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Transport Kinetics, In: Peritoneal Dialysis, 3rd Edition, Kluwer Academic Publ,  
Eds. Popovich, Moncrief and Pyle, Chap. 6, pp. 96-116, 1989 

Peritoneal  Transport: From the « Black-box è Modelé 



éTo the 3-Pore Model: Endothelium as a Functional Barrier  

Devuyst & Rippe, Kidney Int 85, 2014 
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é Disproportionate water removal when using hypertonic solutionsé 

Hypothesis : Transcellular movement of water across the peritoneal membrane, resulting in a 

sodium sieving process. 

* 



Nolph K. J Lab Clin Med 1979 

Decrease in DNa at 60min of 3.86% glucose dwells  in CAPD patients 
Ÿ Sodium sieving: uncoupling of water and sodium transport across the peritoneal 

membrane - transcellular water transport ? 

A òsodium sievingó 

observed in CAPD 
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Mesothelium 

Factor VIII 

m 

Interstitium Capillary endothelium 
Main functional barrier to solute & 

fluid transport  

The Peritoneal  Membrane as Model for Transport 



According to the model, the peritoneum behaves as a membrane having 
 a large number of "small pores" (radius 40 - 60 Å) and a very low number of "large pores" 

(radius 200 - 300 Å).  
 

In addition, a third transperitoneal exchange route is predicted to exist, namely a 
transcellular ("ultra-small" pore) pathway, having an approximate pore radius of 4 to 5 Å. 



Computer simulated drained volume versus time 

curves for varying glucose concentrations in the 

dialysate. 

Computer simulated sodium concentration in the dialysate as 

a function of dwell time for 1.36 per cent and 3.86% glucose 

dialysis solutions 

The Peritoneal  Membrane as Model for Transport 

Rippe et al. Kidney Int 40:315-325, 1991 



Ultrasmall pores : predict to account for 50% of water removal (UF) 

Ultrasmall  Pores across the Endothelium 



Experimental  validation of the three -pore model:  

The ultrasmall  water pore  



 Non-lipophilic substances (incl. water) must use specific pathways  

to cross lipidic membranes 

The Overton Rule (1899) 



Osmotic 
Gradient 

Simple Diffusion 

Facilitated Diffusion 

Macey et al. Am J Physiol 1984 

Overton : Water Pores in Cell Membranes 



The Journal of Biological Chemistry 263 : 15634-42, 1988 

Identification, Purification, and Partial Characterization of a Novel Mr 28,00 Integral 

Membrane Protein from Erythrocytes and renal Tubules 

Denker BM, Smith BL, Kuhajda FP, Agre P. 

CHIP28 is not the Rhesus antigen ς  Why is it so abundant ? 



CHIP 28 : Channel-like  Integral  Membrane Protein 

ω cDNA, membrane protein 

ω Analogy with channels (MIP cornea) 

ω Mw 28 kDa  

ω 150,000 copies/RBC  

ω Highly expressed in the kidney ! 

Ÿ Xenopus swelling assay: W.B. Guggino 



Vehicle 

Hypotonic medium 

ω Hypo-osmolar swelling 

ω HgCl2 inhibited, no currents 

AQP1 

Hypotonic medium 

Cell swelling Ÿ facilitated water transport 



Walz T et al. Nature 387, 1997 Wang et al. Structure 13, 2005 

Structure of Aquaporins 

AQP1 tetramers : 3 billions of water molecules per second 

Å Opening : 4.0 Å 

Å Narrow pore : 2.8 Å 





Distribution of Aquaporin -1 in the  

Endothelium Lining Peritoneal Capillaries  
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GlyAQP1 - 
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Am J Physiol 275, 1998 ; Kidney Int 67, 2005 

Hu. Perit.  



Å The three-pore model predicts that nearly one-half of the total transperitoneal 
water flow occurring during the early phase of hypertonic (glucose) dwells in 
CAPD takes place ǘƘǊƻǳƎƘ άultrasmallέ ǇƻǊŜǎ ƛƴ peritoneal capillary walls.  

Å The transport of fluid across water-only endothelial pores is apparently the main 
reason for the άǎƛŜǾƛƴƎέ ƻŦ bŀҌ ŘǳǊƛƴƎ PD with hypertonic glucose. 

­ We need to test the hypothesis that AQP-1, known to be inhibitable with mercurials, 
plays a major role in transendothelial water transport during PD.  

Bengt Rippe (1996): State of the Problem 



Am J Physiol 271, 1996 

HgCl2: Reduces IPV HgCl2: Reduces Na+ sieving 



Carotid artery Jugular vein 

PUMP 

Saline 

BP TRANSDUCER 

Peritoneal cavity PD catheter 

Ni et al. Kidney Int 67; 2005 

2-hour PET 
2.5 ml dialysate 
Sampling T0, T30, T60, T120 

Model of Peritoneal  Dialysis in Mouse 





Peritoneal Dialysis in Aqp1 Knockout Mice 

Ni J et al. Kidney Int 2006; 69: 1518-25  
 (+/+)  (-/-) 

Å AQP1 pores mediate 50% of UF 

Å AQP1 pores mediate sodium sieving 



Peritoneal Dialysis in Aqp1 Knockout Mice 

Ni J et al. Kidney Int 2006; 69: 1518-25  

AQP1 dose-effect: Heterozygous mice ï intermediate phenotype 

 (+/+)  (-/-) 



Regulation of AQP1 expression ? 



J Clin Invest 97, 1996 

saline or betamethasone (0.35 mg/kg) 

E15 

P1 



lumen 

lumen 

Dexa 1mg/kg 

Sham 

E 

E 

Stoenoiu et al. JASN 14: 555-65, 2003 

Glucocorticoids upregulate AQP1 

in peritoneal capillaries  

Sham 
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Water transport 
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Mediated by GRE: RU486 





AqF026, a novel agonist of AQP1 increases  

osmotic water transport  



Changes in water transport during the course of PD 



Devuyst O et al. JASN 21, 2010 

Modifications of Peritoneal Membrane Exposed to PD 

*  



Courtesy Prof. C. Verger, T. Augustine and E. Goffin 

Devastating syndrome of excessive fibrotic peritoneal thickening  
that can eventually encapsulate the bowel, leading to partial or total bowel obstruction  

Encapsulating Peritoneal  Sclerosis (EPS) 



Changes in Peritoneal  Transport Before EPS Onset 

Lambie et al, Kidney Int 2010; Sampinon, Nephrol Dial Transplant 2011 

UK cohort (2.27% PETs) Dutch cohort (3.86% PETs) 

Loss of UF capacity occurs before the onset of overt EPS 



-5 -4 -3 -2 -1

0 .0 0 0

0 .0 2 5

0 .0 5 0

0 .0 7 5 E P S

C o n tro ls

****

Y e a rs  p r io r  to  P D  s to p

S
o

d
iu

m
 s

ie
v

in
g

-5 -4 -3 -2 -1

0

2 5 0

5 0 0

7 5 0

1 0 0 0 E P S

C o n tro ls

*

***

Y e a rs  p r io r  to  P D  s to p

N
e

t 
U

F
 (

m
l/

4
h

)

0 5 1 0 1 5 2 0 2 5

0

2 5 0

5 0 0

7 5 0

1 0 0 0
E P S

P D  c o n tro ls

M T A C c r e a t (m l/m in )

N
e

t 
U

F
 (

m
l/

4
h

)

E
P

S
 

AQP1 vWF Merge 

10 µm 

50 µm 

Patients who will develop EPS 
Ÿ Loss of UF  (uncoupling) 
Ÿ Loss of sodium sieving 
Ÿ Preserved AQP1 expression 

Changes in Peritoneal  Transport: EPS 

aƻǊŜƭƭŜΧ5ŜǾǳȅǎǘΣ Goffin, J Am Soc Nephrol 2015 

234 incident PD patients 1994-2013 

7 EPS vs. 28 PD controls 
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Vascular and Fibrotic  Changes in the EPS Peritoneum  

aƻǊŜƭƭŜΧ5ŜǾǳȅǎǘΣ Goffin, J Am Soc Nephrol 2015 
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Fiber Ø  20-40 nm > 60 nm 

Collagen Type III Type I 

Wound-healing Early stages Late stages 

Collagen Density and Structure (Polarized  Microscopy) 

aƻǊŜƭƭŜΧ5ŜǾǳȅǎǘΣ Goffin, J Am Soc Nephrol 2015 
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Effect  of Fibrosis on Water Transport across the Peritoneum  

aƻǊŜƭƭŜΧ5ŜǾǳȅǎǘΣ Goffin, J Am Soc Nephrol 2015 



Two transport resistance coupled in series: capillary wall and interstitium 

Rippe, Am J Physiol Renal Physiol 2006 

Small pore 

Aquaporin-1 

Serial three-pore membrane/fiber matrix model 

Peritoneal 

capillary 
Peritoneal 

cavity 

Small pore 

Aquaporin-1 

Three-pore model 

Peritoneal 

capillary 
Peritoneal 

cavity 

From a Three-poreé 
To a Serial Three-pore Membrane/ Fiber Matrix Model 



Rippe, Am J Physiol Renal Physiol 2006 

Small pore 

Aquaporin-1 

Serial three-pore membrane/fiber matrix model 

Peritoneal 

capillary 
Peritoneal 

cavity 

From a Three-poreé 
To a Serial Three-pore Membrane/ Fiber Matrix Model 

UF capacity and sodium sieving are progressively reduced when the vascular area and the 
interstitial fibrosis progress in parallel (unchanged relative AQP1) 



Crystalloid: Glucose Colloid: Large fractions of icodextrin 



Rippe and Levin, Kidney Int 2000;57:2546-56 

Icodextrin: poor diffusion, iso/hypotonic osmosis, AQP1-independent ­ Sustained UF 

Glucose: diffuse readily, hypertonic osmosis, AQP1-dependent ­ Transient UF 



Crystalloid  vs. colloid  osmosis:  

Experimental  validation in Aqp1 mice 

Collaboration UCL Brussels with B. Rippe, C. Oberg 
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Morelle et al. J Am Soc Nephrol in press 


