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Abstract

Inorganic phosphate (Pi) is an essential element that fuels vital processes in the bo
To date, theredsscoradegardinghe mechanisms of Pi regulatidrthgroportion

of transport awied to active (sodunwen) paracellulagr uncharacterized
transcellular pathways. The miresedies address thyscomparing Pi transport in
different segments of the intestine insuigp in sity and ex vivotechniques.

Potential Pigndling between thatestinekidney and livewasalso investigated

usingntestingderfusioandin vivaenaklearancsurgeries

Regionalifferences intestindPi transpovtere investigated usingrikaucloseé
loop in vitreeverted slee andex vivantestinal perfusi@chniges. These studies
highlighted measurBdtranspordiscrepanciesetween methodspnfirmed the
jejunum as the site of highest Pi transport ability in then@ lalsaotyvealethat
the distal coldrarsported a significant amount of Pinbeiinoandin situ. An
intestinal perfusion technique never applied to studies of Risoexposkh

concentrateamount of Bansportedirectiyacross the rattestinapithelium.

Renal Pi clea@n surgerigavestigated @moposedi sensinghechanisretween
the small intestine and the kidneshich a high duodenal Pitlaggered rapid
phosphaturia Present ata showno phosphaturaftera physiologicdOmM Pi

duodenal instillatidn contrast with previously published ti&gh, Ri load into the
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duodenum increased plasma Ppaathyroid hormone (PlEMgIsresulting in

correlated phosphaturia

The role of the liver in Pi transport was investigateoving the livietlowig
instillationf 1, 5, 10, and 15mM® coupled Buffeinto the jejununata show a
steady increase of Pi accumulated lvethehich correlatedth mcrease Pi
concentration instilled into the jejuBatween 10 and 15mM howbe&t in he

live reached saturatisyggesting that the liveay onlystore physiological
concentrationsf Pi. Sodiuntdependencof Pi uptake by the liver was also not
apparentntil 15mM Pi, in contrastseitiunrdependerRitranspotby the intestine

at dl four concentration3his finding suggestseparate mechanisiliver Pi

transport thisuprghysiological Pi concentration.
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] ntraperitoneal
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Abbreviations, acronyms, and alternate names

[ [ o E——— Parathyroid hormone

5] b [ — Sprague dawley (rat)

o =] —— Secreted frazzielated proteird

LI Fight juction

Y[ Y —— Fransmembrane domain
T1O--------mmem————-—-Fumoinduced osteomalacia

AV )] = —— Vamin D receptor

Vitamin D------------ 1, 25 dihydroxyvitamin(&tive vitamin D)
V2]V [ — Vascular smooth muscle cells
XLH-------------------Xlinked hypophosphatemia
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Chapter 1

Introduction to the physiological

importance of phosphate and its regulation

Phosphate is an important elethat is required for vital pathways necessary to
sustain life, pathways which include DNA regeneration, bone formation, and ener
currency in the form of adenosine triphosphate (ATP). Phosphate is mostly obtain
through the diet, and the regulairontie postprandial state to excretion is tightly
maintained through a complex network of transporters and endocrine factors. Shedd
light on the links between dietary phosphate and the functions of these circulatir
factors in the small intestineg\kidimd potentially the liver, is particularly important in
the context of chronic kidney disease (CKD), as phosphate homeostasis is disturb

and can lead to conditions exhibiting a high mortality rate.

1.1Physiological phosphat®meostasis

Inorganichmsphate (Pi) is the form of phosphate obtained from the diet and differs
from the organic compound found in nucleic acidsslgoaktigeoteins and cell
membrangd-3] Pi is regulated according taribard consumed, with male adult
humans ingesting and storing a slightly higher amount tih Werfoed enters

the small intestine, Pi is absorbed in the duodenum and jejunum and transported to
extracellular fluid where it is then freely filtered by the kidmayatéipy0% of
ingested Pi is absorbed in the small intestineomdtititesnore than what is
biologically requiféfl Following thathout 80% of tRein the blood reabsorbed

by the kidney proximal tuljGlesSkeletal Pi requirements involve rodgey of
2(
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total Pi in the blood, wittoRtaiad and stored in the bone amdadl amount of Pi
makinga steady and equal Pi exchatitfpethe extracellular fluid as n¢épdtie

main concept in this homeostasis model is that Bxci@téetes and urine is
approximately equivalent to the amgested by the individuidlis mechanism is

essential in maintaining Pi ba{kiguae 1.1).

daily dietary
intake

g (~159)
l

11¢g o 02g
absorbed | y resorption
—_— € )
A
- i _—
02¢g Extracellular fluid 02g
secreted ' formation
549 60¢
reabsorbed filtered
Joly |
stool P urine
(~0.99) L | oeg
2R

Figure 1.1. Distribution of Pi in the human body from dietary source to gatfatitad from
[7D

The amount of Pi excreted via stool and urine is equivalent to the amount of Pi ingested, while there
an equal and constant exchange of Pi between extracellular stores and the bone.

21
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1.2. Active Pi transport

1.2.1 Sodium phospieacotransporterd Type Il (NaPis)

The type |l sodiiependent phosphate cotransporters, part of the solute carrier family
(SLC34), are the main Pi handlers in the body and are expressed primarily in the sn
intestine and the kidney. Their exprassimnbrush border membrane (BBM) of
intestinal enterocytes (Ml@Piand renal proximal tubules-{idatid Ilc) is the rate

limiting step for Pi trandBoA]

1.2.1.1 NaPi distribudind protein e@ssion

NaPidla is expressed in theS3]10]segments of kidney proximal tubules (highest in
S1), while Nal¢ is confined to the S1 redibh] NaRlla and Nafic are

expressed on the BBM of the kidney proximal tubule across all species; howeve
segmental distribution of -Nlaf the small intestine is spspexsfic. In mice the

highest expression occurs on the BBM of the ileum whereas in rats and humans, Na
llb expression and the majority of Pi transport takes place in {i@]jejtmsm
differencen intestinal Pi handling is one of the main reasons behind using rat model.
when performingvivaexperiments relating to Pi uptake and regulation, as rats serve
to be more physiologically relevant to humans. More redéntiasNein shown

to ke expressed in the liver, supplementing previous studies showing that the only ott
tissue specific expression for the protein was|[ft8 l#]gThe original proposed

role of Naflb in the lung was to tpansPi to alveolar epithelial type Il cells for

surfactant synthesis which is important for lungiftjhction
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Expression of intestinal INBPand renal NdRi decreases with age while renal
NaPila expression seems to remain stable throudtéutliffe Thisagerelated

decrease in expressidriNaRilb has been attributed to fact that Pi absorption from
the dét/maternal circulation is essential during early development to promote skelet
growtlj16] Indeed the crucial role of intestindliNaRimbryonic development has

been showby the phenotype of a targeted deletion mouk®-Nadiel, which

dies between week 8 and 9 of embryodedledishas been shown that MaPi

MRNA is present in the plad@é8jahowever protein expresaiwh quantitative
measurements of Pi absorption froentpldao embryo hawet currently been

investigated.

1.2.1.2. NaPi structure and function

All three isoforms of NaPi (lla, llb, and lic) have recently been determined to posses
12pass transmembrane domain (RUDEplacing the original model of an 8 TMD
protein established soon after the ratraad isoforms of these transporters were

first clonef21] With regards to structure, NaPi proteins share no homology with othel
protein families and they exists as functional monomers with both the C and N termir
residhg intracellularly, making them important target sites #fprotpmotein
interactions and hormonal c¢2®jolFor example, the-Byg (KR) motif located in

an intracellular linker region between TMD10 and TMDHIA iis Natizal for
parathyroid hormone (PTH) sensitivity and subsequent retrieval of transporter from 1

BBM[23]Another example is the TRL motif iAghaidal region which forms the
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basis for a PBinding 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 membre
does not involve recycling. Instead, transparitessemairgeted for internalization

are partially detected by clatbaited pits, trafficked to early endosomes and targeted
by lysosomes for degradg#ibn26] Retrieval of NdFiis slower than NHR®)

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

structures such as microtulf2ifg¢s

1.2.1.3 Kinetic properties of NaPis

NaPi proteins utilize the free energy produced Bygthdidtda across the cell
membrane to actively transpoerdaPi at a 3:1 and 2:1 ratio {Nad&d Naffb,

and NaHicrespectively28](Figure 1.2)The only other cation that has been shown

to be able to partially replace sodium in driving Pi transportthadickes Able

to replace at least one of the*3oNs utilized by N#Riand Naflb[29] The

NaPis can also be distinguished by their electrogenitityardaRiaflb are
electrogenic, whereas NMaHRs electroneutral owintipeodifference in*Nand Pi

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

influence transport kinetics are membrane potential and ext{@8I80&ar pH

All threeNaPi isoforms have a divalent phosphaié) (pteference, thus pH is a

strong determinant of Pi transport capacity as it affects the monovalent/divalent

24
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distribution in the lumen of the proximal tubule and the small intestine; divalent
anions arm abundance at a neutral to bagddpkH also affects transport kinetics

in a very direct manner as the proton concentration within a solution directly modula
kinetic§31] At pH 7.4, NaPi proteins share similar salfstitas of 100uM for
divalent Pi and 40mM for-eese values are far below normal concentrations in the
proximal tubule, therefore it is likely that these transporters function at close to thi

maximum rates in the ki3l
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==

Kidney proximal tubule

Figure 1.2. Properties of kidney and intestinal Pi transporters
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1.2.1.4. Requlation of NaPis

The main regulatorsevfal NaRla and lic are parathyroid hormone (PTH), dietary Pi,
dopamine, 1,25 dihydroxyvitan(uitddnin D) and F&F (a phosphatonin which will

be discussed in section 1.3).

In mice and rats, PTH stimulation of renal PTH1 receptor, wddcbniotmbahe

apical and basolateral side of the proximdBfijimdalts in a decrease of INaPi
expression within miniitBigPillc expression alterations occur after a fel83jours

It is unknown if this same response o¢eurgims. Interestingly, PTH activates both
protein kinase A and C path{84ysvhich indirectly results in phosphorylation of a
PDZcont aining protein NHERF1 at S-er 77 a
[la[35] NaRlla binds to several PDZ deooaitaining proteins (NHERF1, NHERF3)
[36]and as demonstrated through the use of MidER#Ee, the interaction of
NaPila with NHERF1 is crucial for apical stability and retenti@msorti7]

These mice exhibited hypophosphatemia and phosphaturia as well as a reduction
apical Nablia. In contrast, NHERF3 ablated mice show no signs of alterations of
NaPila expression or Pi excr¢d8h Recently, NHERF1 has also been ghow
interact with intestinal Ni@Rnrough the use of NHERF1 knockout mice as well as
confocal microscgp9] The lack of NHERF1 however, only seems to irair NaPi
adaptation to low Pi diet conditions and thus its interactiocHwittayjNa®t be as

crucial for Pi transport in theimgest

21
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Dopamine has been shown to regulatéaNaPa mechanism similar to PTH with
experiments utilizing mouse renal proximal tubule cells. Protein kinase A and the cy
AMP (cAMP) pathway are activated by dopamine, which then stimuladsg protein ki
C. This results in the aforementioned phosphorylation of NHERF1 at Ser77 and t

subsequent disassociation of thd|AlNHERF1 compléQ]

Dietinduced, high serum Pi triggers an increase in urinary Pi excretion in a relative
acutemanner (~1 hour), a mechanism which seems to be indistinguishable from PT
[41] The signalling mechanisms attributed to acutarchamgldsaPis in response

to dietary Pi are independent of the known factors that are directly affected by chanc
in dietary Pi (calcium, PTH, vitamin 23FGEnce it is implied that the kidney may
detect changes in Pi concentration in the plasmakyown sensing mechanism
[42](amore thorough review of renal Pi regulation and ftenglaBiraxis will be
discussed section 1.6). Conversely, a low Pi diet leads to a more chronic adaptatior
of NaPi transporters since hypophosphatemia first increases plasma calciur
concentration. Increased plasma calcium then triggers feedback inhibition of PT
release and inducesximal renal Pi reabsorption by upregulatihig ida@ilic

expressiof25]

Viamin D induces genomic reduction dfaNaRiincreases NHPiprotein in adult

rats directly, pastnscriptiqd 3, 44] This process occurs via an alteration28 FGF

levels (a phosphatonin discussedction 1.345] In suckling rats, vitamin D

2¢
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increases NaMb mRNA only, thus it can be concluded that the effect of Vitamin D on

NaPilb is age dependpgtt]

Very recent experiments have shown that NaPi expression can be altered by protc
kinases that regulate indikln growth factbr(IGF1) [47] In these studies,
serine/threonine protein kinaBAMB was shown to upregulate both renal and
intestinal NaRiexpressed in oocytes. Whenesoshere esxpressed with NaPi

and BRAF or a water control and placed in a Pi bath, a larger intracellular current we
generated and thus higher Pi uptake capability was produced in the oocytes c
expressed with NaPi aA@AB. Thus far, omby vitroexperiments have been
conducted utilizirdRBF, so its significance in regulating NaPis in humans has still not

been determined.

The mode of activation and regulation of intestiffaligNaRich less understood
and great focus has been placed otigaveg Pi absorption in this area. As
mentioned previously, NldRs regulated mainly by vitamin D and skei4iithi

only 30% of intestinal Pi regulation occurring through the influencé4d]vitamin D

depth regulation of N##{intestinal Pi absorption) will be discussed in section 1.5

1.2.1.5. Knockout studies

Segawa et {9, 504nd Tenenhouse 48, 50have conducted numerous studies
using transgenic mouse models expressing various degrees of gene knockouts. Re

NaPila -- mice exhibit hypophosphatemia, hypercalcemia and hypercalciuria while
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there is also a compensatory upregulation-ibé NetBin expressiqa9, 50]

NaPilc knockout mice possess normal levels of serum Pi and excrete urinal Pi and tl
uptake of Pi into renal BBM is indistinguishable from[30{Figoee 1.3)The

expression of NdRi remains the same in theselNaPRimice as well, which

implies that the normal iariton of NaRc to Pi homeostasis is minor but may be

particularly important under severe circumstances.

Although NaRc is thought to only contribute a negligible role in overall Pi homeostasis
from observations of the aforementioned mousethmodlatssporter may have a

more significant role in Pi transport in humans. Mutatidis im INelRans have

been implicated as the cause of hereditary hypophosphatemic rickets with hypercalct
(HHRH]5153. This condition is characterised by renal Pi wasting which leads to
hypophosphatemia and secondary rickets or osteomalacia. As a result, studie
focusing on this specific genetic condition suggestithandlahRave more of an

impact on Pi balamecdiumans.

In the case of NaPi knockout mice, early embryonic lethality was observed, likely
due to an impaired Pi absorption from maternal cir@yatioypassing this
phenotype and generating a tamoxifen induciltbedée&€ient modelups have
shown increased fecal Pi excretion and a 90% reductiond@epsndenmh Pi
transport in the small intestine. Despite this reduced intestinal Pi absorption, a ~Z
45% decrease compared to WT mice, the knockouts maintained a normal level

seum Pi possibly due to a compensatory upregulatidia@y{&Rjure 1.3)
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Age dependent variations of the role -dfbNaéte also investigated by generating
hetrozygous knockout mice. At 4 weekdlbN&Rnice exhibited a significant
decrease in of NdlBi mMRNA and protein levels, along with impaired intestinal Pi
transport and hypophosphatemia. Compensatory upregulatianaotiNiEPand
increasedirculating levels of FX3Rvere noted, but these changes were not enough

to prevent hypophosphate®id In contrast, mice Z0 weeks maintained
normophosphatemia, which highlights and reaffirms the importance of intestinal
transport during ontogenesies (44, 45). Interestingly, these heterozygous mice at
weeks did not show any changes in the expression of renapbidéts tian

FGF23, yet still maintained a persistent hypophosphaturia. These phenotypes mir
those of patients with human pulmonary alveolar microlithiasis, a disorder involvi
inactivating mutations in NbPiThose affected do not exhibit chamigsma Pi
concentratigd®6]yet concurrently have hypophosphaturia and low leved8 of FGF

[57](Figure 1.3).
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NaPi-lIb || NaPi-llb || NaPi-llb -/-
NaPi-lla-/- || NaPi-llc /- || t+/-4 +/-20 || inducible
weeks weeks
Urinary Pi Normal Normal Low Pi Low Pi Normal,
excretion excretion increased fecal
Pi excretion
ompensatory o change in ompensatory o change in ompensatory
Effect on c No changei c No changei c
th upregulation of expression of upregulation of expression upregulation of
UL NaPi-llc NaPi-lla NaPi-lla + llc NaPi-lla
transporters

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 phosphonoforn
acid (PFA) abey act as competitive inhibitors. Nicotinamide is a compound which
stimulates biosynthesis and halts catabolism of nicotinamide adenine dinucleotit
(NAD) NAD is a component cAMP generation which initiates a main pathway of NaF
lla/llc retrievalHowever, nephrotoxicity and gastrointestiefiésisgrevent their

use as targets for Pi control in CKD fda@&(itsther discussion of these blockers

(specifically for intestinal -NlaPand their use in therappevdiscussed in section

1.8.1.3).

1.2.2Sodium phosphate cotransportérsype I1{PiTs)
Type Il cotransporters (SLC20), PiT1 and PiT2, are similar in structure to the NaF

however their roles were initially speculated to involve suppont ofttskeletal

3z
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network[59] Unlike the type Il NaPis, they have a preference for transporting
monovalent phosphatg*(®) with a 2:1 Na+:Pi transport stoichi{figaing 1.2).

This difference in Pi preference leads to the fact that the PiTs fanptatewith
capacity at a lower pH as this alters the Pi composition to greatly increase th
monovalent forms of circulatifg®P61] The affinities for Pi and Na+ are similar to
those of Type Il NaR&s100uM d ~50mM respectively), however PiTs are
significantly less sensitive to pH; PiT1 in particular has been shown to have stak
transport rates across a 3 pH unit [@f]geAlso, unlike type Il NaPis which are
almost exclusively driven by Na+, Li+ has the ability to fully replace sodium in driving
transport in type Il P[6&] However, a result of this cation replacement is
significantly reduced Pi transpori riéieserum concentration of Li is also relatively

low, thus this phenomenon may have little irRphohweostasis in general.

Although mRNA for both PIT transporters are found across many cell types, detecta
levels of protein expression for PiT1 is found throughout the small intestine and PiT
protein on the BBM of kidney proximal {@2)I[€®] Similar to NaPi transporters,
interorgan PIT expression differs between species; in mice there does seem to b
protein exprai®n of PiT2 strictly in the il@3)64]whereas rats, minimal PiT2

protein is found in small int§6&he

In associated knockout studies, it was shown that PiT2 was responsible for carrying
residual renBlI transport in NdRi and lic double knockout[BijeHowever, due

to the fact that thes#ransporters do not show ragepBndent regulation between
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apical and basolateral membranes of these epithelial cells, it can be concluded tf
their expression is dependent on functions other than Pi h[@OfoStsis of
these functions have been revealed to include roles in early liveit,deveéopme

matrix calcification, and cell prolif¢6&&ai

There is a strong interest in the role of PiT transporters in vascular calcification as tt
are more highly expressed in vascular smooth nagviSMER) than Type Il

sodium phosphate cotransp@s&ré§9{more detailed discussi@edtion 1.8.1.2) .

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

leads to migestation lethality due to severe defects in liver dey@gpment

1.2.2.1. PiT regulation

The abundance of PiT2 protein at the renal BBM is regulated by dietary Pi wil
experiments showing an upregulation of transporter protein following a chronic low
diet inrats[60] According to the groupds tim
approximately 8 hours, much longer than changes seen to the renal NaPi transporte
Thus the amglling associated with this regulation can be deduced to involve NaPi
independent pathways. In contrast, protein levels of PiT1 do not seem to be altered
dietary Pi lod82] PiT2 mRNA is also upregulatedifad vitamin D treatnient

vitro[70] however the significance of this effect is unknown.
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1.2.3Sodium phosphate cotransportérsype |
The type | transporters also belong to the solute carrier family (SLC17) and al

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

Although 9 separate homologues of the type | cotransporters have been characteriz
previously, recent discoveries place one of the NaPi homologues (SLC17a4) as
organic cation transporter in the small intestinetlaed(SLC17a7) an inorganic Pi
transporter in the bidih, 72] Proposed theories for their expression in these regions
involve intestinal urate and drug metabolite extrusion and mineral transport for neuro
function respectively. The fact that type | transporters only share about 20% structt
homology with the NaPi8]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 bamedben foreground as primary
regulators of Pi homeostasis due to their rapid phosphaturic effect. The terr
phosphatonin was coined to refer to an endocrine substance that acts to increase
excretion via a cAMBependent pathway and reduces thenfohd-aydroxylase

to convert 25 dihydroxyvitagt(icalzifediol) to active vitanjifj O-ibroblast growth

factor 23 (F&B) and its aeceptoaKlothaare the wst well described factors, as

well as matrix extracellular phopshoglycoprotein (MEP|atedzigdtein 4

(sFRM), and fibroblast growth factor 77)F@H four of theserBgulating factors

were found and isolated fromvagting tumors asgted with tumoduced
osteomalacia (TIO) in various clinical disordersatwincrease Pi excretion in the

urine by directly acting on the number of sodium phosphate cotransporters expressec

the brush border membrane of the proxim@ltubule

1.3.1. FGE3

FGF23 is an established andsualied factor involved in Pi regulation which acts
mainly at the renal proximal tubule-23FSFa 32 kDa proté¢hat is expressed

mostly in osteoblasts and osteocytes while structurally, it lacks a heparin sulfate bind
motif which is characteristic of others in the FGRHms@lyables it to act in an
endocrine manngf4] Gain of function mutationsGR23 cause autosomal
dominant hypophosphatemic rickets (ADHR) &3dits&f has been shown to

reduce expression of renal-INaBnd Naffic at the proximal tekBBM75]while
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also decreasing circulating levels of vitamifhiB. discovery was made using
transgenic mice overexpressingFa@s well as wilghe mice treated with 2GF

both of which showed a decri@aserunvitamin D76, 77] In a complementary
fashion, FGE3 null mice exhibited elevated levels of viiaBhiwtich was later
discovered to be the result of the effect-B8 khibiting renal-&dydroxylase

activity, which catabolisesnintdD[79] The reduction in vitamin D in turn, also
serves to reduce intestinal Pi transport and decrdéseXassigl0] In order

for FGR23 to become biologically active, it requires anettept@y membrane
boundaKlotho (describéd the following sectioaKlotho first binds to an FGF
receptor (FGFR) then forms a tetnasiure with the C terminus c2B@file the

FGFR binds to its N termijit§ The location of action in whigR2®
downregulates NaPi expression is still debata&lsitneehas been shown to be
expressed in the renal distal tubules whereas almost all renal NaPi protein is locatec
the proximal tubules as previously discussed. This observation shugigestaythat

be some signalling factor which originates from2Bakd@Ro complex in the
proximal tubu[81] Using FGE3 as a biomarker for CKD has been a topic of
discussion since elevated levels are seen before altered levels of PTH (an establist
indicator of CKD), but whethe2B@&Fthe cause or effect of increased PTH is still to

be determined.

1.3.2aKlotho
The importance of thkKlotho protein in Pi metabolism was established in the last few
years with the observation that the phenot/idkedhatieficient mice were almost
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identical to mice lacking-E&¥8] [82] It has nolxeen confirmed that in order for
FGF23 to fully form an active complex and induce the aforementioned modifications
renal Pi transport and vitamin D levels, it must interactreaéptardanown as

aKlotho. The membraoend form aKlotho firgstablishes a binary structure by
binding with certain isoforms of FGFR (1C, 3C, 4) in order to enhance its affinity |
FGF2 3 . This initial i nteraction with
determines the specific tissue target -@BFE3F Recent discoveries show that
aKlotho exists in both membrane bound (68kDa) and a secreted, circulating for
(130kDa}84, 85)with the circulating type acting on tangential pathways such as
increasing cell surfameression of certain renal ion channels (e.g. TRPV5 and
ROMK) (reviewed extensivé86)n The role aiKlotho in Pi handling has been a
relatively recent finding with data suggesstongg relationship. Utilizing a renal free

flow micropuncture method, Hu and colleagues disc@/€latthohartotein is found

in proximal tubular fluid and directly inactivates BBM exprédsseesilaiy in
phosphaturig87] The method of action was found to occaK vimt h o 6 s
glucuronidase activity and is completetly independent of interactie?8.with FGF
Moreover, another isoform of Klotho, 3Klotho, has been shown to interact with hum
FGF19. Klotho protaralso expressed in the small intestine and is known to inhibit
sodiurdependent bile acid trangp8ft Whether [3Klotho has any relevance to Pi

handling similar to thossekdétho is still under investigation.

3¢



Chapter 1

1.3.3. MEPE

MEPE belongs to the group of small dnitedjng ligand interacting glycoprotein
family (SIBLING) and is one of the m@stpressed proteins in diseases related to
renal Pi wasting. Although MEPE is derived from the cellular components of the bo
its MRNA is present in both the small intestine afi/ kidileyprotein expression

and bioactivity are most highly concentrated in the proximal tubule tidbe kidney
findings point to the fact that MEPE may play a significant role in Pi[8@meostasis
Through studies conducted utilizingsiémgut loop technique in rats, MEPE is
currently the only phosphatonin known to directly influence intestinal[@0labsorption
Followingaintravenous YIMEPE infusion, rats exhibited a decrease in jejunal Pi
absorption which was independent of changegitarRifibi(unlike following FGF

23 infusion), or F&F itself90, 91] It has also been confirmed that MEPE inhibits
proximal tubular Pi reabsorption in rats folloWingfusion and singlephron
micropuncture aj®d] In these experiments, no changes were seen in glomerular or
singlenephron filtration rate or filtered Pi load, which suggests that the primary targe
organ of MEPE is the kidney. However, under csidégigdlyconstraints (i.e.

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

on intestinal Pi transport is still unknown.

1.3.4. sFRR
sFRMP4 is a phosphatonin that is highly expressed in tumors as$ootstaldPi
wasting and osteomalacia. €FR@s thought to play a role in theéetamg

regulation of renal Pi reabsorption following a high dietary Pi intake4since sFRP
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protein levels were upregulated in rat kidneys following a chronic [Bigjh Pi diet
although levels of sFRRere unaltered in animals on a low Pi diet. It has been
proposed that sFRRlecreases renal Niddiexpression by inhibiting wnt pathways
which serve to activate frizzled protein re¢@piorés affect on other phosphate

transporters has not been determined.

1.3.5. FGF

FGF7 is also knowas keratinocyte growth factor and was isolated from tumors of TIO
patients[93] As its alternative name suggestsy F&Highly expressed in
keratinocytes and its primary role is to stimulate woufgBhédalexperiments on
opossum kidney cells, it was shown tRatiM@sts soditdependent Pi transport

in opossum kidneyi<®3]while also causing phosphaturgsin vivd94] The

pathways involved in tathod of action still remain unknown.

1.4. The kidney and Pi handling

Pi homeostasis in healthy mammals is largely maintained through glomerular filtrati
followed by reabsorption of Pi across the kidney proximal tubule. Approximately ¢
90% of tok&i in the plasma is reabsorbed at the proximal tubules, vA@®only 15

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

convoluted tub(gs]
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1.4.1. Pi reabsorption at the proximal tubule

Expression of NdRi at the apical membrane of the proximal tubule is largely
responsible for Pi regulation, with a relatively lesser contributioraby Nakeilll

sodium phosphate cotranspoPiT296] Indeed, early kidney micropuncture and

cell culture studies showed that stejpendent Pi transport is highesr praximal
convoluted tubules compared with proximal straight tubules and distal sections of t
nephror97] This observation was later attributed to thesaigiig¢h&/ sodium
dependent Pi transport mechanism whitly doeelates with the expression

distribution of NdRi, specifically the early S1 and S2 se(dfknts

1.4.2. Regulatiasf renalPi reabsorption
Short term regulation of renal Pi resabsorption is carried out by the shiiiling of NaPi
and llc within vesicles between the cytoplasm and the BBM of the p@imal tubule

33] The main regulators of renalllda#?id llc are dietary Pi, PTH, vitamin D.

1.4.2.1. Renal Pi requlation by dietary Pi

A low Pi diet has historically been shown to increase renal Pi reabsorption to i
maximun98] with experiments using mice on a chronic low Pi diet showing an
increase in sodigi®pendent Pi transport in the proximal tubules wittiagcorrel
increase in NalR protein but not mR8BY However, expression of -Naprotein

at the BBM and its mRNA expression was increasauhgésts a compensatory

mechanism under abnormal Pi conditions. Rats given a similar low Pi diet howev
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showed an increase in both -INaRirotein and mRNA which highlights the

discrepancies seen between spétjes

Interestingly, am vitrastudy which examined the effect of low Pi concentrations on
cultured proximal tubule cells confirmed a rapid upregulation of Pi transport, suggest
that the cells were ableetose a change in Pi concentration independent of other
circulating factors such as PDA] This proposed-g&nsingmechanism by

proximal tubule cells may also be linked to theseatthgreceptor (CaSR) since

serum Pi and calcium levels are closely dependent on[8&¢h other

1.4.2.2. Renal Pi requlation by PTH

PTH levels in the body are regulated by two separateipfioseissi® release of
preformed PTH stored in the secretory cells of the parathyroid, and thedsecond is the
novosynthesis of PTH)1, 102]n accordance to these two processes, rapid changes

in PTH result from the secretion of already fully formed PTH which is directly control
by the binding of calcium to CaSR in the parathy[b@BgEO4]|PTH release can

also occur independently of calcium signals through the vitamin D pathway whi
inhibits PTH gene transcription and secretion in the parathyfb@b]glards

increase in vitamin D is thought to act on the PTH gene by increasing the correspond
vitarm D receptor mRNA in the parathyroid1§i@hdSubsequently, the receptor

forms a hetedimer with retinol X receptor and binds to vitamin D response element:
within the PTH gene which represses its transcripttenn bdagtations resulting

in altered PTH levels usually involve the synthesis of new protein.



Chapter 1

PTH induces phosphatoyidirectly acting on renal NaPi proteins at the BBM; serum
levels are then acutely modified, with some changes reported wWigtih fisutes
regulation was demonstrated following a low and high Pi diet gavage in rats, whi
caused changes in plasma PTH levels withimib0ted 07] PTH has also been

shown to decrease activity of the Na/K ATPase at the basolateral membrane (BLM)
the proximal tubule whioly indirectly affect Pi transport by altering the
electrochemical gradient across the[EBM For the specific pathways and
mechanisms in which PTH regulatesPretnahsporters, please refer to section

1.2.1.4.

1.4.2.3. Renal Pi requlation by vitamin D

Calcifediol is hydroxylated and converted to active vitamin D in the kidney proxin
tubuld subsequently, treatment of animals with vitamin D also stbsoaptiori

in this tubule reg[@09] In vitamin D deficient rats, protein and mRNA levels of NaPi
Ila are significantly reduced in the kidney cortex. Corafeguamitgmin D dose,

both NaRla protein and mRNA as well as stejiemdent transport incréée

Therole of Vitamin D in renal Pi transport regulation is also intricately linked with factc
such as levels of PTH andZ5FThe enzymetdiiroxyvitaminLlahydroxylase
(aka &a-hydroxylase) converts calcifediol to active vitathia &nzyme is als
stimulated by PTH through protein kinase A and C[fpathwidy Interestingly,

vitamin D has been shown to inhibit renal Pi reabsorption in rats which have undergc
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thyroparathyroidectdtdy?2] This result was later discovered to be a consequence of
vitamin D acting on serum levels é#3{@&3} For a detailed overview ®GR23

and other phosphatonins, please refer to section 1.3

1.4.2.4.0ther factors regulating renal Pi transport

See phosphatonins, section 1.3.

Metabolic acidosis is a condition in which blood pH is drastically lowered, resulting in
increase in renadceetion of Pi and ammonia to preserve bicarbonate and to excrete
excess protofikl3, 114]Pi plays an essentidé in correcting metabolic acidosis by
acting as a buffer in extracellular fluid and more importantly[11%] urine
Phosphaturia is mediated by inhibition of renal Pi reabsorption, supported by the d:
thatNaPilla protein and mRNA as well as stefp@mdent Pi transport in BBM
vesicles is decreased during this cofidibori16] This effect is independent of

PTH, extracellular fluid volume, natriuresis,aPptasmentratidi4 6]
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PTH =]
Low Pi diet =1
High Pi diet = |

Phosphatonins =
(FGF-23, aKlotho, MEPE,
sFRP-4, FGF-7)

Metabolic acidosis = |

Figure 1.4Summary of factors influencing kidney PI reabsorption

1.5. Theintestine and Pi handling

Although the kidney is the main player in body Pi homeostasis, there is increasil
interest in the role of the small intestine in overall Pi handling. Through recer
advances in investigating Pi absorption, intestinal Pi absorption is thought to have
greater role in the maintenance of Pi balance than previously recognized. There h
also been an established connection between the intestine and the kidney to maint

postprandial Pi balance.
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1.5.1. Pi absorption across the intestine

Enterocytes mature during their transit from the crypt of Lieberkihn to the villus tip, tt
only thee enterocytes located in the mid to upper region of the villi edpress NaPi
and are responsible for Pi upfadkg Studies have shown that instillation of Pi
directly into the small intestine, specifically the duodenum, results ineaseacute inc

in serum Pi concentratgh) 62nediated by both NHPiand subsequent sodium
independent pathways (both paracellular and transcelluar, discussed in section 1.5
[54] Immunohistochemistry has revealed that type Il transporter PiT1 protein is als
located at the rat small intestinal BBM, however its role still remf@2$ unclear
Sodiuntdependent Pi absorption across the intestinal BBM decreases with age ir
several mammalian species with a corresponding decreasi® igetNaRind

protein expressi@d, 118]

1.5.2. Intestinal Pi rdgtion

It is widely accepted that the type Il transporé#s, IaBsponsible for Pi transport
across the enterocyte BBM and provides the route {dezaatiemt transepithelial

Pi absorption. Dietary Pi and vitamin D are considered to béemihertamdst
physiological regulators of this transporter with early experiments lodking at NaPi

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 Phsceloeitratio

the human gastrointestinal tract result from early studies showing the range to be ab
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0.7#12.7mM, varying according to the content and timing of th§llkgjt Pieal
used as preservatives in processed foods, has been shown to possess a much higk
bioavailability, resulting > 90%r@hs in the intestine, compared with-68%p 40

for naturally occurring dietd&y20j

Hattenhauer and colleagsved that NdRi protein expression increases at the

BBM of the mouse intestine following a chronic Ip#dPindietler to maximize Pi
absorption in this primary location. Increased expressidib afahai?so be

induced by injection of cholecalciferol (unhydroxylated vitamin D) intraperitoneally
hours before tissue collection. This suppats @terdies showing that vitamin D
increases the rate of Pi transport across the intestinal BBM YpdiolesPi diet

and vitamin-iDduced increases in intestinal Pi transport also occur independently of
one another, as shown by experimanisgutiitamin D receptor knockout mice.
These mice exhibited an increase HilNediression in response to a low Pi diet,

which was comparable tetypkl micfl22]

1.5.2.2. Intestinal Pi requlation by vitamin D

Extensivetgdies haveevealedhe effects of vitamin D on intestinal Pi transport and
NaPidlb (section 1.2.1.4), h@veitamin D deficiency does not have a major effect on
total intestinal Pi absorption in ad{di2&tsThé may suggest that vitamin D plays a
minor role in directly affecting Pi handling in the intestine, but its effects on other
regulatory factors such as-ELBtill makes it an important factor in maintaining

overall Pi homeostasis.

4



Chapter 1

1.5.2.3. IntesdilnPi requlation by other factors

Epidermal growth factor (HGH], glucocorticoid$18) estrogen$l25] and
meabolic acidodit15jalso have an effect on Nl@Rn more rare and clinically less

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

EGF is an important factor in the maintenancenafrpinaiogy126] and
corresponding, high affinity EGF receptors are expressed along the [@24ile Gl tract
EGF treatment in rats decreaseslIDlaRRNA levels by approximately 50%. by
reducing the NdR1 gene promoter actifdB4] In rare clinical cases such as
intestinal ischemia or iApdyced hyperphosphatemia, circulating EGF levels are
elevated as well as endogenous EGF requirement[iiR#$suggesting that EGF

plays a part in intestinal Pi transport.

Glucocorticoids are important regufatorsrall enterocyte maturation and plasma
levels of glucocorticoids aredagenderjti28] Glucocorticoids inhibit intestinal Pi
transport in an adependent manner with the highest level of inhibition occurring in
suckling rats in contrast to the effect on renal Pi readdsolptinly occurs in adult
rats[118] The inhibitory effect of glutomids on intestinal Pi uptake is mediated

through changes in genomic and protein expressiéloof NaPi

Estrogen is a main regular of calcium homeostasis since it affects calcium absorptis
bone density, and vitamin D synfh&Sjs Estrogen stimulates intestinal sodium

4¢&
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dependent Pi transport by altering genomic and protein expresHiofi25]NaPi
which may occur through estrogen receptors which are expressed along the intesti

epitheliurfi29]

The effect of metabolic acidosis on intestinal Pi transport is not as well characterized
in renal Pi reabsorption. Gafter et al showed that metabolicratsdosieased

intestinal soditolependent Pi uptake with a parallel increase in expressldm of NaPi
protein at the intestinal BE3] However, in both rat and mouse animal models, Pi
transprt adaptations to metabolic acidosis does not extend to changes in genomi
expression of Ndi, thus the importance of intestinal Pi absorption during metabolic
acidosis is questionable. An increase in intestinal Pi absorption would theoretically
helpful in buffering extracellular protons and compensate for loss of Pi from the bo

during acidosis.

Although dietary Pi and vitamnav® wellefined roles in altering intestinal Pi
transport, phosphatonins have yet to become fully undeistomatentt Further
research is crucial in obtaining knowledge of the intestinal actions of phosphatonins

order to increase the available targets for regulating Pi absorption across the intestine
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Vitamin D =1
Low Pi diet =1
High Pi diet = |

Phosphatonins =
(FGF-23, MEPE)

EGF, glucocorticoids = |

Estrogen, metabolic acidosis = !

Figure 1.5. Summary of factors influencing inkéfirabsorption

1.5.3. Passive paracellular and unknown transcellular Pi transport

There is ongoing debate as to the specific proportion of intestinal Pi transport whicl
attributed to sodwmdependent paracellular and transcellular totgssal Pi
absorption can be divided into a saturable;depdindent transcellular pathway

and a nomaturable sodidindependent pathwaie luminal concentration of Pi and

the specific bioavailability of Pi in luminal contents determine wisgitaamnisport

dominant.

Sodiumndependent Pi transport was revealed with very early studies using intestin:
brush border membrane vesicles (BBMV) demonstrating that this transport pathw

contributed to as much a50%0 of total Pi transpd®l, 132] Thus, unlike the
5(C
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kidney where sodiundependent Pi transport is negligible, this pathway seems to
comprise a significant proportion of Pi transport which has been repoifgd] in both rat
70]and human small inteqti88] This pathway is also not regulated by the classical
modulators of intestinal Pi transport (e.g. vitamin D, dietary Pi), however experimel
reveal that young animals and thosedtwdh glucocorticoids have increased
sodiumndependent intestinal permefbd#dy 135] These results point to the fact

that there may be an unidentified Pi transporter located at the BBM which is responsi
for sodiuamdependent transcellular Pi transport. Converselndspsindent

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

transport in that scenario could have occurred via an unregulated route

In deptln woexamination of different routes of intestinal Pi transport arose from early
studies in man which indicated that Pi absorption was mediated by active, sodiut
dependent transport at luminal concentrations below 2mM and by passive diffusi
when over 2mir[119] Further studies using the camaitmmoxifenducedNaPi

lIb- KO mouse showed that INBRs indeed accountable for 90% of Pi transport
across the mice ileudowever, only 50% of the total amount of Pi absorbed from the
diet could be attributed to sedyp@ndent, transepithdbiatranspofb4] This

conclusion reaffirms previous observations of a significainidegmdident
component of intestinal Pi transport, altihatigdr this tranggmathwagccurs via

a paracellular or transcellular route is still unjd8atifisb]
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Interestingly, tight junction proteins such as claudins and occludins, which provide
regulated and selective routeaBsive paracellular ion flow as well as epithelial cell
adhesiofl37]show subtle changesexpressiamnder the stres$ renal damage

and CKD. t&dies showlterations in protein levels of clawid occludin, key
constituentd tight junctions in intestinal epithelia, in patients Jli#8]JCRIDce

tight junctions may regulate the still uncharacterizeddepdindent Pi transport
pathway, these changes need to be investigated further to &lcodsde dleaice

on intestinal Pi transport in CKD. Thedertthaiasupport 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 cdticentrations,
absorption is mediated mostly bylIblaPHowever, when luminal Pi levels are
elevated poptandially, transport could also occur via a-irsdei@mdent
transcellular or paracellular pathway. It is significant to note that both pathways he
the potential to contribute to Pi imbalance, and whilstithekinadRout mouse

model has advanced our understanding of the role of this protein in intestinal |
absorption, further studies are necessary to define the mechanisms of sodiun

independent Rarisport.

1.6. Kidney and Gl tract: a potential signalling axis

Il n a publication by Berndt et al (20

influences renal Pi absorption was hypot[&9z€di0] Their experimental work
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showed a rapid increase in Pi excretion < 30 min. after duodenal instillation of 1.3M
[140] This acute and specific phosphaturic effect, unlikeethne &daptation to

dietary Pi, was found to be independent of Pddduaradlvithout changes in

plasma concentrations of Pi or other known phosphatonins such as FGF23 and sFR|
The high concentration of Pi used in these experiments was an issue of concern a:
may also alter physiological resporibeseffects of a $vlution with such high

osmolaty on the intestinal lumen are unknown. MEPE has been proposed as &
potetial candidate for this unknown phosphaturic factor since its mRNA is expressed
the small intestine and treatment of rats with MEPE increased Pi uptake at the intest
BBM[90](see section 1.3.3); however the specific mode of action has not yet beer

investigated.

Interestingly, studies using NiaPand NaRib- KO mice have shown a role for
NaPilb in this potential cAadk mechanism. Thus targeted deletion-bb NaPi
associated with decreasedZ33d€vels and decreased urinary Pi excretiorton order
maintain normophophat¢bdial4l] In support of these findings, data from previous
studies have shown that in contrast to the well documented association between FC
23 and dietary Pi intfik42] acute nedietary modulation of serum Pi levels within

the normal range does not induce change2B{H3FF44] Therefore it appears

that changes in intestinal Pi concentrations and/or intestinal Pi sensing may be tl
primary regulator of FZ3Fand that only suphgsiological changes in serum Pi

concentration, such as during CKD, are associated eithHGtBakevels.



Chapter 1

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
the body145] The liver weighs between 1200 and 150@gtraedaception of the

skin, is the largest organ in the human body (&ppixbédy weight in newborn

and 5% in an adult). The blood supply to the liver also has two sources; the port:
vein contributes approximately 75% of total circulatmghleldoe@rt the hepatic

artery contributes the other 25%. The liver is strategically situated in the circulatc
system, receiving the portal blood that drains the stomach, small intestine, larc
intestine, pancreas, and spleen. In this positienplagdia key role in processing

nutrients from postprandial contents assimilated by the sn&ligatestig.

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