiments were performed in accordance with the following criteria: 

Both feeding experiments were conducted on male coloured German goats, to ensure proper 

comparability of the results, as previous studies investigating the effect of an N-reduced 

feeding in young goats had used young, male goats as well. Moreover, it was aimed to create 

groups of animals as homologous as possible for the same reason. 

The goats were used at an age of three month (after weaning and an adaptation period to 

pelleted concentrates of ten days). As N requirements are enhanced in the stage of intensive 

growth due to skeletal und muscle development, changes induced through the dietary 

intervention were expected to be more obvious than in adult animals. At an age of three 

months the forestomach system and hence compensation capacity are not fully developed 

and therefore changes in the mineral and hormone system were presumed to be more 

prominent. 
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4.1.1 Large animal models – working with goats 

When working with a large animal model as was the case in this PhD project, the number of 

animals has to be kept as low as possible for animal welfare-based reasons (3R principles) 

(Russell and Burch, 1959). Using goats as a model animal for ruminants is suitable for several 

reasons: firstly, goats are the most widespread livestock worldwide (Society of Nutrition 

Physiology [GfE], 2003) and enhanced intolerance in relation to dairy products has led to an 

increase in the importance of goat milk products in Europe. Secondly, and the most important 

aspect for using goats in such an experimental set-up is the great comparability between goats 

and cattle in combination with enhanced practicability as goats are much smaller and 

therefore less costly and easier to keep than cattle. 

As ruminants are able to efficiently recycle N by rumino-hepatic circulation and use urea as an 

N source for the ruminal microbes, they are an appropriate species for studying the impact of 

reduced dietary protein despite sufficient energy intake. It is possible to adjust this part of the 

experimental feeding without affecting the energy supply. Hence, goats are not just a model 

animal for ruminants in general, but also for humans and monogastric animals that could not 

be used so easily in such a feeding experiment. 

4.2 Diets 

In the first part of the project, data were obtained from animals subdivided into four feeding 

groups receiving either a diet adequate in N and Ca (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 and 

(N+ / Ca−) diets were supplemented with urea in order to achieve a sufficient N content. The 

Ca contents of the control and (N− / Ca+) diets were chosen based on the recommendations 

of the GfE (2013) for growing goats. Detailed information on components and composition of 

these different diets is given by Elfers et al., 2015. All diets were isoenergetic. 

In the second part of the PhD project, animals from two feeding regimes were compared. One 

group (protein reduction) was fed a diet with moderately reduced protein content and was 

therefore assumed to recycle more urea to cope with this dietary intervention. The control 
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group received the same diet supplemented with urea and therefore containing an N content 

which was moderately enhanced in relation to the recommendations of the GfE. Detailed 

information on the components and composition of the applied diets is given in the second 

and third manuscripts. 
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5.1 Abstract 

In young goats, a reduction in dietary nitrogen (N) had an impact on mineral homeostasis 

although ruminants are able to recycle N effectively due to rumino-hepatic circulation. A 

solitary calcium (Ca) reduction stimulated calcitriol synthesis and Ca concentrations remained 

unchanged, whereas a dietary N reduction led to a decrease in calcitriol, which could not be 

prevented by a simultaneous reduction of N and Ca. In a previous study, it was shown that a 

reduced dietary N intake caused a decreased in intestinal Ca absorption due to a reduction of 

intestinal Ca transporting proteins. As no data on the potential role of the kidneys are 

available, it was the aim of the present study to evaluate whether an N- and/or Ca-reduced 

diet had an impact on renal Ca and phosphate (Pi) transporting protein expression in young 

goats. The animals were divided into 4 feeding groups, each receiving an adequate N and Ca 

supply, a reduced N supply, a reduced Ca supply or a combined N and Ca reduction for 6 to 9 

wk. The protein expression of the renal Ca channel transient receptor potential cation channel 

subfamily V member 5 (TRPV5) was diminished in N-reduced fed goats (P = 0.03), whereas in 

Ca restricted animals, the expression remained unaltered. The mRNA and protein expression 

of the Ca-binding protein calbindin-D28K (CaBPD28K) and the sodium-Ca exchanger 1 (NCX1) 

were significantly decreased due to the N-reduced feeding (mRNA, P = 0.003; P <0.0001; 

protein, P = 0.002; P = 0.02), whereas dietary Ca reduction increased the CaBPD28K and NCX1 

mRNA expression (P = 0.05; P = 0.01). The mRNA and protein expression of the parathyroid 

hormone receptor (PTHR) decreased due to the N-reduced feeding (P = 0.02; P = 0.03). These 

results confirm that a reduced dietary N intake led to decreased TRPV5 CaBPD28K, PTHR, and 

NCX1 expression levels, contributing to low levels of calcitriol and plasma Ca. In contrast to 

this, sodium-phosphate cotransporter type IIa expression and plasma Pi concentration were 

increased during dietary N reduction, thus indicating that Pi homeostasis is modulated in a 

calcitriol-independent manner. In conclusion, the modulation of Ca transporting proteins 

expression in the kidney is not able to prevent changes in mineral homeostasis in young goats 

receiving an N-reduced diet. 

 

Key-words: calcitriol; calcium transporting protein; goat; nitrogen; phosphate transporter  
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6.1 Abstract 

Besides other adverse effects, a low protein diet has been shown to modulate cholesterol and 

vitamin D metabolism in monogastric species like rats and humans. As ruminants can increase 

the efficiency of the rumino-hepatic circulation of urea, it is assumed that goats should be able 

to compensate for a low dietary protein intake better. After a dietary protein restriction (9% 

vs. 20%) for six weeks, plasma concentrations of urea, albumin, 1,25-dihydroxyvitamin D3 and 

calcium decreased, while plasma 25-hydroxyvitamin D3 (25-OHD3), and total cholesterol were 

significantly increased in young goats. Because this was not accompanied by any decrease in 

expression of CYP24A1 mRNA, we investigated mRNA expression of additional enzymes with 

known 24- and/or 25-hydroxylase activities (CYP2R1, CYP2J2, CYP3 A24, CYP27A1), receptors 

involved in their regulation (VDR, PXR, RXRα) and vitamin D binding protein (VDBP). CYP2R1 

expression was stimulated with the low dietary protein intake, negatively correlated with 

plasma urea and positively associated with serum 25-OHD3. The greater plasma 

concentrations of total cholesterol could be explained with the reduction of CYP2J2 and 

CYP27A1 expression. None of the receptors investigated were affected by the dietary protein 

restriction but mRNA expression of VDBP was slightly reduced. Taken together our results 

show that dietary protein restriction has an impact on vitamin D and cholesterol metabolism 

in ruminants, too. Therefore, further investigation are needed before dietary interventions 

aiminf at diminishinf nitrogen excretion can be implemented. 

 

Key-words: cholesterol; cytochrome P450 2J2; goat; nitrogen; sterol 27-hydroxylase; vitamin 

D-binding protein  
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7.1 Abstract 

A reduced protein intake causes a decrease in insulin-like growth factor 1 (IGF1) 

concentrations and modulates calcium (Ca) homeostasis. The IGF1 is synthesized by the liver 

in response to stimulation by growth hormone (GH). Due to rumino-hepatic circulation of 

urea, ruminants are suitable for investigating the effects of a protein reduction despite 

sufficient energy intake. This study aimed to investigate the impact of a protein-reduced diet 

on the expression of components of the somatotropic axis. 

Male young goats were divided into two feeding groups receiving either a control diet (20 % 

crude protein (CP)) or a reduced protein diet (9 % CP). Blood concentrations of IGF1 and GH 

were measured and a 24 h GH secretion profile was compiled. Moreover, ionized Ca and 

insulin concentrations as well as mRNA and protein expression levels of hepatic proteins 

involved in GH signalling were quantified. 

Due to the protein-reduced diet, concentrations of ionized Ca, insulin and IGF1 decreased 

significantly, whereas GH concentrations remained unchanged. Expression levels of the 

hepatic GH receptor (GHR) decreased during a protein reduction.  

The GHR expression was downregulated due to diminished insulin concentrations as both 

parameters were positively correlated. Insulin itself might be reduced due to reduced blood 

Ca levels that are involved in insulin release. The protein-reduced diet had an impact on the 

expression of components of the somatotropic axis as a disruption of the GH-IGF1 axis brought 

about by diminished GHR expression was shown in response to a protein-reduced diet. 

 

Key-words: growth hormone receptor; IGF1 synthesis; insulin; reduced protein diet; 

ruminants 
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7.2 Introduction 

In intensive stock hold, feeding ruminants a dietary protein content close to their demand is 

preferable for economic and environmental reasons. Due to efficient rumino-hepatic 

circulation of urea (26) ruminants are thought to cope easily with a reduced protein and 

therefore diminished nitrogen (N) intake as long as energy supply is maintained (15). However, 

it was shown that decreased dietary protein intake caused massive changes in mineral 

homeostasis and vitamin D metabolism in young goats (12, 25) reflected by reduced levels of 

blood calcium (Ca), 1,25-dihydroxyvitamin D3 (calcitriol) and insulin-like growth factor 1 

(IGF1). Besides this, a diet low in protein was shown to have an impact on vitamin D 

metabolism in monogastric species like humans and rats (10, 18, 29). Calcitriol is synthesized 

by the action of mitochondrial enzyme 1-alpha-hydroxylase (CYP27B1) in the kidney (27). The 

IGF1 has a direct stimulating effect on the synthesis of calcitriol by modulating the expression 

and activity of renal CYP27B1 (2). A positive correlation between IGF1 concentration and 

CYP27B1 expression was shown, underlining the impact of IGF1 on CYP27B1 synthesis and 

therefore circulating levels of calcitriol (40). Therefore, it was assumed that IGF1 was the link 

between reduced dietary protein intake and diminished levels of calcitriol and blood Ca. IGF1 

is synthesized by the liver after pulsatile secretion of growth hormone (GH) from the pituitary 

gland. The synthesis and secretion of GH is regulated by the hypothalamus, stimulated by GH 

releasing hormone and inhibited by somatostatin (17). The GH mediates its action by binding 

to the membranous hepatic GH receptor (GHR) dimer and therefore initiates the janus kinase-

signal transducers and activators of transcription (JAK-STAT) pathway, leading to IGF1 

secretion among others (5). GH is known to activate STATs 1, 3 and 5 (16). Suppressor of 

cytokine signalling 1 (SOCS1) was shown to inhibit the intrinsic activity of JAK2, SOCS2 was 

shown to bind the phosphorylated GHR, while SOCS3 binds JAK2 and the phosphorylated 

GHR (14). The JAK-STAT signalling pathway is controlled via negative feedback by SOCS 

proteins (14). Besides the JAK-STAT pathway, signal transduction via tyrosine-protein kinase 

src (Src) activating extracellular signal-regulated kinases (ERK1/2) is involved in mediating the 

intracellular effect of GH (5). In blood, circulating IGF1 is bound to IGF1 binding proteins 

(IGFBPs) which serve as carrier proteins and regulate IGF1 turnover, transport and 
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distribution (9). This binary complex binds to the acid-labile subunit (ALS), leading to the 

formation of a ternary complex that plays an important role in the biology of circulation 

IGFs (3). 

Due to diminished levels of IGF1 occurring during a reduced dietary protein intake, it was 

hypothesized that components of the somatotropic axis are modulated by a protein-reduced 

diet, resulting in a reduction of IGF1 concentration. This study aims to compile a molecular 

characterization of components of the somatotropic axis with regard to a modulation caused 

by a protein-reduced diet. Due to the great similarity in sequences between IGF1 and insulin 

and the ability of both proteins to bind to the IGF1 receptor and to the hepatic insulin receptor, 

concentrations of insulin were measured. 

Additionally, the impact of a reduced protein intake on 24 h GH secretion patterns was 

examined in this study.  
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7.3 Materials and methods 

7.3.1 Animals: feeding and sampling 

The protocols of the animal feeding and handling experiments were approved by the Animal 

Welfare Commissioner of the University of Veterinary Medicine Hannover (Hannover, 

Germany) and were in line with the German Animal Welfare Law. 

Male, coloured German goats (aapra aegagrus hircus) with an initial weight of 

15.4 (SEM 0.51) kg were divided into two feeding groups with one group receiving a diet with 

elevated protein levels (20 % CP) and the second group with reduced protein levels (9 % CP) 

for about six weeks. The animals were fed individually relating to their individual body weight. 

Animals of the same feeding regime were housed together in groups of four or five animals 

with water available ad libitum. The experimental pelleted concentrates were fed twice a day 

individually, and the amount offered to each animal was 55 g/kg0.75. Moreover, the animals 

received 25 % of the concentrate weight as chopped wheat straw. In order to calculate the 

intake of nutrients and minerals for each animal, all offered and refused feeds were 

monitored. Animals were weighed weekly. 

The feed content of dry matter (DM), crude ash, crude fibre, crude fat and CP was determined 

by means of the Weende analysis (proximate analysis), the standard procedure of the German 

Association of Agricultural Analytic and Research Institutes (Verband Deutscher 

Landwirtschaftlicher Untersuchungs- und Forschungsanstalten). The amounts of acid-

detergent fibre and neutral-detergent fibre were measured by a method described by Van 

Soest et al. (39). The two diets were isoenergetic, containing approximately 12 MJ 

metabolisable energy kg/DM. The components and composition of the diets are shown in 

Table 1. To adjust the weight of the protein-reduced diet, Sipernat S 22S, a fine particle silica, 

which cannot be metabolised and which is commonly used as a digestibility marker due to its 

inert structure (35) was added.  
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Table 1: aomponents and composition of wheat straw and pelleted concentrate diets. 

 Wheat straw Control  Reduced protein 

Components(as fed basis) (g/kg)    

Soybean meal – 120 77 

Urea – 30 – 

Wheat starch – 376 366 

Beet pulp – 418 400 

Molasses – – 10 

Soybean oil – 10 31 

Mineral-vitamin mix† – 10 10 

MgHPO4·3H2O – 9.5 10.5 

NaH2PO4·2H2O – 7 7 

CaCO3 – 19.5 19.5 

Sipernat 22S‡ – – 69 

Composition*    

DM (g/kg) 912 911 900 

Nutrients (g/kg DM)    

Crude ash 65.8 70.3 123.3 

CP (%) 3 20 9 

Acid-detergent fibre 541.7 80.1 76.7 

Neutral-detergent fibre 823.5 152.6 144.4 

Crude fat 8.8 23.1 40.0 

Urea BDL 32.8 6.1 

Ca 2.2 12.3 11.9 

P 0.7 5 4.8 

Vitamin D3 (IE/kg) <1000 <1000 <1000 

ME (MJ/kg DM) 6.7 13.3 12.1 

BDL, below detection level; aP, crude protein; ME, metabolisable energy. 

*aomposition expressed as fed (analysed by the Association of German Agricultural Investigation and Research 

aenter). 

†Mineral-vitamin mix per kg: 12.1 g aa; 1.9 g Na; 2.2 g Mg; 400 mg (1,200,000 IU) vitamin A; 0.3 mg (12,000 

IU) vitamin D3; 10 g vitamin E; 6,335 mg Zn; 3,000 mg Mn; 201 mg ao; 201 mg I; 15 mg Se. 

‡Sipernat type 22S (Evonik Industries AG, Essen, Germany) is a fine particle silica with high oil absorption 

capacity. Sipernat is usually used as a flow regulator, anti-caking and dusting agent especially in the food and 

feed industry.  
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7.3.2 Blood sampling 

Blood samples were always collected at the same time in the morning before slaughtering to 

avoid circadian effects by puncturing the vena jugularis with EDTA-coated, lithium heparin-

coated syringes and serum syringes (Sarstedt AG & Co. KG, Nümbrecht, Germany). Blood was 

separated by centrifugation (2000 g at room temperature, 15 min). Plasma and serum 

samples were stored at −20 °C. 

To compile a 24-hour profile of GH and IGF1 secretion patterns blood samples were taken 

throughout 24 hours at intervals of 20 min from each animal in each group. Animals were 

implanted with permanent catheters in the jugular vein and at each time point 1 mL venous 

blood was taken and stored in EDTA-coated syringes (Sarstedt). As one goat could not be 

implanted with a catheter it was excluded from the sampling.  

Blood was separated by centrifugation (see above). Additionally, at three time points (11:00, 

19:00, 3:00), blood samples were collected with serum syringes (Sarstedt) for measuring 

concentrations of IGF1. The blood samples were stored at −20 °C for subsequent analysis. 

Concentrations of plasma GH and concentrations of serum IGF1 were analysed in the Clinic 

for Cattle, Endocrinology Laboratory, University of Veterinary Medicine Hannover using in-

house enzyme-linked immunosorbent assay or by radioimmunoassay (Beckmann Coulter, 

Krefeld, Germany). 

7.3.3 Biochemical determinations 

Plasma concentrations of urea were measured using a commercial kit (R-Biopharm AG, 

Darmstadt). Ionized Ca concentrations were measured in whole blood samples using an ion-

sensitive electrode (Chiron Vaccines & Diagnostics GmbH, Marburg, Germany). Plasma 

concentrations of insulin were measured by ELISA, triiodothyronine (T3) concentrations were 

analysed by competitive chemiluminescence immunoassay and concentrations of serum IGF1 

and plasma GH taken shortly before slaughter were analysed as described above in the Clinic 

for Cattle, Endocrinology Laboratory, University of Veterinary Medicine Hannover. Plasma 

concentrations of total protein were detected using a bromcresol green albumin assay kit 

(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). 
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7.3.4 Plasma concentrations of IGFBP2, IGFBP3, IGFBP4 and IGFBP5 protein 

Protein expression of IGFBP2, IGFBP3, IGFBP4 and IGFBP5 were analysed commercially in 

plasma by quantitative Western ligand blot analysis as previously described (Ligandis, Gülzow-

Prüzen, Germany) (20). 

7.3.5 Hepatic tissue sampling 

At the end of the experimental feeding after six weeks, the goats were slaughtered after 

captive bolt stunning by exsanguination. To avoid circadian effects, slaughtering was always 

performed at the same time in the morning. For technical reasons four goats per day were 

killed from an alternating group. On one day, five goats were killed. 

Liver samples were removed within 5 min post mortem and immediately rinsed with ice-cold 

saline (0.9 % NaCl), frozen in liquid N2 and stored at −80 °C until further preparation. 

7.3.6 Total RNA isolation, reverse transcription and quantitative real-time PCR 

Total RNA was isolated using the Rneasy plus Mini Kit (Qiagen, Hilden, Germany) with genomic 

DNA eliminator spin columns in accordance with the manufacturer’s protocol. The RNA 

concentrations were measured by ultraviolet-visible-spectrophotometry (Thermo Fisher 

Scientific GmbH, Germany, NanoDrop One). To verify the quality of the isolated RNA, the RNA 

integrity number (RIN) was evaluated with an RNA 6000 nanoassay for an Agilent 2100 

Bioanalyzer (Agilent Technologies GmbH, Böblingen, Germany). Using random hexamers, 

oligo-dT primers and TaqMan Reverse-Transcription Reagents (Applied Biosystems 

Deutschland GmbH, Darmstadt, Germany), 200 ng isolated hepatic RNA were reverse-

transcribed in accordance with the manufacturer’s protocol.  

The primers used for the production of recombinant DNA derived either from caprine, ovine 

or bovine sequences. Primers were designed to span exon-exon junctions. The GHR1A primer 

pair was designed to amplify the most common variance of the hepatic GHR (Butler et al., 

2003). Primer sequences, exon spanning region, amplicon length and efficiency are 

summarized in Table 2. 
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Expressions of hepatic ALS, ERK2, GHR1A, IGF1, INSR, JAK2, RPS9, SOCS1, SOCS2, SOCS3 and 

STAT5B were determined using SYBR Green PCR assays. Reaction mixtures (20 µl) contained 

KAPA SYBR FAST Universal Master Mix (PEQLAB Biotechnology GmbH, Erlangen, Germany), 

200 nM specific primers and 16 ng reverse-transcribed complementary DNA (cDNA). PCR 

products were amplified (95 °C, 3 min; 40 cycles of 95 °C, 10 s and 60 °C, 30 s). Primer 

sequences, exon spanning region, amplicon length and efficiency are summarized in Table 3. 

For quantifying the expressions of hepatic 18S rRNA, β-actin and GAPDH mRNA, primers and 

probes were purchased from TIB MOLBIOL (Berlin, Germany). Reaction mixtures (20 µl) 

contained TaqMan Universal PCR Master Mix (Applied Biosystems), 300 nM specific primers, 

100 nM specific probe and 16 ng cDNA. The PCR product was amplified (50 °C, 2 min; 95 °C, 

10 min; 40 cycles of 95 °C, 15 s and 60 °C, 1 min) and analysed using a real-time PCR cycler 

(CFX96TM; Bio-Rad Laboratories GmbH, Munich, Germany).  

Absolute copy numbers were determined using calibration curves generated with cloned PCR 

fragment standards (41). Specificity of the amplicons was verified by sequencing (Seqlab 

Microsynth GmbH, Göttingen, Germany) and using NCBI Blast 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Expressions of genes of interest were normalized to 

a quotient of 18S rRNA/β actin as two constantly expressed housekeeping genes in liver tissue 

during the applied dietary treatment which was determined by using NormFinder software 

(https://moma.dk/normfinder-software). Reactions were performed in duplicate and 

included no template water controls.  
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Table 2: Primers used for SYBR Green assays. 

Gene1 Sense and antisense primers 
(5' → 3'), probes 

Exon 
place 

Amplicon 
length 

(bp) 

Amplifica-
tion 

efficiency 

Accession 
number 

Source 

ALS 
TACCTGGACCACAACCTCGT 
AGTGCAGGTCCTTGAAGGTG 

2 202 86 % 
XM_0180
40889.1 

Piechotta et 
al. (2013) 

ERK2 
TCCCGAATGCTGACTCCAAA 
CTTGGGCAAGTCATCCAAATACA 

— 185 86 % 
JQ308787.

1 
This study 

GHR1A 
CGTCTCTGCTGGTGAAAACA 
GGATGTCGGCATGAATCTCT 

4, 5 203 101 % 
NM_1766

08.1 
Piechotta et 

al. (2013) 

IGF1 
ATCAGCAGTCTTCCAACCCAAT 
ACACACGAACTGGAGAGCATCC 

1, 2 192 105 % 
XM_0056
80531.3 

This study 

IGF1R 
GGAGAATAATCCAGTCCTAGCACC 
GAAGACTCCATCCTTGAGGGACTC 

17–19 293 92 % 
XM_0180
65947.1 

Elfers et al. 
(2015) 

IGF2 
TGGCCCTACTGGAGACCTAC 
CACGGGGTATGCTGTGAAGT 

3, 4 101 104 % 
NM_0012
87041.1 

This study 

INSR 
TATGGGACTGGGGCAAACAC 
TTTCACAGGATGCCTGGTCC 

6, 7 177 101 % 
XM_0180
51134.1 

This study 

JAK2 
GTGCTGGCCGGCATAATCTA 
ATTCCTTGTCGCCAGATCCC 

20–22 188 101 % 
XM_0180
52022.1 

This study. 

RPS9 
CGCCTCGACCAAGAGCTGAAG 
CTCCAGACCTCACGTTTGTTCC 

2, 3 65 73 % 
XM_0180
63497.1 

Sacco et al. 
(2012) 

SOCS1 
CTCGTACCTCCTACCTCTTCATGTT 
CACAGCAGAAAAATAAAGCCAGAGA 

2 95 99 % 
XM_8643

16.5 
Sacco et al. 

(2012) 

SOCS2 
CTTTGAAACAGCTGCGTCCC 
AGCAGGCATGTATCCCCCTA 

3 163 94 % 
XM_0180
47627.1 

This study 

SOCS3 
AAGACCTTCAGCTCCAAGAGCG 
AGCAGCAAGTTCGCTTCGC 

1 113 110 % 
XM_0040
13097.3 

This study 

STAT5B 
GCCACAGATCAAGCAAGTGG 
GGGGATCCACTGACTGTCCAT 

16–18 247 104 % 
XM_0180
65118.1 

This study 

1ALS, acid labile subunit; ERK2, extracellular-signal regulated-kinase 2; GHR1A, growth-hormone receptor 1A; 

IGF1, insulin-like growth factor 1; IGF2, insulin-like growth factor , INSR, insulin receptor; JAK2, janus kinase 2; 

RPS9, ribosomal protein S9; SOaS1, suppressor of cytokine signalling 1; SOaS2, suppressor of cytokine 

signalling 2; SOaS3, suppressor of cytokine signalling 3; STAT5B, signal transducers and activators of 

transcription 5B. 
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Table 3: Primers used for TaqMan assays. 

Gene1 Sense and antisense primers 
(5' → 3'), probes 

Exon 
place 

Amplicon 
length 

(bp) 

Amplifica-
tion 

efficiency 

Accession 
number 

Source 

18S 
rRNA 

AAAAATAACAATACAGGACTCTTTCG 
GCTATTGGAGCTGGAATTACCG 
FAM-TGGAATGAGTCCACTTTAAATCCTTCCG-

C-BBQ 

— 127 85 % KY129860 
Wilkens 

et al. 
(2018) 

ß-actin 
CTCAGAGCAAGAGAGGCATCC 
GCAGCTCGTTGTAGAAGGTGTG 
FAM-CAAGTACCCCATTGAGCACGGC-TMR 

3 111 99 % 
XM_01803

9831.1 

Elfers et 
al. 

(2014) 

GAPDH 
CAAGGTCATCCATGACCACTTT 
CGGAAGGGCCATCCACA 
FAM-CTGTCCACGCCATCACTGCCACCC-TMR 

7–8 95 100 % 
NM_0011

90390 

Wilkens 
et al. 

(2009) 

118S rRNA, 18S risbosomal RN, GAPDH, glyceraldehyde 3-phosphate dehydrogenase. 

7.3.7 Western blot analysis 

For the abundance of phosphorylated ERK1/2 (pERK1/2), ERK1/2, JAK2, SOCS2, SOCS3, Src, 

STAT1, STAT3 and STAT5B, hepatic cytosol were isolated as described elsewhere (Boisclair et 

al., 2000). Hepatic crude membranes were prepared using FastPrep-24 High Speed 

Homogenizer (MP Biomedicals GmbH, Eschwege, Germany) for quantifying hepatic GHR and 

INSR protein, respectively. For this, small pieces of hepatic tissue were agitated with 

approximately the same amount of zirconia balls in a pH 7.5 buffer containing sucrose, 

ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid, tris(hydroxymethyl)-

aminomethan (TRIS) and magnesium sulphate for 40 s 3 times (6 m/s) followed by 

centrifugation (2000 g at 4 °C, 20 min). In the following step, the homogenate was centrifuged 

(40.000 g at 4 °C, 60 min). The supernatant was removed and the pellet dissolved in a pH 7.4 

buffer containing TRIS and sodium chloride. Protein concentrations of the cell fractions were 

measured with a commercial protein assay using Bradford reagent (Serva Electrophoresis 

GmbH, Heidelberg, Germany). Aliquots were stored at −20 °C for subsequent analysis. 

For pERK1/2, ERK1/2, SOCS2, SOCS3, Src, STAT1, STAT3 and STAT5B, 20 µg hepatic cytosol and 

for GHR and INSR 20 µg hepatic crude membranes were separated by 8.1 % SDS-PAGE and 

transferred onto nitrocellulose membranes (GE Healthcare Europe GmbH, Freiburg, Germany) 

using Trans-Blot® Turbo Transfer System (Bio-Rad). 
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The primary antibodies used were chosen due to their specificity for the particular caprine 

protein or species cross-reactivity for caprine or bovine target protein. Moreover, protein 

sequences were verified for their homology using NCBI Blast 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). To ensure that no non-specific signal was detected, 

membranes were incubated only with the secondary antibody. 

For pERK1/2, ERK1/2, INSR, JAK2, SOCS3, Src, STAT1 and STAT 3, membranes were blocked in 

tris-buffered saline (TBS) containing 0.1 % Tween 20 (TBST) and for GHR and STAT5B, 

membranes were blocked in phosphate-buffered saline (PBS) containing 0.1 % Tween 20 

(PBST) with 5  % fat-free milk powder for 1 h at RT, respectively. 

For pERK1/2 and ERK1/2 the membranes were incubated overnight with anti-pERK1/2 and 

ERK1/ antibody (Cell Signaling Technology Europe B.V., Frankfurt, Germany) diluted 1:2,000 

for pERK1/2 and 1:1,000 for ERK1/2 in TBST with 5 % bovine serum albumin. After detecting 

pERK1/2 antibody, membranes were treated with a pH 2.0 stripping buffer as described 

elsewhere (19) and used again for ERK1/2 antibody detection.  

For detecting caprine GHR protein two different antibodies were used: a commercial antibody 

(Santa Cruz Inc., Heidelberg, Germany) and a self-made antibody (Davids Biotechnology 

GmbH, Regensburg, Germany). The membranes were incubated overnight with the 

commercial anti-GHR antibody diluted 1:200 in PBST with 5 % fat-free milk powder. The self-

made antibody was successfully pre-incubated with the corresponding antigenic peptide (data 

not shown). Membranes were incubated overnight with the self-made anti-GHR antibody 

diluted 1:300 in PBST with 5 % fat-free milk powder.  

For INSR and SOCS2 protein detection, membranes were incubated with anti-INSR antibody 

(Santa Cruz) diluted 1:300 or anti-SOCS2 antibody (Cell Signaling) diluted 1:1,000 in TBST 

containing 5 % fat-free milk powder overnight, respectively. 

For protein detection of JAK2, SOCS3, STAT1, STAT3 and Src, membranes were incubated 

overnight with anti-JAK2 antibody (Cell Signaling) diluted 1:1,000, anti-SOCS3 antibody (Cell 

Signaling) diluted 1:1,000, anti-STAT1 antibody (Cell Signaling) diluted 1:1,000, anti STAT3 

antibody (Cell Signaling) diluted 1:1,000 or anti-Src antibody (Cell Signaling) diluted 1:1,000 in 

TBST containing 5 % bovine serum albumin, respectively. 
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For STAT5B, membranes were incubated overnight with anti-STAT5B antibody (GeneTex Inc., 

Irvine, USA) diluted 1:3,000 in PBST with 1 % fat-free milk powder. 

Immunoreactivity of the primary antibody for all hepatic proteins was detected using 

horseradish peroxidase (HRP) coupled with secondary antibody against rabbit (Cell Signaling), 

diluted 1:2,500 in TBST with 5 % fat-free milk powder for the self-made GHR (Davids 

Biotechnologies), JAK2, SOCS2, SOCS3, pERK1/2, ERK1/2, STAT1, STAT3 and Src and with 2 % 

fat-free milk powder for INSR and STAT5B. 

Immunoreactivity of the second primary GHR antibody (Santa Cruz) was detected using HRP-

coupled secondary antibody against mouse (Sigma), diluted 1:50,000 in TBST with 2 % fat-free 

milk powder. 

Densitometric measurements of proteins were performed using the ChemiDocTM MP imaging 

system and Image Lab 5.2.1 software (Bio-Rad). For semi-quantification of the proteins, values 

of the investigated proteins were normalized to the amount of applied total protein amounts 

per lane that were determined by Indian ink staining and subsequent densitometric 

measurement of the total protein amount transferred to the membrane. 

7.3.8 Statistical analysis 

All data are given as mean ± SEM if not stated otherwise and number of animals (n). Data were 

analysed using GraphPad Prism version 7.04 (GraphPad Software; www.graphPad.com) by 

unpaired Student’s t-test. P < 0.05 was set to be significantly different and P < 0.1 was used to 

define trends. 

To test for linear relationship between two variables, a simple correlation analysis with 

Pearson’s correlation coefficient was calculated. 
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7.4 Results 

7.4.1 Intake, body weight and daily weight gain during reduced protein feeding 

All animals were clinically healthy during this study. Mean daily intakes of dry matter (DM), 

concentrate and N were calculated for each animal individually. Feed efficiency was calculated 

as the difference between the final and initial weight divided by the calculated feed intake 

during this period. DM and concentrate intake did not differ between the two groups. Feed 

efficiency was not different, while N intake was significantly reduced in the animals receiving 

the protein-reduced diet. All results are summarized in Table 4.  

Daily energy supply remained within the range recommended by the Society of Nutrition 

Physiology (GfE) for young ruminating goat kids. 

The final body weights of the goats were not significantly different due to any dietary 

intervention (control 23.6 ± 0.38 kg, reduced protein 22.7 ± 1.09 kg; P = 0.47). Daily weight 

gain during the period of experimental feeding was not affected by any diet and ranged from 

0.14 to 0.16 (SEM 0.008) kg/d. 

Table 4: Mean daily intake of dry matter (DM), concentrate, N and feed efficiency of growing goats receiving a 

protein-reduced diet. 

Item Control diet Reduced protein P-value 

n 8 9  

DM intake (g/d) 567 ± 6.87 536 ± 22.7 0.18 

Concentrate intake (g/d) 419 ± 8.32 406 ± 21.2 0.58 

Feed efficiency (kg/kg) 0.79 ± 0.02 0.76 ± 0.02 0.26 

N intake (g/d) 14.5 ± 0.23 6.2 ± 0.3 < 0.001 

Mean values with their SEM; n = number of animals. 

7.4.2 Blood parameters during reduced protein feeding 

The subsequent sections present the results of the different blood parameters for the two 

feeding regimes. Results are described in detail where differences between the groups occur. 

All data are summarized in Table 5.  
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Plasma urea, concentrations of ionized Ca, serum IGF1 and plasma insulin concentrations 

decreased significantly when dietary protein was reduced.  

A significant positive correlation between blood ionized Ca and plasma insulin concentration 

was shown (Figure 4, r = 0.55, P = 0.02) and between plasma insulin and urea concentrations 

(Figure 4, r = 0.51, P = 0.04). 

Table 5: Effects of a reduced protein diet on blood parameters of young goats. 

Item Control Reduced protein P-value 

n 8 9  

Total blood    

Ionized Ca (mmol/L) 1.27 ± 0.01 1.20 ± 0.02 0.04 

pH 7.44 ± 0.007 7.45 ± 0.006 0.21 

Plasma    

Urea (mmol/L) 5.22 ± 0.41 0.86 ± 0.09 < 0.0001 

Insulin (µU/mL) 25.6 ± 3.6 12.9 ± 1.98 0.006 

Glucose (mmol/L) 76.5 ± 1.452 73.11 ± 1.982 0.197 

Total protein (mg/mL) 49.4 ± 1.15 51.3 ± 2.01 0.46 

GH (ng/mL) 20.2 ± 2 21.3 ± 2.5 0.75 

T3 (ng/mL) 2.19 ± 0.12 2.04 ± 0.07 0.27 

Serum    

IGF1 (ng/mL) 408 ± 40.99 287 ± 21.77 0.02 

Mean values with their SEM; n = number of animals. T3, triiodothyronine; IGF1, insulin-like growth factor 1. 

 

Figure 4: aorrelations of blood parameters. A positive relationship was shown between a) plasma insulin and 

ionized calcium levels (r = 0.55, P = 0.021) and b) plasma insulin and plasma urea levels (r = 0.51, P = 0.038) in 

young goats. The level of significance in accordance with Pearson’s correlation was set at P = 0.05. 
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7.4.3 24-hour blood sampling during reduced protein feeding 

Concentrations of IGF1 were significantly diminished at all time points (11:00, 19:00 and 

03:00) due to the protein-reduced feeding. All data are summarized in Table 6 and in Figure 

5. 

The number of 24 h GH pulses blood sampling did not differ significantly between the two 

feeding groups. Moreover, total GH secretion during the time of blood sampling showed no 

significant differences due to any feeding regime. All data are summarized in Table 7. 

Table 6: Effects of a reduced protein diet on IGF1 concentrations in ng/mL in young goats. 

Parameter Control  Reduced protein P-value 

n 8 8  

11 am 404 ± 36.8 257 ± 23.6 0.005 

7 pm 397 ± 32.1 279 ± 27.0 0.014 

3 am 408 ± 29.8 299 ± 22.3 0.011 

Mean values with their SEM; n = number of animals. IGF1, insulin-like growth factor 1. 

 

Figure 5: Effects of a reduced protein diet on IGF1 concentrations in ng/mL in young goats at three different time 

points throughout 24 h. Mean values with their SEM; n = number of animals.  
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Table 7: Effects of a protein-reduced diet on GH pulsatility given in number of pulses per 24 h and GH 

secretion given as total GH in 24 h in young goats. 

Parameter Control Reduced protein P-value 

n 8 8  

Number of pulses <10  51.88 ± 7.23 54.38 ± 7.9 0.59 

Number of pulses ≥10  20.13 ± 7.23 26.5 ± 7.87 0.59 

Total hormone secretion 
ng/mL/24 h 

589.18 ± 92.68 687.75 ± 108.53 0.50 

Mean values with their SEM; n = number of animals.GH, growth hormone. 

7.4.4 Plasma concentration of IGFBP2, IGFBP3, IGFBP4 and IGFBP5 protein during 
reduced protein feeding 

Plasma concentration of IGFBP2 and IGFBP3 protein increased significantly due to the protein-

reduced feeding in comparison to the control group. Plasma concentration of IGFBP4 protein 

was not modulated by any dietary intervention. The IGFBP5 protein plasma concentration 

decreased by trend due to the protein-reduced feeding. All data are summarized in Table 8. 

A negative correlation between IGFBP2 plasma protein concentrations and serum IGF1 

concentration was detected (Figure 6, r = -0.57, P = 0.02), whereas a positive correlation 

between IGFBP5 plasma protein concentration and serum IGF1 concentration was shown 

(Figure 6, r = 0.78, P = 0.002). No significant correlation was detected between concentrations 

of IGFBP3 or IGFBP4 protein and serum levels of IGF1. 

Table 8: aoncentrations of IGFBP2, IGFBP3, IGFBP4 and IGFBP5 in plasma of goats fed a protein-reduced diet. 

Item Control diet Reduced protein P-value 

n 8 9  

IGFBP2 867 ± 78.3 1757 ± 117.3 < 0.001 

IGFBP3 1389 ± 104.8 1690 ± 90.43 0.05 

IGFBP4 506 ± 28.51 579 ± 38.35 0.17 

IGFBP5 2450 ± 147.9 2071 ± 128 0.07 

Mean values with their SEM; n = number of animals. IGFBP2, IGF1-binding-protein 2; IGFBP3, IGF1-binding-

protein 3; IGFBP4, IGF1-binding-protein 4; IGFBP5, IGF1-binding-protein 5. 
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Figure 6: aorrelations of IGFBPs with IGF1 concentrations.A negative relationship was shown between IGFBP2 

protein expression and serum IGF1 levels (r = -0.566, P = .018) and a positive relationship was shown between 

IGFBP5 protein expression and serum IGF1 levels (r = 0.781, P = 0.002) in young goats. The level of significance 

in accordance with Pearson’s correlation coefficient was set at P = 0.05. 

7.4.5 Expressions of ALS, ERK2, GHR1A, IGF1, IGF2, INSR, JAK2, SOCS1, SOCS2, SOCS3 
and STAT5B mRNA during reduced protein feeding 

The integrity of the isolated RNA of all hepatic tissue samples, which were used for 

quantitative PCR, expressed as RNA integrity number was at least 8.7 (SEM 0.04). 

The mRNA expression levels of ERK2, IGF2, INSR, JAK2 and STAT5B showed no alternation due 

to the protein-reduced feeding. Furthermore, the mRNA expression of SOCS1 was not altered 

whereas the mRNA expression levels of SOCS2 showed an increase by trend and SOCS3 mRNA 

expression was significantly enhanced in the protein-reduced fed animals. The protein-

reduced diet led to a significant decrease in ALS, IGF1 and GHR1A mRNA expression levels. All 

data are summarized in Table 9. 

A significant positive correlation between GHR mRNA expression levels and plasma 

concentrations of urea (Figure 7, r = 0.64, P = 0.006) was shown. 

A significant positive correlation between GHR mRNA expression and plasma insulin 

concentration (Figure 7, r = 0.61, P = 0.01) and between GHR mRNA expression and serum 

IGF1 concentration (Figure 7, r = 0.64, P = 0.006) was detected. 
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Table 9: Relative amounts of hepatic ALS, ERK2, GHR1A, IGF1, IGF3, INSR, JAK2, SOaS1, SOaS2, SOaS3 and 

STAT5B mRNA expression normalized to hepatic quotient of 18S rRNA/ß-actin, respectively, in goats fed a 

protein-reduced diet. 

Item Control  Reduced protein P-value 

n 8 9  

ALS 1.976e+006 ± 0.466e+006 0.679e+006 ± 0.138e+006 0.013 

ERK2 0.0114 ± 0.0005 0.0110 ± 0.0011 0.70 

GHR1A 3.017e+007 ± 5.941e+006 1.679e+007 ± 1.307e+006 0.034 

IGF1 2.491e+006 ± 0.51e+006 1.376e+006 ± 0.199e+006 0.05 

IGF2 3.831e+007 ± 6.22e+006 3.027e+007 ± 3.763e+006 0.27 

INSR 0.098e+006 ± 0.022e+006 0.112e+006 ± 0.014e+006 0.59 

JAK2 0.366e+006 ± 0.07e+006 0.398e+006 ± 0.066e+006 0.75 

SOCS1 0.007e+006 ± 0.001e+006 0.017e+006 ± 0.009e+006 0.36 

SOCS2 0.793e+006 ± 0.162e+006 1.296e+006 ± 0.202e+006 0.08 

SOCS3 0.071e+006 ± 0.021e+006 0.137e+006 ± 0.02e+006 0.04 

STAT5B 0.194e+006 ± 0.049e+006 0.159e+006 ± 0.037e+006 0.58 

Mean values with their SEM; n = number of animals. ALS, acid labile subunit; ERK2, extracellular-signal 

regulated-kinase 2; GHR1A, growth-hormone receptor 1A; IGF1, insulin-like growth factor 1; IGF2, insulin-like 

growth factor , INSR, insulin receptor; JAK2, janus kinase 2; RPS9, ribosomal protein S9; SOaS1, suppressor of 

cytokine signalling 1; SOaS2, suppressor of cytokine signalling 2; SOaS3, suppressor of cytokine signalling 3; 

STAT5B, signal transducers and activators of transcription 5B. 
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Figure 7: aorrelations of GHR mRNA expression and blood parameters. A positive relationship between GHR 

mRNA expression and a) plasma urea levels (r = 0.64, P = 0.006), b) plasma insulin levels (r = 0.61, P = 0.01) and 

c) serum IGF1 (r = 0.64; P = 0.05) in young goats. The level of significance in accordance with Pearson’s 

correlation was set at P = 0.05. 

7.4.6 Expressions of ERK1/2, GHR, INSR, JAK2, SOCS2, SOCS3, Src, STAT1, STAT3 and 
STAT5B protein during reduced protein feeding 

The ERK1/2 and pERK1/2 protein expression levels were detected as two bands of 42 and 

44 kDa, respectively. Protein expression levels of EKR1/2 showed no significant differences 

due to the applied diets. Phosphorylation levels of EKR1/2 were not significantly different 

between the two feeding groups. Protein expression of GHR was detected as two bands of 

110 and 140 kDa in accordance with the manufacturer’s instructions (Santa Cruz 

Biotechnology) and decreased significantly due to the protein-reduced diet. The GHR protein 
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expression was analysed a second time with a self-made antibody (130 kDa band; Davids 

Biotechnology GmbH). Again, a significant decrease in GHR expression was shown due to the 

protein-reduced diet. The protein expression of INSR was detected as a band of 95 kDa, SOCS2 

protein expression was detected at 22 kDa and Src protein expression was detected as a band 

of approximately 60 kDa. The protein expression of hepatic INSR, SOCS2 and Src increased 

significantly due to reduced protein intake. The protein expression of JAK2 was detected at 

125 kDa and protein expression level of SOCS3 was detected as a band of 26 kDa. The protein 

expression of STAT1 was detected at two bands as 84 and 91 kDa, STAT3 protein expression 

was detected as two bands of 78 and 86 kDa and STAT5B protein expression was detected at 

90 kDa. Protein expression levels of JAK2, SOCS3 and STAT1 did not differ between the two 

feeding groups. Protein expression levels of STAT3 and STAT5B showed an increase by trend 

due to the protein-reduced diet. All data are summarized in Table 10. 
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Table 10: Relative amounts of ERK1/2 and pERK1/2, GHR, INSR, JAK2, SOaS2, SOaS3, Src, STAT1, STAT3 and 

STAT5B protein expression normalized to total protein amounts in the liver of goats fed a protein-reduced diet. 

Item Control diet Reduced protein P-value 

n 8 9  

ERK1/2 0.005069 ± 0.0004329 0.004969 ± 0.0004647 0.89 

pERK1/2 0.001589 ± 0.0002359 0.002049 ± 0.0003479 0.30 

GHR (Santa Cruz) 0.00394 ± 0.0004823 0.002127 ± 0.0005292 0.02 

GHR (Davids Biotechnology) 0.00346 ± 0.000506 0.001727 ± 0.0005733 0.01 

INSR 0.0007985 ± 7.321e-005 0.001073 ± 6.232e-005 0.01 

JAK2 0.003437 ± 0.0003698 0.003299 ± 0.000245 0.76 

SOCS1 not detectable not detectable  

SOCS2 0.001375 ± 0.0001609 0.002507 ± 0.000345 0.01 

SOCS3 0.001266 ± 0.0001422 0.001251 ± 0.0001089 0.89 

Src 0.003684 ± 0.0007504 0.008136 ± 0.0007321 0.001 

STAT1 0.004844 ± 0.0006116 0.005793 ± 0.0003799 0.2 

STAT3 0.007153 ± 0.000558 0.008983 ± 0.0006682 0.06 

STAT5B 0.001435 ± 0.0001246 0.001866 ± 0.0001606 0.06 

Mean values with their SEM; n = number of animals. ERK1/2, extracellular signal regulated kinases, GHR, 

growth-hormone receptor; JAK2, janus kinase 2; SOaS1, suppressor of cytokine signalling 1; SOaS2, suppressor 

of cytokine signalling 2; SOaS3, suppressor of cytokine signalling 3; Src, tyrosine-protein kinase; STAT1, signal 

transducers and activators of transcription; STAT3, signal transducers and activators of transcription 3; STAT5B, 

signal transducers and activators of transcription 5B.  
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7.5 Discussion 

The aim of this study was to determine the influence of a protein-reduced diet on components 

of the somatotropic axis in young goats. It could be shown that during growth this feeding 

regime had an impact on parts of the somatotropic axis. 

All animals were fed individually in relation to their metabolic body weight. Similar body 

weight gain, final weight and unaffected plasma T3 concentrations implied sufficient energy 

intake of both groups. Thyroid hormone T3 was used as an indicator because it is energy-

dependent and drops due to energy insufficiency (38). 

It was assumed that IGF1 might be the link between reduced dietary protein intake, 

diminished levels of calcitriol and diminished blood Ca. Each IGFBP can modulate IGF1 actions 

and the different IGFBPs seem to be regulated by independent endocrine and metabolic 

influences (4). Due to increased IGFBP2 and IGFBP3 protein levels, compensatory mechanisms 

were presumed to maintain the IGF1 availability for the target tissues. In cultured rat 

hepatocytes, synthesis of IGFBP2, IGFBP3 and IGFB4 was shown to be affected by insulin and 

IGF1, whereas a response to GH was not observed (36). Insulin was demonstrated to be a 

potent inhibitor of IGFBP2 (36), which might have occurred inversely in our study as insulin 

levels decreased while IGFBP2 expression was enhanced. Moreover, nutritional restriction 

increased IGFBP2 by an enhanced transcription rate that has been linked to a decreased 

protein intake as it was shown in the current study (4). The biosynthesis of IGFBP3 was 

assumed to be regulated at the transcriptional level, because mRNA expression correlated 

with the amount of secreted IGFBP3 (36). Like hepatic IGF1 mRNA expression decreased due 

to the protein-reduced feeding ALS mRNA expression was reduced in the animals fed the low 

protein diet. This might lead to higher concentrations of IGF1 bound to the binary complex 

which is able to pass the vascular epithelium and reach the target tissue. The level of ALS is 

directly dependent on GH and the regulation occurs at the level of transcriptional activation 

of the ALS gene in the liver (28). In rat liver, it was found that ALS mRNA and nuclear transcripts 

were reduced in animals made GH deficient by hypophysectomy. Furthermore, it was shown 

that GH stimulated ALS promotor activity which was mediated by functional GHR at GH 

concentrations within the physiological range (28). Besides IGF1, expression levels of hepatic 
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IGF2 mRNA were detected as this polypeptide has functions similar to IGF1. However, it mainly 

regulates embryonic and foetal growth in vivo (37). The decrease in insulin might be a result 

of diminished levels of blood Ca as it was shown that exocytosis of insulin in the pancreatic 

ß-cells was controlled by Ca and that Ca channels are linked to insulin secretion (31). It was 

described that Ca works as a regulator of insulin secretion acting as a trigger for 

exocytosis (42). Furthermore, insulin is a key signal of metabolic status (6). As glucose 

concentrations were not different between the two feeding groups, a decrease in insulin 

concentration due to reduced levels of blood Ca seems possible. Therefore, a protein-reduced 

diet modulates insulin secretion through reduced blood concentrations of Ca. As GH 

concentration and pulsatility did not differ between the two groups, the GH release might not 

be the reason for the lower levels of IGF1 and ALS. Thus, a disruption of the somatotropic axis 

resulting in diminished IGF1 concentrations despite constant levels of GH seems possible 

during a reduced protein diet. Unaltered IGF2 mRNA levels support this idea, as GH signalling 

only has little effect on inducing the IGF2 gene in comparison to the IGF1 gene. However, in 

humans, two promoters inducing the IGF2 gene were found to be GH responsive (37). To 

evaluate the impact of a protein-reduced diet on components involved in GH signalling, 

expression levels of hepatic proteins involved in the mediation of GH action were investigated. 

Decreased hepatic GHR expressions in the group receiving the protein-reduced diet suggest a 

modulation through this feeding regime. Due to the fact that both diets fed in this study were 

isoenergetic, energy supply was sufficient for all animals. Hence, only a lack of N intake could 

cause reduced GHR expression in this study which is affirmed by a positive correlation 

between urea concentrations and GHR expression levels. Interestingly, there is strong 

evidence that insulin is essential for GH stimulation of hepatic IGF1 production and that insulin 

regulates hepatic GHR biosynthesis and surface translocation (22). In human hepatic cell lines, 

the action of insulin on GHR was measured as GH binding to membranes of cells. Additionally, 

it was shown that insulin increased total GH binding in a concentration-dependent manner by 

upregulating receptor biosynthesis (22). Moreover, this former study showed that protein 

content of JAK2 was not affected by insulin (22) which is in line with our results. In rats, it was 

shown that the hepatic GHR expression was reduced in the liver of diabetic animals, which 

could be inverted by insulin therapy (1) In dairy cows, insulin treatment led to increased GHR 
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and IGF1 mRNA expression levels postpartum and therefore appeared to be a key metabolic 

signal in linking the GH-IGF1 axis (6). Furthermore, it was shown that reduced serum insulin 

levels in mice led to lower GHR mRNA levels, indicating that the regulation of GHR expression 

by insulin is at the transcriptional level (7). With regard to the result of these previous studies 

it can be assumed that the modulation of GHR expression was regulated in an insulin-

dependent manner in young goats, leading to a disruption of the somatotropic axis. Positive 

correlation between concentrations of blood Ca and insulin as well as positive correlation 

between insulin and GHR expression levels support this connection. Hepatic INSR protein 

expression was significantly enhanced due to the protein-reduced diet which might be a 

compensatory mechanism in response to reduced levels of insulin. As mRNA expression levels 

were unaltered by the dietary protein reduction, a translational modification of INSR was 

assumed. It is known that insulin is able to modulate the level of INSR. Indeed, a reciprocal 

relationship between insulin and the concentration of INSR per cell in human lymphocytes 

was shown. However, in this study, enhanced levels of insulin led to a reduction in INSR 

expression (13). In the liver of GHR knock-out (KO) mice, the lack of GHR and GH was 

associated with increased INSR abundance, too (8). It was presumed that this up-regulation 

was a result of lowered insulin concentrations observed in GHR-KO mice (8). Increased protein 

expression levels of STAT5B and STAT3 might indicate compensatory mechanisms to maintain 

IGF1 synthesis. In rats fed a protein-calorie malnutrition, interleukin-activated hepatic JAK2, 

STAT1 and STAT3 protein were enhanced (23) demonstrating that other parts of the body 

might be affected by the applied diet such as the immune system. The increase in SOCS2 and 

SOCS3 mRNA expression and SOCS2 protein expression could contribute to diminished IGF1 

levels by inhibiting the JAK-STAT signalling pathway. Though JAK2 was thought to be the most 

important GHR signalling kinase (21) there is strong evidence that in murine pro-myeloid cell 

lines, activation of the GHR may result in an activation of Src family kinases leading to 

activation of ERK1/2 (33). The Src is encoded by a proto-oncogene and activated by 

phosphorylation (32). In mice with mutations in the JAK2-associated motif, it was shown that 

Src kinase could be activated by GHR independently of JAK2 and that a specific conformational 

change in the extracellular domain of the GHR led to the ERK signalling pathway instead of the 

JAK-STAT pathway (33). Due to the protein-reduced diet, Src protein expression increased 
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significantly, whereas protein expression and phosphorylation of ERK1/2 remained unaltered. 

In human leukaemia cells, it was demonstrated that GH induced the activation of Src that in 

turn activated STAT5 (24). This might be an explanation for slightly enhanced protein 

expression levels of STAT5, as Src protein expression was enhanced in the protein-reduced fed 

animals. 

Studying the concept of feeding a protein-reduced diet to animals is of interest because in arid 

or semi-arid regions feeding an adequate and biologically available protein amount to 

livestock might be difficult or even impossible due to inadequate substrates that are available 

in these climatic conditions. 

From a broader point of view, the findings of this study are of importance for humans as well, 

because people in underdeveloped countries of the world might not be able to consume a 

sufficient amount of dietary protein or supply their children with the recommended amount 

of dietary protein every day, whereas low-priced carbohydrates are available. Moreover, the 

reduced intake of dietary protein might occur in the case of vegan cuisine. Here, people might 

not be aware of replacing animal proteins with plant proteins correctly and therefore 

enhancing their carb intake instead of consuming more protein to cover their energy demand. 

Besides, for people suffering from kidney diseases, the findings of our study might be of 

relevance, as they might have to follow a strict low-protein diet for a long time or even for a 

lifetime. Especially for children who are growing, a reduced protein intake could affect the 

somatotropic axis through modulated GHR expression levels and therefore development and 

growth. 

In summary, the results of the present study showed that feeding a protein-reduced diet to 

young goats modulated the somatotropic axis leading to a reduction in IGF1. While the 

concentration of GH was not modified, the expression levels of hepatic GHR decreased due to 

reduced concentrations of insulin occurring in response to low levels of ionized Ca. As the GHR 

is involved in many metabolic pathways, other parts of the body metabolism might be affected 

by such a diet. Further research is needed to clarify the influence of a protein-reduced diet on 

the feedback mechanism of the somatotropic axis, giving regard to the relation of reduced 

levels of IGF1 and hypothalamic hormones. 
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8 Additional experiments 

8.1 Introduction 

In the second part of the PhD project two feeding groups receiving different contents of crude 

protein (CP), that were prepared by enriching the control diet with urea, were compared (2nd 

and 3rd manuscripts). As the control group received a diet with a CP content of 20 % which is 

slightly enhanced with regard to the recommendations of the GfE for young ruminant kids, 

hepatic damage has to be precluded as NH3 and NH4
+ deriving from urea degradation in the 

forestomach system are metabolised in the liver. To ensure that the liver was not damaged 

and to determine possible dysfunction that might occur in the group receiving the diet 

enriched with urea, histological slices were made. Besides this, hepatic enzymes were 

measured to reveal the impact of a protein-reduced diet on liver function. Though some of 

the parameters were already discussed in the second manuscript (aspartate transaminase 

(AST) and glutamate dehydrogenase (GLDH)), concentrations of total bilirubin (Gbi) and liver 

specific enzyme gamma glutamyl-transferase (GGT) were taken into account. 

As both fed diets were isoenergetic and final body weight and weight gain did not differ 

between the two feeding groups (3rd manuscript), it was assumed that energy intake was 

sufficient and not affected by the dietary treatments. To ensure, that energy metabolism in 

the hepatic cells was not influenced either, expression levels of hepatic AMP-activated protein 

kinase (AMPK), that appears to be an energy sensor in most eukaryotic cells (Hardie et al., 

2012) were determined to measure the energy status of hepatic cells. 

8.2 Material and Methods 

Further examinations in relation to the second part of this PhD project were performed using 

material derived from the animals used in the second part of the project as described above 

(2nd and 3rd manuscripts). 
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8.2.1 Blood parameters 

Concentrations of Gbi and GGT were measured at the Clinic for Small Ruminants, University 

of Veterinary Medicine Hannover. 

8.2.2 Hepatic histological slices 

To assess the texture of the hepatic tissue, histological slices were made and dyed with 

haematoxylin-eosin as previously described (Romeis and Böck, 2008). Moreover, Sudan stains 

were made by the Department of Pathology, University of Veterinary Medicine Hannover, to 

determine the level of fat in liver tissue as previously described (Romeis and Böck, 2008). 

8.2.3 Preparations of cytosol for Western Blot analysis 

For detecting the abundance of phosphorylated AMPK (pAMPK) and AMPK protein, hepatic 

cytosolic proteins (C) were isolated as described elsewhere (Boisclair et al., 2000). 

The protein concentrations of the cell fractions were measured with a commercial protein 

assay using Bradford reagent with bovine plasma gamma globulin as standard (Serva 

Electrophoresis GmbH, Heidelberg, Germany). 

8.2.4 Western blot analysis 

For pAMPK and AMPK, 20 µg of hepatic C were separated by 8.1 % SDS-PAGE and transferred 

onto nitrocellulose membranes (GE Healthcare) using Trans-Blot® Turbo Transfer System (Bio 

Rad). Gel compositions used to separate proteins according to their molecular weight by 

electrophoresis are shown in Table 11.  
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Table 11: SDS Polyacrylamide gel composition. 

Item Stacking gel 
5 % 

Separating gel 
8.1 % 

ddH2O (ml) 4 4.6 

Acrylamide (ml) 1 2.7 

1 M Tris, pH 6.8 (ml) 0.75 – 

1 M Tris, pH 8.8 (ml) – 2.5 

10 % SDS (µl) 60 100 

10 % APS (µl) 60 100 

TEMED (µl) 6 6 

SDS Polyacrylamide gel composition used to separate proteins according to their molecular weight by 

electrophoresis. ddH2O, purified water; Tris, tris(hydroxymethyl)aminomethane; SDS, sodium dodecyl sulfate; 

APS, ammonium persulfate; TEMED, tetramethylethylendiamine.  

The primary antibodies used were chosen due to their specifity for the particular caprine 

protein or species cross-reactivity for caprine or bovine target protein. Moreover, protein 

sequences were verified due to their homology using NCBI Blast. To ensure that no non-

specific signal was detected due to the secondary antibody, membranes were first incubated 

only with the secondary antibody. 

For detecting pAMPK and AMPK protein, membranes were blocked in tris-buffered saline 

(TBS) containing 0.1 % Tween 20 (TBST) and 5 % fat-free milk powder for 1 h at room 

temperature (RT). The membranes were then incubated overnight with anti-pAMPK and anti-

AMPK antibody (Cell Signaling) diluted in 1:1,000 in TBST with 5 % fat-free milk powder, 

respectively. After detecting pAMPK antibody, membranes were treated with a pH 2.0 

stripping buffer as described elsewhere (Klinger et al., 2018) and used again for AMPK 

antibody detection to estimate pAMPK contents.  

Immunoreactivity of the primary antibody for the proteins was detected using horseradish 

peroxidase (HRP) coupled secondary antibody against rabbit (Cell Signaling), diluted 1:2,000 

in TBST with 5 % fat-free milk powder. 

Densitometric measurements were performed using Image Lab 5.2.1 software (Bio Rad). For 

semi-quantification of the proteins, values of the investigated proteins were normalised to the 

amount of applied total protein amounts per lane. 

Antibodies and protocols used for Western blot analyses are summarised in Table 12. 
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Table 12: aoncentrations of primary and secondary antibodies. 

Primary 
antibody 

Dilution (µl) Incubation 
time 

Source Secondary 
antibody 

Dilution (µl) Source 

anti-pAMPK 1:1,000 overnight Cell Signaling anti-rabbit, HRP 1:2,000 Cell Signaling 

anti-AMPK 1:1,000 overnight Cell Signaling anti-rabbit, HRP 1:2,000 Cell Signaling 

 

8.3 Results 

8.3.1 Blood parameters 

Blood concentrations of Gbi and GGT were not different between the two feeding groups and 

within the reference range for goats. All data are shown in Table 13. 

Table 13: Effects of a reduced protein diet on blood parameters. 

Item Control diet Reduced protein P-value 

n 8 9  

Serum    

Gbi (µmol/L) 4.27 ± 0.2 4.51 ± 0.38 0.59 

GGT (U/L) 43.8 ± 4.59 42.4 ± 3.06 0.81 

Mean values with their SEM; n = number of animals. Gbi, total bilirubin, GGT, gamma-glutamyltransferase. 

8.3.2 Histological slices of the liver 

Microscopic evaluations of the histological liver slices dyed with haematoxylin-eosin indicated 

no differences between the two feeding groups. The fat staining showed a few diffuse fatty 

vacuoles in both groups. 

8.3.3 Protein expression levels 

The AMPK and pAMPK protein expression levels were detected as a band of 62 kDa, 

respectively. Protein expression levels of AMPK showed no significant differences due to the 
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applied diets. Phosphorylation levels of AMPK were not significantly different between the 

two feeding groups. All data are shown in Table 14 and Figure 8. 

Table 14: Relative amounts of hepatic AMP-activated protein kinase (AMPK) and phosphorylated AMP-

activated protein kinase (pAMPK) normalised to total protein amount per lane. 

Item Control diet Reduced protein P-value 

n 8 9  

AMPK 0.004 ± 0.0007 0.004 ± 0.0005 0.2 

pAMPK 0.0014 ± 0.0002 0.0013 ± 0.0003 0.76 

Mean values with their SEM, n = number of animals. Unpaired student's t-test (P <0.05). 

 

Figure 8: Relative amounts of hepatic protein expression of a) AMP-activated protein kinase (AMPK), b) 

phosphorylated AMP-activated protein kinase (pAMPK) normalised to total protein amount per lane.Mean 

values with their SEM; n = number of animals. Unpaired student's t-test (P <0.05). 

8.4 Discussion 

The results of these experiments will be discussed in relation to the results of the whole 

project under point 9 General Discussion. 
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9 General Discussion  

Effects of dietary nitrogen and / or calcium on renal calcium and phosphate 

transport and modulation of calcitriol- and IGF1-synthesis in young goats 

9.1 Main findings and discussion 

In the present PhD project, the impact of dietary N and / or Ca on renal Ca and Pi transport 

and the modulation of calcitriol- and IGF1-synthesis by a dietary protein reduction in young 

goats was investigated. It was hypothesised that the expression levels of renal Ca and Pi 

transporting proteins were modulated by dietary N and / or Ca intake and in context with this 

expected intervention an interaction between a protein-reduced feeding and the 

somatotropic axis was assumed. The project included studies on renal Ca and Pi transporting 

proteins as well as investigations of the hepatic part of the somatotropic axis in young goats. 

Moreover, the idea of investigating the effect of a protein-reduced diet on hepatic cholesterol 

metabolism arose due to certain findings in the second part of the PhD project. 

In the first part of the current PhD project, it was shown that the expression levels of renal Ca 

transporting proteins TRPV5, NCX1 and CABPD28K decreased during an N-reduced feeding. By 

contrast to this, expression levels of NaPi IIa and plasma Pi concentrations were increased 

during dietary N-reduction (1st manuscript).  

A singular reduction in dietary N as well as a concomitant reduction in dietary Ca and N led to 

reduced levels of blood Ca and calcitriol which was expected due to the findings in previous 

studies (Muscher and Huber, 2010; Elfers et al., 2015). A solitary restriction in dietary Ca intake 

led to enhanced calcitriol concentrations for compensatory reasons and Ca levels were 

restored during this dietary intervention (1st manuscript). 

The protein expression of apical located TRPV5 channel that is important for renal Ca 

reabsorption (Herm et al., 2015) decreased due to the N-reduced diet (1st manuscript). As 

TRPV5 mRNA expression levels remained unchanged, translational changes were assumed. 

The reduction in TRPV5 protein expression was supposed to be mediated through a 

vitamin D responsive element (VDRE) in response to decreased calcitriol concentrations as for 
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humans and mice a VDRE was shown to exist in the promoter region of the TRPV5 gene 

(Hoenderop et al., 2001; Mensenkamp et al., 2007). 

Reduced levels of calcitriol further influenced the mRNA expression of intracellular CaBPD28K 

that decreased in the groups receiving an N-reduced diet (1st manuscript). It is known that in 

rats, for the CaBPD28K a VDRE exists in the promotor region of the gene (Gill and Christakos, 

1993). Hence, it was presumed that in the goats used in this study, CaBPD28K expression was 

regulated in a calcitriol-dependent manner as well (1st manuscript). As already discussed in 

the first manuscript, it is possible that CaBPD28K expression might be controlled by TRPV5 

because in mice, an inactivation of the TRPV5 gene led to reduced CaBPD28K and further NCX1 

mRNA expression levels though calcitriol concentration was not reduced (Hoenderop et al., 

2003). The Ca transport into the cell by TRPV5 was assumed to control the transcription of 

other proteins related to Ca transport just like CaBPD28K (Hoenderop et al., 2003). By contrast, 

a reduction in dietary Ca increased CaBPD28K mRNA expression significantly, suggesting a 

compensatory modulation in response to enhanced calcitriol levels (1st manuscript).  

In the N-reduced fed animals, the expression levels of basolaterally located NCX1 decreased 

though no VDRE is currently known in monogastric species for this protein (Herm et al., 2015). 

An explanation for decreased NCX1 expression due to an N-reduced feeding might be a 

modulation due to a co-localisation with TRPV5 protein as it was already discussed for the 

CaBPD28K (Hoenderop et al., 2003). It might further be possible that the NCX1 expression was 

modulated in a direct way by reduced plasma Ca levels as no VDRE was identified (1st 

manuscript). A solitary reduction in dietary Ca resulted in increased NCX1 mRNA expression 

that was assumed to be Ca-sensitive and be related to a compensatory enhancement of 

CaBPD28K mRNA expression (Hoenderop et al., 2002). 

Due to the N- and Ca-reduced feeding, the activity of renal Na+/K+-ATPase that provides the 

driving force for Na+ coupled Pi transport through the Na Pi IIa and Ca transport via NCX1 

decreased (1st manuscript). Reduced activity of this ATPase could promote reduced levels of 

blood Ca, although it is only responsible for transcellular Ca transport which was not measured 

in this study (1st manuscript). 

Due to the N-reduced diet, the protein expression of renal NaPi IIa increased though plasma 

Pi concentrations were not altered. In contrast, in those goats receiving the concomitant 
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N- and Ca-reduced feed, Pi concentrations increased (1st manuscript). As the fractional 

excretion of Pi was enhanced due to the low N diet, it was assumed that other Pi transporters 

like the Na+-dependent Pi transporter NaPi IIc might be causal for the observations.  

Another potential explanation for increased NaPi IIa expression could be a reduction in Pi 

concentration in the ultrafiltrate due to a reduction in the glomerular filtration rate (GFR) to 

recycle urea that might occur during an N-reduced diet (Muscher-Banse and Breves, 2018). 

Indeed a 60 % drop in the GFR was shown in goats receiving a low protein diet (Eriksson and 

Valtonen, 1982). Such a tubular depletion in Pi could be causal for enhanced NaPi IIa protein 

expression in the proximal tubules, although the mechanisms remain unknown (Muscher-

Banse and Breves, 2018). It was assumed, that an increase in NaPi IIa expression could occur 

as a result of a dietary N-reduction and thus a concomitant decrease in Pi in the ultrafiltrate 

(Muscher-Banse and Breves, 2018). However, a reduction in dietary Pi without a modulated 

GFR did not have the same impact in ruminants (Schroder et al., 2000). 

In summary, the results of the first part of the PhD project indicate a calcitriol-dependent 

regulation of renal Ca transporting proteins (1st manuscript). Therefore, the animals were 

unable to maintain their Ca homeostasis during an N-reduced feeding despite efficient 

rumino-hepatic circulation of urea. Due to enhanced urea recycling that coincided with a drop 

in the GFR, renal Pi homeostasis was shown to be modulated indirectly. 

The aim of the second part of this PhD project was to determine the influence of a 

protein-reduced diet on components of the somatotropic axis in young goats. It could be 

shown that this feeding regime had an impact on certain parts of the GH-IGF1 axis, leading to 

a disruption of the somatotropic axis. To ensure that the used diets did not affect the 

metabolic capacity of the liver or damage the hepatocytes, Gbi and the hepatic enzymes GGT, 

AST, GLDH and cholesterol were measured. Increased cholesterol levels led to the idea that 

cholesterol metabolism might be affected by the protein-reduced diet, leading to further 

examinations concerning vitamin D and cholesterol metabolism using the goats from the 

second part of the PhD project and findings published in the second manuscript. Investigating 

the effect of a protein-reduced diet on cholesterol metabolism was of interest because 

cholesterol is used as a precursor for the synthesis of steroid hormones like vitamin D. 

Furthermore, only few data are available on the impact of a protein-reduced diet on 
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cholesterol metabolism in ruminants. Enhanced plasma concentrations of cholesterol were 

interpreted as being a result of reduced cholesterol 27-hydroxylase (CYP27A1) and 

microsomal cytochrome P450 2J2 expression levels that occurred during the protein-reduced 

feeding (2nd manuscript). The expression levels of both enzymes were positively correlated 

with plasma concentrations of urea, underlining the impact of a protein-reduced diet. In 

human cell lines, endogenous CYP27A1 enzyme activity and the activity of the CYP27A1 

promoter were increased by GH and IGF1 (Araya et al., 2003). Therefore, a modulation of 

cholesterol metabolism mediated by reduced levels of IGF1 occurring during a protein-

reduced diet seems likely in our study. Albumin concentrations decreased due to the protein-

reduced diet which might be due to a reduced protein synthesis rate in hepatocytes (2nd 

manuscript), while total protein levels remained unchanged. 

As hepatic enzymes were modulated through the protein-reduced diet, histological slices 

were made for evaluating the hepatic parenchyma. Due to macroscopic ordinary histological 

slices, no tissue damage was expected. Both fed diets were isoenergetic and an activation of 

the AMPK was not observed due to the protein-reduced diet, because protein expression 

levels of AMPK and pAMPK measured in hepatic cytosol were not different between the two 

feeding groups. A modulation of hepatic components of the somatotropic axis deriving from 

imbalanced energy levels due to the protein-reduced diet was excluded. As already shown in 

the animals used in the first part of the PhD project, serum IGF1, as well as hepatic IGF1 mRNA 

expression, plasma calcitriol, total and ionised Ca concentrations decreased due to the 

protein-reduced feeding in this study (2nd and 3rd manuscripts).  

While ALS mRNA expression decreased like IGF1 in the group receiving the protein-reduced 

diet, protein expression of IGFBP-2 and -3 increased which might be a compensatory 

mechanism for obtaining IGF1 availableness in target tissues (3rd manuscript). 

It was found that due to the protein-reduced diet, hepatic GHR expression decreased while 

GH secretion over 24 hours remained unaltered. Furthermore, it was assumed that GHR 

expression was modulated by decreased levels of insulin that was presumed to be diminished 

in response to reduced levels of blood Ca (3rd manuscript). Exocytosis of insulin from the 

pancreatic ß-cells is controlled by Ca (Rorsman et al., 2012) and as glucose concentrations did 
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not differ between the two groups, a reduction in insulin concentrations caused by diminishes 

levels of blood Ca seems likely (3rd manuscript).  

Intracellular STAT3 and STAT5B protein expression levels increased by trend due to the 

protein-reduced feeding which might be for compensatory reasons to maintain hepatic IGF1 

synthesis. By contrast, enhanced levels of SOCS-1, -2 and -3 expression levels that control the 

intracellular JAK-STAT signalling pathway could contribute to reduced levels of IGF1 

(3rd manuscript). Enhanced Src protein expression that was shown to activate STAT5B in 

human leukaemia cells after stimulation by GH (Manabe et al., 2006) might be an explanation 

for slightly enhanced STAT5B protein expression. However, Src did not activate ERK1/2 

expression which would be part of intracellular signal-transduction besides the JAK-STAT 

pathway (Brooks and Waters, 2010). 

When summing up all results of the current PhD project, it can be concluded that feeding 

young ruminants a protein supply below a certain protein level and therefore below a certain 

N content affects different parts of the whole body homeostasis, though growth and 

development were apparently not even affected. A reduction in dietary protein leads to 

significant changes in mineral homeostasis, cholesterol and vitamin D metabolism, resulting 

in decreased Ca absorption and reabsorption that is mediated by reduced levels of calcitriol 

regulated by concentrations of IGF1. A reduction in blood Ca influences insulin secretion and 

decreased levels of insulin in turn modulate expression levels of hepatic GHR that is essential 

for mediating GH action (3rd manuscript). Thus, it is of great importance to provide a sufficient 

protein and hence N supply for young ruminants especially during the early stage of life, which 

is characterised by intensive weight gain and body development. It remains unclear in which 

stage of this physiological alliance the protein-reduced diet first interferes with the GH-IGF1 

axis including Ca and insulin concentrations. 
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9.2 Physiological portability 

In view of the practical relevance of the results of this PhD project and with special regard to 

dairy cows representing a huge proportion of livestock, the situation generated in young goats 

by a reduced protein feeding leading to a modulation of minerals, especially Ca homeostasis, 

might be comparable to the metabolic status of dairy cows around parturition. In the time 

around parturition and early lactation, cows reduce their feed and therefore protein intake 

which might be comparable to the situation for the young goats used in this PhD project. It 

was shown that a lack of calcitriol synthesis is an important factor for the development of milk 

fever during this time (Goff et al., 1989). Furthermore, the time around parturition and early 

lactation is often characterised by reduced concentrations of blood insulin and glucose (Butler 

et al., 2003) and might therefore be comparable to the metabolic status of the young goats 

used in this study. 

With respect to the comparability with other species, it can be concluded that using ruminants 

for such feeding experiments is useful for merely determining the effects of a protein-reduced 

diet on the homeostasis of the body. As ruminants digest the microbial protein that is 

synthesised in the forestomach system by the use of NPN and contains about 96 % of essential 

amino acids, it is possible to supplement them with urea to cover their protein demand. 

Therefore, it is feasible to feed ruminants with an isoenergetic diet containing less protein 

which would not be applicable for monogastric animals or humans. 

With special regard to human nutrition, investigating the impact of a protein-reduced diet on 

physiological body condition, development and health is a current issue as well. The situation 

of an inadequate protein intake might even be of great relevance, because in parts of the 

world people, especially children cannot be provided with an adequate amount of protein. 

Moreover, people who are living a vegan lifestyle might have problems to cover their protein 

demand with the consumption of only vegetable protein sources, satisfying their energy needs 

by eating enhanced levels of carbohydrates. Besides this, people suffering from renal diseases 

may need to stick to a protein-reduced diet for a long time or even throughout their life. 

Especially in the case of children this could affect the hormonal balance just like it was shown 

for young goats in this PhD project. 
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9.3 Evaluation of the PhD project and further examinations 

In the first part of the PhD project it was shown that a reduction in dietary N led to diminished 

TRPV5, CABPD28K and NCX1 expression levels that might contribute to a decrease in blood Ca 

concentration occurring during a low protein feeding. By contrast, expression levels of plasma 

Pi and NaPi IIa increased due to the N-reduced feeding. However, renal Ca and Pi reabsorption 

are mediated by transcellular and paracellular pathways, in this part of the project, only 

transcellular reabsorption was examined. To make a reliable statement in relation to whole 

renal mineral reabsorption, paracellular mineral uptake should be taken into account.  

A limitation of the study in relation to the calculation of energy and mineral intake was the 

group housing and feeding of the animals. Therefore, no individual feed intake could be 

calculated. Moreover, the goats receiving the N-reduced diet had a lower final body weight of 

11 % than those animals in the control group. Nonetheless, all diets had almost equal energy 

contents due to the recommendations of the GfE (2013) and plasma concentrations of the 

energy-dependent thyroidal hormone T3 were not altered due to the experimental diets. As 

daily weight gain did not differ significantly due to any dietary intervention, it was assumed, 

that the goats fed a low N diet grow slower and could finally gain the same weight and height 

as animal in the comparison groups in a longer time period. It would be of interest to raise the 

animals longer to determine whether the reduction in dietary N would lead to a limitation of 

growth and development.  

In the second part of this PhD project it was shown that a reduction in dietary protein led to a 

decrease in GHR mRNA and protein expression. Unfortunately, no commercial ELISA for 

detecting ALS expression levels in goats was available and we were not able to establish a 

Western blot for SOCS1 protein. Most manufacturers use anti-goat antibodies for producing 

their ELISA which cannot be used in cases of working with goat tissue. The protein expression 

of SOCS1 protein was expected to be insufficient for detection by Western Blot analysis. 

Another aspect missing regarding the examinations on components of the somatotropic axis 

is the detection of phosphorylation, meaning activated forms, of the JAK2 and STAT proteins. 

By contrast to the first experimental set-up, the animals used in this study were fed with 

pellets individually in relation to their weekly body weight which made it possible to calculate 
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energy and mineral intake for each goat. Chopped wheat straw as well as water were offered 

in group feeding, both being available ad libitum.  

The blood sampling for determining GH concentrations over 24 h was performed during 

constant light conditions as the time between sampling was too short to create phases in 

darkness and silence for the animals. As no circadian variations of GH secretion occurred, it 

was assumed that the constant light did not modulate GH release. However, it would be best 

to reconstruct the night and day rhythm of the animals while sampling. Moreover, 24 h blood 

sampling was performed on two different days with eight animals, respectively. This was, to 

allow the goats to take short breaks and keep the stress levels as low as possible, though all 

animals were handled daily and used to any interventions. 

As the animals used for this study were still growing, in a life period with enhanced 

requirements for Ca and Pi, it can be concluded that a reduction in dietary N to the extent 

performed in this study is not reasonable for feeding young goats. Due to the fact that both 

parts of the current PhD project were performed using young goats, no prediction can be 

made how the animals might develop later on in life. As the forestomach system and therefore 

the capacity of ruminal microorganisms to use NPN for microbial protein synthesis is not fully 

developed in the goats used in this study, it is conceivable that adult goats might be able to 

balance their mineral homeostasis without any impact from the applied feeding regime during 

growth. Nevertheless, it is expected that any restriction in dietary protein intake during early 

stages of life will not only modulate pathways strongly associated with N metabolism but 

moreover, growth, energy metabolism, hormonal status and reproduction. It would be of 

interest to investigate the effects of a protein-reduced diet applied during an early life period 

in animals which were already fully grown. Furthermore, the effects of a low protein feeding 

on female goats, especially during gestation and lactation should be investigated because 

female sexual hormones may influence mineral homeostasis and energy metabolism as well 

as skeletal composition. Moreover, energy, glucose and Ca requirements are enhanced in 

female ruminants around parturition and during lactation. 

With regard to the components and composition of the experimental diets, it would be 

interesting to examine the microbiome in the forestomach system. The composition of 

microbes might be affected by the diets. Hence, the amount and profile of the amino acids 
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available for the ruminants might be modulated which could probably influence certain parts 

of the body homeostasis. 

Another aspect that should be investigated is the reaction of the hypothalamus on diminished 

levels of blood IGF1 as GH release from the pituitary gland is controlled by GHRH and SRIF 

(Kato et al., 2002) and might be modulated in order to maintain IGF1 concentrations. As GH 

secretion was not modified in our study, it would be of interest to measure GHRH 

concentrations to determine any modulation during a protein-reduced feeding. It should 

further be investigated whether concentrations of free IGF1 change due to the protein-

reduced diet or remain unaltered, whereas total IGF1 levels decrease. As the expression levels 

of hepatic GHR were found to be modulated in response to reduced insulin concentrations, it 

would be plausible to examine potential insulin-responsive elements in the GHR promoter in 

young ruminants. It should further be examined how a reduction in dietary protein leads to 

reduced concentrations of insulin. As already discussed in the second part of the project, 

insulin levels might be diminished due to low levels of blood Ca or in response to an 

interference of the protein-reduced diet with the energy metabolism in hepatic cells. 
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