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Zurich, Switzerland, around 1850



Karl Wilhelm von Nägeli (1817 – 1891)

• 1840 doctorate from the University of Zurich
• 1855 professor of botany at UZH

Investigated the process of osmosis
in unicellular algae & plants

Naegeli, Carl Wilhelm von. 1856. 
Die Individualität in der Natur mit vorzüglicher Berücksichtigung des Pflanzenreiches.

Hypotonic
Turgid (normal)

Isotonic
Flaccid

Hypertonic
Plasmolyzed)

https://www.merriam-webster.com/dictionary/osmosis


The Overton Rule (1899)

Ernest Overton 
(1865-1933) 
PD UZH – 1890 (Biologie)
Contributions on 
membrane permeability

 Mosaic model for plasma membranes

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

to cross lipidic membranes



Osmotic
Gradient

Simple Diffusion

Facilitated Diffusion

Macey et al. Am J Physiol 1984

Mosaic Model for Water Transport
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AQP1

Hypotonic medium

CHIP28/AQP1: Cell swelling  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

• Narrow pore : 2.8 Å

• Selectivity – charged R195



Aquaporins along Nephron Segments

Nielsen S et al. Physiol Rev 82: 205-44, 2002 



Effect of Genetic Variants in AQP1 ?

Manolio et al. Nature 461, 2009

Intermediate 
oligogenic

Intermediate 
oligogenic

Rare alleles causing 
Mendelian diseases

Common variants 
implicated in complex 

traits



Colton blood group: Ala45Val variant in AQP1
A few kindreds: Colton-null antigens

Absence of AQP1 – Phenotypically normal ?





The airway wall thickened 
after saline 
administration (arrows)

Impaired thickening of airways after saline
(arrows)



Impaired urinary concentrating ability
Mild phenotype – vas recta ?



Peritoneal Dialysis: Osmosis and AQP1 in action



a | Global prevalence of chronic dialysis. b | Estimated worldwide need and projected capacity for KRT by 2030. 

Global prevalence of kidney renal replacement therapy

Himmelfarb et al. Nat Rev Nephrol 16, 2020



• Renal replacement therapy used in >300,000 patients worldwide (10-15%)

• Dialysis through a biological, natural membrane

• Home-based │ Increased flexibility and autonomy │ Empowerment

• Cost-effective, similar overall survival

• Progressive structural and functional alterations in the peritoneal membrane

• Loss of ultrafiltration capacity

• Higher cardiovascular morbidity

• Risk of acute peritonitis

Peritoneal Dialysis



mm

Mesothelium

Factor VIII

m

Interstitium Capillary endothelium
Main functional barrier to solute & fluid transport 

Structure of the Peritoneal Membrane

• Osmosis driven by PD fluid inserted in cavity
• Water transport – Ultrafiltration
• Uremic solute removal



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

Peritoneal Transport: the « Black-box » Model in the 1980s…



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). 

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.

Prof. Bengt Rippe

1950 - 2016



Ultrasmall pores : predict to facilate water transport during crystalloid osmosis

Ultrasmall Pores across the Endothelium



Johns Hopkins Medical School, Baltimore, MD - 1995 J Clin Invest 124, 2014



Distribution of AQP1 in the 

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

Hu. Perit. 



(+/+)(-/-)

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



Peritoneal Dialysis in Aqp1 Knockout Mice

AQP1 dose-effect: Heterozygous mice – intermediate phenotype

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



J Clin Invest 97, 1996
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Stoenoiu et al. JASN 14: 555-65, 2003

Glucocorticoids upregulate AQP1

in peritoneal capillaries
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• Mediated by GRE: RU486

• No change in osmotic gradient



Low Ultrafiltration Higher Mortality & Technique Failure



• In 2212 participants of European ancestry, no signal reached genome-wide significance but 23 single nucleotide 

variants at four loci demonstrated suggestive associations with PSTR. Meta-analysis in 2850 participants 

revealed five single-nucleotide variants at four loci with suggestive correlations with PSTR. 

• The estimated heritability of PSTR was 19%, and a polygenic risk score was significantly associated with PSTR.



We gathered clinical and genetic information from 1851 patients in seven cohorts to determine

whether variants in AQP1 were associated with ultrafiltration and outcomes in peritoneal dialysis.

Studies in cells, mouse models, and samples obtained from humans were performed to substantiate

the functional relevance of the variants and to develop strategies that may ultimately mitigate the 

deleterious effects of AQP1 variation in patients treated with peritoneal dialysis.

Morelle et al. N Engl J Med 385: 1570-80, 2021



AQP1 Genotype and Peritoneal Dialysis: Flowchart of the study

Biological effect of the variant: Human – mouse – cellular - modeling studies

Mitigation strategy: precision dialysis



Single Nucleotide Polymorphisms and Linkage Disequilibrium Map in AQP1



Morelle et al. N Engl J Med 385: 1570-80, 2021

7 Cohorts: BEL – NL – SP – UK - China



Discovery Phase in 433 patients 

Morelle et al. N Engl J Med 385: 1570-80, 2021



Validation in 985 patients (UK + China)

Δ 200 mL

Δ 120 mL

These data indicate an independent association between the AQP1 genotype at 
rs2075574 and peritoneal ultrafiltration in a racially diverse cohort of 

patients treated with PD.

Effect of AQP1 variant: Discovery & Validation 

Morelle et al. N Engl J Med 385: 1570-80, 2021



Characterization of the Promoter Sequence of AQP1

Specific rs2075574: cis-eQTL in WBC

Conserved CTGTC – Erythroid-specific genes



The rs2075574 variant is associated with decreased expression of AQP1

Promoter activity in vitro

Analysis of human peritoneal biopsies



Stopped-Flow Light Scattering Experiments and Membrane Permeability in Human Red 

Blood Cells Stratified for the AQP1 Risk Variant

Morelle et al. N Engl J Med 385: 1570-80, 2021



AQP1 Promoter Risk Variant and Outcomes in Peritoneal Dialysis

Analysis in 898 patients (91% data recovery)

TT carriers (low AQP1) have a higher risk of composite death & technical failure



AQP1 Promoter Risk Variant and Outcomes in Peritoneal Dialysis

Morelle et al. N Engl J Med 385: 1570-80, 2021



AQP1 Promoter Variant:

Influences Expression, Water Transport and Outcome during PD

The TT variant of rs2075574 -

decreased AQP1 gene expression in 

peritoneal microvasculature

Water transport in human 

erythrocytes and across the 

peritoneal membrane

Patient – rs2075574 CC

Patient – rs2075574 TT
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Peritoneal Dialysis: can we mitigate the effect

of the AQP1 variant ?



Crystalloid versus Colloid Osmotic Agents

• Prone to crystallization
• Small molecular size
• Diffuse readily through membranes
• Hypertonicity required for osmosis
• AQP1-dependent water transport

Crystalloid osmotic agents

Glucose - aminoacids

• Do not crystallize
• Large molecular size - polymers
• Poor penetration across membranes
• Isotonic osmosis
• AQP1-independent water transport

Colloid osmotic agents (Κολλα, glue)

Large fractions of icodextrin



Devuyst & Rippe, Kidney Int 85, 2014

Genetic information
AQP1 variant – low expression

Prescription:
Choice of dialysate

The AQP1 Promoter Variant: Choice of Dialysate ?



Conclusions: Icodextrin for once-daily long-dwell PD has clinical benefit for some patients, 

including those not meeting ultrafiltration targets and at risk for fluid overload. 



Heterozygous Deletion of Aqp1 Alters Peritoneal Glucose- but not Icodextrin-

Driven Water Transport in a Mouse Model of Peritoneal Dialysis

Morelle et al. N Engl J Med 385: 1570-80, 2021



Regression Analyses of Net Ultrafiltration Achieved with 3.86% Glucose 

or 7.5% Icodextrin-Based Dialysis Solution

n=144 patients using glucose at baseline and later icodextrin.

Morelle et al. N Engl J Med 385: 1570-80, 2021

Patients with the TT genotype have a significantly lower net UF when using glucose-based 
osmosis.
In contrast, no association between the rs2075574 variant and osmosis induced by 
icodextrin. 
 The use of a colloid osmotic agent mitigated the water-transport defect associated with 
the AQP1 risk variant.



• The AQP1 promoter variant rs2075574 influenced osmotic water transport and ultrafiltration and was independently 
associated with an increased risk of death or technique failure in patients treated with PD. 

• The higher risk of the composite outcome in patients with the TT genotype was driven by a significantly higher risk of 
death from any cause with the TT genotype. 

• The rs2075574 variant influenced AQP1 promoter activity, the expression of aquaporin-1 in peritoneal 
microvessels, and osmotic water transport.

• The use of colloid osmotic agents may mitigate the risk associated with the rs2075574 variant.

 These results substantiate the influence of genetic factors on the efficiency of peritoneal dialysis and 

provide a perspective for precision medicine in dialysis treatment.

AQP1 Promoter Variant, Water Transport, and Outcomes 

in Peritoneal Dialysis



Sir William Osler, 1903

“The good physician treats the disease; 

the great physician treats the patient 

who has the disease”. 

2021: Precision (stratified) medicine in dialysis

* Using genetics as predictive tools to evaluate health risks

* Identifying patients with particular responses to treatments

* Define treatments that are effective for subgroups of patients
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Compound heterozygote for two recessive mutations in AQP2

48 putative disease-causing AQP2 mutations 

Bichet D. Eur J Endocrinol (2020) 183

Mutations in AQP2 - NDI



Effects of AQP1 Risk Variant on the Structure of the Human Peritoneal Membrane



Human – mouse – cellular - modeling studies

4 phases to highlight: discovery – molecular counterpart – outcome – therapeutic strategy


