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Summary 

 

Although P is indispensable for cellular functions, animal growth and body development, excessive 

intake of inorganic P as a dietary supplement for animals disrupt the natural P cycle and cause serious 

environmental pollution by excessive excretion of the consumed P into the environment. The 

commercial swine production is considered a major source of P pollution to the environment. Body’s 

P homeostasis is achieved through close coordination between many organs and tissues including the 

intestine, kidney, bone and PTG through several hormones and regulatory factors such as PTH, vitamin 

D, and FGF23. There is also evidence that the utilization of P in livestock animals is influenced by 

genetics. Considering these animal-intrinsic factors, the study of the underlying physiological 

mechanism of P homeostasis of pigs could help to re-evaluate strategies for improved P utilization in 

livestock production and reduce the environmental impact. In this context, aim of this dissertation is 

to investigate the effects of different dietary P intake on the endogenous mechanism of P homeostasis 

in a wide range of organs and tissues of pigs.  

 

The sodium-dependent phosphate co-transporters are considered the major P transporters in 

mammals. To elucidate the particular contributions of sodium-dependent phosphate co-transporters 

to P homeostasis, the regulatory role of the currently annotated nine sodium-dependent phosphate 

co-transporters is investigated in pigs with divergent dietary P supplies. Two major P transporters, 

SLC34A1 and SLC34A3, showed higher gene expression in the low P diet group than in the high P diet 

group in kidney and intestine. This result suggests that the gene expression of transcellular P 

transporters is tissue-specific and that dietary interventions changes the gene expression levels of P 

transporters in relevant tissues to maintain P homeostasis in the animal. Our data also indicate the 

effects of age differences on the transcriptional activity of sodium-dependent P co-transporters. Data 

from the literature search suggest that the intestine, with its high sensitivity to P concentrations in the 

intestinal lumen, is likely at the center of regulating P homeostasis and attempts to maintain P levels 

in the body in balance by releasing specific signaling molecules into the circulation when there is 

nutritional deficiency.  

Analysis of the blood parameters and transcriptional responses in the kidney of sows showed that 

different dietary P intake effect on the renal expression of CYP27B1 gene and serum calcitriol levels. 

However, serum parameters showed maintained P homeostasis, as evidenced by the unchanged 

inorganic P and calcium levels in the low and high P groups. These results suggest that the variable P-

containing diet may influence vitamin D metabolism in animals to maintain bone and mineral 

homeostasis by regulating CYP27B1 gene expression in the kidney and altering other regulators like 

calcitriol, PTH and FGF23 levels.  

Finally, the effects of varying dietary P intake on gut microbiota composition and its influence on P 

bioavailability were also investigated. Analysis of the microbial composition and profile of 

inositolphophates in the large intestine of pigs identified several microbial families that affect P 

availability in the large intestine through their phytase activity. Our results show that low P diets for 

pigs trigger microbial mediated compensation through phytate cleavage and P release, thereby 

increasing the availability of P to the host and gut microbiota. These results suggest that targeting the 

intestinal microbiota through feeding interventions offers opportunities to optimize intestinal phytate 

and P utilization.  
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Zusammenfassung 

 

Obwohl P für die Zellfunktionen, das Wachstum der Tiere und die Entwicklung des Körpers 

unentbehrlich ist, wird durch die übermäßige Zufuhr von anorganischem P als 

Nahrungsergänzungsmittel für Tiere der natürliche P-Kreislauf gestört und die Umwelt durch 

übermäßige Ausscheidung des aufgenommenen P in die Umwelt stark belastet. Die kommerzielle 

Schweinehaltung gilt als eine der Hauptquellen für die P-Belastung der Umwelt. Die P-Homöostase des 

Körpers wird durch eine enge Koordinierung zwischen vielen Organen und Geweben, einschließlich 

Darm, Niere, Knochen und PTG, über verschiedene Hormone und Regulierungsfaktoren wie PTH, 

Vitamin D und FGF23 erreicht. Es gibt auch Hinweise darauf, dass die Verwertung von P bei Nutztieren 

durch die Genetik beeinflusst wird. In Anbetracht dieser tierimmanenten Faktoren könnte die 

Untersuchung der zugrundeliegenden physiologischen Mechanismen der P-Homöostase von 

Schweinen dazu beitragen, Strategien für eine verbesserte P-Verwertung in der Tierhaltung neu zu 

bewerten und die Auswirkungen auf die Umwelt zu verringern. In diesem Zusammenhang sollen in 

dieser Dissertation die Auswirkungen einer unterschiedlichen P-Aufnahme über die Nahrung auf den 

endogenen Mechanismus der P-Homöostase in einer Vielzahl von Organen und Geweben von 

Schweinen untersucht werden.  

 

Die Natrium-abhängigen Phosphat-Co-Transporter gelten als die wichtigsten P-Transporter in 

Säugetieren. Um die besonderen Beiträge der Natrium-abhängigen Phosphat-Co-Transporter zur P-

Homöostase zu klären, wird die regulatorische Rolle der derzeit neun annotierten Natrium-abhängigen 

Phosphat-Co-Transporter bei Schweinen mit unterschiedlicher P-Versorgung durch die Nahrung 

untersucht. Zwei wichtige P-Transporter, SLC34A1 und SLC34A3, zeigten in der Gruppe mit niedrigem 

P-Gehalt im Futter eine höhere Genexpression als in der Gruppe mit hohem P-Gehalt in einigen Nieren- 

und Darmgeweben. Die Ergebnisse zeigen, dass die Expression von Genen, die für transzelluläre P-

Transporter kodieren, gewebespezifisch ist und dass die Ernährungsweise die Expression einiger P-

Transporter in den relevanten Geweben verändert, um die P-Homöostase im Tier aufrechtzuerhalten. 

Unsere Daten zeigen auch die Auswirkungen von Altersunterschieden auf die Transkriptionsaktivität 

von natriumabhängigen P-Co-Transportern. Die Daten aus der Literaturrecherche deuten darauf hin, 

dass der Darm mit seiner hohen Empfindlichkeit gegenüber P-Konzentrationen im Darmlumen 

wahrscheinlich im Zentrum der Regulierung der P-Homöostase steht und versucht, den P-Spiegel im 

Körper im Gleichgewicht zu halten, indem er bei einem Nährstoffmangel spezifische Signalmoleküle in 

den Blutkreislauf freisetzt.  

 

Die Analyse der Blutparameter und der Transkriptionsreaktionen in der Niere von Sauen zeigte, dass 

sich die unterschiedliche P-Aufnahme über die Nahrung auf die renale Expression des CYP27B1-Gens 

und den Calcitriol-Spiegel im Serum auswirkt. Die Serumparameter zeigten jedoch eine 

gleichbleibende P-Homöostase, wie die unveränderten anorganischen P- und Kalziumwerte in den 

Gruppen mit niedrigem und hohem P-Gehalt belegen. Diese Ergebnisse deuten darauf hin, dass die 

variable P-haltige Ernährung den Vitamin-D-Stoffwechsel bei Tieren beeinflussen kann, um die 

Knochen- und Mineralstoffhomöostase aufrechtzuerhalten, indem sie die CYP27B1-Genexpression in 

der Niere reguliert und andere Regulatoren wie Calcitriol-, PTH- und FGF23-Spiegel verändert.  

 

Schließlich wurden auch die Auswirkungen einer unterschiedlichen P-Aufnahme über die Nahrung auf 

die Zusammensetzung der Darmmikrobiota und deren Einfluss auf die Bioverfügbarkeit von P 

untersucht. Bei der Analyse der mikrobiellen Zusammensetzung und des Profils der Inositolphophaten 
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im Dickdarm von Schweinen wurden mehrere Mikrobenfamilien identifiziert, die die P-Verfügbarkeit 

im Dickdarm durch ihre Phytaseaktivität beeinflussen. Unsere Ergebnisse zeigen, dass die Ernährung 

von Schweinen mit niedrigem P-Gehalt eine mikrobiell vermittelte Kompensation durch 

Phytatspaltung und P-Freisetzung auslöst, wodurch die Verfügbarkeit von P für den Wirt und die 

Darmmikrobiota erhöht wird. Diese Ergebnisse deuten darauf hin, dass die gezielte Beeinflussung der 

Darmmikrobiota durch Fütterungsmaßnahmen Möglichkeiten zur Optimierung der Phytat- und P-

Verwertung im Darm bietet.  
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1. General introduction 

 

Along with many other necessary elements, P is essential for the existence of life as it constitutes about 

1% of the body mass. The majority of P (∼85%) in the body is existed in hard tissues (bone, teeth) and 

the rest is in soft tissues (cell membrane phospholipids, carbohydrates) and extracellular fluid (Goretti 

Penido and Alon 2012, Villa-Bellosta and Egido 2017). Although primarily used for skeletal growth, P 

plays an important role in metabolism in various parts of the body and is essential for all stages of 

growth and development. In mammalian organisms, P participate in many biological and cellular 

processes. In the cells, P is an important constituent of the cell membranes, high-energy phosphate 

esters (ATP), DNA (25% by mass), RNA, and intracellular signaling proteins (Pavlov, Aschar-Sobbi et al. 

2010, Maffeo, Yoo et al. 2014). As a part of a small molecule, phosphorylated biomolecules also play 

important role in multiple enzymatic reactions within the cells, e.g., glycolysis and ammonia genesis. 

In the blood, inorganic P also plays an important role in blood oxygen-transport by regulating the 

formation of 2,3-bisphosphoglycerate (2,3-BPG), a modulator of hemoglobin oxygen affinity 

(MacDonald 1977). In addition, P plays an important role in energy transduction mechanism by being 

an important part of the ATP/ADP processes, in which the ATP molecule splits off one of its three 

phosphates, becoming ADP + P, and releases the energy holding that phosphate molecule. Moreover, 

extracellular P is also involved in regulating gene expression by triggering signal transduction (Kimata, 

Michigami et al. 2010, Yamazaki, Ozono et al. 2010). In addition to these roles, in the internal fluids of 

all cells, P is part of a major buffer system, which consists of hydrogen/dihydrogen phosphate ions.  

As described above, although P is necessary for every living organism, its resources on earth are limited. 

In livestock production, especially in commercial swine production, more than the required P content 

is often supplied to ensure maximum growth and bone development of the animals. However, if used 

inefficiently, the excess P consumed by the animals can not only have a negative impact on normal 

growth processes, but can also be excreted in manure and cause severe environmental pollution 

(Fernandez, Poulsen et al. 1999, Poulsen, Jongbloed et al. 1999). In addition, normal P requirements 

are related to the age and growth stage of the animals. P utilization and homeostasis in monogastric 

animals is regulated via a feedback loop from many organs and tissues such as the intestinal tract, 

kidney, bone, and parathyroid gland (PTG) by various hormones and factors such as parathyroid 

hormone (PTH), calcitriol (1,25(OH)2-vitamin D3), and fibroblast growth factor-23 (FGF23) and is 

influenced by genetics (Berndt and Kumar 2009). Thus, a deeper understanding of the endogenous 

mechanisms of P homeostasis in pigs could help to find better nutritional strategies for adequate P 

supply and thus improve the efficiency of P utilization in pig farming and reduce the environmental 

impact. 

 

1.1. The physiology and metabolism of P in monogastric animals 

 

1.1.1 Physiologic factors and endocrine control of P homeostasis 

 

It has been demonstrated that the body’s P balance is strongly regulated by some hormonal factors 

such as PTH, FGF23 and calcitriol (Bergwitz and Juppner 2010). Calcitriol plays a key role in maintaining 

Ca and P homeostasis in the body by controlling intestinal absorption, renal excretion, and bone 
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remodeling (DeLuca 1980, Bacchetta, Sea et al. 2013). Calcitriol needs to bind the vitamin D receptor 

(VDR)/retinoid X receptor (RXR) heterodimer, which binds to specific binding sites in the genome called 

vitamin D response elements (VDREs) to regulate renal and intestinal handling of P (Bikle 2014). Their 

regulatory function is also influenced by the amount of dietary P intake (Just, Oster et al. 2018). Indeed, 

the level of dietary P intake has been shown to influence gene expression of transcellular P 

transporters (Wubuli, Reyer et al. 2019). In addition, numerous other genes were found to be involved 

in the regulation of P homeostasis with immunomodulatory effects in the kidney and intestine of 

growing pigs (Just, Oster et al. 2018). It is controversial whether dietary P directly regulates P 

homeostasis or is indirectly controlled by downstream signaling cascades of the Ca-sensing receptor 

(CaSR) (Ba, Brown et al. 2003, Oster, Just et al. 2016). However, a recent study has found that dietary 

P acts directly on the Ca-sensing receptor in the PTG to stimulate PTH secretion (Centeno, Herberger 

et al. 2019). In addition, FGF23 regulates P homeostasis via complex feedback mechanisms by closely 

interacting with other regulatory factors including the circulating Ca and P concentration, PTH and 

calcitriol. Increased serum P concentration stimulates the secretion of FGF23 in osteoblasts and 

osteocytes, which affects directly or indirectly on the kidney to suppress synthesis of calcitriol by 

downregulating the expression of 1α-hydroxylase (CYP27B1) and to downregulate the expression of 

SLC34A1 and SLC34A3 sodium-dependent P co-transporters (Chande and Bergwitz 2018). Inhibition of 

calcitriol and sodium-dependent P transporters reduces intestinal absorption and renal reabsorption 

of inorganic P and mobilization of P from bone mineral. Furthermore, there are conflicted findings 

regarding the effect of FGF23 on the PTG. It was initially proposed that the FGF23 would also acts on 

the PTG to inhibit secretion of PTH through the activation of Klotho–FGFR1 receptor complexes (Ben-

Dov, Galitzer et al. 2007). However, recent genetic studies suggested that FGF23 induces secretion of 

PTH (Kawakami, Takeshita et al. 2017).  

 

1.1.2 Organs involved in maintaining P homeostasis 

 

Body’s P homeostasis is modulated mainly by several organs and tissues, absorption in the small 

intestine (especially the jejunum), retention/excretion in the kidney, and P reserving in the bone 

(Figure 2) (Prasad and Bhadauria 2013). Relevant studies have shown that a variety of tissues, including 

the gastrointestinal tract (stomach, duodenum, jejunum, ileum, caecum and colon), kidney, liver, bone, 

muscle, lung and vascular tissue are also important for the physiological homeostasis of body P (Wubuli, 

Reyer et al. 2019). 

 

1.1.2.1 Contribution of the gastrointestinal tract (jejunum) 

 

The gastrointestinal tract plays an important role in maintenance of P homeostasis by coordinating 

with other main organs and tissues including the kidney and bone. Normally, the vast majority of 

inorganic P in the diet will be absorbed through the entire length of the intestine. In the intestinal tract, 

P absorption occurs mainly through passive para-cellular diffusion and active transcellular transport 

(Figure 1). The P-specific passive para-cellular transport occurs through specific tight junction proteins 

of neighboring cells. Claudins (CLDN) and occludins (OCLN) are two types of important tight-junction-

specific integral membrane proteins. Previous studies suggest that, the passive para-cellular transport 

might predominate in the intestinal P transport under normal dietary conditions (Walton and Gray 

1979, Danisi and Straub 1980). Growing evidences suggested that environmental clues, i.e. the dietary 
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mineral supply, is further directed through active transcellular transport mechanisms, which is mainly 

mediated by the sodium-dependent phosphate co-transporters (Eto, Tomita et al. 2006). According to 

studies, the small intestine, in particular the jejunum and duodenum has a significantly higher P 

absorption capability compared to large intestine (e.g., colon) (Walling 1977, Fang, Xiang et al. 2012). 

However, studies also have revealed important differences in the role of each segment of small 

intestine in the handling of P between rodent species, as the ileum predominates in mice, whereas 

maximal P absorption occurs in the duodenum of the rat (Marks, Srai et al. 2006). The sodium-

dependent P co-transporters are located on the apical luminal sides of small intestinal epithelial cells. 

Several members of the Type II and Type III sodium-dependent P co-transporters families were 

identified in the small intestine of various mammalian species. Among others, the SLC34A2 is 

considered as the most important P transporter in the intestinal tract in human. Similarly in mice, a 

knockout study demonstrated that SLC34A2, a member of the type III sodium/phosphate co-

transporter family, is the major player in intestinal P absorption (Sabbagh, O'Brien et al. 2009). 

However, the SLC34A3, another one member of the type II sodium-dependent P transporters family, 

is predominated in the small intestine of pigs (Wubuli, Reyer et al. 2019). Furthermore, the type III 

sodium-dependent P co-transporters (SLC20A1 and SLC20A2) are also expressed in the small intestine 

of rat and pigs with a high absorptive capacity for P (Giral, Caldas et al. 2009, Candeal, Caldas et al. 

2014, Wubuli, Reyer et al. 2019). On the other hand, pigs and humans share similarities in anatomy, 

pathophysiology, nutrient requirements, and functional genomics, which highlights the pig as an 

animal model in biomedical research (Lunney 2007, Guilloteau, Zabielski et al. 2010). However, subtle 

changes in e.g. gene activity need to be considered in order to explore the molecular responses in P 

homeostasis and its consequences for health and well-being and non-rodent animal models. The 

regulatory role of type II and type III sodium-dependent P co-transporters in maintaining P homeostasis 

has also been shown to be mediated by the major phosphaturic hormone FGF23 and its co-receptor 

αKlotho (Bon, Frangi et al. 2018, Hu, Shi et al. 2019). Recent studies have also pointed to the possible 

regulatory role of vitamin D in the adaptation of intestinal active transcellular P transport to varying 

concentrations of dietary P. Thus, a number of studies have investigated the distinct regulatory 

mechanisms of SLC34A2 expression and Intestinal absorption of P, which are believed to be regulated 

by several other factors including dietary P and calcitriol. It has been described previously that the 

action of calcitriol on P regulation is rely on a transcription factor, vitamin D receptor (VDR) (see section 

1.1.1). However, several studies also reported that, low P diets stimulated SLC34A2 protein and the P 

transport activity without significant changes in mRNA expression (Hattenhauer, Traebert et al. 1999, 

Katai, Miyamoto et al. 1999). Moreover, other studies in VDR knockout and wild-type mice have shown 

that a low-p diet significantly increases protein expression of SLC34A2 in the intestinal BBM of VDR 

knockout mice, whereas calcitriol has no effect on sodium-dependent p-transport activity or protein 

expression of SLC34A2 (Segawa, Kaneko et al. 2004). These results suggest that the adaptation of 

intestinal P transport mediated by sodium phosphate P cotransporters to different levels of dietary P 

is independent of calcitriol and regulated by post-transcriptional mechanism (Capuano, Radanovic et 

al. 2005). 
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Figure 1. Intestinal P transportation. In the intestinal tract, inorganic P is transported by passive 

paracellular and active transcellular transport. Paracellular transport occurs through specific tight 

junction proteins of neighboring cells such as claudins and occludins. Under normal nutritional 

conditions, the majority of dietary P is likely to be transported via the passive paracellular pathway. 

Active transcellular transport is mediated mainly by sodium-dependent P co-transporters such as 

SLC34A2, which are localized at the intestinal brush border membrane. Expression of sodium-

dependent P co-transporters is induced by calcitriol under lower dietary P conditions. Adapted from 

"Vitamin D endocrine system and the intestine" by Christakos S, 2014, Bonekey Rep, 3, p. 496. 

 

1.1.2.2 Contribution of the kidney 

 

Together with other main organs and tissues, the kidney also has a pivotal role in maintaining P 

homeostasis. The kidney contributes to maintaining normal serum P levels by reabsorbing or excreting 

excess P. Normally, P is filtrated daily at the glomerulus, then the vast majority of P (∼80%) will be 

reabsorbed by the renal proximal tubule and a small amount of P reabsorbed in the distal tubule (Amiel, 

Kuntziger et al. 1970, Tenenhouse, Gauthier et al. 1998). The excess P is excreted into the urine. 

Reabsorption of the filtered P at the renal proximal tubules is achieved by the kidney specific members 

(SLC34A1 and SLC34A3) of the type II sodium-dependent P co-transporters family (Figure 2). The 

SLC34A1 and SLC34A3 are expressed at the proximal tubules of kidney and are considered the main 

contributor of reabsorption of P in the kidney (Beck, Karaplis et al. 1998, Madjdpour, Bacic et al. 2004).  
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Figure 2. Endocrine regulation of P homeostasis. Blood P induces secretion of FGF23 in osteoblasts 

and osteocytes in bone (red arrow), which affects directly or indirectly on the kidney to suppress 

synthesis of calcitriol and to downregulate the expression of SLC34A1 and SLC34A3 P co-transporters 

(blue arrows). Inhibition of calcitriol synthesis will decreases P absorption in the intestinal tract (green 

arrow) and mobilization of P from bone minerals. FGF23 suppresses PTH in rodents (blue arrow). FGF23 

also suppresses P co-transporters expression and calcitriol synthesis in the kidney (blue arrows). 

Downregulation of SLC34A1 and SLC34A3 expression in the proximal tubules of kidney decreases renal 

P reabsorption (black arrow) and induce urinary P excretion, thereby lower blood levels of P. Similar 

to FGF23, PTH also downregulates SLC34A1 and SLC34A3 in the kidney (yellow arrow) and reduces 

renal P reabsorption. However, different from FGF23, PTH stimulates the synthesis of calcitriol in the 

kidney (yellow arrow) and thereby increases intestinal P absorption (green arrow) and the release of 

P by bone resorption, which increase blood P (black arrows). However, the net effect of PTH is to 

decrease blood P concentration. About PTG: there is only one pair of PTGs in pigs which are embedded 

in the cranial part of the thymus near the carotid bifurcation and not close to the thyroid gland. Figure 

was created with BioRender.com. 

 

A knockout mice study has demonstrated that SLC34A1 is responsible for approximately 70% of renal 

P reabsorption (Beck, Karaplis et al. 1998). Similar studies have also suggested the important role of 
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SLC34A3 in renal P reabsorption in mice as it may account for ∼30% of P absorption in the kidney 

(Ohkido, Segawa et al. 2003, Tenenhouse, Martel et al. 2003). Interestingly, it has been found that the 

SLC34A3 is highly expressed in the kidney of rodents during weaning (Segawa, Kaneko et al. 2002). In 

addition, genetic studies in humans have also identified a key role of SLC34A3 in the regulation of P 

homeostasis in human (Bergwitz, Roslin et al. 2006, Jaureguiberry, Carpenter et al. 2008). However, 

the expression levels and P handling function of these two renal P transporters are regulated by other 

regulatory factors such as FGF-23, PTH and dietary P. PTH and FGF23 decrease renal P reabsorption by 

downregulating the SLC34A1 and SLC34A3 expression in the proximal tubules of kidney and induce 

urinary P excretion (Bacic, LeHir et al. 2006, Gattineni, Bates et al. 2009). The amount of dietary P has 

also changed the gene expression level of the SLC34A1 and SLC34A3 in pigs (Pokharel, Regassa et al. 

2017). In addition, kidney is the place where the calcitriol is synthesized by the help of CYP27B1 (Bikle 

2014). In the kidney, CYP27B1 is inhibited by FGF23 and high level of Ca and P. The FGF23 suppresses 

the synthesis of calcitriol in the proximal tubules of kidney by repressing the expression of CYP27B1 

(Perwad and Portale 2011). In contrast, the PTH induces CYP27B1 and stimulates the synthesis of 

calcitriol in the kidney, which increases intestinal P absorption and the release of P by bone resorption 

(Chande and Bergwitz 2018).  

 

1.1.2.3 Contribution of the skeletal system 

 

The skeletal system plays an important role in P homeostasis, as the vast majority of the P in the body 

(∼85%) are stored in the mineral deposits of bone and teeth (Herman and Dallemagne 1961). Together 

with Ca, P plays an important role in the mineralization of bone, as the majority of bone mass is 

composed mainly of a calcium phosphate-based mineral named hydroxyapatite (Hughes, Robinson et 

al. 2019). The bone matrix vesicles acquire P either by hydrolysis of phosphoric esters to inorganic P 

by alkaline phosphatase (ALP) or by uptake of extracellular P via Type II sodium-phosphate 

cotransporters to form hydroxyapatite crystals, which mineralize the extracellular matrix of the bone. 

As such, the skeletal system greatly contribute to the maintenance of P homeostasis by keeping 

balances between bone formation and resorption. Type I collagen, encoded by COL1A1 and COL1A2 in 

osteoblasts, is the major component of the organic bone matrix and therefore plays a key role in bone 

stability. Therefore, any defect in these two genes or other genes involved that regulate the post-

translational modification, secretion and processing of type I collagen inhibits the production of type I 

collagen in osteoblasts and disrupts the normal osteogenesis process (Tauer, Robinson et al. 2019). 

However, a recent study has shown that only trabecular bone in pigs is sensitive to low dietary P levels 

(Gerlinger, Oster et al. 2020). 

Bone plays as an important endocrine regulator of the body’s P homeostasis via endocrine and 

metabolic regulation mechanisms through the secretion of FGF23 (Figure 2). FGF23 is an important 

phosphaturic hormone secreted primarily by osteoblasts and osteocytes in bone. FGF23 favors the 

reduction of P reabsorption in the kidney by downstream signaling events (Erben 2016, Kawai, 

Kinoshita et al. 2016). Specifically, FGF23 need to bind the receptor FGFR1 by the help of the co- 

receptor αKlotho to regulate P reuptake in the kidney through activation of the ERK1- ERK2 signaling 

pathway (Andrukhova, Zeitz et al. 2012). As such, FGF23 coordinates bone mineral metabolism with 

renal P handling by forming the FGF23/FGFR1/αKlotho complex in vertebrates.  

Osteoblasts and osteoclasts are the two important contributing cell types in bone responsible for bone 

formation and resorption processes, respectively, in a very complex system involving the function of 

hormones (e.g. e.g., PTH, calcitriol), P-transporters (e.g., SLC20A1, SLC20A2), ERK1-ERK2 signaling, 
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RANK (receptor activator of NF-κB)-RANKL (RANK ligand) signaling, and osteoprotegerin (OPG) are 

involved via feedback mechanisms (Chande and Bergwitz 2018). These processes are also closely linked 

to other aspects of the complex regulatory network of Ca and P homeostasis. The RANKL/RANK/OPG 

system has been shown to play an important role in bone modeling and remodeling by acting on 

osteoclasts and regulating their formation and function (Boyce and Xing 2008). The formation and 

proper function of osteoclasts appears to require RANK-RANKL signaling. Mice in which either the 

RANK or RANKL gene was knocked out appear to have impaired osteoclast formation (Li, Sarosi et al. 

2000). In osteoclasts, high P concentration inhibits RANK-RANKL signaling and NF-κB expression, which 

then blocks osteoclast formation, survival, and bone resorption (Kanatan, Sugimoto et al. 2003, Mozar, 

Haren et al. 2008). On the other hand, osteoprotegerin (OPG), an inhibitory receptor, blocks RANK-

RANKL signaling by binding to RANKL and preventing it’s binding to RANK, thereby protecting bone 

from excessive resorption (Boyce and Xing 2008). 

 

1.1.2.4 Contribution of the PTG 

 

PTGs is an important contributor of mineral homeostasis and bone mineralization in both human and 

animals. In pigs, there is only two small sized PTGs which are embedded in the cranial part of the 

thymus near the carotid bifurcation and not close to the thyroid gland (Oster, Keiler et al. 2018). The 

main role of the PTG is to produce and release PTH that regulate blood calcium levels, which is closely 

related to P homeostasis (Figure 2). There are two major cell types in the PTG, small sized chief cells 

and larger oxyphil cells. The chief cells are the dominant functional cell type in PTG with their function 

to synthesize and release PTH (Cozzolino, Monciino et al. 2020). The level of PTH secretion in the PTG 

is also influenced by many other hormonal and non-hormonal factors including vitamin D (e.g., 

calcitriol), FGF23, and dietary P levels (Centeno, Herberger et al. 2019). As such, PTH also plays a pivotal 

role in P homeostasis by tightly regulating the excretion of P from kidney, and reabsorption of P from 

the intestine and bones (Underland, Markowitz et al. 2020). It has been demonstrated that secretion 

of PTH in the PTG is highly sensitive to the amount of dietary P. A higher level of dietary P immediately 

increased PTH secretion (Martin, Ritter et al. 2005), whereas PTH lowers serum P concentration by 

inducing P excretion (see section 1.1.2.2). Regarding the underlying molecular mechanisms of the 

direct effect of dietary P on PTH secretion, further studies have shown that stimulation of PTH 

secretion by higher P levels was accompanied by increased PTH gene expression through a post-

transcriptional mechanism via parathyroid protein-PTH mRNA interactions that regulate PTH mRNA 

stability (Canalejo, Rodríguez et al. 2020). In addition, PTH secretion in the PTG in response to changes 

in Ca and P is also directly involved with some specific miRNAs (Canalejo, Rodríguez et al. 2020). 

Furthermore, studies have shown that calcitriol reduces PTH secretion by acting directly on VDRE in 

PTH promotor region and indirectly via serum calcium and the calcium-sensing receptor (CaSR) (Silver, 

Russell et al. 1985, Canaff and Hendy 2002). However, PTH stimulates calcitriol synthesis in the kidney 

(see section 1.1.2.2). Moreover, regulation of P homeostasis by the PTH also relies on other receptors 

and factors such as FGFR1, PTH1R and SPP1 (Maeda, Okazaki et al. 2013, Gattineni, Alphonse et al. 

2014, Yuan, Jiang et al. 2014, Fan, Bi et al. 2016). Taken together, the overall net effect of PTH is to 

decrease serum P levels. 
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1.1.2.5 Contribution of the liver 

 

Together with the kidney, the liver also contributes significantly to the maintenance of the body's P 

homeostasis, as it plays an important role in vitamin D metabolism. Specifically, liver expresses the 

vitamin D binding protein (GC; also named DBP), where vitamin D metabolites bind to be transported 

within the body. The liver is the primary site of production of 25-hydroxyvitamin D (25OHD, also known 

as calcidiol), the major circulating form of vitamin D. The natural form of vitamin D is transported to 

the liver by DBP and converted to 25-hydroxyvitamin D by a series of 25-hydroxylases such as CYP2R1 

and CYP27A1. 25-hydroxylation can occur in both the mitochondrial and microsomal fractions of the 

liver. CYP2R1 is the major 25-hydroxylase located mainly in the endoplasmic reticulum of the liver and 

25-hydroxylates vitamin D, whereas CYP27A1 is the mitochondrial 25-hydroxylase (Zhu, Ochalek et al. 

2013). Knockout studies suggested that these two 25-hydroxylases compensate for each other, and 

there are also other enzymes with 25-hydroxylase activity (e.g., CYP3A4, CYP2C11) that may contribute 

to the necessary levels that reflect metabolic demands of 25-hydroxyvitamin D (Bikle 2014). 25-

hydroxyvitamin D (biologically inactive form of vitamin D) is then transported to the kidney by DBP and 

metabolized (1a-hydroxylation) to 1, 25(OH)2D (Calcitriol), the active form of vitamin D, via the 

responsible enzyme encoded by CYP27B1 (see section 1.1.2.2). Calcitriol need to bind a transcription 

factor, the vitamin D receptor (VDR), to mediate renal P homeostasis (see section 1.1.1). As such, 

vitamin D may directly and indirectly regulate P homeostasis and contribute to relevant developmental 

processes including bone development and remodeling. In fact, numerous studies have shown the 

importance of healthy liver function in maintaining P homeostasis. Evidences from studies of P 

homeostasis in hepatectomy rat model suggest that, injuries in liver could effect on the levels of renal 

and intestinal sodium-dependent P transporters and the PTH, and causes hypophosphatemia due to 

abnormal urinary nicotinamide (NAM) metabolism that not associated with known hormonal factors 

such as FGF23 and PTH (Nomura, Tatsumi et al. 2014). This evidence indicate that liver also play a 

significant role in P homeostasis through the NAM metabolism pathway of the liver-kidney axis. In 

addition, high-P diets were also shown to affect lipid metabolism in rat liver through utilization of free 

fatty acids (Chun, Bamba et al. 2016).  

 

1.1.2.6 Contribution of the other organs/tissues  

 

In addition to the main organs and tissues described in above, some other organs and tissues are might 

also involve in P homeostasis. It has been shown that the important phosphate-regulatory hormone, 

FGF23, is also expressed in many other tissues including brain, thymus, lung, lymph node, spleen, 

stomach, and testis (Bergwitz, Roslin et al. 2006, Liu, Zhou et al. 2006, Ramon, Kleynen et al. 2010). In 

addition, we have also found that the sodium-dependent P transporter genes were also present in 

other tissues such as lung, muscle, vascular tissue and stomach (Wubuli, Reyer et al. 2019). Moreover, 

it has been suggested that abnormal phosphate homeostasis is associated with cardiovascular disease 

(Holden, Hétu et al. 2019). 

 

1.1.2.7 Contribution of the microbiota 

 

The majority of P in the fodder plant is present in the form of phytate-bound P, although the 

percentage of phytate-bound P in total P is varies greatly among species of plants (Eeckhout and De 
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Paepe 1994). Phytate or phytic acid (myo-inositol hexaphosphate, C6H18P6O24) is a complex form of six 

P groups and inositol found in many plant tissues (Figure 3). Although plants have some intrinsic 

phytase, it is less active in the intestine than microbial phytase because phytases of plant origin are 

more susceptible to the internal body environment (e.g., PH, peptic digestion) (Phillippy 1999, 

Schlemmer, Jany et al. 2001, Zimmermann, Lantzsch et al. 2002). In addition, phytate has very low 

digestibility (20∼30%) and utilization in the monogastric animals because they have very low activity 

of the endogenous intestinal phosphatases in the stomach and intestinal tract for phytate hydrolysis 

and release inorganic P Into the gut lumen which could be subsequently transferred by paracellular 

and transcellular transport mechanisms (Eeckhout and Depaepe 1994, Pallauf and Rimbach 1997, 

Herrmann, Ruff et al. 2019). Although phytases can be produced by the microbiota in the digestive 

tract, phytase activity in pigs is very limited due to the lack of significant endogenous and intestinal 

microbial phytases (Schlemmer, Jany et al. 2001). As a result, more than half (50∼80%) of the plant-

resourced P intake in pigs is excreted as waste when they are fed diets without added phytase because 

they cannot digest phytate (Kornegay, Harper et al. 1997, Schlemmer, Jany et al. 2001). Therefore, 

improving the bioavailability and digestibility of P from plant origin is important to improve P efficiency 

in livestock production. In practice, exogenous bacterial phytases has traditionally been used as a 

dietary supplements in industrial livestock production to increase bioavailability of plant sourced P and 

reduce the environmental impact of excreted P. Commercial bacterial phytases showed higher efficacy 

with a high release rate of phytate-bound P in pigs (Augspurger, Webel et al. 2003, Adeola, Olukosi et 

al. 2006). Studies have also suggested that, the addition of exogenous microbial phytase 

supplementation to the diet of monogastric animals improves the digestibility of P and Ca from phytate 

and enhances the intestinal absorption of minerals, greatly reduces the need for supplemental 

inorganic P and the excretion of P into the environment (Selle and Ravindran 2007, Selle, Cowieson et 

al. 2009, Almeida, Sulabo et al. 2013). A study showed that the addition of E. faecium to the diet 

increased P utilization and bone mineralization in broilers by improving intestinal P absorption, 

increasing alkaline phosphatase concentration, and altering intestinal microbial composition 

(increased abundance of Alistipes, Eubacterium, Rikenella and Ruminococcaceae) (Wang, Cai et al. 

2020). In monogastric animals, however, the microbial community in the intestinal tract, e.g., 

Bifidobacteria, Lactobacillus, Pediococcus, and Pseudomonas spp. contribute to nutrient digestibility 

and phytate degradation (release of P from inositol phosphates) by producing phytase to increase the 

bioavailability of P from plant sources (Haros, Bielecka et al. 2005, Hosseinkhani, Emtiazi et al. 2009, 

Raghavendra and Halami 2009, Asghar, Arif et al. 2016). This evidence implies the broad potential 

ability of the intestinal microbiota to degrade phytate and provide P in the gastrointestinal tract of 

monogastric animal species. 
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Figure 3. Schematic representation of phytate hydrolysis reaction. Phytase cleaves the scissile 

phosphoester bonds of phytate molecules to release P groups, myo‐inositol, and metal ions. Adapted 

from "Cereal phytases and their importance in improvement of micronutrients bioavailability" by 

Vashishth A, 2017, 3 Biotech, 7, p. 42. 

 

 

1.2. Phosphorus efficiency in the animal husbandry and environment 

 

1.2.1. Biological importance of improving physiological P efficiency in livestock 

 

As we know it, P has the same fundamental importance for the life as water, carbon and oxygen. If use 

inefficiently, the certain amount of P consumed by farm animals will be wasted by excreted via manure 

and causes serious environmental burden. Studies suggested that, the normal P demand tend to 

decrease with age and it is higher in young individuals than adults because the young individuals need 

more P for their growth and development. Therefore, an adequate supply of nutritional P is necessary 

to ensure maximum growth and healthy skeletal development in farm animals. In practice, however, 

it often goes beyond the age-specific requirements in intensive livestock production. An excessive 

supply of inorganic P might not only has negative effects to the normal growth processes, but also 

breaks the natural P cycle through excessive excretion of the consumed P to the environment 

(Fernandez, Poulsen et al. 1999, Poulsen, Jongbloed et al. 1999). Rapid growth and intensification of 

the livestock industry, especially the commercial pig productions, is considered as important sources 

of environmental P loads (Oster, Reyer et al. 2018). Thus, study the physiological mechanism of P 

homeostasis of pigs might help to improve efficiency of P utilization in pig husbandry and reduce its 

environmental impact. Body’s P homeostasis is achieved through close coordination between many 

organs and tissues including the intestinal tract, kidney, bone and PTG through several hormones and 

regulatory factors such as PTH, calcitriol, and FGF23 (Berndt and Kumar 2009). Deeply understanding 

of the underlying physiological mechanisms of P homeostasis in livestock could lead to improve 

efficiency of P utilization and reduce excess excretion of consumed P to the environment (Elser and 

Bennett 2011).  
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1.2.2. Current approaches in improving P efficiency 

 

Because of the multiple functional and structural roles of P in both plants and animals, P use efficiency 

is a complex feature to decipher. Thus, managing P to minimize environmental impact in farm animal 

husbandry depends on numerous factors such as bio-availability, microbiota, genetics, P utilization and 

recycling (Oster, Reyer et al. 2018). Hence, interdisciplinary experimental approaches are required to 

investigate efficiency of P usage within the animal husbandry and identify possible strategies to 

improve P use efficiency. Feed supply appropriate to species, age and developmental stage has a major 

positive impact on P efficiency in livestock production. In order to reduce the environmental impact of 

high P excretion levels in the modern farming system, multiple measures, e.g., liquid feeding, phase 

feeding, phytase super dosing, or feed pre-treatment, have been applying towards improving P use 

efficiency. In this context, phase feeding is a widely used practice in livestock production to improve P 

efficiency and reduce P excretion by adjusting P requirements for specific genetic lines at different 

stages of the animal life cycle to accurately meet the nutrient needs of the animal compared to a 

feeding practice during the growing and finishing stages (Pomar, Hauschild et al. 2009). Liquid feeding 

is also used in pig production worldwide, which increases the total tract digestibility of phytate-bound 

P of cereals compared to traditional dry feeding by pre-digesting the feed (Blaabjerg, Jørgensen et al. 

2010). In addition, other approaches such as feeding low phytate cereals and/or improving phytate 

digestibility through the strategic use and evaluation of various hydrolytic enzymes (e.g., microbial 

phytase) are also used to improve P utilization (Augspurger, Webel et al. 2003, Selle and Ravindran 

2007, Hill, Sutton et al. 2009). Furthermore, since the P homeostasis and individual P demand in farm 

animals have been shown to be influenced by genetic factors (Alexander, Qu et al. 2008, Pokharel, 

Regassa et al. 2017, Reyer, Oster et al. 2019), genetic approaches may provide opportunity to improve 

P utilization by developing/selecting animals with enhanced P utilization such as phytase transgenic 

pig (Golovan, Meidinger et al. 2001). In addition, the reuse of P from animal manure also helps to 

reduce the P load on the environment.  

 

1.2.3. Nutritional programming 

 

Numerous studies have demonstrated that, the nutritional challenges (e.g., malnutrition or over-

nutrition) during the fetal development or immediate postnatal period can induce long-term relatively 

nonreversible changes in the gene expression and phenotype of the offspring (Weaver, Cervoni et al. 

2004, Gallou-Kabani, Vigé et al. 2007, Godfrey, Lillycrop et al. 2007). This process is known as 

nutritional or metabolic programming. The consequent epigenetic modifications in organs and 

metabolism induced by nutritional programming are could be inherited trans-generationally and offer 

the possibility of inducing different and stable phenotypes (Gonzalez-Bulnes, Astiz et al. 2014, 

Chamorro-Garcia, Diaz-Castillo et al. 2017). There are many underlying mechanisms of nutritional 

programming such as DNA methylation, non-coding RNA (e.g., miRNA, siRNA), histone modification, 

and genomic imprinting that regulates gene expression at a transcriptional and posttranscriptional 

level. DNA methylation is a critical underlying mechanism of nutritional programming that can 

permanently change the organism’s genetic activity and metabolism (Huypens, Sass et al. 2016, Miska 

and Ferguson-Smith 2016). DNA methylation is an epigenetic mechanism by which methyl (CH3) 

groups are added to 5- carbon of the cytosine bases at the cis-acting element (e.g., promoter, enhancer) 

of the DNA molecule by DNA methyltransferase (Dnmt), thereby modify the function and expression 

status of the genes without changing the DNA sequence. In mammals, DNA methylation occurs almost 
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exclusively at cytosine bases in CpG sites, with the exception of promoters, where CG sites tend to be 

protected from methylation (Lister, Pelizzola et al. 2009). However, methylation in the promoter 

region usually downregulate (or silence) gene expression by blocking the access of transcription factors 

(Suzuki and Bird 2008). It has been shown that maternal dietary methyl supplements increased the 

level of DNA methylation in the agouti long terminal repeat (LTR) and changed the phenotype of the 

offspring (Cooney, Dave et al. 2002). Although numerous studies have been conducted to date to 

investigate P utilization and its interrelation with bone metabolism and immune parameters from the 

perspective of traditional genetics and transcriptional regulations (Hittmeier, Grapes et al. 2006, 

Alexander, Qu et al. 2008, Reyer, Oster et al. 2019), however, the epigenetic mechanisms behind the 

P utilization in mammals is yet to be elucidated. The identification of epigenetic markers in DNA 

sequences relevant for the maintenance of P homeostasis could contribute to the understanding of 

the intrinsic transformation of environmental factors in higher mammals.  
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1.2.4. Metabolic specifications during gestation, lactation and development 

(growth) 

 

Numerous studies investigating P utilization and its relationship to bone metabolism during a period 

of high nutrient demand for anabolic processes have been conducted in growing pigs (Kebreab, 

Schulin-Zeuthen et al. 2007, Alexander, Qu et al. 2008, Hill, Sutton et al. 2009). In sows, however, the 

requirement for the mineral P differs considerably from that of growing pigs and is mentioned in the 

relevant feeding recommendations (2006). During pregnancy and farrowing, the body of sows 

undergoes many critical metabolic changes that have lasting effects on the nutritional and metabolic 

demands of the organism. Reproductive sows can adjust their metabolism during pregnancy and 

lactation to make the best use of available nutrient resources for pre- and postnatal care of fetuses 

and offspring. Thus, for pregnant and lactating sows, the feed is prepared to ensure an adequate supply 

of nutrients for maintenance, fetal and uterine development, and milk production during lactation 

(Mahan 1990). If the dietary energy intake is insufficient to meet the energy requirements, lactating 

sows can compensate for the nutrient deficiency by mobilizing their nutrient reserves, especially 

protein or fat (Eastwood, Leterme et al. 2016). In this way, small amounts of P can be mobilized to 

complement the dietary intake P (Bikker and Blok 2017). In addition, as is known in mammals, the 

animal can compensate for fetal and early postnatal mineral requirements by increasing intestinal 

minerals absorption (Kovacs 2016). However, the digestibility of dietary mineral P sources is generally 

lower in reproductive sows than in growing pigs (Kemme, Jongbloed et al. 1997, Lee, Casas et al. 2018), 

resulting in increased excretion of ingested P content into the environment (Poulsen 2000). Therefore, 

a better understanding of the specific endogenous mechanisms of P homeostasis during growth, 

gestation, and lactation through specific dietary supplementation could help to develop a feeding 

strategy for more sustainable P utilization in the swine industry. 

 

1.2.5. Genetic factors of P homeostasis 

 

Numerous studies have shown that the utilization of P in livestock animals is, together with other 

factors, influenced by genetics. The sodium-dependent P transporter genes, which are considered the 

most important P transporters in mammals, have been shown to play an important role in the body’s 

P homeostasis by affecting the intestinal absorption and renal retention, storage and usage of P in 

skeletal tissues (Beck, Karaplis et al. 1998, Ichikawa, Sorenson et al. 2006, Iwaki, Sandoval-Cooper et 

al. 2008, Sabbagh, O'Brien et al. 2009). In addition, it has been demonstrated that certain P 

characteristics (e.g., P utilization, bone mineralization) in monogastric animal species varies within and 

between different genetic breeds and is thus influenced by genetic and transcriptional variations 

(Hittmeier, Grapes et al. 2006, Alexander, Qu et al. 2008, Beck, Stratz et al. 2016, Rothammer, Bernau 

et al. 2017, Reyer, Oster et al. 2019). Therefore, it is important to re-evaluate strategies for improved 

P utilization in livestock production considering animal-intrinsic factors such as genetics and specific 

metabolic mechanisms of modern genetic breeds. 
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1.2.6. Sodium-dependent P co-transporters 

 

The sodium-dependent P co-transporters are known as the main P transporters in mammals that 

consist of three structurally independent subfamilies, type I (SLC17 family), type II (SLC34 family) and 

type III (SLC20 family) sodium-dependent P co-transporters (Lederer and Miyamoto 2012). Under 

normal physiological condition, all the sodium-dependent P co-transporters transport P ions 

exclusively sodium-dependent manner. So far, nine sodium-dependent P co-transporters from three 

subfamilies, including SLC17A1 (Solute Carrier Family 17 Member 1), SLC17A2 (Solute Carrier Family 

17 Member 2), SLC17A3 (Solute Carrier Family 17 Member 3), SLC17A4 (Solute Carrier Family 17 

Member 4), SLC20A1 (Solute Carrier Family 20 Member 1), SLC20A2 (Solute Carrier Family 20 Member 

2), SLC34A1 (Solute Carrier Family 34 Member 1), SLC34A2 (Solute Carrier Family 34 Member 2), and 

SLC34A3 (Solute Carrier Family 34 Member 3), were annotated in pigs (Table 1). Type I family members 

are predominantly expressed in the kidney and liver, but are also present individually in many other 

tissues (Reimer 2013, Wubuli, Reyer et al. 2019). Although the type I sodium-dependent P co-

transporters were originally identified as P transporters, they have been shown to also function as 

transporters for organic anions (e.g. urate) in the normal physiological environment (Reimer and 

Edwards 2004, Jutabha, Endou et al. 2012, Togawa, Miyaji et al. 2012). in addition, according to studies, 

the P transport activity of the P transporters from the type I family (SLC17A1, SLC17A2, SLC17A3 and 

SLC17A4) is relatively weak compared to the P transporters of other families (Werner, Moore et al. 

1991). P transporters of the type II family (SLC34A1, SLC34A2, and SLC34A3) are considered to be the 

most important players in P homeostasis and are known to be expressed in a variety of tissues including 

kidney and intestinal tract (Murer, Forster et al. 2004). Members of this family have over 80% sequence 

similarity with differences mainly in the intracellular C- and N-terminal regions (Forster, Köhler et al. 

2002). In this family, SLC34A1 and SLC34A3 are mainly expressed in the kidney, whereas SLC34A2 is 

predominantly expressed in the intestine. Type II sodium-dependent P co-transporters are located at 

the apical membrane of epithelial cells in renal proximal tubules and enterocytes, and serve as the 

main actor for active transcellular transport of P. The type III sodium-dependent P co-transporters 

(SLC20A1 and SLC20A2) were originally identified as retroviral receptors Glvr-1 and Ram-1, respectively. 

Their function of sodium-dependent P transportation was confirmed later. Members of this family are 

ubiquitously expressed in all kind of mammalian tissues and cell types, thereby considered as 

housekeeping genes necessary for intracellular P homeostasis and supplying cells with inorganic P for 

normal cellular functions (e.g., endoplasmic reticulum homeostasis, DNA replication) (Kavanaugh and 

Kabat 1996). They are expressed at very low levels in the kidney and intestinal tract and may also 

contribute only partially to active transcellular P transport (Tenenhouse, Gauthier et al. 1998, 

Tenenhouse, Roy et al. 1998). However, recent studies have reported some specific physiological roles 

of this family members. For example, SLC20A1 appeared to play an important role in bone P 

homeostasis and bone metabolism (Palmer, Zhao et al. 1999, Collins, Bai et al. 2004). A recent study 

showed that P-dependent secretion of FGF23 is also modulated independently from other endocrine 

regulatory circuits by the SLC20A2 (Bon, Frangi et al. 2018). Furthermore, SLC20A1 may also play a role 

in P induced vascular physiology and effects of p on parathyroid function (Tatsumi, Segawa et al. 1998, 

Lau, Festing et al. 2010). 

 

Table 1. Gene information of sodium/phosphate co-transporters. 

Gene Gene Synonyms Ensembl ID (v. 91) Description 

SLC17A1 NAPI-1, NPT1 ENSSSCG00000001107 
Solute carrier family 17 

member 1 
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SLC17A2 NPT3 ENSSSCG00000036191 
Solute carrier family 17 

member 2 

SLC17A3 NPT4 ENSSSCG00000037547 
Solute carrier family 17 

member 3 

SLC17A4 NPT5 ENSSSCG00000031944 
Solute carrier family 17 

member 4 

SLC34A1 NaPi-2a, NPT2a ENSSSCG00000037535 
Solute carrier family 34 

member 1 

SLC34A2 NaPi-2b, NPT2b ENSSSCG00000008758 
Solute carrier family 34 

member 2 

SLC34A3 NaPi-2c, NPT2c ENSSSCG00000040105 
Solute carrier family 34 

member 3 

SLC20A1 GLVR1, Glvr-1, PiT1 ENSSSCG00000032288 
Solute carrier family 20 

member 1 

SLC20A2 
GLVR2, Glvr-2, MLVAR, PiT2, 

Ram-1 
ENSSSCG00000007027 

Solute carrier family 20 
member 2 
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2. Aim of the thesis 

Animal husbandry, especially the commercial pig productions, is considered as important sources of 

environmental P loads. The aim of the current thesis is to investigate the animal-intrinsic mechanisms 

of P homeostasis in pigs fed with divergent levels of dietary P supply to identify P relevant 

characteristics and mechanism from the molecular perspective that might contribute to improving P 

utilization/efficiency in pig production and thus reduce the environmental impact of excess P loads. 

Therefore, we first wanted to explore how sodium-dependent P transporters, considered the major P 

transporters in mammals, contribute to P homeostasis and respond to different levels of P feeding in 

different tissues of growing pigs. Secondly, we aimed to investigate the comprehensive effect of 

deviant dietary P levels on reproductive pigs and what endogenous mechanisms are called upon in the 

kidney and jejunum for this purpose. Blood metabolites and hormones related to P homeostasis, as 

well as transcriptional responses in kidney cortex and jejunum mucosa, were analyzed by qRT-PCR and 

RNA sequencing. 
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3. Publications 

 
3.1. Publications summary 

The central theme of this dissertation is the intrinsic mechanisms of P homeostasis. Each study in itself 

reveals important molecular and genetic aspects that contribute to the complex regulatory 

mechanisms of P homeostasis. The results of the divergent dietary P feeding trial of the first study 

showed that the sodium/phosphate co-transporter responds to divergent level of dietary P supply in 

a broad range of pig tissues. In this study, SLC34A1 and SLC34A3, two major active P transporters in 

mammals, showed higher gene expression levels in the low P diet group than in the high P diet group 

in kidney and intestine of pigs. This suggests that dietary interventions alter gene expression of key P 

transporters in relevant tissues that respond to aberrant dietary P uptake to maintain P homeostasis 

in animals (International Journal of Molecular Sciences 20 (22): 5576, 1-12). 

In addition, the transcriptional responses in kidney of sows to different level of dietary P supplies were 

also investigated. The different amount of dietary P supply to sows during pregnancy and lactation 

triggered endocrine adaptation. Differential P intake revealed transcriptional responses in the kidney 

in the regulation of related to vitamin D metabolism. These results indicated that renal responses to a 

continuous dietary P reduction could trigger rather complicated molecular mechanisms to maintain 

balanced P level. (BMC Genomics 21: 626, 1-11). 

Moreover, to estimate the microbial contribution to metabolize P sources, samples from caecum and 

colon digesta of piglets fed diets containing divergent levels of P were analyzed for microbial 

composition and phytate degradation. In this study, a low P diet triggers microbial-mediated phytate 

cleavage and P release. Further analysis has identifies a number of microbial species that might have 

potential to provide additional phytase activity and increase the bioavailability of P in the large 

intestine of animals fed a low P diet. (Microorganisms 9, no. 6: 1197). 
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Wubuli, Aisanjiang, Henry Reyer, Eduard Muráni, Siriluck Ponsuksili, Petra Wolf, Michael Oster, and 

Klaus Wimmers. 2019. Tissue-Wide Gene Expression Analysis of Sodium/Phosphate Co-Transporters 

in Pigs. International Journal of Molecular Sciences 20, no. 22: 5576. 

(https://doi.org/10.3390/ijms20225576) 

 

I hereby declare that my contribution in this publication summarized in this dissertation is as 

follows: 

 

 Tissue sampling and processing 

 Gene expression analysis 

 Statistical analysis and visualization of all gene expression data 

 Discussion and interpretation of the data 

 Writing the manuscript 

 

 

Abstract: 

 

Sodium/phosphate co-transporters are considered important mediators of phosphorus (P) 

homeostasis. The expression of specific sodium/phosphate co-transporters is routinely used as an 

immediate response to dietary interventions in different species. However, a general understanding 

of their tissue-specificity is required to elucidate their particular contribution to P homeostasis. In this 

study, the tissue-wide gene expression status of all currently annotated sodium/phosphate co-

transporters were investigated in two pig trials focusing on a standard commercial diet (trial 1) or 

divergent P-containing diets (trial 2). A wide range of tissues including the gastrointestinal tract 

(stomach, duodenum, jejunum, ileum, caecum, and colon), kidney, liver, bone, muscle, lung, and aorta 

were analyzed. Both trials showed consistent patterns in the overall tissue-specific expression of P 

transporters. While SLC34A2 was considered as the most important intestinal P transporter in other 

species including humans, SLC34A3 appeared to be the most prominent intestinal P transporter in pigs. 

In addition, the P transporters of the SLC17 family showed basal expression in the pig intestine and 

might have a contribution to P homeostasis. The expression patterns observed in the distal colon 

provide evidence that the large intestine may also be relevant for intestinal P absorption. A low dietary 

P supply induced higher expressions of SLC20A1, SLC20A2, SLC34A1, and SLC34A3 in the kidney cortex. 

The results suggest that the expression of genes encoding transcellular P transporters is tissue-specific 

and responsive to dietary P supply, while underlying regulatory mechanisms require further analyses. 
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Reduced phosphorus intake throughout gestation and lactation of sows is mitigated by 
transcriptional adaptations in kidney and intestine.  
 
Aisanjiang Wubuli, Christian Gerlinger, Henry Reyer, Michael Oster, Eduard Muráni, Nares 
Trakooljul, Siriluck Wimmers, Klaus Wimmers. BMC Genomics 21: 626, 1-11. (doi: 10.1186/s12864-
020-07049-0) 
 
 

I hereby declare that my contribution in this publication summarized in this dissertation is as 
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 Tissue sampling and processing 

 Gene expression analysis 

 Statistical analysis and visualization of gene expression data 

 Discussion and interpretation of the data 

 Writing the manuscript 

 
 
Abstract: 

The environmental impact of pig farming need to be reduced, with phosphorus (P) being of particular 

interest. Specified dietary regimens and management systems contribute to meet environmental 

concerns and reduce economic constrains. However, pregnant and lactating sows represent vulnerable 

individuals, whose reproductive potential and metabolic health status relies on adequate supply of 

macro- and micronutrients. The aim of this study was to investigate, whether sows fed with a dietary 

P content that is below or above current recommendations are capable to maintain mineral 

homeostasis during the reproduction cycle and which endogenous mechanisms are retrieved 

therefore in kidney and jejunum. Nulliparous gilts were fed iso-energetic diets with recommended (M), 

reduced (L), or high (H) amounts of mineral P supplements throughout gestation and lactation periods. 

Blood metabolites and hormones referring to the P homeostasis were retrieved prior to term (110 days 

of gestation) and at weaning (28 days of lactation). Transcriptional responses in kidney cortex and 

jejunal mucosa were analyzed using RNA sequencing. The variable dietary P content neither led to an 

aberration on fertility traits such as total weaned piglets nor to an effect on the weight pattern 

throughout gestation and lactation. Serum parameters revealed a maintained P homeostasis as 

reflected by unaltered inorganic P and calcium levels in L and H fed groups. The serum calcitriol levels 

were increased in lactating L sows. The endocrine responses to the dietary challenge were reflected at 

the transcriptional level. L diets led to an increase in CYP27B1 expression in the kidney compared to 

the H group and to an altered gene expression associated with lipid metabolism in the kidney and 

immune response in the jejunum. Our results suggest that current P requirements for gestating and 

lactating sows are sufficient and over supplementation of mineral P is not required. Shifts in renal and 

jejunal expression patterns between L and H groups indicate an affected intermediate metabolism, 

which long-term relevance needs to be further clarified.  
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Mineral phosphorus supply in piglets impacts on the microbial composition and phytate utilization 

in the large intestine. 

Reyer, Henry, Per J.R. Sjöberg, Michael Oster, Aisanjiang Wubuli, Eduard Murani, Siriluck Ponsuksili, 

Petra Wolf, and Klaus Wimmers. 2021. Mineral Phosphorus Supply in Piglets Impacts the Microbial 

Composition and Phytate Utilization in the Large Intestine. Microorganisms 9, no. 6: 1197. 

(https://doi.org/10.3390/microorganisms9061197) 

 

I hereby declare that my contribution in this publication summarized in this dissertation is as 
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 Tissue sampling and processing 

 Carried out DNA extraction and 16S rRNA PCR experiments 

 Reviewing and editing the manuscript 

 

 

Abstract: 

A sufficient supply of phosphorus (P) to pigs in livestock farming is based on the optimal use of plant-

based phytate and mineral P supplements to ensure proper growth processes and bone stability. 

However, a high P supplementation might bear the risk of higher environmental burden due to the 

occurrence of excess P and phytate degradation products in manure. In this context, the intestinal 

microbiota is of central importance to increase P solubility, to employ non-mineral P by the enzymatic 

degradation of phytate, and to metabolize residual P. A feeding experiment was conducted in which 

piglets were fed diets with different P levels, resulting in three groups with low, medium (covering 

requirements), and high concentrations of available P. Samples from caecum and colon digesta were 

analyzed for microbial composition and phytate breakdown to estimate the microbial contribution to 

metabolize P sources. In terms of identified operational taxonomic units (OTU), caecum and colon 

digesta under the three feeding schemes mainly overlap in their core microbiome. Nevertheless, 

different microbial families correlate with increased dietary P supply. Specifically, microbes of 

Desulfovibrionaceae, Pasteurellaceae, Anaerovoracaceae, and Methanobacteriaceae were found 

significantly differentially abundant in the large intestine across the dietary treatments. Moreover, 

members of the families Veillonellaceae, Selenomonadaceae, and Succinivibrionaceae might 

contribute to the observed phytate degradation in animals fed a low P diet. In this sense, the targeted 

manipulation of the intestinal microbiota by feeding measures offers possibilities for the optimization 

of intestinal phytate and P utilization. 
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4. General discussion 

 
4.1. Effects of dietary P on gene expression of sodium-dependent P co-

transporters 

 
4.1.1. Effects of divergent dietary P intake on tissue-specific expression of 

sodium-dependent P co-transporters 

 

Some of the sodium-dependent P co-transporter genes including SLC17A3, SLC34A1, SLC34A3, 

SLC20A1 and SLC20A2 were differentially expressed between growing pigs (4 months old) fed high and 

low P containing diets. The expression level of SLC17A3 showed to be different in the kidney cortex of 

pigs fed divergent P-containing diets. Pigs that received lower levels of dietary P showed higher 

expression levels of the SLC17A3 gene in the kidney cortex compared with those in the high P group. 

However, according to studies, SLC17A3 is actually involved in urate transport rather than P transport 

(Riches, Wright et al. 2009, Polasek, Jeroncic et al. 2010). The underlying regulatory mechanisms for 

the differential expression of SLC17A3 under different dietary P concentrations are still unclear. It is 

possible that it is indirectly regulated by other genes and factors that could be influenced by the 

amount of dietary P intake.  

The gene expression pattern of sodium-dependent P co-transporters showed that while the SLC34A1 

gene was dominantly expressed at a high level in the kidney (cortex and medulla) of growing pigs, 

SLC34A3 had a similar high expression level in both the kidney (cortex and medulla) and intestinal tract 

(Wubuli, Reyer et al. 2019). These two members of the type II sodium-dependent P co-transporters 

also showed a significant response to different levels of dietary P intake. While the expression level of 

SLC34A1 in the renal cortex was more than three times higher in the low P group than in the high P 

group, the SLC34A3 gene also showed significantly higher expression levels in kidney, distal jejunum, 

and ileum in the low P group compared with the high P group. It has been demonstrated that the levels 

of dietary P intake has immediate effects on the secretion of PTH in the PTG (Martin, Ritter et al. 2005, 

Centeno, Herberger et al. 2019). Moreover, an increased dietary P concentration not only increases 

PTH secretion in PTG (Martin, Ritter et al. 2005, Oster, Gerlinger et al. 2018), but also stimulates the 

secretion of FGF23 in osteoblasts and osteocytes in bone (see section 1.1.1). Increased serum 

concentration of PTH and FGF23 then act directly or indirectly on the kidney to downregulate 

expression of the sodium-dependent P co-transporters SLC34A1 and SLC34A3, which will stimulate P 

excretion in the kidney. As described previously, the underlying molecular mechanisms of the 

interaction between dietary P and PTH secretion are associated with the PTH mRNA expression levels 

and some other miRNA (see section 1.1.2.4). In addition, PTH has been shown to decrease renal 

expression of SLC34A1 by phosphorylating serine-77 (S77) in the scaffold protein Na+/H+ exchange 

regulator (NHERF)-1 through activation of PKA (protein kinase A) and PKC (protein kinase C) signaling 

pathways, leading to degradation of SLC34A1 (Déliot, Hernando et al. 2005, Weinman, Biswas et al. 

2007). Furthermore, although it has been debated whether the dietary P acts directly on Ca-sensing 

receptor or is orchestrated indirectly by downstream signaling cascades to mediate these hormones, 

a recent study found that dietary P acts directly on the Ca-sensing receptor in the PTG to stimulate PTH 

secretion. The similar underlying molecular mechanisms were discovered in relation to the 

phosphaturic action of FGF23 in the kidney. FGF23 was thought to act indirectly on the proximal tubule 

to decrease apical membrane expression of SLC34A1 and SLC34A3 by acting primarily on the distal 

tubule to generate unknown endocrine or paracrine signals, which in turn act back on the proximal 
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tubule (White and Econs 2008, Farrow, Summers et al. 2010). However, other studies have found that 

FGF23 acts directly on the proximal tubule in mice using the co-receptor αKlotho to downregulate 

renal expression of SLC34A1 by phosphorylating serine in Na+/H+ exchange regulatory cofactor 

(NHERF)-1 through activation of ERK1/2 and serum/glucocorticoid-regulated kinase-1 (SGK1) signaling 

(Andrukhova, Zeitz et al. 2012). This may help explain the threefold low expression of SLC34A1 in the 

kidney in the high P diet group than in the low P diet group, in which both the elevated levels of PTH 

and FGF23 directly suppressed the expression of SLC34A1 in renal proximal tubules by phosphorylating 

NHERF-1 via activation of different signaling pathways. Interestingly, a study in parathyroidectomized 

animals showed that the inhibitory effect of FGF23 on SLC34A1 is independent of PTH (Shimada, 

Hasegawa et al. 2004). In addition, a study using transgenic mice has shown that the phosphaturic 

effects of FGF23 in the kidney are dependent on its critical receptors FGFR1 and FGFR4 (Gattineni, 

Alphonse et al. 2014). Because SLC34A3 has a sequence similarity of more than 80% with SLC34A1, the 

low expression of SLC34A3 in the kidney in the high P diet group could also be caused by the same 

underlying molecular mechanisms.  

In addition, the SLC34A2 is considered the major player of P absorption in the intestinal tract in many 

species. There is evidence that FGF23 decreases the protein expression level of SLC34A2 and sodium-

dependent P transport activity in the small intestine, and this is dependent on the vitamin D receptor 

(VDR) (Miyamoto, Ito et al. 2005, Goetz, Nakada et al. 2010). However, our data showed that the 

SLC34A3 gene, another member of the type II sodium-dependent P transporter family, is 

predominantly expressed in the small intestine of pigs (Wubuli, Reyer et al. 2019). SLC34A3 is 

expressed at lower levels in the intestine of the high P diet group than low P diet group. Because of 

the high sequence similarity between members of the type II sodium-dependent P transporters 

(Hilfiker, Hattenhauer et al. 1998, Xu, Bai et al. 1999), it may be that SLC34A3 represents the role of 

SLC34A2 in the intestine of pigs and therefore its expression levels are reduced by the increased level 

of FGF23 in the high P diet group than in the low P diet group (Perwad, Azam et al. 2005). Results from 

other studies suggest that the increase in P transport under the low P diet condition may be regulated 

either directly by higher mTOR activity or indirectly by the suppressive AMPK signaling pathway (Miao, 

Feng et al. 2017). In addition, calcitriol increases in response to low serum P levels and increases 

expression of the sodium-dependent P transporter and P transport activity in the small intestine (Lee, 

Walling et al. 1986, Danisi 1991, Murer, Forster et al. 2004). However, there is also evidence of 

calcitriol-independent increase in P transport in P deficiency, which occurs in the absence of the 

calcitriol receptor (Segawa, Kaneko et al. 2004). This suggests that intestinal cells are able to detect 

changes in intestinal P concentration and increase P absorption via increased synthesis of sodium-

dependent P co-transporters. In our study in sows, animals fed a low P diet showed higher levels of 

calcitriol in blood. These findings indicate that the dietary P regulate intestinal P absorption directly 

and indirectly via co-regulation of other P regulatory hormones like FGF23 and calcitriol.  

The type III sodium-dependent P transporters, SLC20A1 and SLC20A2, also showed differential 

expression in the kidney and intestine under different dietary P conditions. However, although both 

SLC20A1 and SLC20A2 were shown to be necessary for P-dependent signal transduction, SLC20A1 and 

SLC20A2 contribute only partially to sodium-dependent P transport activity in both organs (Collins, Bai 

et al. 2004). Both SLC20A1 and SLC20A2 showed lower expression in the renal cortex in the high P diet 

group. Interestingly, in contrast to SLC20A1 and other P transporters, SLC20A2 showed high expression 

in the small intestine, particularly in the jejunum, in the high P diet group. This suggests that the 

response of SLC20A2 to increased dietary P concentration may be tissue/cell type specific. A recent 

study showed that SLC20A2, but not SLC20A1, is necessary for dietary P dependent regulation of FGF23 

synthesis and secretion (Bon, Frangi et al. 2018). In this study, SLC20A2 knock-out mice lost its ability 
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to normally regulate their FGF23 level under different dietary P conditions. However, the mechanistic 

links between SLC20A2 and FGF23 secretion is unclear. 

Overall, our results suggest that differential dietary P intake may directly and indirectly influence gene 

expression of the major sodium-dependent P co-transporters in the kidney and intestine via a complex 

regulatory mechanism to maintain P homeostasis in the animal body. 

 

4.1.2. Effect of developmental stages on the activity of sodium-dependent P co-

transporters 

 

It should be noted that the mechanisms of increased abundance of SLC34A2 protein and intestinal P 

absorption do not always clearly correlate with transcriptional activation. However, the results of 

numerous studies provided evidence for the effects of age differences on the transcriptional activity 

of sodium-dependent P co-transporters. Our study showed that the major sodium-dependent P 

transporters in the kidney and intestine of young growing pigs (four months old) responded to high or 

low levels of dietary P intake (Wubuli, Reyer et al. 2019). However, in adult sows (15 months old), none 

of these important sodium-dependent P co-transporters were differentially expressed in the kidney 

and intestine when fed diets with higher or lower than recommended dietary P levels (Wubuli, 

Gerlinger et al. 2020). For growing and finishing pigs, P requirements are higher in younger pigs than 

for finishing pigs, and the recommended P levels are sufficient for maximum growth but do not allow 

for maximum bone mineralization (Council 2012). Generally, additional Ca and P must be included in 

the diet for maximum bone mineralization. In reproductive sows, Ca and P requirements are influenced 

by the stages of pregnancy and lactation. A comparative study in rats showed that although calcitriol 

administration increased intestinal P absorption in both suckling and adult rats, this effect was 

associated with higher gene expression level of the SLC34A2 in young but not in adult rats (Xu, Bai et 

al. 2002). Another study also showed similar results that younger rats had higher P absorption 

compared to older rats, which corresponded with higher mRNA levels of the SLC34A2 gene and higher 

body P balance (Vorland, Lachcik et al. 2018). In that study, the younger animals were found to have 

lower FGF23 and PTH levels and higher calcitriol levels, implying that hormonal regulation attempts to 

maintain sufficient P in the body for the increased P requirement for growth by decreasing P excretion 

in the kidney via decreased FGF23 and PTH and increasing P absorption in the intestine via calcitriol 

(Marks, Debnam et al. 2010). The latter study also concluded that the regulation of P absorption in the 

rat small intestine is much closer to that in humans (Walton and Gray 1979, Borowitz and Ghishan 

1989). In addition, a recent study reported that αKlotho mRNA and protein levels in the kidney change 

significantly with age (Yoshikawa, Yamamoto et al. 2018). Some evidence suggests that the 

FGF23/αKlotho system alters calcitriol and P levels by regulating the expression of CYP27B1, SLC34A1, 

and SLC34A1 in the kidney in response to serum P concentration (Shimada, Hasegawa et al. 2004, 

Shimada, Kakitani et al. 2004, Segawa, Yamanaka et al. 2007). Yoshikawa et al. also found that 

differential dietary P intake had significant effects on serum calcitriol levels in young (1 and 2 month 

old) mice but not in old (13 month old) mice (Yoshikawa, Yamamoto et al. 2018). These results may 

suggest that age-related changes in the expression of αKlotho in the kidney could affect the sensitivity 

of P transporters to dietary P at different ages because of altered vitamin D metabolism during aging. 

Taken together, our observations and data from other studies suggest that the gene expression status 

of P transporters and their sensitivity to differential dietary P intake may change with age because of 

changes in hormonal secretion corresponding to the metabolic demand for mineral P at different 

developmental stages. 
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4.2. Effects of dietary P on vitamin D metabolism 

 

Vitamin D plays a central role in Ca and P homeostasis and bone mineralization by being activated to 

form calcitriol, the active form of vitamin D, by hydroxylation in the liver (see section 1.1.2.5) and in 

the kidney (see section 1.1.2.2). The conversion of vitamin D to calcitriol occurs in the kidney by a 

mitochondrial enzyme 1a-hydroxylase, which is encoded by the CYP27B1 gene. Calcitriol plays an 

important role in the homeostasis of P and other minerals in the body. Our laboratory has previously 

reported that variable dietary P intake has effects on calcidiol and calcitriol levels in pigs (Oster, 

Gerlinger et al. 2018, Gerlinger, Oster et al. 2020). According to current knowledge, low dietary P 

stimulates the synthesis of calcitriol, whereas high dietary P lowers calcitriol levels (Moe 2008, Goretti 

Penido and Alon 2012). In this study, expression of CYP27B1 gene is significantly upregulated in the 

kidney of sows fed low P diet compared to the high P diet group (Wubuli, Gerlinger et al. 2020). In 

previous studies, the expression of CYP27B1 is upregulated in the kidney of mice fed a low P diet 

(Anderson, O'Loughlin et al. 2003, Perwad, Azam et al. 2005, Song and Fleet 2007). Accordingly, in our 

study, a significantly higher serum calcitriol level was observed in the low P diet group compared to 

the medium and high P diet group in lactating sows. In a previous study in our laboratory, both the 

calcitriol and thyroid hormone levels were elevated in pigs on low P diets compared with animals on 

high P diets (Oster, Gerlinger et al. 2018). Thyroid hormone is essential for skeletal growth and 

development, controlling bone turnover and maintenance throughout life (Williams 2013, Bassett and 

Williams 2016). Interestingly, however, a study in mice showed that administration of thyroid hormone 

decreased plasma calcitriol levels by suppressing renal CYP27B1 mRNA levels in both the low P and low 

Ca groups (Kozai, Yamamoto et al. 2013). In this study, thyroid hormones were found to 

transcriptionally repress the CYP27B1 gene in the kidney by binding to the heterodimeric junction of 

thyroid hormone receptors (TRs)/retinoid X receptor α (RXRα) via the involvement of the thyroid 

hormone negative response element (1a-nTRE). These results suggest that thyroid hormone is also a 

potent negative regulator of renal CYP27B1 gene expression. It may be of scientific interest to 

determine what molecular mechanisms are behind the feedback effects of low dietary P and thyroid 

hormones on CYP27B1 gene expression and calcitriol levels. However, it maybe conceivable that 

endogenous thyroid hormone levels might be influenced by exogenous thyroid hormones or that this 

was due to the complex feedback regulation mechanism of P homeostasis. In addition, the data from 

that study provided strong evidence that suppression of CYP27B1 by thyroid hormones also 

contributes to the disturbances in mineral and bone homeostasis (Kozai, Yamamoto et al. 2013). 

Furthermore, a study has shown that thyroid hormone administration upregulates PTH receptor (PTHR) 

gene expression levels, and PTH also upregulates thyroid hormone receptor (TR) expression in rat 

osteoblast cells (Gu, Stern et al. 2001). This study provided evidence that these hormones can regulate 

each other's function in a receptor-mediated manner, which could have significant implications for the 

regulation of mineral homeostasis and bone remodeling. Thus, the direct and indirect suppression of 

calcitriol by thyroid hormones and their interaction with the PTH receptor may be physiologically 

important for vitamin D homeostasis in bone, kidney, and intestine, indicating the physiological role of 

thyroid hormones in the regulation of vitamin D metabolism by dietary P. 

Moreover, it is well known that FGF23 and PTH are important regulators of vitamin D metabolism that 

directly and indirectly regulate mineral homeostasis in the body. It has been previously reported that, 

dietary P play an important role in maintaining bone and mineral homeostasis by regulating the 

expression of the CYP27B1 gene in the kidney via changes in PTH and FGF23 levels (Anderson, 

O'Loughlin et al. 2003, Perwad, Azam et al. 2005, Song and Fleet 2007). Increased serum P has been 

shown to suppress CYP27B1 primarily via enhancement of FGF23 as well as direct effects on renal 
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CYP27B1 (Bikle, Murphy et al. 1975, Bikle and Rasmussen 1975). FGF23 has been shown to repress 

CYP27B1 transcription in the kidney, at least in part, through transcriptional mechanisms by activating 

the mitogen-activated protein kinase (MAPK) signaling pathway via MEK/ERK1/2 signaling (Perwad, 

Zhang et al. 2007, Chanakul, Zhang et al. 2013). Interestingly, another study reported that injection of 

recombinant FGF23 triggered the phosphaturic effect but did not affect mRNA expression of CYP27B1 

in the kidney or serum calcitriol levels in mice (Kagi, Bettoni et al. 2018). However, injection of 

recombinant FGF23 significantly decreased the plasma levels of endogenous FGF23. Therefore, this 

null effect of recombinant FGF23 on CYP27B1 gene expression could be due to the reduced levels of 

endogenous FGF23, which are probably counterbalanced by the recombinant FGF23 or by other 

regulatory factors, and could also depend on different doses or treatment lengths (Kagi, Bettoni et al. 

2018). Furthermore, it has been previously demonstrated that high level of dietary P increases 

secretion of PTH (Martin, Ritter et al. 2005, Oster, Gerlinger et al. 2018). It has been shown that the 

synthesis of calcitriol is tightly regulated by PTH through regulation of CYP27B1 activity (Friedman, 

Coutermarsh et al. 1996, Murayama, Takeyama et al. 1998, Murayama, Takeyama et al. 1999). In vitro 

studies also showed that PTH increase gene expression of CYP27B1 in renal proximal tubular cells 

(Bajwa, Forster et al. 2008). In addition to that, a low P diet downregulated the expression of key 25-

hydroxylases in the liver such as CYP27A1 and CYP2R1 in mice (Kagi, Bettoni et al. 2018). Moreover, a 

low P diet decreased mRNA abundances of VDR in the kidney of pigs (Oster, Gerlinger et al. 2018). 

These observations suggest that divergent dietary P intake may affect vitamin D metabolism via 

regulating the expression of hepatic and renal vitamin D hydroxylases by altering PTH and FGF23 levels. 

However, further studies are needed to clarify whether this is a direct effect of dietary P intake or 

whether it requires FGF23 or PTH, as both hormones have been shown to be elevated under the 

condition of a high P diet.  

Taken together, the dietary p appears to affect vitamin D metabolism by regulating renal expression 

of the CYP27B1 gene via direct and indirect effects on several other regulatory factors and hormones 

such as thyroid hormone, PTH, FGF23 and VDR within a rather complex regulatory network of P 

homeostasis. The mutual regulation via positive and negative feedback loops between these hormones 

and factors makes it difficult to distinguish the direct and indirect effects of individual regulators of P 

homeostasis.  

 

4.3. Tissue-specific contributions to the maintenance of P homeostasis 

 
In our study, sodium-dependent P co-transporters, the major P transporters of the body, were found 

in a variety of tissues in pigs. P homeostasis is maintained by various organs and tissues, including key 

players such as the intestinal tract, kidney, and bone, by responding in a tissue-specific manner to 

variable or challenging dietary P intake, as each tissue/organ plays a specific role in maintaining P 

homeostasis. For example, dietary P deprivation increased the abundance of sodium-dependent P 

transporters and P uptake in the small intestine (Hattenhauer, Traebert et al. 1999, Katai, Miyamoto 

et al. 1999). In our study, the intestine and kidney responded simultaneously to low P intake by 

increasing the abundance of sodium-dependent P transporters in both tissues to maintain sufficient P 

in the body by increasing both intestinal absorption and renal retention of P in growing pigs. This 

observation is confirmed by similar results from another study, which was accompanied with lower 

urinary P levels in pigs fed a low P diet (Pokharel, Regassa et al. 2017). However, the tissue/organ 

hierarchy in maintaining P balance under challenging P supply conditions is poorly understood.  
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It has previously been shown that the cultured renal cells are capable to respond directly to changes 

in environmental P concentrations (Markovich, Verri et al. 1995). Several other studies have also 

suggested that intestinal cells also respond directly to changes in medium P concentration 

independently of vitamin D by altering the efficiency of P transport (Lee, Walling et al. 1986, Segawa, 

Kaneko et al. 2004). Others have demonstrated that there is a P sensor in the intestine that is capable 

of inducing phosphaturia in the kidney within a short time after the intestinal mucosa is exposed to 

elevated P concentrations, and that the response that occurs in the kidney is independent of any of 

the known phosphaturic factors such as PTH and FGF23 that regulate P excretion in the kidney (Martin, 

Ritter et al. 2005, Berndt, Thomas et al. 2007). Other studies also suggest that early and rapid changes 

in renal P excretion occur after ingestion of a high P diet independently of FGF23 (Berndt and Kumar 

2009). In addition, Berndt et al. also demonstrated the presence of a factor or factors in the intestinal 

mucosa that directly modulate renal P reabsorption after release and entry into the portal circulation 

(Berndt, Thomas et al. 2007). These data may suggest that the intestine senses elevated intestinal 

luminal P concentrations and releases an intestinal mediator/intestinal phosphatonin into the 

circulation that inhibits renal P reabsorption and increases renal P excretion (Berndt and Kumar 2009). 

Therefore, it is likely that the intestine, with its high sensitivity to intestinal luminal P concentrations, 

is at the center of the regulation of P homeostasis and attempts to keep P levels in the body in balance 

by releasing specific signaling molecules into the circulation when there is a nutritional deficiency in 

the body. 

 

In addition, skeletal muscle is the main store for most of the P in the body. While the P concentration 

in the bone depends mainly on the amounts of P in the diet, the P concentration in soft tissues (e.g. 

muscles and viscera) can be assumed to be fixed and to takes precedence over P deposition in bone 

(Feaster, Shirley et al. 1953, Brautbar, Lee et al. 1979). It has been reported that when absorbed P 

resources are limited due to P deficiency nutrition, P is released from bone and mobilized into soft 

tissue until the depletion of bone P reserves reaches dramatic levels (Day and McCollum 1939, Köhler, 

Grünberg et al. 2021), suggesting that bone P reserves are mobilized to sustain protein and lipid growth 

when dietary P intake cannot meet the requirements for soft tissue growth. This observation was 

recently further demonstrated that P required for soft tissue growth takes precedence over P required 

for bone maintenance, suggesting that the animal will attempt to maintain its maximum lean tissue 

retention because soft tissue has essential P requirements to maintain vital functions and bone may 

tolerate reduced P levels (Létourneau-Montminy, Narcy et al. 2015, Misiura, Filipe et al. 2020). This 

fact of prioritization of P retention in soft tissue is consistent with the NRC recommendation (Council 

2012) that animal has a significantly lower P requirement to maintain the maximum rate and efficiency 

of weight gain than the P requirement for maximum bone strength and density.  

 
4.4. Effects of dietary P on P utilization in relation to the intestinal 

microbiota 

 
There is sufficient evidence to support the beneficial role of the intestinal microbiota in the digestibility 

and utilization of P in the body via its phytase activity (see section 1.1.2.7). Although intestinal P 

absorption occurs mainly in the small intestine, however, endogenous phytase produced by microbial 

phytase activity is present mainly in the large intestine (Selle and Ravindran 2008), and there are 

evidence and indications for phytate hydrolysis by microbial phytases in the large intestine of 

monogastric animals (Seynaeve, Janssens et al. 2000, Leytem, Turner et al. 2004, Schlemmer, Frølich 

et al. 2009). In our study, we found the expression of all major sodium-dependent P transporters of 
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the type II family in the terminal colon of pigs (Wubuli, Reyer et al. 2019). In addition, there is further 

evidence of P uptake into the organism via the epithelium of the colon (Seynaeve, Janssens et al. 2000, 

Heyer, Weiss et al. 2015). Further investigation of the effects of dietary P on phytate hydrolysis and 

the release of phytate-bound P produced by microbial phytase in the large intestine of pigs may 

provide new insights for improved P utilization. Therefore, we investigated the effects of varying 

dietary P intake on the microbial composition and profile of inositolphophates in the large intestine of 

pigs. Measurement of inositol phosphates in the caecum and colon digesta showed that the high P diet 

increased the concentration of InsP6 and InsP5 in the two intestinal segments. The low P diet group 

showed significantly lower concentrations of InsP6 and InsP5 in the caecum and colon compared with 

the high P groups. This result suggests that reduced mineral P intake increases the hydrolysis of phytate 

in the large intestine of pigs, although no exogenous phytases were added to the diet. Similarly, it was 

previously reported that lower dietary P content resulted in increased phytase activity in the ileum 

(Seynaeve, Janssens et al. 2000). It was also observed that a high concentration of mineral P 

suppressed the degradation of phytase by interacting with inositol phosphates (Shastak, Zeller et al. 

2014). Since no exogenous phytases were added to the diets, it is likely that the composition of the 

intestinal microbiota is the main factor responsible for the observed differences in inositol phosphate 

degradation.  

In addition, investigation of the microbial composition revealed that microbes dedicated to the families 

Anaerovoracaceae and Pasteurellaceae were significantly different in abundance between dietary 

groups. This could mean that some members of these two families have the potential to increase 

phytate utilization and P availability in the gastrointestinal tract of pigs. In addition, correlation 

analyses showed a negative correlation for abundance of Veillonellaceae with InsP6 content in Caecum 

digesta, indicating that microbes of this family increase phytate utilization. Interestingly, the addition 

of exogenous phytase to the diet significantly decreased the abundance of Veillonellaceae in growing 

pigs (Klinsoda, Vötterl et al. 2020). Moreover, the abundances of Selenomonadaceae and 

Succinivibrionaceae also showed a significant negative correlation with InsP6 and InsP5 levels in the 

large intestine. In fact, several species of Selenomonadaceae, e.g. Mitsuokella with high activity, 

showed some phytase activity (Yanke, Bae et al. 1998). Shifts in gut microbial composition affect the 

utilization of P via phytase activity by utilizing higher levels of non-mineral P of plant origin to reduce 

P excretion and environmental impact. The aforementioned effects of reduced dietary P on the gut 

microbial community to trigger microbial mediated compensatory actions through phytate cleavage 

and P release, thereby improving P efficiency, may provide insights into dietary strategies to establish 

a favorable intestinal microbiome profile.  

 
4.5. Conclusion & outlook 

 
Based on the tissue-specific expression profile of the P transporters, the SLC34A3 appears to be 

predominant in porcine intestines and could represent the role of SLC34A2 in other species. However, 

protein expression of the corresponding P-transporters needs further investigation to confirm these 

observations. Low dietary P intake resulted in higher gene expression of some P transporters, including 

SLC34A1 and SLC34A3, two major P transporters, compared with the high P group in kidney and 

intestinal tissues. These results suggest that gene expression of transcellular P transporters is tissue-

specific and responds to varying amounts of dietary P to maintain P homeostasis in animals. Regarding 

the underlying mechanisms, data from the literature search suggest that the intestine is likely at the 

center of regulating P homeostasis and contributes to maintaining P balance in the body by regulating 

the expression of P transporters in the intestine and kidney via releasing specific signaling molecules 

into the bloodstream when P is deficient, and that P requirements for soft tissue growth take 
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precedence over P requirements for bone maintenance, suggesting that the animal will attempt to 

maintain its maximum growth rate. In addition, analysis of serum parameters and transcriptional 

responses in kidney showed that low P diet resulted in an increase in serum calcitriol level and CYP27B1 

expression in the kidney of sows compared to the high P group, while serum parameters showed 

maintained P levels in animals in the low and high P groups. These results suggest that variable P-

containing diets may influence vitamin D metabolism in animals to maintain bone and mineral 

homeostasis by regulating CYP27B1 gene expression in the kidney along with other regulatory factors 

such as calcitriol, PTH and FGF23. Moreover, analysis of the microbial composition and profile of 

inositolphophates show that low P diets for pigs trigger microbial mediated compensation through 

phytate cleavage and P release, thereby increasing the availability of P to the host. These results 

suggest that targeting the intestinal microbiota through feeding interventions offers opportunities to 

optimize intestinal phytate and P utilization. In addition, changes in microbial enzyme expression and 

functional movements of microbes in response to variable dietary P intake may also be critical and 

detected by metatranscriptome analysis. 
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