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Phosphate Physiology and Body Distribution
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- The most abundant anion in the body (700 g = 23 000 mmol)
- Intracellular (80-120 mmol/l IC and only 1-1.5 mmol/l plasma)
- Minimum needs in a healthy adult : 300 mg/day
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Phosphatemia Regulation

Regulation of Serum Phosphate
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Serum Phosphate Concentration

Total Plasma Phosphate = 3,9 mmol/I

Inorganic Phosphate = 0,80-1,45 mmol/L (2.6 to 4.6 m/dL)
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Serum Phosphate Concentration

Phosphatemia / Gender / Age Phosphate Intake / Gender / Age
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The phosphatemia varies according to gender and age
Daily phosphate intake decreases with age

NHANES I, 2009

Serum Phosphate Concentration
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The nictemeral rhythm is flat in CKD subjects

Fasting phosphatemia was higher in patients with high phosphate intake

IxJ, Am J Clin Nutr 2014
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Phosphatemia According to Renal
Function: NHANES 2003-2006
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FIGURE 1 Median and range of serum phosphorus in mg/dL across
kidney function level categories in NHANES 2003-2006 reported as the
eGFR from the Chronic Kidney Disease Epidemiology Collaboration 2009
equation in mL - min~! - 1.73m ™2 *P < 005, tP < 001, *P < 0.001;
compared with reference group, eGFR =105 mL - min pCRE L A
e(GFR, estimated glomerular filiration rate.

Moore L et al. Am J Clin Nut 102:444-453, 2015

Phosphatemia and Mortality
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Serum Phosphate Concentration and Longevity
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Fig. 2 Relation between longevity and serum phosphate in mammals. 1: Klotho™/~
mouse, 2: Mouse, 3: Rat, 4: Hamster, 5: Gerbil, 6: Nutria, 7: Rabbit, 8: Guinea pig.9:
Sheep, 10: Squirrel, 11: Porcupine, 12: Naked mole rat, 13: Flying fox, 14: Bear, 15:
Rhinoceros, 16: Elephant, 17: Human, 18: Human (centenarian). Serum phosphate
levels are average or median values, whichever available in literatures {Asadi et al.,
2007; Feldhamer et al., 2003; Field et al, 1998; Corbunova et al, 2008; Heard et al.,
2006; Holliday, 1995; Kuro-o et al, 1997; Moreau etal, 2003; Munson et al, 1998;
Passeri et al, 2008; Pugh, 2002; Ramsay, 2003; Segawa et al, 2007; Thrall et al,
2004; Tuntasuvan et al, 2002; Yahav et al., 1993}

Kuro-O M. Mechanisms of Ageing and Development 131:270-275, 2010
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Serum Phosphate Concentration and Risk of
Mortality in Subjects with Normal Renal Function

CARE Study
All-cause death

- - - Post-hoc analysis from CARE study
- 60-month follow-up

2 - Pravastatin vs Placebo
-375 death over 60 months

o 4 - Baseline serum PO, vs adjusted
mortality risk

% T T T T T -A grade risk of death rate vs serum

[+] 500 1000 1500 2000
time In days PO, seen
- Serum PO, < 3.5 mg/L (1.13 mM)
Fatal or non-fatal myocardial Infarction hazard ratio = 1.27 (1.02-1.59)

= compared to serum PO > 3.5
-Higher levels of serum PO, associated

24 with new heart failure, myocardial
infraction, and coronary death or

o - nonfatal M|

24 v ’ v

[+] 1000 1500 2000 "
time In days
Tonelli M et al., Circulation 112:2627-2633, 2005 . -

12

09/10/2020



09/10/2020

Phosphate Concentration and Risk of
Mortality in CKD Patients

3
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Phosphate Concentration and Risk of
Mortality in CKD Patients
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Changes in Serum Phosphate Concentration and
Risk of Mortality in CKD Patients: Cosmos
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KDIGO Recommendation
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4- Phosphatémie

2009 : 4.1.1. Chez les patients avec MRC aux stades 3a-5D il est
suggéré de maintenir la phosphatémie dans les limites
normales. Chez les patients avec MRC stades 5D il est suggéré
de faire baisser la phosphatémie vers des valeurs normales.

2017 : 4.1.2. Chez les patients avec MRC stades 5D il est
suggéré de faire baisser la phosphatémie vers des valeurs
normales (2C).

Argumentaire : Nous ne disposons pas de données démontrant que le maintien d’une
phosphatémie normale ait un bénéfice palpable chez les patients avec MRC aux stades 3a-4,
alors qu’il peut exister certains problémes de sécurité d’emploi avec certains chélateurs du
phosphate. Le traitement doit viser les hyperphosphatémies franches.

18

Serum Phosphate Concentration in Dialysis Patients

Serum phosphorus (most recent)

National sample
o< 3.5 mg/dl 03.5-4.5 mgid| 04.6-5.5 mg/d! B> 5.5 mg/dl

or S [0°8) PR 1079 ) (9 IV O ) e o) [ o) ) (o) 8] 1) [ 1]

OCcT13 FEB14 JUN14 OCT14 FEB15 JUN15 0OCT15 FEB16 JUN16 0OCT16
N Patients: 9856 10053 9390 8924 9369 6717 9250 8745 837 7760

Mast recent (single) monthly value

Facility sample transitioned from DOPPS 4 to 5 in Jan-Apr 2012 (see "Study Sample and Methods™).
Facility sample transitioned from DOPPS 5 to 6 in Mar-Jul 2015 {see "Study Sample and Methods").
Source: US-DOPPS Practice Monitor, December 2016; hitp:iwww.dopps.org/DPM
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Serum Phosphate Concentration in Dialysis Patients

Serum phosphorus (most rece
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Most recent (single) monthly value

Facility sample transitioned from DOPPS 4 to 5 in Jan-Apr 2012 (see "Study Sample and Methods™).
Facility sample transitioned from DOPPS 5 to 6 in Mar-Jul 2015 {see "Study Sample and Methods").
Source: US-DOPPS Practice Monitor, December 2016; hitp:iwww.dopps.org/DPM
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Principles for the Treatment
of Hyperphosphatemia in
CKD

23
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Phosphate Metabolism in Dialysis Patients
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Principles for the Treatment of Hyperphosphatemia

Bone

ﬁ \ Parathyronds

1- Control of PTH and bone remodellng |

—

Intestine ‘

Dialysis

’ 4- Decreasing dietary phosphate

’ 5- Blocking intestinal phosphate transporter(s)

’ 6- Intestinal phosphate blnders

—_
LY PN
2- Control of inter-compartment exchanges

\V‘Pj Intracellular
s compartment

+ 1-T.Driieke & B. Lacour, in Comprehensive Clinical Nephrology, Feehaly, Floege and Johnson, Mosby Elsevier, Philadelphia, 3rd edition, pp 123-140-E.A.
+ 2-Clinical practice guideline. National Kidney Foundation. Am J Kidney Dis, 2003;42(4 Suppl 3):51-201. k/DOQI clinical practice guidelines for bone metabolism and disease in chronic kidney disease.
+ 3—Urefa Torres P (sous la direction). Hyperphosphatémie dans Finsuffisarice rénale chronique. J. Libbey Eurotext, Paris, 2004.

+ 4-Nissenson AR. Handbook of dialysis therapy, 4th edition. Saunders Elservier. 2008
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1- Control of PTH and bone remodeling

NPCR PTH
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1- Control of PTH and bone remodeling
Increasing Serum PTH Levels Were Associated with a Higher
Incidence of Elevated Serum Phosphate Levels (OutcomesPlus)
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1- Control of PTH and bone remodeling
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1- Control of PTH and bone remodeling
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2- Control of inter-compartment exchanges

Correction of acido-cetosis states

Hormones: insulin, agonists b-
adrenergics, cathecholamines, cortisol

Renutrition syndrome

32

3- Optimizing Phosphate
Removal by the Dialysis

33
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Removal of Phosphate by Peritoneal Dialysis

TARIED  Mass phosphate removal in continuous ambulatory peritoneal dialysis (CAPD) and antomated peritoneal dialysis (AFD)

Fhosphate clearance (mg/wk)
Reference AFD CAPD
Messa et al (3) 202821257 (n=35; 4x2 1)
~2041 (n=33, 4x3 L)
Evenepoel ef al. (9) 27391042 (n=34) 27901022 (n=16)
Delmez et al. (10) 2170 (4=2 L)
Winchester et al (11) 3250 (4=3 L)
Eetteler et al (12) 2100-2800
Botelho ef al. (13} 3024 (renal plus peritoneal), 1862 (peritoneal alone)

2,714 mg per week

Sawin DA. Advance in Peritoneal Dialysis 28:120-125, 2012

34

Hémodialyse Conventionnelle

30 a 40 mmol/séance de dialyse (930 a 1240 mg)

Peu d’évolution depuis 10 ans

30% de la massa totale est transférée la 1% heure

Peu de changement en fonction du dialyseur
Chauveau 1991 : 30-33 mmol/séance
Gutzwiller 2002 : 30-32 mmol/séance
Gotch 2003 : 30-34 mmol/séance

28% de la variation de la masse de phosphate soustraite est expliquée par le Kt/V

37
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Cinétique de la Phosphatémie Pendant une
séance d’Hémodialyse
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Figure 1|Schematic demonstration of the effect of phosphorus
mobilization e (Km) on intradialysis and postdialysis

serum phosphorus concentration normalized by its initial value.
Different curves are plotted for different values of Ky, as indicated; all

other parmmeters were constant The hemodialysis treatment time is
assumed to be 240 min.
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Influence de la Durée de Dialyse sur la
Quantité de Phosphate Eliminée

Table L Ffficacy passmctens of small sleies and the middle molocule oM during the £ and §3 dialais womions

ih Bh " incroase (K hovs 4 by r
Toral soluie pemoval (ergh
L 51 248 (12 239} 38290 (17 132y 28 <0l
reatene 14023 (RES) 70 R 4R =0
Urc acid [IELTRiTi] B5ZE 310 174 =0
Pl phiofis 97T 215) BT 315) poE ] <01l
M 1B (781 25T 4105 3z <003

4 h, 350 ml/min vs 8 h 190 ml/min de débit sang et bain.

Extraction + 39%
Basile et col. NDT 2011

4 h vs 8 h a Kt/V identique (1.3) : + 40%
Sampaio, Am J Nephrol 2012

39
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Influence de la Surface de la Membrane de
Dialyse sur la Quantité de Phosphate Eliminée

Table }. Phosphate Clearanse ard by Dlagythc Rag|
Characteristic Phosshate Cleamncs mLimi) Phaosphate Femoval (mg)
Fangand Remodalyai B0 [T1EBE2) 1365840, 162 6-1.628.1)
Increasod diatysis tma 86,5 (TRE69.3) 1,436 7 {1,170 1,601.5)
Increasasd dalEass fow B10{T1-84.9) LITE8 {8,137 00 6107
2 [Matyran i parabel | 114 (10041255 14878 1. 2486-0,727.0) |

Pioto: W= 10, Visiues erpressed & moan (959 conlidenss monad). Adiusied [or rling baseins serum phosphain kvol.
Sanm phosphals prprassad i mgiel; comarsion lacior lor mmedL, <0524,

La dialysance n'augmente

pas le transfert de masse
4h vs 4h30 vs dialysat 800 vs 2 dialyseurs (PS F80)
45 mmol -> 48 mmol

Tonelli et col. AJKD dec 09
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Influence de la Fréquence de la Dialyse sur la
Quantité de Phosphate Eliminée:
Dialyse Quotidienne

Gallan (SN, Tunis 2002)
Tf Masse 100 -> 128 mmol/sem + 30%
Apports 968 -> 1535 mg/j + 58%
Lindsay (AM J Kid Dis, 2003)
PhT0:5.6 + 1.6 T12: 5.3 + 1.3 mmol/I

Phosphorus (mmal/L)
[

Decrense in Predislysis Serum

CaCO3T0:5.3+6.3T12:3+3¢g/j

opp s . . 1 2 3 4 5
Pas différent de la dialyse 3 jours/sem i e POtk Bl T b g

Gotch-Levin (Blood Purif 2003)
Tf Masse 121 vs 146 mmol / sem + 21% Augmentation de I'extraction / semaine...
Apports 627 -> 989 mg/j + 58% mais augmentation des apports

Chélateurs 5 vs 14 cp / jour
Leypoldt J. NDT 2014

41
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Hémodialyse versus HDF Hemodiafiltration :
Las Avis Sont Partagés

RESEARCH ARTICLE Open Acoeus

F g | =yl
BB

Online-haemodiafiltration vs. conventional
haemaodialysis: a cross-over stud

wmq:'rmh‘;:;w mwhm, d—'w] ..E;’ Cross-over 3x4 h, 6 mois
sopmon, P, inorganc prosphorus; HDF, hemoda-
Wiration, HDF-HD-HDF
22 patients, 3x4 heures, cross-over Baisse de B2m et Albumine
HD: 962 + 312 mg vs Pas de différence de phosphatémie

HDF: 1159 * 296
Collection horaire du dialysat

Lornoy, JREN 2006

42
Hémodialyse versus Hemodiafiltration (HDF)
Nepheol Dial Transplant (2014 0: 1-8 t
dok 10,1098/ nduighal 3| n d
Original Article -
Phosphate levels in patients treated with low-flux
haemodialysis, pre-dilution haemofiltration and
haemodiafiltration: post hoc analysis of a multicentre,
randomized and controlled trial
- 11 Perlod
T 10 £ B Easeli
? =] P=0.526 Erotow-up
— B k] o
" g
E :- *
W s
2 0 + *
5 L
o z-
i o
T T T
HD HF HDF
Locatelli F. NDT 2014
43
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3- Optimizing phosphate removal by the dialysis |

Daily Nocturnal hemodialysis

(6-8h/6-7 days x week) 18-20 mmol/day
Continuous Ambulatory

Peritoneal Dialysis (CAPD)

Hemofiltration, Acetate Free

Biofiltration (AFB) (3-4h/3x | 330 mg/day ‘
week)

Nocturnal Hemodialysis 350 mg/day ‘
(8h/3x week)

Short daily hemodialysis 340 ma/d
(2h/day/6-7 days x week) mgcay
Standard hemofiltration (HF) | 300 mg/day
(3-4h/3 x week)
500-600 mg or 16-20
mmol/dialysis
100 200 300 400 500 600

Quantity of phosphate removed by the
Dialysis technique (mg)

Standard hemodialysis (HD)
(3-4h/3 x week)

Diet Protein Intake Phosphate content
1.1 to 1.4 g/kg/day 12 to 17 mg/kg/day
77 to 98 glday (h-70 kg) 840 to 1190 mg/day Standard dialysis
5880 to 8330 mg/week
Intestinal absorption 60-70% 3480 to 4980 mg/week removes 20-30 mmol of PO,
Dialysis phosphate removal 1750 to 2350 mg/week (520-930 mg/dia|ysis or
Positive balance 1730 to 3230 mg/week 1860-2790 mg/week)
46

Réduire les Apports Alimentaires et
I’Absorption Intestinale de Phosphate

1- (4) Limiter les apports en phosphate tout
en assurant une ration protéique et des
apports caloriques suffisants

2- (5) Diminuer directement I'activité des
transporteurs intestinaux de phosphate et
ainsi I'absorption intestinale de phosphate

3- (6) Modulation du régime avec un chélateur
du phosphate pris lors du repas

47
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Réduire les Apports Alimentaires et
I’Absorption Intestinale de Phosphate

1- (4) Limiter les apports en phosphate tout
en assurant une ration protéique et des

apports caloriques suffisants

48
4- Decreasing dietary phosphate

< 0.8 g/kg/d protein > 1.2 g/kg/d protein

< 800 mg of PO,/d > 1000 mg de PO,/d

Denutrition Hyperphosphatemia
Hyperparathyroidism
Augmentation Ca x P
CV Calcifications
Risk of morbi-mortality

49
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NHANES 2005-2006 Usual Median Intake of
Phosphate from Food Relative to the Estimated
Average Requirement (EAR)

1800

-
=2}
o
o

- mk =
N
o
o

OEAR
dWomen
= Men

000

Phosphorus Intake, mg/d

1tod 4108 2to13 14tc 190 3IMte S1te =70
18 30 50 70
Age in years
Source of data: US Department of Agriculture, Agricultural Research Service, Beltsville Human Nutrition Research
Center, Food Surveys Research Group http://www.ars.usda.gov/ba/bhnre/fsrg

Calvo MS, Uribarri J. Am J Clin Nutr 98:6, 2013
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European Usual Daily Phosphate Intake

Mean 97.5
(mg/day) | percentile

Country Population

Italy Household 2374 7-day record 1304 2076
‘ v w et
etmanyj ua 1144 ood frequency 1188 1968
(Women) record
Netherlands Household 5958 2-day record 1480 2601
Individual (Men)
Sweden Individual 1214 7-day record 1570 2517
1290 1968
(Women)
Individual (Men)
. . s 656 1493 2381
United Kingdom Individual 303 7-day record 1112 1763
(Women)

European Food Safety Authority, 2006

51
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Approximative Estimation of Daily
Phosphate Intake Worldwide

Daily Calorie Intake Per Capita

Daily Calorie Intake Per Capita
[ Less than 1,690
[ 1880 -2.170
[ 2.170-2.380
O 2,390 - 2 620
[ 2,620 - 2850
[ 2,850 - 3,050
W 20503270
W 3270-3.480
W 3480-3770
[ No data

n al/pemoniday

As low as 10-40 g of protein/day - 130- 520 mg/day of phosphate

As high as : 85-300 g of protein/day - 1200-4000 mg/day of phosphate

52

Type of Phosphates in Nutrients

Plant derived

- Low absorption rate

- Approximately 40 %
absorption efficiency

- Can interfere with
the absorption of Ca,
Mg Fe and Zn

- Only bioavailable
after digested or
degraded by phytase

Organic

Animal derived

- Slightly faster
absorption rate

- Approximately 40-60
% absorption efficiency
- No interference with
the absorption of Ca,
Mg or Zn

- Does not require
special enzymatic
digestion

Inorganic

- Rapidly absorbed
Approximately 70-100 %
- Highly bioavailable

- Rapidly dissociates in
gut acidity

-Does not require
special enzymatic
digestion

- Some phosphate
additives can be a major
source of Na, Ca or Mg

?g Foods High in Phaspharus
Soods
' y
ar 4
B et =iy
c o &

53
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Intestinal Absorption of Phosphate
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intestinal phosphorus |
1120 mg/d

'_

Stool
490 my/d 910mgid

Urirse
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Intestinal Phosphate Absorption
DIET PO4, mg/day
0 500 1000 1500 2000 2500 3000
2000
2 60~ 32
] e
& s5q- g2
g 15002 3
7] 0
o0 | =
< 40 E
< >
e ad 1000 :
g g
E 2¢- 5
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wE 500 O
(=] =
E > 14 3
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LE 5]
ZE ° 2
(]
® NetPO4 Abs, mmol/day = -5 + 0.77*diet PO4, mmol/day
1¢ey r=0.95
-500
=20 1 1 1 1 1 1 1 1 1
) 10 20 30 40 50 60 70 80 90 100
DIET PO4, mmol/day
Lemann J and Favus M, Primer JBMR 1999
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Phosphate Intake,
Demography,
Cardiovascular Risk Factors, _|
and Kidney Function Explain :
Only 12% of Variation in
Serum Phosphate Levels
(NHANES 1l1)

4 G 8 W0

4 G % 10

Reasons:

1- Underestimation of phosphate content in foods
(hidden phosphate in additives)

2- Differences in phosphate bioavailability. Type of
phosphates (plants versus animals derived
phosphates)

3- The ratio calcium:phosphate in foods

4- Other factors presents in the intestine (Mg, Na,
pH, binders, etc)

5- Diurnal and circadian variation of phosphatemia
6- Age, Race, Gender

]

Serum phosphorus (mg/fdL)

Total enasgy keal/24 houm)

0 2 4 G 8 10

15,513 subjects : w0 @ 0 2

* protain (24 hours)

De Boer IH, et al., AJKD 53:399-407, 2009

58
Nutrients Containing the Highest
Phosphate Amount

Baking powder 1300

Cheese (Fourme d’Ambert) 1040

Wheat germ 1030

Skimmed milk powder 925

Cheese (Parmesan) 810

Cheese Beaufort 793

Cocoa 693

Steak of Soya 674

Sardine in Oil 530

ConsoGlobe. France
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Animal Derived Phosphates.
Nutrients with the Best and the Worst
Protein:Phosphate Ratio

Total /300 | SFCTE | protein/100 | pr0 it o i R | P Additves
Bl (mg) Bl (mg/e) (mg/e)
Cheese spread (9% fat) E452, E339
Cheese spread (22% fat) 755 772 19 39.7 40.6 E452, E339
:;t‘;‘essed Ehee 584 576 21 27.8 27.4 E452, E339
Milk (1.5% fat) 108 85 3.2 33.8 26.6
::t‘;cessed Saesnclusx 210 224 9 233 24.9 EA50, E451
:a':)"kf""e' pool (20% 175 144 9.2 19.0 15.7 EA450, E451
Raw pork steak 212 161 21.0 10.1 7.7 -
Raw chicken filet 229 191 23.0 10.0 8.3
60

The Best Protein:Phosphate Ratio

. Digestible Digestible-P-to Protein
ol protEin (g) phosphate (mg) RaLic (mg/g)

Chicken egg
Whole egg 12.4 210 16.9
Yolk egg 16.8 586 37.1
Egg white 10.9 15 1.4

More than 40 proteins
- Ovalbumin (54%)

Conalbumin
- Ovoglobulins
Phospholipds Phosvitin
Phosvitin Livetin
Phosphates Lipovitellin

61
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Is controlling phosphorus by decreasing dietary protein intake
beneficial or harmful in persons with chronic kidney disease?

Both protain intaka and saum & Minimally adjusiad
PO, ncmasad jrafaranca) % Case mix-adjustad
Protain intake lncmased,
bud sarun PO, daomagad e s |
—————
T

Protain irtaka dogragged bu : &
sanm PO, Increased

a1
Bt pratain infake and
sanm PO, decmmad -

Conclusions: The risk of controlling serum phosphorus by restricting dietary protein intake
may outweigh the benefit of controlled phosphorus and may lead to greater mortality.

Additional studies including randomized controlled trials should examine whether nondietary
control of phosphorus or restriction of nonprotein sources of phosphorus is safer and more

effective.
Shinaberger C., et al., AJCN 88:1511-1518, 2008

65
Réduire les Apports Alimentaires et
I’Absorption Intestinale de Phosphate
2- (5) Diminuer directement I'activité des
transporteurs intestinaux de phosphate et
ainsi I'absorption intestinale de phosphate
66
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Blood NAD concentration,

5- Blocking intestinal phosphate transporter(s) |

Nicotinamide Decreases Serum Phosphate Concentration in Dialysis Patients

nmol/10% erythrocytes

icotinamida treatm;

i RF
2Na* HPO Control Adenine-induced Cl

vehicle nicotnamida

Sarum phosphorus, mgal

0 2 6 8 10 112
Time, weeks

o 2 4 [} B 10 12
Time, weeks

Contral  Adenine-induced CRF

vohicle  nicotinamide

2Na*
HPO4%
(NP’
. SGLT-1
1|4 Takahashi Y et al. Kidney Int 65:1099-1104, 2004

Eto N et al., Nephrol Dial Transplant 20:1378-1385, 2004

67
5- Blocking intestinal phosphate transporter(s) |
Serum Phosphate and PTH Concentrations in a Hemodialysis Patient Treated by Nicotinamide
410 | cacos2.49/d (N
T NICOB
3.90  sevelamer 4.8 DEB 500
gld
3.60 r 1000 NICOBION (mg/day) o
®
= 3.30 4 =
E 300 5
5 g
g 270 300 2
: 3
é 2.40 E
£ 210 200 &
2 3
o 1.80 =
1.50 100
1.20
0.90 0
-12-10-8 6 4-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Time (weeks) .
Urena P, et al. Orangerie data 2008
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5- Blocking intestinal phosphate transporter(s) |

-

Tenapanor a
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o % [j%s‘:c"f\,l?wnwnwnm,‘l"wv}ml{’@
‘ Py @ H o K H 0“
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L) i | | f
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Labonté E et al. JASN 26:1138-1149, 2015
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5- Blocking intestinal phosphate transporter(s) |
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Block et al. CJASN 28, 2017
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Tenapanor for Patients on Hemodialysis with
Hyperphosphatemia: A Randomized Phase 3 Trial

METHODS RESULTS
L= E Change in serum phosphate m
:E RANDOMIZED TREATMENT PERIOD !
219 patients across 41 US sites (8 WEEKS) ]
Tenapanor . +0.07
Tenapanor  Tenapanor 30mghb.id. | IdL +0.79
3mgbid 10mgbid. tiration | L maldL

Pooled Placebo
tenapanor
Continue RANDOMIZED
tenapanor WITHDRAWAL PERIOD
Placebo =)
CONCLUSION
— Tenapanor significantly reduced elevated serum phosphate
BB 8 weexs EEH 4 weeks in patients on hemodialysis with hyperphosphatemia.

doi: 10.1681/ASN, 2018080832 J AS N
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5- Blocking intestinal phosphate transporter(s) |
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Block et al. CJASN 28, 2017

73

09/10/2020

29



Réduire les Apports Alimentaires et
I’Absorption Intestinale de Phosphate

3- (6) Modulation du régime avec un chélateur
du phosphate pris lors du repas

74

6- Intestinal phosphate binders

Old and New Intestinal Phosphate
Binders

75

09/10/2020

30



Types of Intestinal Phosphate Binders

1966 I Carbonate de calcium
1972 Hydroxyde d’ alumine (1976 - encéphalopathie)

}
1986 Carbonate de magnésium
1986 I Alginate de calcium
1989 Acétate de calcium 1980 - 2000
1995 I Chlorure de zirconyl (2003 K-DOQI)
1996 I Kétoglutarate de calcium
1999 Sulfate de fer hydrolysé
2000 L Sevelamer (Hydrochloride)
2004 I Carbonate de lanthane Apres 2009
2014 Sevelamer (Carbonate) (KDIGO)
2015 I Ferric Citrate (JTT-751 ou Zerenex)
2015 I Sucroferric oxhydroxide ou PA21 (Velphoro)
2015 v Fermagate, SBR759, PT20 (iron-magnesium hydroxycarbonate)

76

Prescription of Intestinal Phosphate Binders

Phosphate binder use, last 1 month
National sample

Overall

100%

80%

60%

Percent

40%

20%

0% |

80 %

T
AUG10 FE

B11 AUG

Values for each month reflect prescription at end of study month (2010, 2011) or anytime during study
month (2012+)

Facility sample transitioned from DOPPS 4 to 5 in Jan-Apr 2012 (see "Study Sample and Methods").
Facility sample transitioned from DOPPS 5 to 6 in Mar-Jul 2015 (see "Study Sample and Methods").
Source: US-DOPPS Practice Monitor, December 2016; http://www.dopps.org/DPM

T T T T T T
11 FEB12 AUG12 FEB13 AUG13 FEB14 AUG14 FEB15 AUG15 FEB16 AUG16

77
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Prescription of Intestinal Phosphate Binders

Phosphate binder product use

g Less than 3% Iron-Magnesium-Based
National sample

0O Ca-based only O Sevelamer only @ Ca+ sev. anly B Other K

100% MM M . EO%&AGTS* I

80% — 15 %S-ev:(;a

n TR ey
1 40 % Sevelamer

e 35 % Ca-Based
o IEHEEHEHEEHE OO

T T T T T T T T T T
AUG10 JAN11 JUN11 NOV11 APR12 SEP12 FEB13 JUL13 DEC13 MAY14 0OCT14

Values for each month reflect prescription among patients prescribed a phosphate binder
Facility sample transitioned from DOPPS 4 to 5 in Jan-Apr 2012 (see "Study Sample and Methods").
Source: US-DOPPS Practice Monitor, April 2015; http: //www.dopps.org/DPM

78

Prescription of Intestinal Phosphate Binders

Phosphate binder use, by type

. Iron-Magnesium-Based
National sample

O Ca-based only O Sevelamer only E Ca + sev.only B Other K

Overall
100% 1 17 % Others
80% 15 % Sev+Ca
I IEHTTTTTT
= 60% -
43 % Sevelamer
S 40% - ] ¥
20% -
35 % Ca-Based
0%_ ARANNARARNNRRENNNANANNRERD

T T T T T T T T T T T T T
AUG10 FEB11 AUG11 FEB12 AUG12 FEB13 AUG13 FEB14 AUG14 FEB15 AUG15 FEB16 AUG16

Values for each month reflect prescription among patients prescribed a phosphate binder

Facility sample transitioned from DOPPS 4 to 5 in Jan-Apr 2012 (see "Study Sample and Methods").
Facility sample transitioned from DOPPS 5 to 6 in Mar-Jul 2015 (see "Study Sample and Methods").
Source: US-DOPPS Practice Monitor, December 2016; http://www.dopps.org/DPM
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Mechanisms of Action of Intestinal
Phosphate Binders

Calcium Acetate

Calcium Carbonate

Sevelamer HCI
Carbonate de sevelamer
Lanthane Carbonate
Ferric Citrate

Sucroferric oxyhydroxide

253 mg of calcium element per 1000 mg of
calcium acetate

400 mg of calcium element per 1000 mg of
calcium carbonate

210 mg of ferric iron per 1000 mg of ferric
citrate

500 mg of iron per 2500 mg of Velphoro

Formation of insoluble calcium-
phosphate complexes

Formation of insoluble calcium-
phosphate complexes

lonic liaison and interaction between
H+ and intestinal phosphate

lonic liaison and interaction between
H+ and intestinal phosphate

Formation of insoluble lanthane
phosphate complexes

Iron liaison with phosphate

Liaison of phosphate with the
hydroxyle group and with water
contained in Velphoro

Cada D. Hospit Pharm 50:139-151, 2015

80

Capacity of Intestinal Phosphate Binders

Mg of phosphate/gramme

of binder

Calcium Carbonate

Calcium Acetate

Aluminium Hydroxyde

Lanthanum Carbonate

Sevelamer Hydrochoride

Ferric Citrate

Sucroferric Oxyhydroxide

43
106
150
156
140

87
116

Adapted from Urefia P et al. John Libbey, 2004; Hsu CH et al. JASN 10:1274-1280, 1999;

and FDA and EMA reports 2015.
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Phospharons
Absorbed

Capacity of Intestinal Phosphate Binders

Meal Phosphorous = 345 mg
Ca or Aluminum = 50 mEg

400
s

Intake

mg 3N

> é QQ'
2
%O &
N 3
. Em e

T
23 ~
20 1
150 1
1M 1
5,“‘
0

Placebo

CaC03 CaAcetate Aluminum

Sheikh M et al. JCI 83:66-73, 1989

82

Calcium-Based Intestinal Phosphate Binders

CaCo;

pH

dissolved caleium or aluminum at equ

Figure 1. Theoretical analysis of the eﬁecz of pH on t.he binding of phosphorus by

% l:ni‘t]o'und . Akmisug . - -
/ An incongruous
B0 4 .
£ phosphate binder ?
= c.;.-""
40 .,)’jl .
! ” ; Needs a low gastric
/ P Tomosn .
= _',-"J c;r:: T s mnE‘i-gm ml pH in order to
2 3 4 5 6 7 8 facilitate its

dissolution and a

bound virtually all the | high pH to bind

phosphorus regardless of pH, whereas optimal calcium binding required a pH >5
(initial concentrations: phosphorous 320 mg/600 mL; calcium or aluminum
75mEq/600 mL; adapted from Sheild et al.).?

phosphate, similar to

other calcium salts

Sheikh M et al. JCI 83:66-73, 1989
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Calcium-Based versus Non-Calcium-Based
Intestinal Phosphate Binders

Initial Concentrations:
P = 320 mg/6{H} m]
Ca= 75 mEqg/600 ml

% P Bound Aluminum, Lanthanum
100 4 = Calchum Acstate
50 1
50
40 1
20
Calclum Carbonate
0 T ]
1 3 4 £ 6 7 8

pH

Figure 2. In vitro phospharus binding by ealcinm acetate and calcinm carbonare.
One fiour of in vitro phosphores binding of calcinm acetote approximated the
theoretical binding capacity, whereas calciwm carbonate binding of phosphorus
was very poor {adapted from Sheikh et al.).**

after one hour

Calcium Acetate

A more soluble
calcium salt. 10 000
times more than
CaCo3

Dissolution over a
larger pH range than
CaCo3

Maximal binding
capacity obtained

Sheikh M et al. JCI 83:66-73, 1989

84
o H H »
Calcium Absorption
Mesl Phosphorsus = 145 mg Renagel vs Calcium Acetate:
Mesl Caleum = 201 . .
Pephoese  Cicin S 00 g O 50 n5) Less hypercalcemic episodes
414 5 . B Presushout B Washowt B Treatment @ Postwashout
ETT) 24.0% ] 110
an e ssirisa
254 200%
200 J 3L, 7.3 ngmEy .E i
ish €a Aeatuay 4.1 mgmiEq é B.0%
e =
& §< 12.0% -
'
5 Cal’(}3  CaAcetate 5 R
M Phosphorous 8 Calcium < o
Figure 3b. Effect of ingestion of calcium carbonaie or
ealcinm acetate on absorption of ingested phosphoras GG
and calcinm by hemodialysis patients (n = 6). Absorption Calcium Acetate
was measured with a one-meal balance technique. The
dose of each medication contained S0mEg of calcium, A J. Bleyer et al. A Comparison of the Calcium-Free
Calcium acetate bound more phosphorus and was Phosphate Binder Sevelamer HydrochlorideWith
associated with less gg‘;ﬁlﬁ?‘wﬂ (adapted from Calcium Acetate in the Treatment of
: Hyperphosphatemia in Hemodialysis Patients.
Am J Kidney Dis Vol 33, No 4 (April), 1999: pp 694-
701
Mai MLet al. Kidney Int 36:690-695, 1989
85
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7- Chélateurs de Phosphate

2009 : 4.1.5. Chez les patients avec MRC aux stades 3-5D et
hyperphosphatémie, il est recommandé de restreindre la dose
de chélateur du phosphate a base de calcium et/ou de
vitamine D active s’il existe simultanément une hypercalcémie.
Chez les patients avec MRC au stades 3-5D et
hyperphosphatémie, il est recommandé de restreindre la dose
de chélateur a base de calcium lorsqu’il s’il existe de
calcifications artérielles et/ou une ostéopathie adynamique
et/ou sila PTH est constamment basse.

2017 : 4.1.6. Chez les patients adultes avec MRC aux stades 3a-
5D traités par chélateur intestinal du phosphate il est suggéré
de restreindre la dose de chélateur a base de calcium (2B).

Argumentaire : [/ existe trois publications récentes des résultats d’études
randomisées contrélées appuyant cette notion quel que soit le stade de la MRC.

86

7- Chélateurs de Phosphate
Choix du Chélateur en Hémodialyse: L'étude INDEPENDENT

Population: 466 patients HD incidents

Intervention: Sevelamer

Comparateur: Chélateur a base de calcium

Critére principal: Décés di a des arythmies cardiaques
Suivi: 36 mois (analyse aprés 24 mois)

LT B L ———
08 08
2 Arythmies z Mortalité CV
g [ ; L
s 04 E 04
&
92 Log-Rank test: p<0.001 o2 Log-Rank tast p<0.001
= Cacium salts —— Calcum salts
L i 0p | = Seveamor
° 6 iz Monthe o ® ° 6 12 Months 34 ®
Calcium salts ——234 2 211 162 100 Caloium salts —— 234 m n 82 100
Sevelamer = = 232 24 02 163 173 Sevelamer = — =232 0 202 3 3

Di lorio B et al. AJKD 62:771-778, 2013
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Effect of Phosphate Binders

Gastrointestinal Sodium Phosphate Cotransporter NPT2b 1

N
e

# B Chow
O Adenine
O Adenine + Sev

M= -.

WT + Ad + Sev

; - - .

Npt2b* + Ad Npt2b* + Ad + Sev

2

= :
in o n

e
o

Relative Npt2b/p-actin
- -y [

Schiavi S et al: JASN 23: 1691-1700, 2012
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Effects of Intestinal Calcium-Based,
Calcium-Free, and Iron-Based
Phosphate Binders on Classical and
Non Classical Biochemical
Parameters (PO4, CRP, Uric Acid,
FGF23)

89
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Ca (TTG)*
Ca (CARE)***
Sevelamer/TTG*

Lanthanum*#*

3
~
o
E
a
E
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T
@

. Berlin
*** Qunibi W. Kidney Int. 2004 65: 1914
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Effect of Iron-Based Intestinal Phosphate Binders on Serum
Phosphate Concentration
Ferric citrate Sucroferric Oxyhydroxide
37 w giday s Bglday e Egiday
A ~ Weeks of Treatment in PA-CL-05A & -05B 3
. pat |
3 :://7-'._\ , 1 @ﬁb(&@@f@@@ﬁm?n?'&ﬁ
B 77 7 N1 A T ° s — —— =)
£ 1 i . — 4 g 007 3
] \ : E s 4 E
2 \ { ! 0z &
s 8- ' £ 2
: S S T ot &
2 fey ST P S g ﬁ i Sucroferric 047 E
o i i ' + & P T
£ ! ! ¢ hydrOX|de  Sevelamer - | 087 E
é 57 ! § z ; : T T 87 n‘o:
£ s : : 1 477 £
2 FALCLISE FRLLUH 087 §
. . 2 4 057 &
D14 Day 7 Baselne Doy7 Doy'4 Doyzt Doy2d Dyzm  © TR
Study day LocE
Ferric citrate Sucroferric oxyhydroxide
=1,0 g (elemental iron content: 210 mg); =500 mg (iron content: 500 mg (2.5 g tablet)
i.e. 6-8 tablets/day i.e. 3 tablets/day
Dwyer et al, Am J Kidney Dis 61: 759-766, 2013 Floege ) et al, Kidney Int 2014
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Autres Effets Biologiques des Chélateurs
Non-Calciques (Sevelamer)

p-Crésol

urique

CRP

92

ombined therapy with lanthanum carbonate and calcium

carbonate for hyperphosphatemia decreases serum FGF-23

level independently of calcium and PTH (COLC Study)

a (ngiL)
45000 r P=0.001 (Friedman RM ANOWVA on Ranks)
#0:p=0.05 {va OV, Tukey Tesi)
40000 -T-
5000 F
aoooo
3
~d
W 25000 F
trd
20000
15000 F
* *
10000
42 HD patients sooo |
PO4 > 6.0 mg/dL o J_ T . 1L
CaCO03 add CaL 0 B 16 (Weeks)
M 35 a5 35
HOUTEELS Shigematsu T et al. NDT 27:1050-1054, 2012
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(a)
104 HD patients

105 CaMg
99 Sevelamer

25 weeks

Sarum phosphomes {mmoliL)

Both compounds (b)
Significantly reduced
FGF23

No difference

Between groups

Log iFGF-23 {pgimL)

a5
a0

5

Calcium/Acetate Magnesium Carbonate versus Sevelamer
HCI and the effect on serum FGF-23 levels
(Post-hoc CALMAG study)

P=0A5TI"

9
Weaks

25

Covic A et al. NDT 28:2383-2392, 2013
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mFGF-23, Velphoro

Serum FGF-23 levels and Iron-Based Intestinal Phosphate
Binder (Sucroferric Oxyhydroxide)

500 - mFGF-23, sevelamer
Change in FGF-23, Velphoro
400 { 1190 1175 Change in FGF-23, sevelamer
300 4 a7.9 720
56.4
B0 e e %
s | H [ W
o3 T bt
d o0 . ; i
6 [ L | ]
-100 L i
_200 4
-300 + -30.8 441 =,
BN 7 46.7 -69.9
-400 * *
Baseline Week 24 Week 52/55 endpoint

Decreases from baseline in mean serum FGF-23 concentrations were observed over 1 year
in both Velphoro and sevelamer treatment groups. Integrated analysis of mean (SD) FGF-23
and change from baseline (SS; N=1,055) over 1 year.

Sprague SM et al. ASN 2013. Poster
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Effects of Intestinal Calcium-Based,
Calcium-Free, and Iron-Based
Phosphate Binders on

Cardiovascular Calcifications

97

Coronary artery calcification (CAC): Randomized clinical
trials comparing CaPBs and Sevelamer HCI

Study | Design _____ _ __ Resuts

Treat-to-Goal-
Study (TTG)

Chertow GM et al.,

Kl 2002

Renagel in New
Dialysis (RIND)
Block GA et al., Kl
2005

CARE Il
Qunibi et al, AJKD
2008

BRiC
Barreto et al.,

Nephrol Clin Pract
2008

= 200 patients, 1 year follow up
= Patients on sevelamer or any
CaPB (CaAc or CaCOs)

PB doses to achieve sP and
sCa target levels

129 incident HD pts, sevelamer
or any CaPB for 18 months
Management of parameters of
bone metabolism at
investigators’ discretion

203 pts (52 weeks) on Ca Ac or
Sevelamer, both + atorvastatin

71 pts, on Ca Ac or sevelamer
for 12 months

dCa and vit D regimen changes
during study

No difference in sP and Ca x P
Significantly lower increase of CACS
in Sevelamer pts

Significant decrease in LDL and total
cholesterol in sevelamer group

Lower increase of CACS in
sevelamer group

Significant decrease in LDL and total
cholesterol in sevelamer group

No difference in calcification
No difference in LDL levels

No difference in calcification
No difference in bone turnover
No difference in LDL levels
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Effects of Intestinal Calcium-Based,
Calcium-Free, and Iron-Based
Phosphate Binders on

Mortality Risk

99

Effect of Sevelamer and Calcium-Based Intestinal
Phosphates Binders on Survival in HD Patients
“RIND Study”

Survival (%)

100 -

75

50 |

Renagel® 7

p=0.016

Calcium J

25 7

= 129 incident HD T T T T T ; ; T : : .
pts, sevelamer or 6 12 18 24 30 36 42 48 54 60 66
s

Months

any CaPB for 18
months Block et al. Kidney Int 2007;71:438-441
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Effect of Sevelamer and Calcium-Based Intestinal
Phosphates Binders on Survival in HD Patients

“DCOR Study”

All-cause mortality: overall study population

4

—a— Calcium
i Sevelamer

P=0.40

<2 ans

HR =0.93 (0.79 - 1.10)

|
I 22ans
|
t

4 8 12 16 20 24 28 32 36 40 44

Time (months)

Suki et al. Kidney Int.(2007) 72, 1130-1137.
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= 2013 prevalent
dialysis patients

= 1050 any CaPB

Effect of Sevelamer and Calcium-Based Intestinal
Phosphates Binders on Survival in HD Patients

1053 sevelamer

follow-up 2 years

Cumulative incidence of all-cause mortality

No. at risk
Calcium
Sevelamer

0.8

0.7 14

0.6 1

0.5

0.4 4

0.3

0.2

0.1 1

0.0

“DCOR Study”

All-cause mortality: patienig(> 65 years of age

—e— Calcium
—— Sevelamer

-23%
[RR 0.77 (0.61-0.96)]
p = 0,02

0 4 8 12 16 20 24 28 32 36 40 44

Time (months)

472 387 318 274 238 212 185 148 102 62 24 5
455 374 307 275 254 222 196 172 137 97 41 11

Suki et al. Kidney Int.(2007) 72, 1130-1137.
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Effect of Sevelamer and Calcium-Based Intestinal
Phosphats Binders on Survival in HD Patients

[y e o [Pp———

e e b ® vas

Meta-Analysis of

11 RCTs (4622 patients)

Patients assigned to non calcium-
based phosphate binders had a
22% reduction in the risklof all-
cause mortality compared with

those assigned to calcium-based
| phosphate binders
(risk ratio 0-78, 95% Cl 0-61—-0-98)

Jamal S et al. Lancet 382:1268-1277, 2013
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Side Effects

of Intestinal Calcium-Based,
Calcium-Free,
and Iron-Based Phosphate Binders
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Tums, Os-Cal,
Caltrate (calcium
carbonate) and
Phoslo, Eliphos
(calcium acetate)
Renagel (sevelamer
hydrochloride) and
Renvela (sevelamer
carbonate)

Fosrenol (lanthanum
carbonate)

Tolerability contributes to non-adherence: common
adverse events reported with phosphate binders

Gastrointestinal effects in 22% of patients; hypercalcemia in 10%
of patients (12—-54); peritonitis in 4% of patients; pruritus in 10% of
patients; xerostomia in 12% of patients; muscle cramping in 6% of
patients

Gastrointestinal effects in 38% of patients; hypercalcemia in 13%
of patients; metabolic acidosis in 34% of patients (Renagel);
peritonitis in 11% of patients

Peripheral edema in 24% of patients; gastrointestinal effects in
8% of patients; hypercalcemia in 6% of patients; muscular
cramping in 7% of patients; myalgia in 21% of patients; peritonitis
in 4% of patients
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K-DOQI and KDIGO Recommendations.

How can they help us to choose the
type of intestinal phosphate binder?
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6- Chélateurs de Phosphate

2009 : 4.1.4. Chez les patients avec MRC aux stades 3-5 (2D)
et MCR-5D (2B), il est suggéré de traiter I’hyperphosphatémie
par des chélateurs intestinaux du phosphate. Le choix du
chélateur doit tenir compte du stade de la MRC, de la
présence ou non d’autres composants de la MRC-TMO, des
traitements concomitants et des effets indésirables des
chélateurs.

2017 : 4.1.5. Chez les patients avec MRC aux stades 3a-5D, les
décisions sur la stratégie thérapeutique visant a faire baisser
la phosphatémie devrait étre basée sur le caractére progressif
et persistent de I’hyperphosphatémie (non gradé).

Argumentaire : Cette recommandation souligne la perception, selon laquelle les
mesures préventives tres précoces contre I’hyperphosphatémie améliorerait le
pronostic, n’est pas soutenue par des données scientifiques solides.
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In Practice: How to Choose An Intestinal
Phosphate Binder ?

1- Based on biochemical parameters
(Calcemia, Phosphatemia and PTH)

2- Based on the presence or the absence of
cardiovascular calcifications

3- ...~ an the bone biopsy data I»~--_,.ce
or the absence n~ __.. -me turnover or an
adynamic bone disease
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In Practice: How to Choose An Intestinal
Phosphate Binder ?

Ca-Based Ca-Free
Vascular

Calcemia _ Phosphate Phosphate
Calcifications . .
Binder Binder

I R T
—
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Cost of Intestinal Phosphate Binders

Name Dose Range Cost per month (€)

Calcium Carbonate Variable 11-25

Aluminum Hydroxyde 4-20 Capsules 18-90

Sevelamer Carbonate 1-3 Tablets 3 times a day 110-330
(Renvela)

Adapted and modified from Pennoyer A. Drug Foerecast 40:329-339, 2015
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