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Abstract 

 

Inorganic phosphate (Pi) is an essential element that fuels vital processes in the body.  

To date, there is discord regarding the mechanisms of Pi regulation and the proportion 

of transport attributed to active (sodium-driven), paracellular, or uncharacterized 

transcellular pathways. The present studies address this by comparing Pi transport in 

different segments of the intestine using in vitro, in situ, and ex vivo techniques.  

Potential Pi signalling between the intestine, kidney, and liver was also investigated 

using intestinal perfusion and in vivo renal clearance surgeries.   

 

Regional differences in intestinal Pi transport were investigated using the in situ closed-

loop, in vitro everted sleeve, and ex vivo intestinal perfusion techniques.  These studies 

highlighted measured Pi transport discrepancies between methods, confirmed the 

jejunum as the site of highest Pi transport ability in the GI tract, and also revealed that 

the distal colon transported a significant amount of Pi both in vitro and in situ.  An 

intestinal perfusion technique never applied to studies of Pi transport also exposed a 

concentrated amount of Pi transported directly across the rat intestinal epithelium.  

 

Renal Pi clearance surgeries investigated a proposed Pi sensing mechanism between 

the small intestine and the kidney in which a high duodenal Pi load triggered rapid 

phosphaturia.  Present data show no phosphaturia after a physiological 10mM Pi 

duodenal instillation.  In contrast with previously published data, a high Pi load into the 
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duodenum increased plasma Pi and parathyroid hormone (PTH) levels resulting in 

correlated phosphaturia.  

 

The role of the liver in Pi transport was investigated by removing the liver following 

instillation of 1, 5, 10, and 15mM 32P coupled Pi buffer into the jejunum.  Data show a 

steady increase of Pi accumulated in the liver, which correlated with increased Pi 

concentration instilled into the jejunum.  Between 10 and 15mM however, the Pi in the 

liver reached saturation, suggesting that the liver may only store physiological 

concentrations of Pi.  Sodium-dependency of Pi uptake by the liver was also not 

apparent until 15mM Pi, in contrast with sodium-dependent Pi transport by the intestine 

at all four concentrations.  This finding suggests a separate mechanism of liver Pi 

transport at this supraphysiological Pi concentration.   
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ABBREVIATIONS, ACRONYMS, and ALTERNATE NAMES 

 

ADHR -------------------- Autosomal dominant hypophosphataemic rickets 

ASARM ------------------ Acidic serine-aspartate-rich MEPE-associated motif 

ATP ----------------------- Adenosine triphosphate 

BBM ---------------------- Brush border membrane 

BLM ----------------------- Basolateral membrane 

cAMP ----------- ---------- Cyclic adenosine monophosphate 

Calcifediol--------------- 25-hydroxyvitamin D3 (unhydroxylated vitamin D) 

Cholecalciferol---------7-Dehydrocholesterol (unhydroxylated calcifediol) 

CaSR --------------------- Calcium-sensing receptor 

CKD ----------------------- Chronic kidney disease 

EGF ----------------------- Epidermal growth factor 

EM ------------------------- Electron microscopy 

FGF-23 ------------------- Fibroblast growth factor ï 23 

FGF-7--------------------- Fibroblast growth factor ï 7 

GFR ----------------------- Glomerular filtration rate 

HHRH -------------------- Hereditary hypophosphatemic rickets with hypercalciuria 

HPO4
2- -------------------- Divalent phosphate anion 

HPO4
----------------------- Monovalent phosphate anion 

IP -------------------------- Intraperitoneal 

IV--------------------------- Intravenous 

KO ------------------------- Knock out (mouse) 

LXR ----------------------- Liver X receptor 

MAP----------------------- Mean arterial (blood) pressure 

min------------------------- Minutes 

NAD ----------------------- Nicotinamide adenine dinucleotide 

NaPi ---------------------- Sodium phosphate cotransporter 

Pi -------------------------- Inorganic phosphate 

PFA ----------------------- Phosphonoformic acid
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PTH ----------------------- Parathyroid hormone 

SD ------------------------- Sprague dawley (rat) 

sFRP-4 ------------------- Secreted frazzle-related protein ï 4 

TJ-------------------------- Tight junction 

TMD ----------------------- Transmembrane domain 

TIO ------------------------ Tumor-induced osteomalacia  

VDR ----------------------- Vitamin D receptor 

Vitamin D --------------- 1, 25 dihydroxyvitamin D3, (active vitamin D) 

VSMC -------------------- Vascular smooth muscle cells 

XLH ----------------------- X-linked hypophosphatemia
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Introduction to the physiological 

importance of phosphate and its regulation 

 

Phosphate is an important element that is required for vital pathways necessary to 

sustain life, pathways which include DNA regeneration, bone formation, and energy 

currency in the form of adenosine triphosphate (ATP). Phosphate is mostly obtained 

through the diet, and the regulation from the postprandial state to excretion is tightly 

maintained through a complex network of transporters and endocrine factors.  Shedding 

light on the links between dietary phosphate and the functions of these circulating 

factors in the small intestine, kidney, and potentially the liver, is particularly important in 

the context of chronic kidney disease (CKD), as phosphate homeostasis is disturbed 

and can lead to conditions exhibiting a high mortality rate. 

 

1.1 Physiological phosphate homeostasis 

Inorganic phosphate (Pi) is the form of phosphate obtained from the diet and differs 

from the organic compound found in nucleic acids, bioactive signaling proteins and cell 

membranes [1-3].   Pi is regulated according to the amount consumed, with male adult 

humans ingesting and storing a slightly higher amount than women [4].  As food enters 

the small intestine, Pi is absorbed in the duodenum and jejunum and transported to the 

extracellular fluid where it is then freely filtered by the kidney.  Approximately 70% of 

ingested Pi is absorbed in the small intestine, which constitutes more than what is 

biologically required [5].  Following that, about 80% of the Pi in the blood is reabsorbed 

by the kidney proximal tubules [6].  Skeletal Pi requirements involve roughly 70-80% of 
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total Pi in the blood, with Pi contained and stored in the bone and a small amount of Pi 

making a steady and equal Pi exchange with the extracellular fluid as needed [7]. The 

main concept in this homeostasis model is that excreted Pi via feces and urine is 

approximately equivalent to the amount ingested by the individual ï this mechanism is 

essential in maintaining Pi balance (Figure 1.1).  

 

 

Figure 1.1.  Distribution of Pi in the human body from dietary source to excretion (adapted from 

[7]) 

The amount of Pi excreted via stool and urine is equivalent to the amount of Pi ingested, while there is 

an equal and constant exchange of Pi between extracellular stores and the bone.   
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1.2. Active Pi transport 

 

1.2.1 Sodium phosphate cotransporters ð Type II (NaPis) 

The type II sodium-dependent phosphate cotransporters, part of the solute carrier family 

(SLC34), are the main Pi handlers in the body and are expressed primarily in the small 

intestine and the kidney.  Their expression at the brush border membrane (BBM) of 

intestinal enterocytes (NaPi-IIb) and renal proximal tubules (NaPi-IIa and IIc) is the rate 

limiting step for Pi transport [8, 9].    

 

1.2.1.1 NaPi distribution and protein expression 

NaPi-IIa is expressed in the S1-S3 [10] segments of kidney proximal tubules (highest in 

S1), while NaPi-IIc is confined to the S1 region  [11].  NaPi-IIa and NaPi-IIc are 

expressed on the BBM of the kidney proximal tubule across all species; however, 

segmental distribution of NaPi-IIb in the small intestine is species-specific.  In mice the 

highest expression occurs on the BBM of the ileum whereas in rats and humans, NaPi-

IIb expression and the majority of Pi transport takes place in the jejunum [12].  This 

difference in intestinal Pi handling is one of the main reasons behind using rat models 

when performing in vivo experiments relating to Pi uptake and regulation, as rats serve 

to be more physiologically relevant to humans.  More recently, NaPi-IIb has been shown 

to be expressed in the liver, supplementing previous studies showing that the only other 

tissue specific expression for the protein was the lung [13, 14].  The original proposed 

role of NaPi-IIb in the lung was to transport Pi to alveolar epithelial type II cells for 

surfactant synthesis which is important for lung function [15].   
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Expression of intestinal NaPi-IIb and renal NaPi-IIc decreases with age while renal 

NaPi-IIa expression seems to remain stable throughout life [16, 17].  This age-related 

decrease in expression of NaPi-IIb has been attributed to fact that Pi absorption from 

the diet/maternal circulation is essential during early development to promote skeletal 

growth [16].  Indeed the crucial role of intestinal NaPi-IIb in embryonic development has 

been shown by the phenotype of a targeted deletion mouse NaPi-IIb-/- model, which 

dies between week 8 and 9 of embryogenesis [18].  It has been shown that NaPi-IIb 

mRNA is present in the placenta [19], however protein expression and quantitative 

measurements of Pi absorption from placenta to embryo have not currently been 

investigated. 

 

1.2.1.2. NaPi structure and function  

All three isoforms of NaPi (IIa, IIb, and IIc) have recently been determined to possess a 

12-pass transmembrane domain (TMD) [20], replacing the original model of an 8 TMD 

protein established soon after the rat and human isoforms of these transporters were 

first cloned [21].  With regards to structure, NaPi proteins share no homology with other 

protein families and they exists as functional monomers with both the C and N terminus 

residing intracellularly, making them important target sites for protein-protein 

interactions and hormonal control [22].  For example, the Lys-Arg (KR) motif located in 

an intracellular linker region between TMD10 and TMD11 in NaPi-IIa is critical for 

parathyroid hormone (PTH) sensitivity and subsequent retrieval of transporter from the 

BBM [23] Another example is the TRL motif in the C-terminal region which forms the 
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basis for a PDZ-binding motif, a crucial protein sequence for NaPi function and retrieval 

[24] (in depth discussion in section 1.2.1.4).    

 

The process of shuttling fully functional NaPi proteins to and from the apical membrane 

does not involve recycling.  Instead, transporters which are targeted for internalization 

are partially detected by clathrin-coated pits, trafficked to early endosomes and targeted 

by lysosomes for degradation [25, 26].  Retrieval of NaPi-IIc is slower than NaPi-IIa, 

does not entail lysosomal degradation, and involves interactions with other cell 

structures such as microtubules [27].   

 

1.2.1.3 Kinetic properties of NaPis 

NaPi proteins utilize the free energy produced by the Na+ gradient across the cell 

membrane to actively transport Na+ and Pi at a 3:1 and 2:1 ratio (NaPi-IIa and NaPi-IIb, 

and NaPi-IIc respectively) [28] (Figure 1.2).  The only other cation that has been shown 

to be able to partially replace sodium in driving Pi transport has been Li+, which is able 

to replace at least one of the 3 Na+ ions utilized by NaPi-IIa and NaPi-IIb [29].  The 

NaPis can also be distinguished by their electrogenicity; NaPi-IIa and NaPi-IIb are 

electrogenic, whereas NaPi-IIc is electroneutral owing to the difference in Na+ and Pi 

transport ratio.  Once the transporters are translocated to the BBM, the only factors that 

influence transport kinetics are membrane potential and extracellular pH [28, 30].  

 

All three NaPi isoforms have a divalent phosphate (HPO4
2-) preference, thus pH is a 

strong determinant of Pi transport capacity as it affects the monovalent/divalent Pi 
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distribution in the lumen of the proximal tubule and the small intestine; divalent Pi 

anions are in abundance at a neutral to basic pH [31].  pH also affects transport kinetics 

in a very direct manner as the proton concentration within a solution directly modulates 

kinetics [31].  At pH 7.4, NaPi proteins share similar substrate affinities of 100uM for 

divalent Pi and 40mM for Na+ - these values are far below normal concentrations in the 

proximal tubule, therefore it is likely that these transporters function at close to their 

maximum rates in the kidney [32].  
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Figure 1.2.  Properties of kidney and intestinal Pi transporters 
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1.2.1.4. Regulation of NaPis  

The main regulators of renal NaPi-IIa and IIc are parathyroid hormone (PTH), dietary Pi, 

dopamine, 1,25 dihydroxyvitamin D3 (vitamin D) and FGF-23 (a phosphatonin which will 

be discussed in section 1.3).   

 

In mice and rats, PTH stimulation of renal PTH1 receptor, which is located on both the 

apical and basolateral side of the proximal tubule [32] results in a decrease of NaPi-IIa 

expression within minutes ï NaPi-IIc expression alterations occur after a few hours [33].  

It is unknown if this same response occurs in humans.  Interestingly, PTH activates both 

protein kinase A and C pathways [34], which indirectly results in phosphorylation of a 

PDZ-containing protein NHERF1 at Ser77 and decreases the domainôs affinity for NaPi-

IIa [35]. NaPi-IIa binds to several PDZ domain-containing proteins (NHERF1, NHERF3) 

[36] and as demonstrated through the use of NHERF1-null mice, the interaction of 

NaPi-IIa with NHERF1 is crucial for apical stability and retention of this transporter [37].  

These mice exhibited hypophosphatemia and phosphaturia as well as a reduction in 

apical NaPi-IIa.  In contrast, NHERF3 ablated mice show no signs of alterations of 

NaPi-IIa expression or Pi excretion [38].  Recently, NHERF1 has also been shown to 

interact with intestinal NaPi-IIb through the use of NHERF1 knockout mice as well as 

confocal microscopy [39].  The lack of NHERF1 however, only seems to impair NaPi-IIb 

adaptation to low Pi diet conditions and thus its interaction with NaPi-IIb may not be as 

crucial for Pi transport in the intestine.   

 



Chapter 1 
 

 

28 

Dopamine has been shown to regulate NaPi-IIa by a mechanism similar to PTH with 

experiments utilizing mouse renal proximal tubule cells.  Protein kinase A and the cyclic 

AMP (cAMP) pathway are activated by dopamine, which then stimulates protein kinase 

C.  This results in the aforementioned phosphorylation of NHERF1 at Ser77 and the 

subsequent disassociation of the NaPI-IIa/NHERF1 complex [40]. 

 

Diet-induced, high serum Pi triggers an increase in urinary Pi excretion in a relatively 

acute manner (~1 hour), a mechanism which seems to be indistinguishable from PTH 

[41].  The signalling mechanisms attributed to acute changes in renal NaPis in response 

to dietary Pi are independent of the known factors that are directly affected by changes 

in dietary Pi (calcium, PTH, vitamin D, FGF-23); hence it is implied that the kidney may 

detect changes in Pi concentration in the plasma by an unknown sensing mechanism 

[42] (a more thorough review of renal Pi regulation and the gastro-renal Pi axis will be 

discussed in section 1.6).  Conversely, a low Pi diet leads to a more chronic adaptation 

of NaPi transporters since hypophosphatemia first increases plasma calcium 

concentration.  Increased plasma calcium then triggers feedback inhibition of PTH 

release and induces maximal renal Pi reabsorption by upregulating NaPi-IIa and IIc 

expression [25].   

 

Vitamin D induces genomic reduction of NaPi-IIa but increases NaPi-IIb protein in adult 

rats directly, post-transcription [43, 44].  This process occurs via an alteration of FGF-23 

levels (a phosphatonin discussed in section 1.3) [45]. In suckling rats, vitamin D 
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increases NaPi-IIb mRNA only, thus it can be concluded that the effect of Vitamin D on 

NaPi-IIb is age dependent [46] 

 

Very recent experiments have shown that NaPi expression can be altered by protein 

kinases that regulate insulin-like growth factor-1 (IGF-1) [47].  In these studies, 

serine/threonine protein kinase B-RAF was shown to upregulate both renal and 

intestinal NaPi-s expressed in oocytes.  When oocytes where co-expressed with NaPi 

and B-RAF or a water control and placed in a Pi bath, a larger intracellular current was 

generated and thus higher Pi uptake capability was produced in the oocytes co-

expressed with NaPi and B-RAF.  Thus far, only in vitro experiments have been 

conducted utilizing B-RAF, so its significance in regulating NaPis in humans has still not 

been determined. 

 

The mode of activation and regulation of intestinal NaPi-IIb is much less understood 

and great focus has been placed on investigating Pi absorption in this area.  As 

mentioned previously, NaPi-IIb is regulated mainly by vitamin D and serum Pi [44] with 

only 30% of intestinal Pi regulation occurring through the influence of vitamin D [48].  In 

depth regulation of NaPi-IIb (intestinal Pi absorption) will be discussed in section 1.5.   

 

1.2.1.5.  Knockout studies 

Segawa et al [49, 50] and Tenenhouse et al [49, 50] have conducted numerous studies 

using transgenic mouse models expressing various degrees of gene knockouts.  Renal 

NaPi-IIa -/- mice exhibit hypophosphatemia, hypercalcemia and hypercalciuria while 
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there is also a compensatory upregulation of NaPi-IIc protein expression [49, 50].   

NaPi-IIc knockout mice possess normal levels of serum Pi and excrete urinal Pi and the 

uptake of Pi into renal BBM is indistinguishable from WT mice [50] (Figure 1.3). The 

expression of NaPi-IIa remains the same in these NaPi-IIc -/- mice as well, which 

implies that the normal contribution of NaPi-IIc to Pi homeostasis is minor but may be 

particularly important under severe circumstances.   

 

Although NaPi-IIc is thought to only contribute a negligible role in overall Pi homeostasis 

from observations of the aforementioned mouse models, the transporter may have a 

more significant role in Pi transport in humans.  Mutations in NaPi-IIc in humans have 

been implicated as the cause of hereditary hypophosphatemic rickets with hypercalcuria 

(HHRH) [51-53].  This condition is characterised by renal Pi wasting which leads to 

hypophosphatemia and secondary rickets or osteomalacia.  As a result, studies 

focusing on this specific genetic condition suggest that NaPi-IIc may have more of an 

impact on Pi balance in humans.     

 

In the case of NaPi-IIb knockout mice, early embryonic lethality was observed, likely 

due to an impaired Pi absorption from maternal circulation.  By bypassing this 

phenotype and generating a tamoxifen inducible NaPi-IIb deficient model, groups have 

shown increased fecal Pi excretion and a 90% reduction in sodium-dependent Pi 

transport in the small intestine.  Despite this reduced intestinal Pi absorption, a ~40-

45% decrease compared to WT mice, the knockouts maintained a normal level of 

serum Pi possibly due to a compensatory upregulation of NaPi-IIa [54] (Figure 1.3).   
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Age dependent variations of the role of NaPi-IIb were also investigated by generating 

heterozygous knockout mice.  At 4 weeks, NaPi-IIb +/- mice exhibited a significant 

decrease in of NaPi-IIb mRNA and protein levels, along with impaired intestinal Pi 

transport and hypophosphatemia.  Compensatory upregulation of NaPi-IIa and IIc and 

increased circulating levels of FGF-23 were noted, but these changes were not enough 

to prevent hypophosphatemia [55].  In contrast, mice at 20 weeks maintained 

normophosphatemia, which highlights and reaffirms the importance of intestinal Pi 

transport during ontogenesies (44, 45).  Interestingly, these heterozygous mice at 20 

weeks did not show any changes in the expression of renal NaPi transporters or 

FGF23, yet still maintained a persistent hypophosphaturia.  These phenotypes mimic 

those of patients with human pulmonary alveolar microlithiasis, a disorder involving 

inactivating mutations in NaPi-IIb.  Those affected do not exhibit changes in plasma Pi 

concentration [56] yet concurrently have hypophosphaturia and low levels of FGF-23 

[57] (Figure 1.3).      
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Figure 1.3.  Summary of NaPi knockout mice phenotypes 

 

 

1.2.1.6. Inhibitors  

Pi transport by all isoforms of NaPi is blocked by nicotinamide and phosphonoformic 

acid (PFA) as they act as competitive inhibitors.  Nicotinamide is a compound which 

stimulates biosynthesis and halts catabolism of nicotinamide adenine dinucleotide 

(NAD) ï NAD is a component cAMP generation which initiates a main pathway of NaPi-

IIa/IIc retrieval.   However, nephrotoxicity and gastrointestinal side-effects prevent their 

use as targets for Pi control in CKD patients [58] (further discussion of these blockers 

(specifically for intestinal NaPi-IIb) and their use in therapy will be discussed in section 

1.8.1.3).    

 

1.2.2. Sodium phosphate cotransporters ð Type III (PiTs)  

Type III cotransporters (SLC20), PiT1 and PiT2, are similar in structure to the NaPis, 

however their roles were initially speculated to involve support of the actin cytoskeletal 
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network [59]. Unlike the type II NaPis, they have a preference for transporting 

monovalent phosphate (H2PO4
-) with a 2:1 Na+:Pi transport stoichiometry (Figure 1.2).  

This difference in Pi preference leads to the fact that the PiTs function with a greater 

capacity at a lower pH as this alters the Pi composition to greatly increase the 

monovalent forms of circulating Pi [60, 61].  The affinities for Pi and Na+ are similar to 

those of Type II NaPis (< 100uM and ~50mM respectively), however PiTs are 

significantly less sensitive to pH; PiT1 in particular has been shown to have stable 

transport rates across a 3 pH unit range [32].  Also, unlike type II NaPis which are 

almost exclusively driven by Na+, Li+ has the ability to fully replace sodium in driving Pi 

transport in type III PiTs [61].  However, a result of this cation replacement is 

significantly reduced Pi transport rates ï the serum concentration of Li is also relatively 

low, thus this phenomenon may have little impact on Pi homeostasis in general.      

 

Although mRNA for both PiT transporters are found across many cell types, detectable 

levels of protein expression for PiT1 is found throughout the small intestine and PiT 2 

protein on the BBM of kidney proximal tubules  [62], [60].  Similar to NaPi transporters, 

inter-organ PiT expression differs between species; in mice there does seem to be 

protein expression of PiT2 strictly in the ileum [63] [64] whereas rats, minimal PiT2 

protein is found in small intestine [62]. 

 

In associated knockout studies, it was shown that PiT2 was responsible for carrying out 

residual renal Pi transport in NaPi-IIa and IIc double knockout mice [50].  However, due 

to the fact that these cotransporters do not show rapid Pi-dependent regulation between 
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apical and basolateral membranes of these epithelial cells, it can be concluded that 

their expression is dependent on functions other than Pi homeostasis [20].  Some of 

these functions have been revealed to include roles in early liver development, bone 

matrix calcification, and cell proliferation [65-67]    

 

There is a strong interest in the role of PiT transporters in vascular calcification as they 

are more highly expressed in vascular smooth muscle cells (VSMCs) than Type II 

sodium phosphate cotransporters [68, 69] (more detailed discussion in section 1.8.1.2) .  

PiT1 is also important for normal liver growth since disruption of the PiT1 gene in mice 

leads to mid-gestation lethality due to severe defects in liver development [65].   

 

1.2.2.1. PiT regulation  

The abundance of PiT2 protein at the renal BBM is regulated by dietary Pi with 

experiments showing an upregulation of transporter protein following a chronic low Pi 

diet in rats [60].  According to the groupôs time course studies, this adaptation took 

approximately 8 hours, much longer than changes seen to the renal NaPi transporters.  

Thus the signalling associated with this regulation can be deduced to involve NaPi-

independent pathways.  In contrast, protein levels of PiT1 do not seem to be altered by 

dietary Pi load [62].  PiT2 mRNA is also upregulated following vitamin D treatment in 

vitro [70], however the significance of this effect is unknown.   
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1.2.3. Sodium phosphate cotransporters ð Type I 

The type I transporters also belong to the solute carrier family (SLC17) and are 

currently known to play a much smaller role in Pi homeostasis in the body.   

 

Although 9 separate homologues of the type I cotransporters have been characterized 

previously, recent discoveries place one of the NaPi homologues (SLC17a4) as an 

organic cation transporter in the small intestine and another (SLC17a7) an inorganic Pi 

transporter in the brain [71, 72].  Proposed theories for their expression in these regions 

involve intestinal urate and drug metabolite extrusion and mineral transport for neuronal 

function respectively.  The fact that type I transporters only share about 20% structural 

homology with the NaPis, [73] suggests that their mechanisms are not crucial for Pi 

handling and absorption in most organs.     
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1.3.  Phosphatonins 

 

A group of proteins known as phosphatonins have come into the foreground as primary 

regulators of Pi homeostasis due to their rapid phosphaturic effect. The term 

phosphatonin was coined to refer to an endocrine substance that acts to increase Pi 

excretion via a cAMP-independent pathway and reduces the function of 1a-hydroxylase 

to convert 25 dihydroxyvitamin D3 (calcifediol) to active vitamin D [7].  Fibroblast growth 

factor 23 (FGF-23) and its co-receptor aKlotho are the most well described factors, as 

well as matrix extracellular phopshoglycoprotein (MEPE), frizzled-related protein 4 

(sFRP-4), and fibroblast growth factor 7 (FGF-7).  All four of these Pi-regulating factors 

were found and isolated from Pi-wasting tumors associated with tumor-induced 

osteomalacia (TIO) in various clinical disorders and serve to increase Pi excretion in the 

urine by directly acting on the number of sodium phosphate cotransporters expressed at 

the brush border membrane of the proximal tubule [7].     

 

1.3.1. FGF-23 

FGF-23 is an established and well-studied factor involved in Pi regulation which acts 

mainly at the renal proximal tubule.  FGF-23 is a 32 kDa protein that is expressed 

mostly in osteoblasts and osteocytes while structurally, it lacks a heparin sulfate binding 

motif which is characteristic of others in the FGF family ï this enables it to act in an 

endocrine manner [74].  Gain of function mutations in FGF-23 cause autosomal 

dominant hypophosphatemic rickets (ADHR) and FGF-23 itself has been shown to 

reduce expression of renal NaPi-IIa and NaPi-IIc at the proximal tubule BBM [75] while 
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also decreasing circulating levels of vitamin D.   This discovery was made using 

transgenic mice overexpressing FGF-23 as well as wild-type mice treated with FGF-23, 

both of which showed a decrease in serum vitamin D [76, 77].  In a complementary 

fashion, FGF-23 null mice exhibited elevated levels of vitamin D [78], which was later 

discovered to be the result of the effect of FGF-23 inhibiting renal 24-ahydroxylase 

activity, which catabolises vitamin D [79].  The reduction in vitamin D in turn, also 

serves to reduce intestinal Pi transport and decrease NaPi-IIb expression [80].  In order 

for FGF-23 to become biologically active, it requires another co-receptor; membrane 

bound aKlotho (described in the following section).  aKlotho first binds to an FGF 

receptor (FGFR) then forms a ternary structure with the C terminus of FGF-23 while the 

FGFR binds to its N terminus [75].  The location of action in which FGF-23 

downregulates NaPi expression is still debated since aKlotho has been shown to be 

expressed in the renal distal tubules whereas almost all renal NaPi protein is located in 

the proximal tubules as previously discussed.  This observation suggests that there may 

be some signalling factor which originates from the FGF-23-aKlotho complex in the 

proximal tubule [81].  Using FGF-23 as a biomarker for CKD has been a topic of 

discussion since elevated levels are seen before altered levels of PTH (an established 

indicator of CKD), but whether FGF-23 is the cause or effect of increased PTH is still to 

be determined.   

 

1.3.2. aKlotho 

The importance of the aKlotho protein in Pi metabolism was established in the last few 

years with the observation that the phenotypes of aKlotho-deficient mice were almost 
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identical to mice lacking FGF-23 [78], [82].  It has now been confirmed that in order for 

FGF-23 to fully form an active complex and induce the aforementioned modifications in 

renal Pi transport and vitamin D levels, it must interact with a co-receptor known as 

aKlotho.  The membrane-bound form of aKlotho first establishes a binary structure by 

binding with certain isoforms of FGFR (1C, 3C, 4) in order to enhance its affinity for 

FGF-23.  This initial interaction with ŬKlotho and FGFR is the main event which 

determines the specific tissue target of FGF-23 [83].  Recent discoveries show that 

aKlotho exists in both membrane bound (68kDa) and a secreted, circulating form 

(130kDa) [84, 85] with the circulating type acting on tangential pathways such as 

increasing cell surface expression of certain renal ion channels (e.g. TRPV5 and 

ROMK) (reviewed extensively in [86]).  The role of aKlotho in Pi handling has been a 

relatively recent finding with data suggesting a strong relationship.  Utilizing a renal free-

flow micropuncture method, Hu and colleagues discovered that aKlotho protein is found 

in proximal tubular fluid and directly inactivates BBM expressed NaPi-IIa resulting in 

phosphaturia [87].  The method of action was found to occur via aKlothoôs 

glucuronidase activity and is completetly independent of interaction with FGF-23.  

Moreover, another isoform of Klotho, ßKlotho, has been shown to interact with human 

FGF-19.  ßKlotho protein is also expressed in the small intestine and is known to inhibit 

sodium-dependent bile acid transport [88].  Whether ßKlotho has any relevance to Pi 

handling similar to those of aKlotho is still under investigation.   
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1.3.3. MEPE 

MEPE belongs to the group of small integrin-binding ligand interacting glycoprotein 

family (SIBLING) and is one of the most overexpressed proteins in diseases related to 

renal Pi wasting.  Although MEPE is derived from the cellular components of the bone, 

its mRNA is present in both the small intestine and kidney [17] while protein expression 

and bioactivity are most highly concentrated in the proximal tubule of the kidney; these 

findings point to the fact that MEPE may play a significant role in Pi homeostasis [89]. 

Through studies conducted utilizing an in-situ gut loop technique in rats, MEPE is 

currently the only phosphatonin known to directly influence intestinal Pi absorption [90].  

Following an intravenous (IV) MEPE infusion, rats exhibited a decrease in jejunal Pi 

absorption which was independent of changes in PTH, vitamin D (unlike following FGF-

23 infusion), or FGF-23 itself [90, 91].  It has also been confirmed that MEPE inhibits 

proximal tubular Pi reabsorption in rats following an IV infusion and single-nephron 

micropuncture and [91].  In these experiments, no changes were seen in glomerular or 

single-nephron filtration rate or filtered Pi load, which suggests that the primary target 

organ of MEPE is the kidney.  However, under certain physiological constraints (i.e. 

renal insufficiency), adaptation of the location of action of MEPE and its potential effect 

on intestinal Pi transport is still unknown. 

     

1.3.4. sFRP-4 

sFRP-4 is a phosphatonin that is highly expressed in tumors associated with renal Pi 

wasting and osteomalacia.  sFRP-4 was thought to play a role in the long-term 

regulation of renal Pi reabsorption following a high dietary Pi intake since sFRP-4 
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protein levels were upregulated in rat kidneys following a chronic high Pi diet [45] 

although levels of sFRP-4 were unaltered in animals on a low Pi diet.  It has been 

proposed that sFRP-4 decreases renal NaPi-IIa expression by inhibiting wnt pathways 

which serve to activate frizzled protein receptors. [92].  Its affect on other phosphate 

transporters has not been determined.    

 

1.3.5. FGF-7 

FGF-7 is also known as keratinocyte growth factor and was isolated from tumors of TIO 

patients [93].  As its alternative name suggests, FGF-7 is highly expressed in 

keratinocytes and its primary role is to stimulate wound healing [93].  In experiments on 

opossum kidney cells, it was shown that FGF-7 inhibits sodium-dependent Pi transport 

in opossum kidney cells [93] while also causing phosphaturia in rats in vivo [94].  The 

pathways involved in this method of action still remain unknown.   

 

 

1.4.  The kidney and Pi handling 

Pi homeostasis in healthy mammals is largely maintained through glomerular filtration 

followed by reabsorption of Pi across the kidney proximal tubule.  Approximately 80-

90% of total Pi in the plasma is reabsorbed at the proximal tubules, with only 15-20% 

taking place in the proximal straight tubule and the remainder in the proximal 

convoluted tubule [95].  
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1.4.1. Pi reabsorption at the proximal tubule 

Expression of NaPi-IIa at the apical membrane of the proximal tubule is largely 

responsible for Pi regulation, with a relatively lesser contribution by NaPi-IIc and type III 

sodium phosphate cotransporter, PiT2 [96].  Indeed, early kidney micropuncture and 

cell culture studies showed that sodium-dependent Pi transport is higher in the proximal 

convoluted tubules compared with proximal straight tubules and distal sections of the 

nephron [97].  This observation was later attributed to the higher Vmax of the sodium-

dependent Pi transport mechanism which directly correlates with the expression 

distribution of NaPi-IIa, specifically the early S1 and S2 segments [10].   

 

1.4.2. Regulation of renal Pi reabsorption 

Short term regulation of renal Pi resabsorption is carried out by the shuttling of NaPi-IIa 

and IIc within vesicles between the cytoplasm and the BBM of the proximal tubule [27, 

33].  The main regulators of renal NaPi-IIa and IIc are dietary Pi, PTH, vitamin D.  

 

1.4.2.1. Renal Pi regulation by dietary Pi 

A low Pi diet has historically been shown to increase renal Pi reabsorption to its 

maximum [98], with experiments using mice on a chronic low Pi diet showing an 

increase in sodium-dependent Pi transport in the proximal tubules with a correlating 

increase in NaPi-IIa protein but not mRNA [99]. However, expression of NaPi-IIc protein 

at the BBM and its mRNA expression was increased which suggests a compensatory 

mechanism under abnormal Pi conditions.  Rats given a similar low Pi diet however, 
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showed an increase in both NaPi-IIa protein and mRNA which highlights the 

discrepancies seen between species [60].   

 

Interestingly, an in vitro study which examined the effect of low Pi concentrations on 

cultured proximal tubule cells confirmed a rapid upregulation of Pi transport, suggesting 

that the cells were able to sense a change in Pi concentration independent of other 

circulating factors such as PTH [100]..  This proposed Pi-sensing mechanism by 

proximal tubule cells may also be linked to the calcium-sensing receptor (CaSR) since 

serum Pi and calcium levels are closely dependent on each other [96].  

 

1.4.2.2. Renal Pi regulation by PTH    

PTH levels in the body are regulated by two separate processes ï first is the release of 

preformed PTH stored in the secretory cells of the parathyroid, and the second is the de 

novo synthesis of PTH [101, 102]. In accordance to these two processes, rapid changes 

in PTH result from the secretion of already fully formed PTH which is directly controlled 

by the binding of calcium to CaSR in the parathyroid gland [103, 104].  PTH release can 

also occur independently of calcium signals through the vitamin D pathway which 

inhibits PTH gene transcription and secretion in the parathyroid glands [105].  An 

increase in vitamin D is thought to act on the PTH gene by increasing the corresponding 

vitamin D receptor mRNA in the parathyroid gland [106].  Subsequently, the receptor 

forms a heterodimer with retinol X receptor and binds to vitamin D response elements 

within the PTH gene which represses its transcription.  Long-term adaptations resulting 

in altered PTH levels usually involve the synthesis of new protein.   
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PTH induces phosphaturia by directly acting on renal NaPi proteins at the BBM; serum 

levels are then acutely modified, with some changes reported within minutes [96].  This 

regulation was demonstrated following a low and high Pi diet gavage in rats, which 

caused changes in plasma PTH levels within 10-15 minutes [107].  PTH has also been 

shown to decrease activity of the Na/K ATPase at the basolateral membrane (BLM) of 

the proximal tubule which may indirectly affect Pi transport by altering the 

electrochemical gradient across the BBM [108].  For the specific pathways and 

mechanisms in which PTH regulates renal Pi transporters, please refer to section 

1.2.1.4. 

 

1.4.2.3.  Renal Pi regulation by vitamin D 

Calcifediol is hydroxylated and converted to active vitamin D in the kidney proximal 

tubule ï subsequently, treatment of animals with vitamin D also stimulates Pi absorption 

in this tubule region [109].  In vitamin D deficient rats, protein and mRNA levels of NaPi-

IIa are significantly reduced in the kidney cortex.  Consequently, after a vitamin D dose, 

both NaPi-IIa protein and mRNA as well as sodium-dependent transport increase [43].  

 

The role of Vitamin D in renal Pi transport regulation is also intricately linked with factors 

such as levels of PTH and FGF-23.  The enzyme 25-hydroxyvitamin D3 - 1ahydroxylase 

(aka 1a-hydroxylase) converts calcifediol to active vitamin D ï this enzyme is also 

stimulated by PTH through protein kinase A and C pathways [110, 111].  Interestingly, 

vitamin D has been shown to inhibit renal Pi reabsorption in rats which have undergone 
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thyroparathyroidectomy [112].  This result was later discovered to be a consequence of 

vitamin D acting on serum levels of FGF-23 [45].  For a detailed overview on FGF-23 

and other phosphatonins, please refer to section 1.3 

 

1.4.2.4.Other factors regulating renal Pi transport 

See phosphatonins, section 1.3. 

 

Metabolic acidosis is a condition in which blood pH is drastically lowered, resulting in an 

increase in renal excretion of Pi and ammonia to preserve bicarbonate and to excrete 

excess protons [113, 114].  Pi plays an essential role in correcting metabolic acidosis by 

acting as a buffer in extracellular fluid and more importantly, in urine [115].  

Phosphaturia is mediated by inhibition of renal Pi reabsorption, supported by the data 

that NaPi-IIa protein and mRNA as well as sodium-dependent Pi transport in BBM 

vesicles is decreased during this condition [115, 116].  This effect is independent of 

PTH, extracellular fluid volume, natriuresis, or plasma Pi concentrations [116] 
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Figure 1.4.  Summary of factors influencing kidney PI reabsorption 

 

 

 

1.5.  The intestine and Pi handling 

Although the kidney is the main player in body Pi homeostasis, there is increasing 

interest in the role of the small intestine in overall Pi handling.  Through recent 

advances in investigating Pi absorption, intestinal Pi absorption is thought to have a 

greater role in the maintenance of Pi balance than previously recognized.  There has 

also been an established connection between the intestine and the kidney to maintain 

postprandial Pi balance.  
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1.5.1. Pi absorption across the intestine 

Enterocytes mature during their transit from the crypt of Lieberkühn to the villus tip, thus 

only those enterocytes located in the mid to upper region of the villi express NaPi-IIb 

and are responsible for Pi uptake [117].  Studies have shown that instillation of Pi 

directly into the small intestine, specifically the duodenum, results in an acute increase 

in serum Pi concentration [54, 62] mediated by both NaPi-IIb and subsequent sodium-

independent pathways (both paracellular and transcelluar, discussed in section 1.5.3) 

[54].  Immunohistochemistry has revealed that type III transporter PiT1 protein is also 

located at the rat small intestinal BBM, however its role still remains unclear [62].  

Sodium-dependent Pi absorption across the intestinal BBM decreases with age in 

several mammalian species with a corresponding decrease in NaPi-IIb gene and 

protein expression [46, 118].  

 

1.5.2. Intestinal Pi regulation 

It is widely accepted that the type II transporter, NaPi-IIb, is responsible for Pi transport 

across the enterocyte BBM and provides the route for sodium-dependent transepithelial 

Pi absorption. Dietary Pi and vitamin D are considered to be the most important 

physiological regulators of this transporter with early experiments looking at NaPi-IIb 

adaptations to a low Pi diet.   

 

1.5.2.1. Intestinal Pi regulation by dietary Pi  

The foundations of what we know to be physiological luminal Pi concentrations along 

the human gastrointestinal tract result from early studies showing the range to be about 
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0.7-12.7mM, varying according to the content and timing of the last meal [119].  Pi, 

used as preservatives in processed foods, has been shown to possess a much higher 

bioavailability, resulting > 90% absorption in the intestine, compared with only 40-60% 

for naturally occurring dietary Pi [120].   

 

Hattenhauer and colleagues showed that NaPi-IIb protein expression increases at the 

BBM of the mouse intestine following a chronic low Pi diet [44], in order to maximize Pi 

absorption in this primary location.  Increased expression of NaPi-IIb can also be 

induced by injection of cholecalciferol (unhydroxylated vitamin D) intraperitoneally 24 

hours before tissue collection.  This supports previous studies showing that vitamin D 

increases the rate of Pi transport across the intestinal BBM vesicles [121].  Low Pi diet 

and vitamin D-induced increases in intestinal Pi transport also occur independently of 

one another, as shown by experiments utilizing vitamin D receptor knockout mice.  

These mice exhibited an increase in NaPi-IIb expression in response to a low Pi diet, 

which was comparable to wild-type mice [122].   

 

1.5.2.2. Intestinal Pi regulation by vitamin D 

Extensive studies have revealed the effects of vitamin D on intestinal Pi transport and 

NaPi-IIb (section 1.2.1.4), however vitamin D deficiency does not have a major effect on 

total intestinal Pi absorption in adult rats [123].  This may suggest that vitamin D plays a 

minor role in directly affecting Pi handling in the intestine, but its effects on other Pi 

regulatory factors such as FGF-23 still makes it an important factor in maintaining 

overall Pi homeostasis.   
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1.5.2.3. Intestinal Pi regulation by other factors 

Epidermal growth factor (EGF) [124] , glucocorticoids [118], estrogens [125], and 

metabolic acidosis [115] also have an effect on NaPi-IIb in more rare and clinically less 

relevant instances.  This section will focus on a brief summary of each.  

 

EGF is an important factor in the maintenance of gut morphology [126] and 

corresponding, high affinity EGF receptors are expressed along the entire GI tract [124].  

EGF treatment in rats decreases NaPi-IIb mRNA levels by approximately 50%. by 

reducing the NaPi-IIb gene promoter activity [124].  In rare clinical cases such as 

intestinal ischemia or injury-induced hyperphosphatemia, circulating EGF levels are 

elevated as well as endogenous EGF requirement in tissues [127], suggesting that EGF 

plays a part in intestinal Pi transport.   

 

Glucocorticoids are important regulators of overall enterocyte maturation and plasma 

levels of glucocorticoids are age-dependent [128].  Glucocorticoids inhibit intestinal Pi 

transport in an age-dependent manner with the highest level of inhibition occurring in 

suckling rats in contrast to the effect on renal Pi reabsorption which only occurs in adult 

rats [118].  The inhibitory effect of glucocorticoids on intestinal Pi uptake is mediated 

through changes in genomic and protein expression of NaPi-IIb. 

 

Estrogen is a main regular of calcium homeostasis since it affects calcium absorption, 

bone density, and vitamin D synthesis [125].  Estrogen stimulates intestinal sodium-
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dependent Pi transport by altering genomic and protein expression of NaPi-IIb [125], 

which may occur through estrogen receptors which are expressed along the intestinal 

epithelium [129]. 

 

The effect of metabolic acidosis on intestinal Pi transport is not as well characterized as 

in renal Pi reabsorption.  Gafter et al showed that metabolic acidosis in rats increased 

intestinal sodium-dependent Pi uptake with a parallel increase in expression of NaPi-IIb 

protein at the intestinal BBM [130].  However, in both rat and mouse animal models, Pi 

transport adaptations to metabolic acidosis does not extend to changes in genomic 

expression of NaPi-IIb, thus the importance of intestinal Pi absorption during metabolic 

acidosis is questionable.  An increase in intestinal Pi absorption would theoretically be 

helpful in buffering extracellular protons and compensate for loss of Pi from the bone 

during acidosis.   

  

Although dietary Pi and vitamin D have well-defined roles in altering intestinal Pi 

transport, phosphatonins have yet to become fully understood in this context.  Further 

research is crucial in obtaining knowledge of the intestinal actions of phosphatonins in 

order to increase the available targets for regulating Pi absorption across the intestine. 
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Figure 1.5.  Summary of factors influencing intestinal Pi absorption 

 

 

 

1.5.3. Passive paracellular and unknown transcellular Pi transport 

There is ongoing debate as to the specific proportion of intestinal Pi transport which is 

attributed to sodium-independent paracellular and transcellular routes.  Intestinal Pi 

absorption can be divided into a saturable, sodium-dependent transcellular pathway 

and a non-saturable sodium-independent pathway ï the luminal concentration of Pi and 

the specific bioavailability of Pi in luminal contents determine which transport system is 

dominant.  

 

Sodium-independent Pi transport was revealed with very early studies using intestinal 

brush border membrane vesicles (BBMV) demonstrating that this transport pathway 

contributed to as much as 40-50% of total Pi transport [131, 132].  Thus, unlike the 
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kidney where sodium-independent Pi transport is negligible, this pathway seems to 

comprise a significant proportion of Pi transport which has been reported in both rat [44, 

70] and human small intestine [133].  This pathway is also not regulated by the classical 

modulators of intestinal Pi transport (e.g. vitamin D, dietary Pi), however experiments 

reveal that young animals and those treated with glucocorticoids have increased 

sodium-independent intestinal permeability [134, 135].  These results point to the fact 

that there may be an unidentified Pi transporter located at the BBM which is responsible 

for sodium-independent transcellular Pi transport.  Conversely, sodium-independent 

transport measured in BBMV may be an artifact of the technique and the measured Pi 

transport in that scenario could have occurred via an unregulated route.   

 

In depth in vivo examination of different routes of intestinal Pi transport arose from early 

studies in man which indicated that Pi absorption was mediated by active, sodium-

dependent transport at luminal concentrations below 2mM and by passive diffusion 

when over 2mM Pi [119].  Further studies using the conditional tamoxifen-induced NaPi-

IIb-/- KO mouse showed that NaPi-IIb is indeed accountable for 90% of Pi transport 

across the mice ileum.  However, only 50% of the total amount of Pi absorbed from the 

diet could be attributed to sodium-dependent, transepithelial Pi transport [54].  This 

conclusion reaffirms previous observations of a significant sodium-independent 

component of intestinal Pi transport, although whether this transport pathway occurs via 

a paracellular or transcellular route is still unidentified [133, 136]  
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Interestingly, tight junction proteins such as claudins and occludins, which provide a 

regulated and selective route for passive paracellular ion flow as well as epithelial cell 

adhesion [137] show subtle changes in expression under the stress of renal damage 

and CKD.  Studies show alterations in protein levels of claudin-1 and occludin, key 

constituents of tight junctions in intestinal epithelia, in patients with CKD [138].  Since 

tight junctions may regulate the still uncharacterized sodium-independent Pi transport 

pathway, these changes need to be investigated further to elucidate their consequence 

on intestinal Pi transport in CKD.  These data further support the notion that there is 

interplay between the small intestine and the kidney in Pi transport  

 

To summarize, it is probable that during fasting and low dietary Pi concentrations, Pi 

absorption is mediated mostly by NaPi-IIb.  However, when luminal Pi levels are 

elevated post-prandially, transport could also occur via a sodium-independent 

transcellular or paracellular pathway.  It is significant to note that both pathways have 

the potential to contribute to Pi imbalance, and whilst the NaPi-IIb knockout mouse 

model has advanced our understanding of the role of this protein in intestinal Pi 

absorption, further studies are necessary to define the mechanisms of sodium-

independent Pi transport.   

 

 

1.6. Kidney and GI tract:  a potential signalling axis 

In a publication by Berndt et al (2007), an óintestinal mucosal factorô that directly 

influences renal Pi absorption was hypothesized [139, 140] . Their experimental work 
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showed a rapid increase in Pi excretion < 30 min. after duodenal instillation of 1.3M Pi 

[140]. This acute and specific phosphaturic effect, unlike the long-term adaptation to 

dietary Pi, was found to be independent of PTH and occurred without changes in 

plasma concentrations of Pi or other known phosphatonins such as FGF23 and sFRP4.  

The high concentration of Pi used in these experiments was an issue of concern as it 

may also alter physiological responses ï the effects of a Pi solution with such high 

osmolarity on the intestinal lumen are unknown.  MEPE has been proposed as a 

potential candidate for this unknown phosphaturic factor since its mRNA is expressed in 

the small intestine and treatment of rats with MEPE increased Pi uptake at the intestinal 

BBM [90] (see section 1.3.3); however the specific mode of action has not yet been 

investigated.  

 

Interestingly, studies using NaPi IIb+/- and NaPi-IIb-/- KO mice have shown a role for 

NaPi-IIb in this potential cross-talk mechanism. Thus targeted deletion of NaPi-IIb is 

associated with decreased FGF-23 levels and decreased urinary Pi excretion in order to 

maintain normophophatemia [55, 141].  In support of these findings, data from previous 

studies have shown that in contrast to the well documented association between FGF-

23 and dietary Pi intake [142], acute non-dietary modulation of serum Pi levels within 

the normal range does not induce changes in FGF-23 [143, 144]. Therefore it appears 

that changes in intestinal Pi concentrations and/or intestinal Pi sensing may be the 

primary regulator of FGF-23 and that only supra-physiological changes in serum Pi 

concentration, such as during CKD, are associated with increased FGF-23 levels. 
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1.7.  Potential role of the liver in Pi handling 

 

The liver is an important metabolic organ well known for its function as a filtering unit for 

the body [145]  The liver weighs between 1200 and 1500g and, with exception of the 

skin, is the largest organ in the human body (approx 4-5% of body weight in newborn 

and 2-5% in an adult).  The blood supply to the liver also has two sources; the portal 

vein contributes approximately 75% of total circulating blood to the liver, the hepatic 

artery contributes the other 25%.  The liver is strategically situated in the circulatory 

system, receiving the portal blood that drains the stomach, small intestine, large 

intestine, pancreas, and spleen.  In this position, the liver plays a key role in processing 

nutrients from postprandial contents assimilated by the small intestine (Figure 1.7).    

 

 

Figure 1.6.  Schematic of hepatic portal vein location relative to the liver and small intestine 

 

 


