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INTRODUCTION  

 
1. The burden of chronic kidney disease 

Chronic kidney disease (CKD) is defined as abnormalities of kidney structure 
or function (mainly a reduced glomerular filtration rate [GFR], increased 
urinary albumin excretion, or both), present for at least 3 months (Table 1) 
(KDIGO Group, 2012). CKD is increasingly recognized as a major public 
health issue because of its high prevalence (8-16% worldwide) and related 
complications (reviewed in Jha et al, 2013). These include increased all-cause 
and cardiovascular mortality, acute kidney injury, cognitive decline, anemia, 
mineral and bone disorders, and kidney-disease progression. Prognosis and 
classification of CKD is based on the level of GFR, and the degree of urinary 
albumin excretion (Fig. 1).  

 

Table 1. Chronic kidney disease: definition 
 

� Duration >3 months 
� Glomerular filtration rate (GFR) <60 mL/min per 1.73 m² 
� Kidney damage as defined by structural abnormalities or 

functional abnormalities other than decreased GFR 
Pathological abnormalities 
History of kidney transplantation 
Albuminuria 
Abnormalities in urinary sediment 
Imaging abnormalities 
Renal tubular syndromes 
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Figure 1. Prognosis and classification of CKD by GFR and albuminuria. Colors show 
how adjusted relative risk is ranked for five outcomes, including all-cause mortality, 
cardiovascular mortality, kidney failure treated by dialysis and transplantation, acute kidney 
injury, and progression of kidney disease. Mean rank numbers: 1–8=green, 9–14=pink, 15–
21=orange, and 22–28=red. Adapted from Kidney International and Kidney Disease 
Improving Global Outcomes (Levey et al, 2010). 

 

Chronic kidney failure is defined as a GFR persistently below 15 mL/min 
per 1.73 m² and represents end-stage renal disease (ESRD) (reviewed in Ortiz 
et al, 2013). Renal replacement therapy (RRT), achieved by hemodialysis, 
hemodiafiltration, peritoneal dialysis (PD), or kidney transplantation, is life-
saving for patients with ESRD. However, mortality rates in patients on RRT 
remains high, and in developing countries RRT is initiated in less than 25% 
of patients with chronic kidney failure. Each year about 440,000 patients 
worldwide start RRT, but 3,200,000 have no access to RRT and die 
prematurely (Ortiz et al, 2013). The Global Burden of Disease 2010 study 
identified chronic kidney failure as one of the three causes of death with the 
greatest increase from 1990 to 2010. Improving access to dialysis and 
efficiency of RRT represents major challenges for coming years and decades. 
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2. Peritoneal dialysis for the treatment of end-stage renal disease 

Like other dialysis techniques, the primary goal of PD is to remove the excess 
of water and uremic solutes accumulating in the organism of patients with 
ESRD. The basic principle of PD relies on iterative infusion of a dialysis 
solution into the peritoneal cavity, followed by a variable dwell time and 
subsequent drainage. During the dwell, solutes and fluids are exchanged 
between the capillary blood and the intraperitoneal fluid through a biologic 
membrane, the peritoneum.  

As compared with hemodialysis, PD – the most widely used home-based 
dialysis technique – offers better patient-reported outcomes, increased 
flexibility and autonomy to patients, and is associated with lower societal 
costs (reviewed in Mehrotra et al, 2016). The reimbursement incentives for 
PD have therefore recently been enhanced in several countries (including 
from Europe and the United States), with a PD population that is rapidly 
growing in many parts of the world, including developing countries (Jain et 
al, 2012; Mehrotra et al, 2016). In the United States for instance, the 
introduction of a bundled payment system in 2011 led to an unprecedented 
expansion in the use of PD, with a 22% and 24% increase in incidence and 
prevalence rates, respectively, between 2010 and 2012 (Hansson et al, 2016). 
In the same time, the incidence rate of hemodialysis – less cost-effective than 
PD – decreased by 2% (Hansson et al, 2016). 

Significant improvement in the efficiency of PD has been achieved over 
the last thirty years, thanks to technical innovations including the 
development of indwelling catheters to provide access to the peritoneal 
cavity; standardization of the composition of dextrose-based dialysate 
solutions; changes in connectology to reduce the risk of infections; 
introduction of volumetric cyclers; and generation of alternatives to 
conventional glucose-based PD solutions. As a result, PD is now used for the 
long-term treatment of ESRD, with survival rates that are equivalent to those 
of hemodialysis, both in the short and longer term (Mehrotra et al, 2011).  
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3. Peritoneal membrane: structure, function and models 

The specificity of PD relies on the use of the peritoneum as a dialysis 
membrane, to draw waste products and the excess water from the blood of 
ESRD patients. The peritoneum is a thin, translucent membrane covering the 
inner surface of the abdominal wall and the majority of the visceral organs. 
The peritoneum can be viewed as a semi-permeable, heteroporous membrane 
containing three major components: a monolayer of mesothelial cells; an 
interstitial tissue consisting of bundles of collagen in a mucopolysaccharide 
hydrogel; and a dense network of capillaries (Krediet, 2009) (Fig. 2A). The 
endothelium lining peritoneal capillaries and venules offers the major rate-
limiting hindrance for the transport of water and solutes during PD, restricting 
solute exchange to <0.1% of its total surface area (reviewed in Devuyst et al, 
2014).  

Computer simulations suggested the capillary endothelium to be 
functionally described by a three-pore model (Rippe et al, 1991) (Fig. 2B). 
This model postulates that the major transport barrier of the peritoneum is the 
capillary endothelium, which contains three distinct types of pores. The 
‘small pores’ (radius, 40 to 50 Å) correspond to the clefts, or gaps, located 
between endothelial cells. They account for ~95% of the hydraulic 
conductance (LpS), and represent the vast majority of the total pore surface 
area available for the diffusion of small solutes. The ‘large pores’ (radius, 250 
Å), thought to correspond to the venular interendothelial gaps, account for 
5% of LpS, and are involved in the transport of macromolecules. The water-
specific ‘ultrasmall pores’ (radius, <3 Å) are located in the endothelial cells 
and account only for 1-2% of LpS. However, because they reject solutes but 
facilitate the transport of water, ultrasmall pores are extremely important 
during crystalloid osmosis. Indeed, they have been predicted to mediate up to 
half of water removal (or ultrafiltration, UF) during a dwell with hypertonic 
glucose (Rippe et al, 1991). 
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Figure 2. Structure of the peritoneal membrane and the three-pore model. (A) Cross-
section of the human parietal peritoneum stained for the von Willebrand factor (vWf). m, 
mesothelium; bar, 100 µm. (B) The continuous endothelium lining the peritoneal capillaries 
can be functionally described by a three-pore model. Å, angström (10-10 m); r, functional 
radius. Adapted from Devuyst et al, 2014. 

 

Although the three-pore model is practical for clinical purposes and 
accurately estimates solute and water transport in normal clinical settings, it 
does not take into account the interstitial tissue surrounding capillaries, 
lymphatics, and the distributed nature of the capillaries in the peritoneal tissue 
– so that profound capillaries (deeper than 500 µm to 1 mm to the peritoneal 
surface) are only exposed to a fraction of the actual osmotic pressure in the 
dialysate and are probably contributing less to UF. The ‘distributed model’ 
has been introduced to circumvene these limitations, by integrating the 
microvasculature with the surrounding cells and interstitium within the 
peritoneal membrane using two-dimensional simulations (Flessner et al, 
1984; Flessner, 1991). Similarly, an extended version of the three-pore model 
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- the so-called ‘serial membrane-fibre matrix model’ -  postulates that the 
fibrotic interstitium represents a second barrier outside the capillaries, 
restricting osmotic water transport without affecting small solute transport 
(Rippe et al, 2007).  

 

4. Mechanisms of solute and water transport across the peritoneal 
membrane 

Diffusion and convection are the mechanisms involved in the transport of 
solutes during PD (reviewed in Krediet, 2009). Removal of solutes such as 
urea, creatinine, phosphate and other metabolic end products from the body 
relies on the presence of a concentration gradient, and is driven by the process 
of diffusion. According to Fick’s principles, peritoneal solute transport rate 
(PSTR) is primarily determined by the number of perfused peritoneal 
capillaries in contact with the dialysis solution (the ‘effective peritoneal 
surface area’), the diffusive permeability of the membrane to that solute (ratio 
between its free diffusion coefficient and the diffusion distance) and the 
concentration gradient between blood and dialysate: 

�� =	
��

∆	
× �∆� 

in which Js is the rate of solute transfer, Df is the free diffusion coefficient, 
∆x is the diffusion distance, A is the surface area, and ∆C is the concentration 
gradient. DfA/∆x is called the permeability surface area product or the mass 
transfer area coefficient. 

Convective transport or solute drag occurs in conjunction with the 
transport of water, and thus during UF. It is determined by the water flux (Jv), 
the mean solute concentration (C) in the membrane, and the solute reflection 
coefficient (σ): 

�� = �
�(1 − �) 

Staverman’s reflection coefficient σ is the fraction of the maximal osmotic 
pressure a solute can exert across a semi-permeable membrane. It equals 1.0 
for an ideal semi-permeable membrane (permeable to water but not to solutes) 
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and 0 when the membrane offers no resistance to the transport of a solute 
(Krediet, 2009). 

Fluid transport during PD consists of water transport from the peritoneal 
capillaries into the peritoneal cavity by transcapillary UF and by fluid loss out 
of the peritoneal cavity (reviewed in Krediet, 2009). The latter consists of 
transcapillary back-filtration and fluid uptake into the lymphatic system and 
the peritoneal interstitium. Water removal from the body at the end of a dwell 
period, defined as net UF, is therefore the difference between the cumulative 
transcapillary UF and fluid uptake. The transport of water across the capillary 
wall occurs through the small pore system and ultrasmall pores. Small pores-
mediated transport is driven by hydrostatic and colloid osmotic forces, while 
transport through the ultrasmall pores depends upon the osmotic gradient 
across the capillary wall.  

According to Starling’s law, the transcapillary UF rate in PD is determined 
by the UF coefficient of the peritoneal membrane and the driving forces 
between the peritoneal capillaries and the abdominal cavity. These forces are 
exerted by hydrostatic, crystalloid osmotic, and colloid osmotic pressure 
gradients. The dependency of the transcapillary UF rate (TCUFR) can be 
described by the following equation: 

����� = ��� × (∆� − ∆� + ���) 

in which UFC is the peritoneal UF coefficient, ∆P is the hydrostatic pressure 
gradient, ∆Π is the colloid osmotic pressure gradient, σ the reflection 
coefficient and ∆O the crystalloid osmolality gradient. The UF coefficient of 
the peritoneum is the product of the hydraulic permeability and surface area. 
Little is known about determinants of the hydraulic permeability, which is 
most likely dependent on the combination of intracapillary pressure, and the 
number and size of the pores. The state of the interstitial tissue, possibly 
containing sites of fibrosis, may also be one of the determinants. 
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5. Osmotic agents for PD 

The efficiency of PD to restore water homeostasis in patients with ESRD 
relies on the presence of an osmotic agent which creates an osmotic gradient 
driving water flow into the dialysis cavity.  

Glucose has served as the prototypical osmotic agent in PD for more than 
four decades because it is cheap and effective. Dextrose is available in 3 
different concentrations in conventional PD solutions: 1.36%, 2.27% and 
3.86%. Unfortunately, the non-physiological composition of conventional 
glucose-based solutions (including the high concentrations of glucose and 
glucose degradation products, low pH, lactate buffer) is harmful for the 
peritoneal membrane and also has systemic effects in the patient. The 
negative local effects include impairment of mesothelial cell viability, 
adverse effects on leukocyte recruitment, accelerated angiogenesis and 
vascular proliferation, and low-grade inflammation, fibrosis and thickening 
of the peritoneal membrane (for review, see Garcia-Lopez et al, 2012). The 
high concentration of glucose and glucose degradation products also promote 
the formation of advanced glycation end products, which are deposited within 
the peritoneal membrane. In addition, the absorption of 100-200 g of glucose 
per day from the solutions worsens metabolic and nutritional problems - such 
as impaired glucose tolerance, hyperinsulinemia, hyperlipidemia, and, in 
some patients, abdominal obesity.  

Icodextrin has been developed as an alternative osmotic agent to glucose 
(for review, see Garcia-Lopez et al, 2012). Icodextrin is an iso-osmolar 
mixture of glucose polymers with different molecular weights that are more 
slowly absorbed than glucose from the peritoneal cavity, mainly via the 
lymphatics. Ultrafiltration continues for several more hours with icodextrin 
as slow absorption of the oncotic agent prevents the fluid reabsorption that 
occurs with glucose-based solutions once the glucose has dissipated - making 
icodextrin particularly suited for long (8-12 h) dwells. Concerns about 
increased levels of circulating icodextrin metabolites, in particular maltose, 
currently limit the approved use of this solution to one single daily exchange. 
Icodextrin is widely used worldwide mainly because of its demonstrated 
superiority in terms of fluid and sodium removal during the long dwells, 
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particularly in patients with inadequate peritoneal UF, as well as 
improvements in glycemic control and glucose-induced lipid abnormalities. 
Aminoacids are another available alternative osmotic agent. They have been 
designed to enhance nutrition in malnourished, hypo-albuminemic PD 
patients as it acts both as a dialysis solution and as a protein source. The use 
of aminoacids-based dialysis solutions is also restricted to one daily exchange 
to reduce the risk of symptomatic uremia and acidosis. 

However, despite their usefulness in daily clinical practice, and contrarily 
to glucose, the fundamental mechanisms of water transport during osmosis 
induced by large icodextrin molecules or aminoacids have not been 
investigated to date. A better understanding of these mechanisms would 
provide an opportunity to rationally prescribe and use these solutions in PD 
patients, and also contribute to the development of novel, more effective 
osmotic agents.  

 

6. Aquaporins and osmotic water transport 

Achieving euvolemia is key to successful PD, and relies on adherence to 
sodium- and water-restricted diet, implementation of strategies to preserve 
residual kidney function, and generation of an effective osmotic water 
transport across the peritoneal membrane. 

From a physiological point of view, the phenomenon of osmosis occurs 
through a barrier restricting the transport of solute compared to that of water. 
For the peritoneal membrane, the existence of solute-impermeable, ultrasmall 
pores in the capillary endothelium has been postulated to explain the 
effectiveness of glucose as an osmotic agent despite its small size (3.7 Å). 
Computer simulations based on the three-pore model predicted that ultrasmall 
pores have a major clinical importance for PD, by mediating up to half of the 
UF during a dwell with hypertonic glucose and contributing to the sieving of 
the dialysate sodium, i.e. the rapid fall in dialysate sodium concentration 
during a dwell with hypertonic glucose dialysate, resulting from free-water 
transport (Rippe et al, 1991; Rippe et al, 2004). 



INTRODUCTION 

 

 18

In the early 1990’s, aquaporin-1 (AQP1) was identified as the archetypal 
member of a family of membrane water channels, conserved in all living 
organisms including plants (Preston et al, 1992; Moon et al, 1993; Agre, 
2004). Aquaporins (AQPs) are organized as homotetramers in plasma 
membranes, with each monomer containing six membrane-spanning α-
helices surrounding a single central pore (Fig. 3A-B). The selectivity of the 
pore for water (against protons) is ensured by several elements, including a 
narrow constriction of 2.8 Å (Murata et al, 2000), a conserved arginine 
residue lining the pore and providing a fixed positive charge, a transient 
reorientation of the water dipole resulting from the simultaneous formation 
of hydrogen bonding with the side chains of two conserved asparagine 
residues (NPA motifs), and two partial positive charges at the centre of the 
channel resulting from two non-membrane-spanning α helices (Agre, 2004) 
(Fig. 3C). 

 

Figure 3. Structure of AQP water channels. Water channels present as homo-tetramers in 
membranes (A), with a water pore at the center of each unit. Every monomeric unit consists 
of 6 transmembrane alpha-helices, and 5 connecting loops (B). Conserved NPA motifs 
contribute to the typical hour-glass 3D conformation with a narrow diameter of 2.8 
angströms, and the presence of aromatic residues to proton repulsion, thereby ensuring water 
specificity (C). Adapted from Verkman, 2014.  

A B

C
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AQP1 was initially discovered in red blood cells and in renal proximal 
tubule cells (Preston et al, 1992; Agre, 2004; Nielsen et al, 1993), and is also 
constitutively expressed in endothelial cells lining peritoneal capillaries 
(Nielsen et al, 1993; Devuyst et al, 1998; Combet et al, 1999) (Fig. 4A-B). 
The targeted deletion of Aqp1 in mice provided critical insights into the role 
of AQP1 in water homeostasis. Aqp1-knockout mice show a severe defect in 
their urinary concentrating ability during water deprivation test (due to a 
defect in creating a hypertonic medullary interstitium by countercurrent 
multiplication) (Ma et al, 1998), and a reduced osmotic water transport across 
the peritoneal membrane (Yang et al, 1999). Several lines of evidence 
demonstrated that AQP1 also constitutes the molecular counterpart of the 
ultrasmall pore in the peritoneal membrane (reviewed in Devuyst et al, 2014). 
Functional studies conducted in rats and rabbits have shown that classical 
AQP antagonists such as mercurial agents inhibit water transport across the 
peritoneum (Carlsson et al, 1996; Zweers et al, 2001). The development of 
mouse models of PD and their application to Aqp1 mice contributed to 
delineate the critical role of AQP1 water channels during PD (Yang et al, 
1999; Ni et al, 2005; Ni et al, 2006). In these models, the deletion of Aqp1 
resulted in a ~70% decrease in the initial, solute-free UF rate, a ~50% 
decrease in cumulative UF, and a complete abolition of the sodium sieving, 
as compared with their wild-type littermates (Ni et al, 2006) (Fig. 4C-D). 
Taken together, these studies in Aqp1 mice validated two major predictions 
of the three-pore model: (i) ultrasmall pores mediate 50% of UF during PD 
with a hypertonic glucose dialysate; and (ii ) free-water transport accounts for 
the observed sodium sieving (Rippe et al, 1991; Devuyst et al, 2014). To date, 
AQP1 is the only identified molecular counterpart that is directly involved in 
transport processes sustaining PD. 
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Figure 4. Distribution and role of AQP1 in the peritoneal membrane. (A) Cross-section 
of the human parietal peritoneum stained for AQP1. AQP1 is detected in the endothelium 
lining peritoneal capillaries, venules, and small veins. m, mesothelium; bar, 20 µm. (B) 
Immunogold labeling on mouse visceral peritoneum revealed a very strong signal for AQP1 
in plasma membranes and plasma membrane infoldings of capillary endothelial cells. rbc, 
red blood cells; bar, 500 nm. (C and D) Effect of Aqp1 deletion on the transport of water 
across the peritoneal membrane. The intraperitoneal volume versus time curves (IPVt) (C) 
and the initial UF rates (D) are determined in Aqp1+/+  mice (red symbols), Aqp1+/- mice (blue 
symbols), and Aqp1-/- mice (green symbols) during a 2-hour exchange with hypertonic 
dialysate. Adapted from Ni et al, 2006 and Devuyst et al, 2014. 

 

The critical role of AQP1 in osmotic water transport during PD suggested 
water channels could represent potential targets to increase UF and restore 
fluid balance in PD patients (Ni et al, 2006). The proof-of-principle for that 
concept was provided by a study in a rat model of PD (Stoenoiu et al, 2003). 
In this model, high-dose dexamethasone increased AQP1 expression in 
peritoneal capillaries - through a glucocorticoid element response in the 
promoter of the Aqp1 gene, and enhanced free-water transport and total UF. 
Importantly, changes in water transport occurred without any modification in 
solute transport nor change in the osmotic gradient. The effect of 
corticosteroids on AQP1 expression and water transport was recently 
confirmed in PD patients, by comparing data from functional testing before 
and after living-donor kidney transplantation. As compared with results from 
the pre-transplantation period, peritoneal exchange tests performed in 3 



INTRODUCTION 

 

 21

patients treated with high doses of corticosteroids after kidney transplantation 
evidenced a 2-fold increase in sodium sieving, paralleled by an increase in 
the ultrasmall pore-mediated water transport, while solute transport and small 
pore-mediated water transport remained unchanged (de Arteaga et al, 2011).  

In addition to molecules upregulating the expression of water channels, the 
search for pharmacologic agonists of AQPs emerged as an exciting field of 
investigation. Initial observations revealed that plants counteract fluctuations 
in water supply during drought stress or flooding through the gating of their 
AQPs (Fig. 5A) (Tournaire-Roux et al, 2003). X-ray crystallography 
demonstrated that the rapid gating of plant AQP results from conformational 
changes of the intra-cytoplasmic loop D, which acts as a cap occluding or 
opening the internal pore of water channels, in response to dephosphorylation 
of conserved serine residues (drought stress), or to protonation of a conserved 
histidine (flooding) (Fig. 5B) (Törnroth-Horsefield et al, 2006).  

 

Figure 5. Regulation of plant AQPs by gating/docking process. (A) In normal conditions, 
plant AQPs are open, to allow exchange of water with the environment. On the contrary, 
drought stress and flooding induce the closure of water channels – either through 
dephosphorylation or protonation, to avoid desiccation or intracellular water accumulation, 
respectively. (B) X-ray crystallography studies showed that the gating/docking process of 
plant aquaporins is mediated by the intracytosolic loop D, which acts as a cap to close (green) 
or open (blue) the internal pore of water channels, thereby modulating aquaporin-mediated 
water flow. Adapted from Tournaire-Roux et al, 2003 and Törnroth-Horsefield et al, 2006. 

 

This gating mechanism appeared conserved throughout all plant plasma 
membrane AQPs, and recent evidence has suggested it also occurs in 
mammals. The bumetanide derivative AqB013 (Aq, aquaporin ligand; B, 
bumetanide scaffold) blocks rat AQP1 and the closely related AQP4 in vitro, 
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by a mechanism thought to involve physical occlusion of the intra-
cytoplasmic water channel pore (Migliati et al, 2009).  

No direct pharmacologic agonist of AQPs has previously been described. 
An agonist of AQP1 would be expected to enhance water transport and UF, 
thereby increasing the efficiency of dialysis. Furthermore, because PD allows 
the specific assessment of AQP1-mediated water transport, as opposed to 
effects on small solute transport and osmotic gradient, it is an advantageous 
model for assessing potential modulators of AQP1 in vivo. 

 

7. Long-term changes in the peritoneal membrane 

Functional alterations of the peritoneal membrane constitute an obstacle to 
long-term PD, because they are associated with technical failure and 
increased morbidity and mortality (Davies et al, 2001; Devuyst et al, 2010; 
Devuyst et al 2009). Prolonged exposure of the peritoneal membrane to 
dialysis leads to vascular proliferation, vasculopathy, and peritoneal fibrosis. 
These structural alterations are associated with transport defects, including 
faster solute transport rate (resulting from an enlarged vascular surface area), 
early dissipation of the osmotic gradient and ensuing loss of UF capacity (Fig. 
6) (Davies et al, 1998; Davies et al, 2001; Williams et al, 2002; Williams et 
al, 2003; Honda et al, 2008; Devuyst et al, 2010).  

Causative factors are likely multifactorial and include the PD catheter, 
dialysate composition (glucose exposure, low pH, glucose degradation 
products), inflammation, systemic factors, peritonitis episodes and potentially 
a genetic predisposition. The molecular mechanisms of peritoneal remodeling 
remain largely debated, but likely involve an excessive release of growth 
factors such as vascular endothelial growth factor and tumor-growth factor-
β1. In turn, these factors lead to vascular proliferation, activation and 
accumulation of resident myofibroblasts, and excessive deposition of extra-
cellular matrix in the peritoneal interstitium. 

 



INTRODUCTION 

 

 23

 

Figure 6. Changes in peritoneal structure and function in patients on long-term PD. (A) 
Structure at the beginning of therapy. (B) Structural alterations - loss of mesothelial integrity, 
submesothelial fibrosis, vasculopathy, and vascular proliferation - after 5 years on PD. Brown 
staining indicates immunoreactivity for factor VIII, indicating the presence of blood vessels. 
m, mesothelium. Bar = 100 µm. (C) Changes in net ultrafiltration (UF, blue bars) and 
peritoneal solute transport rate (PSTR, orange line) during prolonged exposure to PD. 
Adapted from Davies et al, 2004 and Devuyst et al, 2010. 

 

Encapsulating peritoneal sclerosis (EPS) is the most severe complication 
of PD (for review, see Korte et al, 2011), and consists in an exaggerated 
fibrogenic response of the peritoneal membrane, leading to encapsulation of 
the bowels and intestinal obstruction (Fig. 7). Although EPS affects a 
minority (0.9%-3.5%) of patients on long-term PD, it has a mortality rate 
reaching 50%, resulting from intestinal occlusion, malnutrition, and sepsis 
(Korte et al, 2010). EPS is probably a multifactorial disease, in which PD 
duration represents an important risk factor (Brown et al, 2009; Johnson et al, 
2010; Korte et al, 2011). Other conditions that have been inconsistently 
associated with EPS include cumulative glucose exposure, younger age, 
peritonitis episodes, β-blockers, and kidney transplantation (Brown et al, 
2009; Johnson et al, 2010; Korte et al, 2011). Surprisingly, symptoms of EPS 
occur after PD withdrawal in most cases (Brown et al, 2009; Johnson et al, 
2010; Korte et al, 2011). 
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Figure 7. Encapsulating peritoneal sclerosis. (A) Bloody dialysate at early stages of the 
disease. (B) Typical features of EPS on computed tomography, with thickening and 
calcifications of the peritoneal layers. (C-D) Macroscopic appearance of EPS, with a fibrotic 
cocoon that encapsulates the bowel and contributes to intestinal obstruction. Courtesy of 
Prof. Eric Goffin, Christian Verger, and Titus Augustine.  

 

There are currently no definitive criteria that enable the detection of early 
stages of EPS. Arguably, a better understanding of the early phase of the 
disease may help identifying patients at risk and developing prevention 
strategies. Preliminary studies suggested that a progressive loss of UF 
capacity often precedes EPS development (Lambie et al, 2010; Sampinon et 
al, 2011). However, these studies were limited by small numbers, the absence 
of appropriate matching with long-term PD controls, and/or a lack of 
evaluation of free-water transport. In addition, the mechanisms of impaired 
water transport in patients with EPS have not been investigated and remain 
unelucidated.  
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8. Peritoneal function testing and determinants of peritoneal transport 

Transport properties of the peritoneal membrane may be assessed and 
quantified in clinical practice through peritoneal equilibration tests (PET). 
The original PET is performed during a standardized 4-hour dwell using a 
2.27% glucose-based dialysis solution (Twardowski et al, 1987). Peritoneal 
solute transport rate (PSTR) is estimated from the rate of equilibration of 
small solutes (creatinine, urea) between the blood and the dialysis solution. 
Dialysate-over-plasma ratio (D/P) of creatinine at the end of procedure 
therefore indicates how fast small solutes are eliminated across the 
membrane. The substitution of the 2.27% by a 3.86% glucose-based solution 
for the PET allows (i) a more accurate evaluation of net UF, (ii ) the diagnosis 
of UF failure (net UF < 400ml at the end of the 4h dwell with 3.86% glucose, 
as defined by the International Society for Peritoneal Dialysis [Mujais et al, 
2000]), and (iii ) the assessment of sodium sieving, a reliable - albeit indirect 
- indicator of AQP-mediated free-water transport (La Milia et al, 2006; 
Clerbaux et al, 2006; Ni et al, 2006). 

The theoretical explanation of PSTR postulates that its main determinant 
is the density of perfused capillaries in contact with dialysate, an assumption 
that is supported by both clinical observations and studies (reviewed in 
Davies, 2014). For example, peritonitis causes a rapid increase in PSTR 
because of the effects of severe local inflammation mediated by local nitric 
oxide production, as does the addition to dialysate of vasodilators. Both are 
associated with reversible changes in capillary perfusion, whereas there is 
direct evidence in patients that the long-term increase in PSTR associated 
with membrane injury occurs in parallel with an increase in vascular density. 

Based on PSTR, patients can be categorized as slow, average or fast 
transporters. It is estimated that approximately 15% of patients have a fast 
transport status at the start of PD. Patients with high PSTR also rapidly absorb 
dialysate glucose, leading to an early dissipation of the crystalloid osmotic 
gradient between the dialysate and the blood, and low UF volumes. In 
addition to the potential suboptimal UF volumes, cohort studies have 
demonstrated that high PSTR is an independent risk factor of death and 
technique survival among patients undergoing continuous ambulatory PD 
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(Churchill et al, 1998; Brown et al, 2003; Brimble et al, 2006; Lin et al, 2010). 
These data were summarized in a 2006 meta-analysis of 20 observational 
studies, in which there was an increase in the relative risk of death of 1.15 
(95% confidence interval, 1.07-1.23) for every 0.1 increase in the D/P 
creatinine at 4 hours (Brimble et al, 2006). As compared with patients with 
low PSTR, an increased mortality risk of 22%, 46%, and 77% was noted for 
patients with a low-average, high-average and high PSTR, respectively. The 
reason for the decreased survival of fast transporters is unclear, but might 
involve poor UF and fluid overload, increased protein losses, and chronic 
inflammation (Brimble et al, 2006). The high frequency of hypertension and 
left ventricular hypertrophy among patients with high baseline PSTR, and the 
reversibility of these findings when the PD prescription is rationalized and 
individualized (Tonbul et al, 2003), supported the hypothesis that increased 
risk associated with baseline transport status is related to fluid overload. This 
assumption has been validated in large cohort studies, in which the use of 
short dwell times (using a cycler, in patients on automated PD) and the 
prescription icodextrin for the long dwells abrogated the risk conferred by 
baseline PSTR (Brown et al, 2003; Davies, 2006; Rumpsfeld et al, 2006; 
Johnson et al, 2010). Altogether, these data support the recommendation of 
evaluating peritoneal function to identify patients at increased risk of death or 
technical failure, and to individualize PD prescription to mitigate the risk 
conferred by a high PSTR. 

Data from large cohorts of patients with peritoneal function testing at the 
initiation of PD indicate an important - more than two-fold - interindividual 
variability in the initial PSTR (Churchill et al, 1998; Davies, 1998; Brown et 
al, 2003; Brimble et al, 2006; Mehrotra et al, 2015). Age, gender, body-mass 
index and body surface area, serum albumin level, ethnic origin, comorbiditiy 
index, and diabetes have been identified as independent predictors of baseline 
PSTR (Chruchill et al, 1998; Davies, 2004; Gillerot et al, 2005; Rumpsfeld et 
al, 2006; Clerbaux et al, 2006). Concentrations of interleukin (IL)-6 in the 
dialysate - taken as a surrogate for intraperitoneal inflammation - have also 
been associated with PSTR. Interleukin-6, a cytokine mediating the acute-
phase inflammatory reaction able to increase vascular permeability in vitro, 
is produced by mesothelial and resident cells in the peritoneal membrane 
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(reviewed in Davies, 2014). The Global Fluid Study, a multinational, 
multicentre, prospective cohort, including almost 1000 PD patients, recently 
confirmed this association, by showing that dialysate IL-6 level is the most 
important and independent determinant of PSTR in both incident and 
prevalent PD patients (Lambie et al, 2013). 

However, the effect of clinical and biological variables on initial PSTR is 
fairly modest (approximately 20-30%), suggesting that genetics may play a 
role in variability of PSTR (reviewed in Siddique et al, 2015). Candidate-gene 
association studies, including proof-of-concept studies from our group 
(Gillerot et al, 2005), suggested that at least some of the variability in 
peritoneal membrane function is heritable. These studies indeed identified a 
common polymorphism in IL6 gene as an independent predictor of baseline 
PSTR (Gillerot et al, 2005; Hwang et al, 2009). The biological effect of the -
174G/C IL6 polymorphism was substantiated by significant changes in IL-6 
expression in the peritoneal membrane, peritoneal effluent and plasma, 
further supporting the role of peritoneal inflammation as a major determinant 
of PSTR (Gillerot et al, 2005).  

Similarly, peritoneal water transport at initiation of PD is only partially 
explained by clinical and biological variables (age, gender, PSTR, residual 
kidney function, sodium sieving) (La Milia et al, 2006). However, the 
potential role of variants, including in AQP1 gene, on water transport in 
patients treated with PD is unknown. Given the importance of water balance 
for the efficiency of the technique, the identification of genetic determinants 
of fluid removal during PD may have critical implications for outcome in this 
population. In addition, it may help identifying patients at risk and 
individualizing PD prescription – opening avenues for the development of 
precision medicine in PD. 
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9. Animal models of PD 

Animal models are important for understanding the physiology of the 
peritoneal membrane, to test new therapeutic interventions and - in fine - to 
improve the outcome of patients treated with PD. 

Mechanistic investigations of peritoneal permeability in rat and rabbit 
models of PD were mostly based on intervention studies using pharmacologic 
agents, blocking antibodies, or transient expression systems including 
adenoviral vectors. These models are often limited by a lack of specificity, 
side effects, as well as a transient efficacy and safety concerns. Until recently, 
the body size of a species was considered as the major limiting factor to 
perform in vivo studies of PD. The availability of microsample analysis and 
molecular biology techniques alleviated this restriction, allowing the 
investigation of permeability parameters and multiple molecules at the 
mRNA and protein levels from minute volumes and tissue samples. These 
new possibilities led our group to propose that genetically modified mice 
could provide an attractive alternative to the above models to investigate the 
molecular counterparts of PD (Ni et al, 2005).  

Since the 1980s, the mouse has emerged as a major model organism for 
investigations of many aspects of human diseases, as well as basic human 
biology at the cellular, tissular, and whole organism levels. Its striking 
similarity to humans in terms of anatomy, physiology and genetics 
(with >95% of the mouse genome being similar to our own) provides a direct 
relevance for the study of human physiology and pathology. As an 
experimental model for mammalian biology, the mouse offers critical 
advantages, including low cost, fast turnover, easy breeding, accelerated 
lifespan (one mouse years equals about 30 human years) and multiple 
possibilities of genetic manipulations. In our laboratory, knockout mice have 
been used to demonstrate the relative role of nitric oxide synthase isoforms in 
the permeability modifications and structural changes associated with acute 
peritonitis (Ni et al, 2003). Based on the molecular and functional similarities 
between the mouse and human peritoneal membrane, a novel mouse model 
was then developed to specifically investigate peritoneal transport (Ni et al, 
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2005). Application of this model to transgenic Aqp1 mice contributed to 
validate predictions from the three-pore model, by demonstrating the critical 
role of endothelial AQP water channels during PD with glucose-based 
dialysis solutions (Ni et al, 2006).  

The availibility of transgenic mice lacking such water channels has 
stressed the need for novel strategies to accurately assess osmotic water 
transport in vivo. During last decades, radioiodinated serum albumin has been 
the most widely used tracer for intraperitoneal volume measurement in rodent 
models of PD (Rippe et al, 2007; Rippe, 2006). However, its use is limited by 
the emission of ionizing radiation, imposing stringent safety regulations for 
storage, use, and waste handling. Fluorescent probes have been developed to 
overcome the limitations of radioactive agents and are increasingly used to 
assess various processes in vivo, including plasma volume changes in rodents 
(Eisner et al, 2012; Gillen et al, 1994). To date, the use of fluorescently 
labeled bovine serum albumin tracers and fluorescence spectroscopy to 
monitor intraperitoneal volume and osmotic water transport across the 
peritoneal membrane has not been tested. 

In addition, experimental models of PD represent a useful tool to 
characterize potential regulators of AQP expression or function, and effects 
of alternative osmotic agents used in daily clinical practice, including glucose 
polymer icodextrin. Contrarily to glucose, icodextrin induces a progressive 
and sustained water flow across the peritoneal membrane, in the absence of 
any osmotic gradient, suggesting it may act as a colloid agent. However, this 
assumption has not been confirmed yet, and the pathways for water transport 
during crystalloid versus colloid osmosis have not been investigated.  



 

 

 

 



 

 

 

AIMS OF THE THESIS  

 

Over the last decades, major technical advances and a better understanding of 
the peritoneal physiology contributed to establish peritoneal dialysis (PD) as 
an effective form of renal replacement therapy for patients with end-stage 
renal disease. However, functional alterations in the dialysis capacity of the 
peritoneal membrane still represent a major obstacle to successful long-term 
therapy. As a result, poor peritoneal ultrafiltration and subsequent fluid 
overload - which affects up to 50% of the prevalent dialysis population (Van 
Biesen et al, 2011) - contribute to an increased risk of cardiovascular 
complications, technique failure and death (Churchill et al, 1998; Brown et 
al, 2003; Brimble et al, 2006; Johnson et al, 2010). 

Investigating the mechanisms of water and solute transport is therefore 
critical to improve our knowledge of the basic principles of PD, and to 
develop novel strategies to enhance ultrafiltration and improve outcome in 
patients treated with PD. In addition, PD represents a unique model to 
investigate the mechanisms of osmosis across biological membranes, the role 
and regulation of aquaporins (AQPs), and – from a wider perspective - 
vascular biology and fibrosis. 

In this work, we combined data from large cohorts of patients on PD (at 
clinical, functional, structural, molecular, and genetic levels), computer 
simulations and well-established mouse models to address some of the gaps 
in the current knowledge in the physiology of peritoneal transport in normal 
and diseased states. 

The discovery of AQPs and the generation of transgenic animals have 
stressed the need for novel and accurate methods to unravel molecular 
mechanisms of water permeability in vivo. In the first chapter of the thesis, 
we tested and validated fluorescently-labeled bovine serum albumin and 
fluorescence spectroscopy as a novel indicator of osmotic water transport 
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across the mouse peritoneal membrane. After characterization of the 
intrinsic properties of the dilution tracer, its accuracy to monitor 
intraperitoneal volume over time during PD was validated against direct 
volumetry – the gold-standard method. The technique was then applied to 
quantify osmotic water transport across the mouse peritoneal membrane 
following changes in dialysate osmolality and invalidation of Aqp1.  

The AQP1 channel facilitates the osmotic transport of water across the 
peritoneal microvasculature and is therefore critical for ultrafiltration during 
PD. The possibility to modulate AQP1-mediated water flow by using a 
pharmacologic agent, and the potential relevance for PD have not been 
investigated. In the second chapter, we used a multi-disciplinary 
approach to characterize the effects of AqF026, identified as the first 
AQP1 agonist, on peritoneal water and solute transport. These studies 
deciphered the mechanisms of action of AqF026, including potential 
interference with intracytoplasmic loop D – which has been involved in the 
gating of plant and mammal AQPs, and established its efficacy in mouse 
models of PD.  

Encapsulating peritoneal sclerosis (EPS) is a rare but severe complication 
of PD characterized by an extensive fibrosis of the peritoneum leading to 
bowel encapsulation and obstruction. Changes in peritoneal water transport 
have been suggested to precede EPS, but the mechanisms and potential 
predictive value of that transport defect have not been investigated. In the 
third chapter, we used serial testing of peritoneal transport in a large 
cohort of incident PD patients and systematic peritoneal biopsies to 
characterize the transport defects preceding EPS; to evaluate their 
ability to predict the risk of subsequent EPS; and to investigate the 
mechanisms of impaired water transport in this rare complication of PD. 

Osmosis represents the driving force for ultrafiltration and water balance 
in PD patients. While previous studies have demonstrated that endothelial 
AQP1 play a significant role in crystalloid osmosis induced by hypertonic 
glucose, their contribution in water removal induced by alternative osmotic 
agents such as icodextrin has not been established. In the fourth chapter, we 
investigated pathways of water transport during colloid versus 



AIMS OF THE THESIS 
 

 33

crystalloid osmosis, and their fundamental mechanisms, using an 
experimental model of peritoneal transport combined to computer 
simulations and biophysical studies.  

Peritoneal function testing at initiation of PD shows a large inter-
individual variability in AQP-mediated water transport, but the determinants 
of such variability remain ill-defined. In the fifth chapter, we analyzed the 
genetic, demographic and clinical parameters of a multicentric European 
cohort of incident PD patients to investigate the potential impact of 
common variants in the AQP1 gene on peritoneal transport parameters 
and the risk of death and/or technique failure.  
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SUMMARY 

Osmotic water transport across the peritoneal membrane is applied during 
peritoneal dialysis to remove the excess water accumulated in patients with 
end-stage renal disease. The discovery of aquaporin water channels and the 
generation of transgenic animals have stressed the need for novel and accurate 
methods to unravel molecular mechanisms of water permeability in vivo.  

Here, we describe the use of fluorescently labeled albumin as a reliable 
indicator of osmotic water transport across the peritoneal membrane in a well-
established mouse model of peritoneal dialysis. After detailed evaluation of 
intraperitoneal tracer mass kinetics, the technique was validated against direct 
volumetry, considered as the gold standard. The pH-insensitive dye Alexa 
Fluor 555-albumin was applied to quantify osmotic water transport across the 
mouse peritoneal membrane resulting from modulating dialysate osmolality 
and genetic silencing of the water channel aquaporin-1 (AQP1). 
Quantification of osmotic water transport using Alexa Fluor 555-albumin 
closely correlated with direct volumetry and with estimations based on 
radioiodinated (125I) serum albumin (RISA). The low intraperitoneal pressure 
probably accounts for the negligible disappearance of the tracer from the 
peritoneal cavity in this model.  

Taken together, these data demonstrate the appropriateness of pH-
insensitive Alexa Fluor 555-albumin as a practical and reliable intraperitoneal 
volume tracer to quantify osmotic water transport in vivo. 
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INTRODUCTION 

Water transport across biological membranes is a process of paramount 
importance in all living organisms. For more than 150 years, fluid transport 
has been studied across artificial porous membranes and tissues of animal or 
vegetal origin. The discovery of the aquaporin (AQP) family of water 
channels (Agre, 2004) and the generation of transgenic mice lacking such 
water channels have stressed the need for novel strategies to accurately assess 
osmotic water transport in vivo (Verkman, 2000). The AQPs are strongly 
expressed in the kidney, central nervous system, eye, skin, and exocrine 
glands. Studies in knockout mice have demonstrated the critical role of these 
channels in processes ranging from epithelial fluid transport to brain swelling, 
cell migration, and neuroexcitation (Verkman, 2012). 

Peritoneal dialysis (PD) is a life-sustaining therapy that applies the 
principle of osmosis across the peritoneal mem brane to remove water and 
solutes accumulated in patients with end-stage renal disease. The efficiency 
of osmosis during PD is crucial for technique and patient survival (Brown et 
al, 2003; Devuyst et al, 2010; Nishino et al, 2008). The high expression of 
AQP-1 (AQP1) in the endothelial cells lining peritoneal capillaries led to the 
early suggestion of a potential role for water channels in water transport 
generated during PD (Devuyst et al, 1998; Yang et al, 1999). The 
development of a mouse model of PD (Ni et al, 2005) and its application to 
Aqp1 mice indeed demonstrated that AQP1 accounts for ~50% of osmotic 
water transport when hypertonic glucose is used as osmotic agent (Ni et al, 
2006). Mouse models of PD have also contributed to the development and 
characterization of the first identified AQP1 agonist (Yool et al, 2013), 
opening perspectives for the treatment of conditions associated with defective 
water handling. 

During the last decades, radioiodinated (125I) serum albumin (RISA) has 
been the most widely used tracer for intraperitoneal volume (IPV) 
measurement in rodent models of PD (Rippe et al, 2007; Rippe, 2006). 
However, the use of RISA is limited by the emission of ionizing radiation, 
imposing stringent safety regulations for storage, use, and waste handling. 
Fluorescent probes have been developed to overcome the limitations of 
radioactive agents and are increasingly used to assess various processes in 
vivo, including plasma volume changes in rodents (Eisner et al, 2012; Gillen 
et al, 1994). In the present study, we developed and validated a highly 
sensitive method using fluorescently labeled BSA tracers and fluorescence 
spectroscopy to monitor IPV and osmotic water transport across the 
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peritoneal membrane. The relevance of this new technique to measure 
osmotic water transport and ultrafiltration (UF) was substantiated by using 
various osmotic solutions and mice lacking AQP1 and by comparing the 
accuracy of fluorescent tracers to direct volumetry and RISA. 

 

RESULTS 

Intraperitoneal kinetics of tracer albumin labeled with 125I or fluorescent 
dyes 

We first investigated the recovery of RISA and BSA labeled with fluorescent 
dyes (FITC, Alexa Fluor 488, Alexa Fluor 555, and Alexa Fluor 647) (Fig. 
1A) at the end of 2-h dwells with 3.86% glucose-based dialysate (pH 7.4) in 
a mouse model of PD (Table 1). The recovery of the mass of RISA, as well 
as all types of fluorescent BSA, was almost complete (~99%), indicating 
negligible disappearance of the tracer from the peritoneal cavity in this model. 
This conclusion was supported by the minimal (~1%) appearance of the 
instilled mass of RISA in plasma, with only traces (~0.1%) of RISA retrieved 
in the visceral peritoneum of exposed mice (data not shown). 

According to the mass-balance principle, since the mass transfer of tracer 
albumin outside the peritoneal cavity is insignificant, IPV at time t can be 
calculated using the following equation: 

tC

VC
Vt 00 ×

=  

where V0 is the instilled volume of dialysate, and C0 and Ct, the 
concentrations of labeled albumin in the dialysate at time 0 and t, respectively. 
The IPV value derived from the tracer concentration at the end of the dwell 
was concordant with direct volumetric measurement of IPV, considered as 
the gold standard, for all tracers (Table 1). 

Since the conventional dialysate solutions are acidic, we next evaluated 
the pH sensitivity of fluorescent albumin tracers in vitro. As expected, FITC-
labeled BSA showed the most significant pH sensitivity whereas the 
fluorescence intensity of Alexa Fluor-labeled BSA is less (Alexa Fluor 488 
and Alexa Fluor 647) or even not (Alexa Fluor 555) affected by acidic pH 
changes (ranging from 7.0 to 5.2) (Fig. 1B). Accordingly, the linear 
relationship between fluorescence intensity and dialysate concentration of 
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Alexa Fluor 555-BSA remained unaffected by changes in dialysate pH (Fig. 
1C). 

 

Table 1. Fluorescent emission properties and intraperitoneal kinetics of 
albumin tracers 

Albumin label Fluorescence properties Intraperitoneal kinetics 

 Exc. 
(nm) 

Em. 
(nm) 

Ext. 
Coeff.1 

Recovery  
(%) 

Volumetric 
IPV1202 

(µl) 

Estimated 
IPV1202 

(µl) 

125I - - - 98.7±1.0 3690±51 3741±39 

FITC 491 515 75,000 99.1±1.1 3511±29 3501±22 

Alexa Fluor 488 491 515 73,000 99.7±0.7 3610±48 3721±75 

Alexa Fluor 555 555 565 155,000 99.1±1.5 3504±55 3535±46 

Alexa Fluor 647 650 668 270,000 99.8±1.0 3667±123 3663±67 

1, Extinction coefficient of the reactive dye at emission maximum in cm-1M-1. 
2, IPV120, intraperitoneal volume at 120min of the dwell measured volumetrically or 
estimated from tracer dilution. 
Exc., excitation; Em., emission; Ext. Coeff., extinction coefficient 
All exchanges were performed with 3.86% glucose-based dialysate during 120min in SV129 
mice. Results are given in mean ± SEM. For intraperitoneal kinetics studies, n=6 mice/group 
for radio-iodinated 125I human serum albumin and AlexaFluor555-labeled bovine serum 
albumin, and n=3 for FITC (fluorescein-isothiocyanate), AlexaFluor488 and AlexaFluor647-
labeled bovine serum albumins. 
 
 
Alexa Fluor 555-BSA to assess osmotic water transport during peritoneal 
dialysis 

The pH insensitivity of Alexa Fluor 555-BSA, associated with its long 
wavelength, preventing potential interference from autofluorescence, 
justified the further characterization of Alexa Fluor 555-BSA as a tracer to 
assess IPV in a mouse model of PD using conventional dialysis solutions. The 
standard dialysis procedure (2-h dwell with 3.86% glucose-based dialysate) 
by itself did not affect the fluorescence intensity of the dye, and no free 
fractions were detected at the end of the dwells (data not shown). The addition 
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of Alexa Fluor 555-BSA to the dialysate had no effect on transport [net 
ultrafiltration: 48.4±1.9 µl/g vs. 47.8±1.9 µl/g; glucose disappearance rate 
(D120/D0): 0.44±0.01 vs. 0.43±0.02 in mice exposed or not to Alexa Fluor 
555-BSA, respectively; n = 6 in each group] and inflammation [nitrite/ nitrate 
(NOx): 19.0±2.2 vs. 22. 8±1.3 µM; albumin leakage (D120 albumin): 
0.45±0.03 vs. 0.45±0.03 µg/µl in mice exposed or not to Alexa Fluor 555-
BSA, respectively; n = 6 in each group] parameters during the exchange, 
further supporting its safe use in mouse models of PD. 

 

 
Fig. 1. Spectral characteristics and pH sensitivity of fluorescent dyes. A: fluorescence 
excitation spectrum of BSA labeled with FITC, Alexa Fluor (AF) 488, Alexa Fluor 555, or 
Alexa Fluor 647. B: effect of varying pH (from 7.4 to 5.2) of the dialysis solution in vitro on 
the relative fluorescence intensity of BSA labeled with FITC, Alexa Fluor 488, Alexa Fluor 
555, or Alexa Fluor 647 (n = 4 measures/group). C: linear relationship between fluorescence 
intensity measured with a LS55 spectrometer (PerkinElmer) in arbitrary units (A.U.) and 
Alexa Fluor 555-BSA concentration in the dialysis solution. The relationship is unaffected 
by changes in pH in the studied range (pH 5.2–7.4). 
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Fig. 2. Intraperitoneal kinetics of Alexa Fluor 555-BSA and comparison of 
intraperitoneal volume estimated from the dilution of Alexa Fluor 555-BSA or 
measured by volumetry. A: recovery of the injected mass of Alexa Fluor 555-BSA in the 
drained dialysate after 30-, 60-, 90-, and 120-min dwells with 3.86% glucose and after 120-
min dwells with 1.36 and 7% glucose. The disappearance of the tracer from the peritoneal 
cavity is minimal at each time point, irrespective of the type of dialysate. B: fluorescence 
excitation spectrum of control plasma from SV129 mice spiked with various concentrations 
of Alexa Fluor 555-BSA (blue lines) and after intraperitoneal (IP) exposure to the 
fluorescent tracer during a 120-min dwell (P120, red line). No significant amount of tracer 
is detected using fluorescence spectroscopy on the plasma of exposed mice, with a lower 
limit of detection of 1 µg/ml (1% of the injected tracer mass). C: HPLC and absorbance 
at 555 nm of control plasma from SV129 mice spiked with various concentrations of Alexa 
Fluor 555-BSA (blue lines) and after intraperitoneal exposure to the fluorescent tracer 
during a 120-min dwell (P120, red line). The peak of absorbance at 555 nm after an elution 
time of 34.6 min corresponding to Alexa Fluor 555-BSA in standards is negligible in the 
plasma of exposed mice. D: intraperitoneal volume (IPV) estimated with Alexa Fluor 555-
BSA is concordant with direct volumetry at each time point during PD with 3.86% glucose-
based dialysate. E: estimated and volumetrically measured IPV are in good agreement at the 
end of 2-h dwells performed with 1.36, 3.86, and 7% glucose-based dialysates. F: IPV 
estimated using the dilution of Alexa Fluor 555-BSA closely correlate with the data obtained 
by volumetry (Pearson r = 0.91, P<0.0001). Values are means ± SE; n = 3 for 30-, 60-, and 
90-min dwells with 3.86% glucose, n = 6 for 120-min dwells with 3.86% glucose, and n = 
4 for 120-min dwells with 1.36 and 7% glucose. 
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We next confirmed that the instilled intraperitoneal mass of Alexa Fluor 
555-BSA is completely recovered at the end of the procedure, independently 
of dwell duration and dialysate osmolality (Fig. 2A). We used fluorescence 
spectroscopy (Fig. 2B) and HPLC (Fig. 2C), two independent and highly 
sensitive techniques (lower limit of detection of <1% of the total injected 
mass), to confirm the virtual absence of Alexa Fluor 555-BSA in extracts 
from visceral peritoneum and plasma of exposed mice. 

The validity of Alexa Fluor 555-BSA as an IPV tracer during PD was 
assessed by the direct comparison of the estimated values with volumetric 
IPV taken as the gold standard. The absolute values and kinetics of IPV 
estimated using Alexa Fluor 555-BSA were concordant to volumetric IPV 
(Fig. 2D), irrespective of dialysate osmolality (Fig. 2E). A close correlation 
between the estimated IPV and the volumetric IPV (Pearson coefficient, r = 
0.91, P<0.001, n=23) was observed after dwells of different durations and 
using various concentrations of glucose (Fig. 2F). 

Since transperitoneal macromolecule absorption depends on 
intraperitoneal pressure (IPP) (Zakaria et al, 1995), we hypothesized that the 
very low IPP (<2 mmHg up to 10 ml of instilled dialysate) (Suppl Fig. 2A) 
accounts for the lack of tracer disappearance from the peritoneal cavity in our 
mouse model of PD. We therefore evaluated the effect of modulating IPP (by 
external abdominal compression) on tracer kinetics. Increasing IPP from 0 to 
10 mmHg resulted in a significant reduction of Alexa Fluor 555-BSA mass 
recovery in the dialysate at the end of 2-h dwells (from 1.00±0.02 to 
0.85±0.02, respectively; P<0.001) (Suppl. Fig. 2B), and in a significant 
increase in the amount of Alexa Fluor 555-BSA detected in the plasma using 
fluorescence spectroscopy (Suppl. Fig. 2C). Similarly, mice exposed to 
elevated IPP had a higher Alexa Fluor 555-BSA content in their visceral 
peritoneum at the end of the dwell (data not shown). These observations 
support the hypothesis that low IPP accounts for the negligible disappearance 
of macromolecular tracers in our mouse model of PD. 
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Alexa Fluor 555-BSA to assess IPV kinetics: applications to mouse models 
of PD 

Having established the validity and accuracy of Alexa Fluor 555-BSA to 
assess IPV kinetics, we next assessed the usefulness of the fluorescent 
indicator dilution technique to detect changes in osmotic water transport over 
time. Modulation of water transport across the mouse peritoneum was 
achieved in two independent models, first by varying the transperitoneal 
osmotic gradient, and second by genetic deletion of the water channel AQP1. 

Increasing glucose concentration in the dialysate from 1.36 to 3.86 and further 
to 7% was reflected by a faster movement of water across the peritoneum and 
increased final IPV (Fig. 3A, Table 2). Both the osmotic water transport over 
120 min, estimated by the area under the IPV curves (Fig. 3B) and the AQP1-
mediated water transport, corresponding to the UF rate during the first 30 min 
of the dwell (Fig. 3C), showed a linear relationship with dialysate osmolality 
(Pearson coefficient, r = 0.98, P<0.001; and 0.94, P< 0.001, respectively; n = 
14 for both measures).  

Mice lacking AQP1 represent a useful model to assess the ultrasmall pore 
component of water transport during PD. Previous studies based on RISA 
have demonstrated that the lack of AQP1 is reflected by a significant decrease 
in the initial UF rate and a loss of ~50% of the UF capacity during a 
hypertonic dwell (Yang et al, 1999; Ni et al, 2006). We first showed that the 
tracer mass of Alexa Fluor 555-BSA was constant during the 120-min dwell 
in Aqp1 mice (mean tracer recovery 99.0±2.0%, n = 12). There was a close 
correspondence between the IPV at the end of the dwell estimated from the 
tracer dilution vs. that obtained by volumetry (Table 2). Comparison of the 
osmotic water transport parameters assessed by using Alexa Fluor 555- BSA 
vs. those obtained with RISA in the seminal work in Aqp1 mice (Ni et al, 
2006) demonstrated that both techniques yield highly correlated values of IPV 
(Pearson coefficient, r = 0.98, P<0.0001) (Fig. 4A-B, Table 2). In agreement 
with the role of AQP1 in mediating water transport during PD, the use of 
Alexa Fluor 555-BSA as a tracer yielded the same reduction in net UF, area 
under the IPV curve, and initial UF rate than RISA in the Aqp1-/- mice 
compared with their wild-type littermates (Fig. 4C). 
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Fig. 3. Alexa Fluor 555-BSA to assess IPV kinetics: effect of the osmotic gradient. A: 
increasing glucose concentration from 1.36 to 3.86 and 7% in dialysate significantly 
enhances osmotic water transport during PD, as shown by IPV kinetics. B: enhanced 
osmotic water transport is reflected by the area under the net UF curves (39±3, 99±5, and 
163±3 ml/min for 1.36, 3.86, and 7% glucose, respectively). Inset: linear relationship 
between osmotic water transport estimated using the area under the net UF curve and 
dialysate osmolality. C: increasing dialysate osmolality drives a faster UF rate during the 
first 30 min of the dwell (3.5±0.6, 23.1±1.1 and 31.9±0.5 µl/min for 1.36, 3.86, and 7% 
glucose, respectively), when the contribution of aquaporin-1 to transcapillary UF is 
maximal. All exchanges were performed using 2.5 ml of 1.36 (green), 3.86 (blue), or 7% 
(red) glucose-based dialysate. Values are means ± SE; n = 4 for 1.36 and 7%, and n = 6 for 

3.86% glucose. ***P<0.001 vs. 1.36% glucose, and ###P<0.001 versus 3.86% glucose. 
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Fig. 4. Alexa Fluor 555-BSA to assess IPV kinetics: effect of deleting Aqp1. A: use of 
Alexa Fluor 555-BSA in Aqp1 mice yields IPV over time curves that are similar to those 
obtained using radioiodinated serum albumin (RISA; P = 0.19 and 0.30 between curves 
using the 2 different techniques, in Aqp1+/+  and Aqp1-/- mice, respectively). B: mean IPV 
at different time points in Aqp1 mice using Alexa Fluor 555-BSA closely correlate with 
those obtained with RISA (Pearson r = 0.98, P<0.0001). C: use of RISA and Alexa Fluor 
555-BSA provide similar UF rates during the first 30 min of the dwell in wild-type 
(22.7±1.8 and 23.1±1.1 µl/min, P = 0.87, using RISA and Alexa Fluor 555-BSA) and 
Aqp1 knockout mice (11.8±1.5 and 8.5±1.0 µl/min, P = 0.15). All exchanges were 
performed using 2.5 ml of 3.86% glucose-based dialysate. Values are means ± SE; n = 6 
Aqp1+/+  (open red circles) and 6 Aqp1-/- (filled red circles) mice for experiments using 
Alexa Fluor 555-BSA, and n = 5 Aqp1+/+  (open blue circles) and 5 Aqp1-/- (filled blue 
circles) mice using RISA. Results obtained with RISA in Aqp1 mice are adapted from Ni 
et al, 2006. ***P<0.001 vs. wild-type mice. 
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Table 2. Parameters of osmotic water transport during PD in mice 
using Alexa Fluor 555-BSA as an indicator dilution technique. 

Group n Dialysate 
glucose 
(%) 

Net UF
(µl/g BW) 

Volumetric 
IPV 120 
(µl) 

Estimated 
IPV 120 
(µl) 

AUC 
net UF
(ml.min) 

UF rate 
0-30min 
(µl/min) 

Aqp1+/+  6 3.86 38.7±3.2 3473±53 3505±36 99±5 23.1±1.1 

 4 1.36 11.1±0.9***  2898±79***  2767±24***  39±3***  3.5±0.6***  

 4 7 60.8±1.1***  4402±129***  4274±38***  163±3***  31.9±0.5***  

Aqp1-/- 6 3.86 18.2±2.8***  2881±42***  2918±41***  46±6***  8.5±1.0***  

UF, ultrafiltration; BW, body weight; volIPV120, intraperitoneal volume at 120min of the 
dwell measured volumetrically or estimated from the tracer dilution technique; AUC, area 
under the curve. ***P<0.001 versus Aqp1+/+  mice using 3.86% glucose. 

 

 

DISCUSSION 

Fluorescent dyes are increasingly used in biomedical research to avoid 
limitations and safety risks of radiolabeled tracers (Eisner et al, 2012; Gillen 
et al, 1994; Lin et al, 2011). In this study, we used well-established models of 
PD to demonstrate that Alexa Fluor 555-BSA is an easy-to-use, neutral, and 
accurate IPV tracer that allows the study of osmotic water transport in vivo. 

Alexa Fluor dyes are a new family of bright, photostable, and water-
soluble fluorophores obtained by sulfonation of rhodamine or coumarin 
molecules (Berlier et al, 2003; Panchuk-Voloshina et al, 1999). Sulfonation 
makes Alexa Fluor molecules negatively charged and hydrophilic, 
contributing to the stability of these dyes, and to their strong pH insensitivity, 
allowing their efficient use in a broad range of pH (21). Among Alexa Fluor 
dyes, Alexa Fluor 555 was shown to be the more pH insensitive in the studied 
range of pH (5.2–7.4), in agreement with previous observations in which red-
orange fluorescent dyes have the lowest pKa values, as low as 2.7 (Chudakov 
et al, 2010). During PD with conventional solutions, rapid changes in 
intraperitoneal pH occur, as a result of transperitoneal buffers and gas 
transport (Heimburger et al, 2003). Covalent conjugation of Alexa Fluor dyes 
to specific proteins such as BSA (Berlier et al, 2003) prevents the appearance 
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of free fractions, limiting the risk of free dye absorption. The addition of tracer 
concentrations of fluorescent albumin to the PD solution had no effect on 
parameters of transport and inflammation during PD. 

The validity and accuracy of Alexa Fluor 555-BSA to assess osmotic water 
changes in vivo are demonstrated by the close correlation between IPV based 
on the dilution of the fluorescent tracer Alexa Fluor 555-BSA and IPV 
measured by volumetry, considered as the gold standard technique (Van 
Biesen et al, 2002). The use of Alexa Fluor 555-BSA as an indicator of 
osmotic water transport is further validated by the similar IPV values over 
time obtained with Alexa Fluor 555-BSA and RISA in Aqp1 mice, which 
represent a critical tool to assess osmotic water transport in rodent models of 
PD. The serial assessment of IPV over time in the same animal yielded IPV 
curves exactly similar to those previously obtained using the RISA technique 
(Ni et al, 2006). Similar values of osmotic water transport and initial UF rates, 
two parameters that are directly linked to the nature of the dialysate and the 
availability of AQP1 water channels, respectively, were also obtained using 
either Alexa Fluor555-BSA or RISA (Ni et al, 2006; Yool et al, 2013). 

Application of a macromolecular IPV tracer to assess osmotic water 
changes in mouse models of PD warrants a careful evaluation of the kinetics 
of the intraperitoneal mass of the tracer during the dwell. In the present model, 
the intraperitoneal mass of fluorescent albumins used as IPV tracers is 
constant throughout all experiments, independently of the fluorescent dye, 
dwell time, and dialysate osmolality. Minimal disappearance of Alexa Fluor 
555-BSA from the peritoneal cavity is corroborated by the lack of significant 
tracer detection in plasma or visceral peritoneum of exposed mice based on 
fluorescence spectroscopy and HPLC, which are both highly sensitive 
(detection limit ~1 µg/ml) whereas HPLC allows to rule out any artifact due 
to fluorescence. The lack of disappearance of RISA from the peritoneal cavity 
in this mouse model confirms these results. The data presented here suggest 
that the very low IPP in basal conditions accounts for the lack of 
disappearance of fluorescent albumin tracers from the peritoneal cavity. 
Conversely, increasing IPP by external abdominal compression results in a 
significant reduction in tracer mass recovery in the dialysate, and a parallel 
increase in tracer appearance in the plasma and in the peritoneal membrane. 
In other rodent models of PD, disappearance of the macromolecular IPV 
tracer (RISA, dextrans, or autologous hemoglobin) from the peritoneal cavity 
(up to 10-30%) can occur as a result of an uptake into lymphatic vessels 
(mainly subdiaphragmatic) and interstitial tissues lining the peritoneal cavity 
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(Flessner, 1983; Zakaria et al, 1996). In those models, transperitoneal 
transport of macromolecules from dialysate to plasma indeed depends on the 
nature of the tracer (De Paepe et al, 1988; Nagy, 1992) and, more importantly, 
on IPP, which directly determines tracer disappearance (Flessner, 1991; 
Rippe, 2006; Zakaria et al, 1995; Zhu et al, 1998). When present, tracer 
disappearance requires correcting equations to avoid overestimation of IPV, 
and to accurately assess IPV over time (De Paepe et al, 1988; Mactier, 1989; 
Rippe et al, 2007). We speculate that differences in abdominal wall 
compliance among species, in the type of anesthesia and related effects on 
diaphragmatic contraction, and in the use or not of mechanical ventilation, 
influence IPP and account, at least partly, for the variability in 
macromolecular tracer disappearance in rodent models of PD (Lai-Fook et al, 
2008; Rippe, 2009; Sarton et al, 2001; Shin et al, 2006). Careful evaluation 
of tracer mass kinetics is therefore a prerequisite for the application of 
indicator dilution techniques assessing IPV in animal models of PD. 

Altogether, these data support the appropriateness of fluorescently labeled 
macromolecules, and more specifically Alexa Fluor 555-BSA, as alternative 
IPV tracers to RISA to accurately assess IPV in mouse models of PD, 
decipher the molecular mechanisms of water transport, and evaluate 
interventions modifying water transport in vivo. Further investigations are 
required to investigate the potential use of fluorescently labeled 
macromolecules to assess IPV over time in PD patients. 
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METHODS 

Animals. Adult male SV129 mice (Charles River, Brussels, Belgium), aged 8 -14 wk, 
weighing 20 -30 g, were used to assess the kinetics of fluorescently labeled BSA and 125I-
human serum albumin and to evaluate the influence of the fluorescent tracer on transport and 
inflammation parameters in a mouse model of PD (Ni et al, 2005). Gender-matched Aqp1 
mouse littermates generated as previously described (Ma et al, 1998), aged 8 -12 wk, were 
used to assess the influence of the water channel AQP1. All animals had access to a standard 
diet and tap water ad libitum. The experiments were conducted in accordance with the 
National Research Council Guide for the Care and Use of Laboratory Animals and the 
Animal Ethics Committee of the Université catholique de Louvain Medical School. 

Peritoneal transport studies and tissue sampling. Osmotic water transport across the 
peritoneum was investigated using a peritoneal equilibrium test, as previously described (Ni 
et al, 2005). Briefly, following anesthesia with ketamine (100 mg/kg sc, Merial) and xylazine 
(10 mg/kg sc, Bayer), mice were laid in a supine position and the fur over the abdominal wall 
was shaved after desinfection with 70% alcohol. A silicon catheter (Venflon 22 G, 0.9-mm 
diameter, Terumo) was inserted percutaneously into the right lower quadrant of the peritoneal 
cavity. This catheter was used for the infusion and sampling of PD solution. Mice were 
intraperitoneally injected with 2.5 ml of glucose-based dialysate containing 100 µg of 
albumin labeled with either a fluorescent dye (Alexa Fluor 488-, Alexa Fluor 555-, or Alexa 
Fluor647-BSA; Molecular Probes, Invitrogen), FITC-albumin (Sigma-Aldrich), or RISA 
(Seralb-125, IBA, Cis-BioInternational). The instilled volume of 2.5 ml is between that 
obtained when scaling to body weight (~0.7 ml) and to body surface area (~10 ml), when 
considering a standard infusion of 2,000 ml in a 70-kg adult. Previous observations have 
shown that using a 2.5-ml instilled volume in mouse models of PD induced very similar 
glucose disappearance rates and net ultrafiltration across species, including humans (Ni et al, 
2005). The content of free 125I in the spent dialysate was ~0.6% as checked by trichloroacetic 
acid (5% vol/vol) precipitation. A neutral pH dialysis solution (Physioneal 3.86%, pH ~7.4, 
Baxter Healthcare, Nivelles, Belgium) was used for tracer kinetics studies, while further 
experi- ments using Alexa Fluor 555-BSA were conducted with conventional dialysate 
[Dianeal 1.36 (344 mOsm/l) or 3.86% (483 mOsm/l), pH ~ 5.2, from Baxter Healthcare] or 
glucose 7% (657 mOsm/l). No intermediate sampling was performed during the assessment 
of the kinetics of the tracer mass to prevent the disappearance of the osmotic agent and tracer 
by multiple sampling (Van Biesen et al, 2002). Microsampling (10 µl) was used at 
intermediate time points in other experiments to assess fluorescence. Before each sampling, 
the abdomen was gently agitated to facilitate fluid mixing. Instilled and recovered dialysate 
volumes were weighed on a precision balance (AG35, Mettler Toledo; margin of error during 
experiments is 0.1 mg). Dialysate recovery was performed at the end of the dwell, using 
syringes and pre-weighed safe-lock tubes; the remaining dialysate in the peritoneal cavity 
was collected using gauze tissue and weighed using the same technique. The fluid taken from 
the gauze tissue accounted for 5% of total volume of the dialysate in both groups. Provided 
a 3.86% glucose dialysate density of 1.020±0.001 g/cm3 in experimental conditions, the 
volume margin of error can be calculated as 0.1 µl. Values rounded off to 1 µl were used for 
both instilled and recovered volumes. These parameters were used to measure net UF by 
volumetry, as previously described (18). Mean arterial blood pressure was recorded using a 
pressure transducer (Harvard Apparatus, Holliston, MA) connected to the right common 
carotid artery in anesthetized mice at baseline and during 2-h dwells with 3.86% glucose. 
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The significant water removal and the resulting drop in blood pressure observed during PD 
had no effect on peritoneal water or solute transport in this mouse model (Suppl. Fig. 1). 
Samples from the visceral peritoneum were used for protein extraction, as previously 
described (Ni et al, 2005). 

Intraperitoneal pressure and external abdominal compression. Direct assessment of 
intraperitoneal pressure (IPP) was performed in anesthetized mice using a catheter that was 
inserted in the peritoneal cavity and connected to a pressure transducer. This transducer was 
validated against a water column and showed a very close correlation with the gold standard 
technique (Pearson r = 0.9991, P<0.0001); the inter-assay coefficient of variability using the 
transducer was 2.4%. The circuit was filled and, after zeroing at the level of the heart, left at 
atmospheric pressure. IPP vs. IPV curves were obtained with the instillation of variable 
volumes of dialysate in the peritoneal cavity (via a cock in the circuit) and assessment of IPP 
on the transducer. In a subset of experiments, IPP was modulated by external abdominal 
compression to assess the effect of IPP on transperitoneal tracer kinetics. IPP was raised using 
a neonatal sphygmomanometer (Philips, Eindhoven, The Netherlands) that was applied 
around the abdomen of mice and inflated to produce and external abdominal compression, a 
method that has previously been applied to rats (Zakaria et al, 1995) and adapted to mice. 
IPP was continuously monitored, as previously described, raised to 10 mmHg, and 
maintained constant for the dwell duration. 

Fluorescence and radioactivity assessment. Relative fluorescence intensity in the dialysate, 
plasma, and peritoneal membrane extracts was assessed on a LS55 fluorescence spectrometer 
(PerkinElmer) using appropriate standards to prevent quenching and nonspecific interference 
after tracer extraction, as described (Lin et al, 2011). Radioactivity in the dialysate, blood, 
and visceral peritoneum was assessed using a γ-counter (Cobra II, Canberra-Packard, 
Downers Grove, IL) with statistics ensuring <1% Poisson error (i.e., at least 10,000 counts/ 
positive sample). 

Quantification of Alexa Fluor 555-BSA by HPLC. Proteins were separated by reverse-
phase HPLC on a GRACE Vydac C4 column (214TP54, 4.6 mm x 25 cm) with an acetonitrile 
gradient in solvent A [2% (vol/vol) acetonitrile in 0.1% (vol/vol) trifluoroacetic acid]. Elution 
was performed with the following gradient program: 0 –90% solvent B [98% (vol/vol) 
acetonitrile in 0.085 trifluoroacetic acid] over 50 min at a flow rate of 500 µl/min generated 
by a model 1260 Agilent solvent delivery system. Absorbance was monitored simultaneously 
at three wavelengths, namely, 214, 280, and 555 nm. Quantification of protein was performed 
by integration of the area under the curve for each absorbance peak.  

Free fractions of the fluorescent dye in the recovered dialysate. Ultramicrofiltration was 
performed on the recovered dialysate of mice to confirm the absence of free fraction of the 
fluorescent dye. Amicon columns with a nominal cutoff of 30,000 Da (Millipore, Bedford, 
MA) were loaded with 3.86% Dianeal containing Alexa Fluor 555- BSA sampled at the end 
of a 2-h dwell in SV129 mice, and centrifuged at 4,000 g for 10 min. Fluorescence was 
assessed on both the supernatant and the ultrafiltrate. 

Nitrite/nitrate and albumin concentrations in the dialysate. The production of nitrite and 
nitrate in the dialysate was measured using a colorimetric assay (Cayman Chemical, Ann 
Arbor, MI). After 3-h incubation with nitrate reductase (670 mU/ml) and NADPH (160 mol/l) 
at room temperature, total nitrite concentration in the samples was measured by the Griess 
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reaction at 540 nm (Benchmark Plus Microplate Reader, Bio-Rad, Hercules, CA). Albumin 
concentration in the dialysate at the end of the dwell was assessed using the Bradford assay 
(Bio-Rad Protein Assay, Bio-Rad). 

Statistical analysis. Data are presented as means ± SE. Comparisons between the means 
from different groups were performed using paired t-tests or one-way ANOVA, followed by 
Bonferroni’s multiple comparison tests, as appropriate 
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SUMMARY 

Aquaporin-1 (AQP1) facilitates the osmotic transport of water across the 
capillary endothelium, among other cell types, and thereby has a substantial 
role in ultrafiltration during peritoneal dialysis. At present, pharmacologic 
agents that enhance AQP1-mediated water transport, which would be 
expected to increase the efficiency of peritoneal dialysis, are not available.  

Here, we describe AqF026, an aquaporin agonist that is a chemical 
derivative of the arylsulfonamide compound furosemide. In the Xenopus 
laevis oocyte system, extracellular AqF026 potentiated the channel activity 
of human AQP1 by >20% but had no effect on channel activity of AQP4. We 
found that the intracellular binding site for AQP1 I nvolves loop D, a region 
associated with channel gating. In a mouse model of peritoneal dialysis, 
AqF026 enhanced the osmotic transport of water across the peritoneal 
membrane but did not affect the osmotic gradient, the transport of small 
solutes, or the localization and expression of AQP1 on the plasma membrane. 
Furthermore, AqF026 did not potentiate water transport in Aqp1-null mice, 
suggesting that indirect mechanisms involving other channels or transporters 
were unlikely. Last, in a mouse gastric antrum preparation, AqF026 did not 
affect the Na-K-Cl cotransporter NKCC1.  

In summary, AqF026 directly and specifically potentiates AQP1-mediated 
water transport, suggesting that it deserves additional investigation for 
applications such as peritoneal dialysis or clinical situations associated with 
defective water handling. 

 

 



 

 



AQP1 AGONIST IN PERITONEAL DIALYSIS 

 59

INTRODUCTION 

Aquaporin-1 (AQP1) is the archetypal member of a family of membrane 
water channels that is conserved in mammals, microorganisms, and plants 
(Agre, 2004). Mammalian aquaporins (AQPs) are distributed in specific cell 
types in numerous tissues and organs, where they facilitate the osmotic 
transport of water and regulate body fluid homeostasis. Most AQPs are 
constitutively expressed in plasma membranes, where they exist as homo-
tetramers. Each monomer has six membrane-spanning domains and two short 
hydrophobic loops containing conserved motifs and residues that are critical 
for the water selectivity of the pore (Fu et al, 2007). AQP1 is abundantly 
expressed in the endothelium-lining non-fenestrated capillaries located in the 
kidney, the airways, and the pleural and peritoneal membranes (Nielsen et al, 
1993; Devuyst et al, 1998). In the kidney, AQP1 mediates the water transport 
across the vasa recta, which influences the medullary blood flow and urinary 
concentrating ability. A significant urinary-concentrating defect is observed 
in both Aqp1-null mice and humans deficient in AQP1 (Ma et al, 1998; King 
et al, 2001). 

The development of pharmacologic agents able to modulate AQPs has 
been a highly anticipated goal, stimulated by insights in aquaporin structure 
and functional regulation (Verkman, 2012). As a proof of concept, induction 
of AQP1 transcription in endothelial cells by corticosteroids is associated 
with an increase in water trans-port in vivo (Stoenoiu et al, 2003). Antagonists 
for AQP1 and AQP4 have been developed, with a focus on arylsulfonamide 
compounds, including acetazolamide (Gao et al, 2006), antiepileptic agents 
(Huber et al, 2009), and derivatives of the loop diuretic bumetanide (Migliati 
et al, 2009). However, the effectiveness of acetazolamide and anti-epileptics 
as AQP blockers has been disputed (Yang et al, 2008). The bumetanide 
derivative AqB013 (Aq, aquaporin ligand; B, bumetanide scaffold) at 20 µM 
blocks AQP1 and AQP4 by a mechanism thought to involve physical 
occlusion of the intracellular water channel pore (Migliati et al, 2009). No 
direct pharmacologic agonist of AQPs has previously been described. 

The functional relevance of AQP1 is particularly evident when osmotic 
water transport during peritoneal dialysis is considered (Devuyst et al, 2010). 
Peritoneal dialysis is based on diffusive and convective transport of solutes 
and water between peritoneal capillaries and a dialysis solution present in the 
peritoneal cavity. The capacity to remove water in excess across the 
peritoneal membrane (ultrafiltration) is a major predictor of outcome and 
mortality for patients treated by this modality (Brimble et al, 2006). Detailed 
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studies in Aqp1-null mice have demonstrated that AQP1 water channels 
correspond to water-specific pores located in peritoneal capillaries (Yang et 
al, 1999; Ni et al, 2006), which represent the major transport barrier of the 
membrane (Rippe et al, 1991). An agonist of AQP1 would be expected to 
enhance water transport and ultrafiltration, thereby increasing the efficiency 
of dialysis (Stoenoiu et al, 2003; Devuyst et al, 2010). Furthermore, because 
peritoneal dialysis allows the specific assessment of AQP1-mediated water 
transport, as opposed to effects on small solute transport and osmotic 
gradient, it is an advantageous model for assessing potential modulators of 
AQP1 in vivo. 

 

RESULTS 

In the present study, we tested the capacity of the novel agent AqF026 (Aq, 
aquaporin ligand; F, furosemide scaffold) to potentiate the water channel 
activity of AQP1 in vitro and in vivo. Rates of net water flux were measured 
in control and AQP1-expressing Xenopus laevis oocytes pre-incubated with 
and without externally applied AqF026 (Fig. 1). Increases in relative volume 
as a function of time in hypotonic saline (Fig. 1A) yielded slope values 
(relative swelling rates, Fig. 1B) that showed a maximal potentiation at 5 µM 
for AQP1, and loss of the agonist effect at AqF026 doses ≥100 µM. Dose-
response curves (Fig. 1C) indicated an estimated half maximal effective 
concentration (EC50) value of 3.3 µM for AQP1. AqF026 also potentiated the 
closely related AQP4, but with substantially reduced efficacy. AQP4-
mediated water transport in-creased significantly only at ≥50 µM AqF026 
(Fig. 1B-C). These results suggest a relatively high specificity for the 
potentiating effect, in that AqF026 distinguished between two aquaporins, 
AQP1 and AQP4, with >40% identity and 60% homology in amino acid 
sequence (based on GenBank Clustal analysis). 

Using available crystal structure data, theoretical docking supported a 
direct interaction of AqF026 at a site located at the intracellular side of AQP1 
(Fig. 2A). The chemically distinguishing feature of AqF026 compared with 
the parent compound furosemide is an aromatic ring linked to the sulfonamide 
moiety (Fig. 2B). In silico modeling suggested the binding of AqF026 
involved residues in the loop D domain as well as other intracellular domain 
residues in the vicinity (Fig. 2C). Theoretical ligand docking suggested that 
the distinctive sulfhydryl-linked aromatic ring of AqF026 interacted with 
arginine 159 in human AQP1 (Arg 161 in bovine AQP1). Of note (Suppl. 
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Table 1), the equivalently positioned residue in AQP4 loop D is serine 180, 
the proposed site of water channel regulation by phos-phorylation (Zelenia et 
al, 2002). A second residue implicated in the putative AqF026-binding site in 
human AQP1 is threonine 157 (bovine Thr 159). The equivalent cysteine 
residue at position 178 in AQP4 loop D confers sensitivity to block by 
intracellularly applied mercurial compounds (Yukutake et al, 2008). The 
functional roles of AQP4 loop D residues support the proposal that the loop 
D region is an important regulatory do-main, and the observed differences be-
tween AQP1 and AQP4 at key amino acid positions could contribute to the 
difference in efficacy of AqF026 (Fig. 1). Site-directed mutagenesis of 
intracellular residues in the AQP1 loop D domain that were modeled as being 
involved in ligand docking (Fig. 2D-E) showed that the agonist effect of 
AqF026 could be reversed by mutations of threonine 157 or arginine 159 and 
160. Conversely, mutation of glycine 165, a loop D residue not implicated in 
the candidate binding site, did not prevent the agonist activity of AqF026. The 
magnitude of agonist potentiation with Gly165Pro was not significantly 
different from that seen with AqF026-treated wild type AQP1. A significant 
increase in osmotic water permeability over control levels demonstrated the 
functional expression of the AQP1 wild type and mutant constructs in the 
oocyte plasma membrane, a finding that was confirmed by 
immunocytochemical labeling and confocal imaging of whole oocytes (Fig. 
2E). Taken together, these data demonstrate that AqF026 causes a dose-
dependent potentiation of human AQP1 water channel activity and that the 
effect is likely to be mediated by ligand binding at an intracellular site 
involving specific amino acid residues in the loop D and possibly other 
adjacent intracellular domains. 
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Figure 1. Potentiating effect of AqF026 on water channel activity of AQP1 and AQP4 
expressed in Xenopus laevis oocytes. (A) Change in volume (V) due to osmotic swelling, 
standardized to the initial volume (V0) and plotted as a function of time in 50% hypotonic 
saline, for AQP1-expressing and -nonexpressing control (cont) oocytes. Oocytes were 
preincubated in 10 µM AqF026 or with DMSO alone (untr) as a vehicle control. Data are 
mean ± SEM for all oocytes tested in a single experimental day; n values are indicated in 
italics. (B) Histogram of compiled data showing maximal potentiation of AQP1 near 5 µM 
AqF026 and no potentiation of AQP4 at doses <50 µM. (C) Dose-response relationships for 
AqF026-mediated potentiation of AQP1 and AQP4 water channel activities, with an 
estimated EC50 value of 3.3 µM and a Hill coefficient of 1.8 for the stimulatory component 
for AQP1 (fit as the sum of two dose-response curves, one stimulatory and one inhibitory, 
using GraphPad Prism). 
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Figure 2. Ligand docking of AqF026 onAQP1: involvement of loop D domain residues 
and specificity of action using an NKCC1-sensitive bioassay. The identification of 
residues associated with the proposed intracellular binding pocket are based on the crystal 
structure of bovine AQP1. (A) Surface rendition of the tetramer with the docked pose of 
AqF026 in a ribbon structure of one AQP1 subunit. (B) Chemical structure of AqF026 and 
the parent compound furosemide. (C) A detailed view of the amino acid side chains relevant 
to the docked pose. The highlighted residue (D165*) indicates an amino acid contribution 
from a neighboring subunit. (D) Relative swelling rates were standardized to the untreated 
AQP1 wild-type or mutant channel responses within the same batches of oocytes, and data 
were compiled from at least three different batches for each group. Data are mean ± SEM; n 
values are shown in italics above the x axis. Asterisks indicate a significantly different effect 
for the comparison of 0 and 10 µM AqF026 for the same construct (*P<0.05; *** P<0.001). 
There was no significant difference between wild type and G165P at 10 µM (not indicated). 
(E) Confocal images of permeabilized immunolabeled oocytes expressing AQP1 wild-type 
or mutants, showing channel protein localization in plasma membranes (arrows). (F) 
Intracellular recording from a mouse gastric antrum preparation, continuously measured from 
a single circular smooth muscle cell. Traces show representative segments from the sequence: 
first confirming stable spontaneous slow-wave activity (initial); after treatment with a 
methylated furosemide compound (AqF022, 10 µM), which caused depolarization and a 
concomitant decline in slow-wave amplitude; after reversal of the effect by washout 
(recovery); and during the subsequent lack of effect of AqF026 (10 µM) over an extended 
period (30 minutes). Similar results were seen in three replicate cells.  
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To determine whether AqF026 retained any Na-K-Cl cotransporter 
(NKCC) blocking activity that is a hall-mark feature of the parent compound 
furosemide, we took advantage of a mouse gastrointestinal smooth muscle 
preparation as sensitive bioassay for NKCC activity (Fig. 2F). The 
mammalian gastrointestinal tract has pacemaker-driven slow-wave electrical 
activity, thought to be mediated by Ca2+-activated chloride channels (Zhu et 
al, 2009). The maintenance of a negative baseline membrane potential is 
critically dependent on the function of NKCC1. Block of NKCC1 in mouse 
intestine with bumetanide (4 µM) produced a reversible 10-mV 
depolarization of the baseline membrane potential that was not seen in 
NKCC1 knockout mice (Wouters et al, 2006). Similar, reversible 
depolarizations were induced by bumetanide or by furosemide in the guinea 
pig gastric antrum (Tomita et al, 2000). We found that the classic slow-wave 
pattern in mouse gastric antrum similarly was altered within 10 minutes after 
application of a methylated furosemide agent (10 µM AqF022). The effect 
was reversed by washout, and AqF026 at the same dose had no discern-able 
effect on membrane potential or slow wave signaling over 30 minutes (Fig. 
2F), indicating that the addition of the sulfonamide aryl group abolished any 
appreciable effect on NKCC1 while endowing AQP1 agonist activity. These 
results are consistent with structural modeling data indicating that the 
introduced aromatic ring appears to be key in the ligand interaction with loop 
D. Furthermore, the lack of effect of AqF026 on any properties of slow-wave 
signaling further supports the idea that this agent is unlikely to have indirect 
effects on general membrane properties or the broad array of channels and 
transporters also present in this preparation. 

We used an established mouse model of peritoneal dialysis (Ni et al, 2005; 
Ni et al, 2006) to test the relevance of the agonist activity of AqF026 on water 
transport and ultrafiltration in vivo (Fig. 3). Treatment of wild-type mice with 
AqF026 resulted in an approximately 15% increase in fluid transport across 
the peritoneal membrane (Fig. 3A and Table 1), similar to the potentiation of 
AQP1 seen at 5-20 µM in vitro. The effect of AqF026 was dose dependent, 
with a maximal response observed for a concentration of 15 µM and an EC50 
value of 4.2 µM (Fig. 3A). The effect of AqF026 on net ultrafiltration and 
initial ultrafiltration rate was maximal at about 120 minutes after injection 
(Fig. 3B), in agreement with in vitro studies. The ultrafiltration in Aqp1-null 
mice was 60% lower than in their wild-type littermates, and this measure was 
not affected by AqF026 administration (Fig. 3A). The agonist effect of 
AqF026 on osmotic water transport was further demonstrated by increased 
intraperitoneal volume curve over time (Fig. 3C) and an approximately 50% 
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increase in the initial ultrafiltration rate across the peritoneal membrane (Fig. 
3D; 32.2±1.3 µl/min versus 21.9±0.8 µl/min, in AqF026 versus vehicle-
treated Aqp1+/+  mice, respectively; P<0.001). In contrast, treatment with 
AqF026 had no effect on the initial ultrafiltration rate in the Aqp1-null mice 
(Fig. 3D). 
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Figure 3. AqF026 specifically enhances AQP1-mediated osmotic water transport in 
vivo. (A) Wild-type Aqp1+/+  mice treated with AqF026 have a significant, dose-dependent 
increase in net ultrafiltration (UF) across the peritoneal membrane. The maximal response is 
observed for a concentration of 15 µM, with an estimated EC50 value of 4.2 µM (inset). Aqp1-

/- mice, characterized by a 60% reduction in ultrafiltration at baseline, show no potentiation 
of the ultrafiltration after treatment with 15 µM AqF026. Data are mean ± SEM; n=6 for each 
AqF026 concentration except for 0.75 µM (n=4). Net ultrafiltration rates were standardized 
to body weight and compared with rates in vehicle-treated mice (open bar). (B) Time course 
performed in wild-type mice shows that the effect of AqF026 (15 µM) on net ultrafiltration 
(bars) and initial ultrafiltration rate (triangles) is maximal 120-150 minutes after intravenous 
injection. Data are mean ± SEM; n=4 for each time point. Open bar corresponds to vehicle-
treated mice. (C) Treatment of Aqp1+/+  mice with 15 µM AqF026 results in increased 
intraperitoneal (IP) volume over time (P=0.02 between the AqF026 and vehicle curves), with 
significant differences at 30, 60, and 90 minutes in AqF026-treated (black triangles) 
compared with vehicle-treated (open squares) animals (P<0.01, P<0.05, and P<0.05 
respectively; n=10 in each group). (D) Initial ultrafiltration rates, taken as an index of AQP1-
mediated water transport during the first part of the dwell, are significantly increased in 
Aqp1+/+  mice treated with 15 µM AqF026 versus vehicle (P<0.001, n=10 in each group). In 
contrast, AqF026 has no effect on the initial ultrafiltration rates in Aqp1-/- mice (AqF026, n=4 
and vehicle-treated, n=5). (E) Treatment of wild-type mice with AqF026 (15 µM) induces a 
significant increase in sodium sieving (D/D0 sodium at 30 min) compared with vehicle-
treated animals (P<0.05; n=10 in each group). (F-H) The dialysate-to-plasma ratio of 
osmolality at 30 minutes (D/Posm) (F), the dialysate-to-plasma ratio of urea (D/Purea) (G), and 
the progressive removal of glucose from the dialysate (D/D0 glucose) (H) were similar in 
mice treated with 15 µM AqF026 versus vehicle (n=12 pairs of Aqp1+/+  mice). 

Table1. Effect of AqF026 on water and small solute transport in vivo. 
Group Net UF  

(µl/g BW) 

D/Posm at 30min MTAC urea (µl/min) 

Aqp1+/+  DMSO 37.2±1.3 1.14±0.03 35.0±2.3 

Aqp1+/+  AqF026 42.8±1.4a 1.15±0.03 34.2±1.7 

Aqp1-/- DMSO 15.7±1.9b 1.28±0.02 35.5±3.6 

Aqp1-/- AqF026 15.6±1.6b 1.27±0.03 36.4±7.0 

Ultrafiltration and small solutes transport were measured in 16 pairs of Aqp1+/+  mice and 6 
pairs of Aqp1-/- mice. Osmolality was assessed in 12 pairs of Aqp1+/+  mice and 6 pairs of 
Aqp1-/- mice. UF, ultrafiltration; BW, body weight; D/Posm, dialysate-over-plasma osmolality; 
MTAC, mass transfer area coefficient (calculated from Waniewski equation, f=0.33). 
aP<0.05 AqF026 versus DMSO. bP<0.001 versus Aqp1+/+ . 

 

The decrease in dialysate sodium concentration during the initial phase of 
a hypertonic dwell (‘sodium sieving’) is a reliable index of AQP1-mediated 
water transport in PD (Ni et al, 2006; Rippe et al, 1991). Administration of 
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AqF026 was also reflected by a significant increase in that variable (dip in 
sodium dialysate within the first 30 minutes of the dwell: 11.2±0.3 mEq/l 
versus 8.9±0.9 mEq/l in AqF026-treated versus vehicle-treated mice, n=10 
pairs, P=0.03) (Fig. 3E). Administration of AqF026 had no detectable effects 
on the osmotic gradient (Fig. 3F and Table 1), small solute transport as 
measured for urea and glucose (Fig. 3G-H, and Table 1), and rate of albumin 
leakage in the dialysate (dialysis to plasma ratio albumin: 0.09±0.005 versus 
0.10±0.003 in AqF026-treated versus vehicle-treated mice, n =6 pairs). No 
differences in urine output, hemolysis (lactate dehydrogenase), or liver 
toxicity (aspartate aminotransferase and alanine aminotransferase) variables 
were observed in mice exposed to AqF026 versus vehicle during the PD 
exchange (data not shown). Treatment with AqF026 did not appreciably 
change the levels of protein or mRNA expression of AQP1 in the peritoneum 
(Suppl. Fig. 1A-C). Immunogold electron microscopy showed that the 
distribution and abundance of AQP1 were not visibly different in wild-type 
mice treated with vehicle and AqF026 (density of AQP1-gold particles: 
5.08±1.06 versus 5.78±0.63 particles/µm, respectively; n=7 pairs) (Suppl. 
Fig. 1D).  

 

DISCUSSION 

Results here are the first to define a pharmacologic ligand that potentiates 
AQP1 water channel activity, to show that it is effective in vitro and in vivo, 
and to identify a candidate molecular site of action. The data are consistent 
with direct binding of the novel arylsulfonamide compound AqF026 at a site 
involving the intracellular regulatory domain loop D in AQP1. The specificity 
of the drug on AQP1 is substantiated by several lines of evidence, obtained 
both in vitro and in vivo. First, AQP1 is much more sensitive to AqF026 than 
the closely related AQP4. Second, AqF026 has no effect on NKCC1 and no 
detectable diuretic effect during the peritoneal dialysis dwell. Third, AqF026 
induces a strong increase in the initial ultrafiltration rate, reflecting the 
essential contribution of AQP1 to transcapillary ultrafiltration at this stage. 
The effect is abolished when AqF026 is administered to Aqp1-null mice. 
Fourth, the administration of AqF026 is reflected by an increase in the sodium 
sieving, which typically reflects the movement of free water through AQP1. 
Finally, the lack of effect of AqF026 on other compartments can be inferred 
by the unchanged transport of small solutes and the lack of structural changes 
in the membrane. 
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Modulators of AQP1 with translational potential have been slow to 
emerge. Blockers have only been described thus far, limited by toxicity, low 
efficacy, and lack of specificity (Yool et al, 2010). Arylsulfonamide 
compounds, including carbonic anhydrase inhibitors, appeared as potentially 
attractive candidates on the basis of efficacy and safety index (Gao et al, 2006; 
Huber et al; 2009). Of particular interest, a 4-aminopyridine carboxamide 
derivative of the loop diuretic bumetanide (AqB013) was shown to inhibit 
AQP1 in vitro (50% inhibitory concentration, approximately 20 µM, 
extracellularly) by acting at an intracellular side that occludes the water pore 
(Migliati et al, 2009). 

In this study, we used another loop diuretic, furosemide, as a scaffold for 
the creation of the novel arylsulfonamide derivative, AqF026. Furosemide is 
relatively membrane impermeable, and it lacks a discernable effect on AQP1 
or AQP4 water channel activity when applied extracellularly (Migliati et al, 
2009). For the agonist AqF026, a furan-containing arylsulfonamide, the 
carboxylic acid of the furosemide scaffold was modified by conversion of its 
carboxylic acid group to a methyl ester and by addition of a benzyl group to 
the sulfonamide nitrogen. These modifications increased the calculated logP 
(logarithm of the oil:water partition coefficient, P) value to 2.97, a range that 
is consistent with drug-like properties (Leeson et al, 2007). An intracellular 
site of action of AqF026 on AQP1 channels was supported by the >1-hour 
latency for the agonist effect in the Xenopus system. Accumulating evidence 
suggests that AQPs are subject to complex mechanisms of regulation (Yool, 
2007; Maurel et al, 2008). According to results of in silico modeling and 
mutagenesis, the added benzyl moiety appears to enable an interaction 
between the AqF026 ligand and residues in the proximal region of the loop D 
domain, within a zone that is increasingly investigated for AQP channel 
regulation (Yu et al, 2006; Törnroth-Horsefield et al, 2006; Campbell et al, 
2012). In turn, such interaction could open the pore to increase unitary flux 
rates, remove a barrier or increase the probability of the open state. 

The molecular mechanism for the biphasic action of AqF026 on AQP1 is 
not known. A testable hypothesis is that, at higher doses, the antagonistic 
effect might involve occlusion of the AQP1 water pore at the intracellular 
face at a site similar to that implicated for block by AqB013 (Migliati et al, 
2009), whereas the agonist effect at lower doses appears to result from 
regulation of channel activity at a separate allosteric site involving loop D. 
Alternatively, AqF026 could have different effects at the same site depending 
on concentration. 
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Studies on Aqp1 knockout mice have demonstrated that AQP1 facilitates 
the osmotic water transport across the peritoneal membrane (Yang et al, 
1999). The fact that AqF026 increased water transport and ultrafiltration in 
vivo in this model, without detectable changes in small solute transport or 
modifications of the expression of AQP1, suggests this agent has translational 
potential for patients treated with peritoneal dialysis. As expected, the 
maximal potentiation of AQP1-mediated free-water transport occurs during 
the first part of the dwell, when the osmotic gradient is maximal. In agreement 
with previous studies addressing free-water transport in rat and mouse models 
(Stoenoiu et al, 2003; Ni et al, 2006) and simulations based on the three-pore 
model (B. Rippe, unpublished data), the effect of AqF026 on free-water 
transport was observed in the absence of any detectable change in small solute 
transport. 

ESRD is a major global concern, and improved methods for delivering 
replacement therapy via peritoneal dialysis would be of substantial 
significance. The use of AQP1 agonists in patients undergoing peritoneal 
dialysis would be of prime interest in patients developing ultrafiltration 
failure, who may show water channel dysfunction alone or combined with 
enlarged vascular surface area and/or increased lymphatic absorption rate 
(Smit et al, 2004). By extension, a pharmacologic agonist of AQP1 might be 
useful in conditions associated with defective local water handling, including 
subretinal edema, neurodegenerative conditions and hydrocephaly, acute 
renal failure, and diabetes insipidus. 

Because AqF026 is an agonist of AQP1 channels that are expressed in 
multiple organs, additional work on drug metabolism and potential toxicity 
will be important to evaluate potentially harmful effects. Loop diuretics are 
among the most widely used drugs worldwide, with a well-established safety 
index during acute or chronic administration (Musini et al, 2009). Our 
cumulative observations with arylsulfonamide compounds AqB013 and 
AqF026 in rodents suggest these derivatives are well tolerated and cause no 
appreciable overt tissue or organ toxicity under the specific conditions tested 
thus far. 

The identification of the first pharmacologic agonist for AQP1 opens new 
avenues for analyses of AQP1-mediated water transport and has potential 
therapeutic value for clinical situations based on osmotic water transport, 
including peritoneal dialysis. 
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CONCISE METHODS 

In Vitro  Assays. Expression of human AQP1 and rat AQP4 in X. laevis oocytes was done as 
described previously (Campbell et al, 2012). Site-directed mutations in AQP1 were generated 
by PCR using the QuikChange kit (Agilent Technologies, Australia). Non-AQP1-expressing 
control oocytes without cRNA injection were prepared from the same batches of oocytes. 
Responses were standardized to the mean swelling rate of the wild-type AQP1 untreated 
oocytes in the same batch of oocytes and compiled for multiple batches. All animal 
procedures were approved by the University of Adelaide Animal Ethics committee and 
performed in accord with the Australian Code of Practice for the Care and Use of Animals 
for Scientific Purposes. 

In Silico Modeling. The coordinates for the tetrameric model based on the crystal structure 
of bovine AQP1 were obtained from the Protein Data Bank (MMDB ID: 18789; PDB ID: 
1J4N). The pdb file coordinates were prepared for docking by removing water molecules and 
adding charges using autodocktools-1.5.4. The co-ordinate files for the ligand molecules 
were obtained using Corina accessed via the National Cancer Institute’s on-line SMILES 
translation tool and prepared for docking using autodocktools. The docking was performed 
using Autodock Vina (Trott et al, 2010) with a grid size of (80Å x 80 Å x 42Å) covering the 
entire cytoplasmic face of the tetramer. The highest ranked pose was used in the analysis. 

AqF026 Synthesis and Application. AqF026 was prepared by following a two-step process, 
in which furosemide was first converted to its methyl ester derivative (AqF022); then, 
alkylation of the sulfonamide ester yielded AqF026 (Suppl. Fig. 2). Agents were purified by 
column chromatography. For in vitro assays of swelling, oocytes were incubated in isotonic 
Na+ bath saline with AqF026 or DMSO vehicle before swelling assays. For in vivo studies, 
AqF026 or DMSO (vehicle control) diluted in sterile 0.9% NaCl was injected in the tail veins 
of mice at 30 minutes before the start of the experimental transport measurements. 

Mouse Gastric Antrum Electrophysiology. By following published methods (Kim et al, 
2002), adult Balb/C mice were anesthetized with isoflurane inhalation and euthanized by 
cervical dislocation. The stomach antral region (approximately 40 mm2) with the mucosa 
removed was pinned into a recording chamber lined with Sylgard elastomer (Dow Corning), 
and maintained in 37°C Krebs solution (in mM: NaCl 118, KCl 4.75, MgSO4 1.2, NaHCO3 
25, NaH2PO4 1, glucose 11 and CaCl2 2.5; pH 7.3) continuously bubbled with O2 (95%) and 
CO2 (5%). A Ca2+ channel antagonist nifedipine (dissolved at 10 mM in ethanol and used at 
a final concentration of 3 µM in control Krebs) minimized muscle contraction events. 
Circular smooth muscle cells were impaled with glass micro-electrodes filled with 3 M KCl 
(70–100 MOhm). The furosemide derivative AqF022 and the AQP agonist AqF026 were 
applied at final concentration (10 µM) with 0.01% DMSO in perfused Krebs; effects were 
re-versed by washout with control Krebs. Transmembrane potential was measured using a 
high impedance amplifier (Axoclamp-2B; Axon Instruments). Electrical signals were 
recorded with Axoscope 9.0 data acquisition software (Axon Instuments/Molecular Devices, 
Union City, CA). 

Aqp1 Mice. Wild-type (Aqp1+/+ ) and knockout (Aqp1-/-) mice (Ma et al, 1998) were obtained 
from A.S. Verkman (University of California, San Francisco, CA). Studies were performed 
on sex-matched littermates aged 8-12 weeks. All animals had access to standard diet and tap 
water ad libitum. The experiments were conducted in accordance with the National Research 
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Council Guide for the Care and Use of Laboratory Animals and approved by the ethics 
committee of the Université catholique de Louvain. 

Peritoneal Transport Studies and Tissue Sampling. Transport of water and solutes across 
the peritoneal membrane was investigated in a well-established mouse model of peritoneal 
dialysis (Ni et al, 2005; Ni et al, 2006). Changes in intraperitoneal volume over time and 
initial ultrafiltration rates were obtained using a fluorescent bovine serum albumin conjugate 
(Alexafluor555-BSA, Molecular Probe, Eugene, OR) as an indicator-dilution technique, as 
previously described (Ni et al, 2006; Lin et al, 2011). At the end of the dwell, mice were 
euthanized by exsanguination and samples were processed for mRNA and protein studies. 

Real-time RT-PCR. Total RNA was extracted from peritoneum, treated with DNAse I and 
reverse-transcribed into cDNA with iScript TM cDNA Synthesis Kit (Bio-Rad Laboratories, 
Hercules, CA). Changes in target genes mRNA levels were determined by relative real-time 
quantitative PCR with a CFX96TM Real-Time PCR Detection System using iQ TM SYBR 
Green Supermix (Bio-Rad). Specific primers (Suppl. Table 2) were designed using Primer3 
software. The normalization factor was based on the stability of four reference genes using 
the program geNorm version 3.4. 

Immunoblotting. SDS-PAGE and immunoblotting were performed as described (Ni et al, 
2006). The membranes were blocked, incubated overnight with polyclonal rabbit anti-AQP1 
antibodies (Chemicon International, Temecula, CA), washed, incubated with secondary 
antibodies (Dako, Glostrup, Denmark), and visualized with enhanced chemiluminescence 
(Amersham, Little Chalfont, UK). Membranes were stripped and reprobed with a monoclonal 
antibody against ß-actin (Sigma, St. Louis, MO). Densitometry analyses were performed 
using NIH-Image V1-57 software. 

Tissue Staining and Immunohistochemistry. Tissue samples were fixed in 4% 
paraformaldehyde and embedded in paraffin. Staining (hemalun-eosine and Sirius red) and 
immunostaining were performed as previously described (Ni et al, 2006). Oocytes were fixed 
on day 2 or 3 after cRNA injection in 4% paraformaldehyde, permeabilized for 1 hour with 
0.1% Triton X-100, and incubated with rabbit polyclonal antibody against the carboxyl 
terminal domain of hAQP1 (kindly provided by WD Stamer, University of Arizona). 
Labeling was visualized with FITC-conjugated goat antirabbit antibody and imaged with a 
Leica TCS-4D laser scanning confocal microscope (Nussloch, Germany). 

Transmission Electron Microscopy. Mouse peritoneum was processed for ultra-structural 
studies and immunogold labeling as previously reported (Ni et al, 2006). Sections were 
incubated with rabbit anti-AQP1 antibodies, followed by protein-A gold antirabbit antibody, 
and viewed using a Tecnai-12 microscope (FEI, Eindhoven). The number of particles per 
unit length of capillary was measured using the IMOD software. 

Statistical Analyses. Data are given as mean ± SEM. Statistical significance was evaluated 
by one- or two-way ANOVA followed by post hoc Bonferroni tests, unless otherwise 
indicated. 
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SUMMARY 

Encapsulating peritoneal sclerosis (EPS) is a rare but severe complication of 
peritoneal dialysis (PD) characterized by an extensive fibrosis of the 
peritoneum leading to bowel encapsulation and obstruction. Changes in 
peritoneal water transport have been suggested to precede EPS, but the 
mechanisms and potential predictive value of that transport defect have not 
been investigated.  

Among 234 end-stage renal disease patients who initiated PD at our 
institution over a 20-year period, we evaluated changes in peritoneal transport 
over time on PD in 7 patients who subsequently developed EPS and in 28 
matched controls, using 3.86% glucose peritoneal equilibration tests. As 
compared with long-term PD controls, patients with EPS showed an early loss 
of UF capacity and sodium sieving before the onset of overt EPS. Multivariate 
analysis revealed that loss of sodium sieving was the most powerful predictor 
of EPS in this cohort. We next assessed the molecular and structural 
mechanisms of impaired water transport in EPS using expression, structural 
and biochemical analyses of the peritoneal membrane. As compared with 
long-term PD controls and uremic patients, the EPS peritoneum showed a 
thicker submesothelial fibrosis, with increased collagen density and greater 
amount of thick collagen fibers. Reduced osmotic conductance strongly 
correlated with the degree of peritoneal fibrosis, but not with vasculopathy. 
Peritoneal fibrosis was paralleled by an excessive upregulation of vascular 
endothelial growth factor and endothelial nitric oxide synthase, while the 
expression of endothelial aquaporin-1 water channels was unaltered.  

Our findings suggest that an early and disproportionate reduction in 
osmotic conductance during the course of PD is an independent predictor of 
EPS. This functional change is linked to specific alterations of the collagen 
matrix in the peritoneal membrane of patients with EPS, thereby validating 
the serial three pore membrane/fiber matrix and distributed models of 
peritoneal transport. 
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INTRODUCTION 

Peritoneal dialysis (PD) is a technique of renal replacement therapy used by 
~200.000 end-stage renal disease patients worldwide, a prevalence that is 
rapidly growing in many parts of the world (Jain et al, 2012; Mehrotra et al, 
2011). Functional alterations of the peritoneal membrane constitute an 
obstacle to long-term PD, as they are associated with technical failure and 
increased morbidity and mortality (Davies et al, 2001; Devuyst et al, 2010; 
Devuyst et al, 2009). Prolonged exposure of the peritoneal membrane to non-
physiologic dialysis solutions leads to vascular proliferation, vasculopathy 
and peritoneal fibrosis, with ensuing loss of ultrafiltration (UF) capacity 
resulting from enlarged vascular surface area, faster peritoneal solute 
transport rate and early dissipation of the osmotic gradient (Davies et al, 2001; 
Devuyst et al, 2010; Davies et al, 1998; Williams et al, 2002; Williams et al, 
2003; Honda et al, 2008).  

Encapsulating peritoneal sclerosis (EPS) is an exaggerated fibrogenic 
response of the peritoneal membrane, leading to encapsulation of the bowels 
and intestinal obstruction. This entity constitutes the most severe 
complication of PD (for review, Korte et al, 2011). Although EPS affects a 
minority (0.9-3.5%) of patients on long-term PD, it has a mortality rate 
reaching 50%, resulting from intestinal occlusion, malnutrition, and sepsis 
(Korte et al, 2011). EPS is probably a multifactorial disease, in which PD 
duration represents an important risk factor (Brown et al, 2009; Johnson et al, 
2010; Korte et al, 2011). Other conditions that have been inconsistently 
associated with EPS include cumulative glucose exposure, younger age, 
peritonitis episodes, beta-blockers and kidney transplantation (Brown et al, 
2009; Johnson et al, 2010; Korte et al, 2011). Surprisingly, symptoms of EPS 
occur after PD withdrawal in most cases (Brown et al, 2009; Johnson et al, 
2010; Korte et al, 2011). There is currently no definitive criteria that enable 
the detection of early stages of EPS. Arguably, a better understanding of the 
early phase of the disease may help identifying patients at risk and developing 
prevention strategies. Preliminary studies suggested that a progressive loss of 
UF capacity often precedes EPS development (Lambie et al, 2010; Sampinon 
et al, 2011). However, these studies were limited by small numbers, the 
absence of appropriate matching with long-term PD controls and/or a lack of 
evaluation of free-water transport. In addition, the mechanisms of impaired 
water transport in EPS patients have not been investigated and remain 
unelucidated. 
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In this study, we took 
advantage of a large cohort of 
incident PD patients who 
underwent a systematic 
functional evaluation of the 
peritoneal membrane at baseline 
and during the course of PD, and 
of a unique collection of 
peritoneal biopsies to evaluate 
the specific changes in transport 
parameters and molecular 
components of the peritoneal 
membrane of patients with EPS 
vs. appropriate controls. For the 
first time, we provide evidence 
linking the development of a 
specific fibrotic reaction with an 
early loss of water transport in 
the peritoneal membrane of EPS 
patients. 

 

RESULTS 

Early loss in UF and sodium 
sieving predicts EPS  

We first assessed the evolution 
of peritoneal transport 
parameters in PD patients who 
subsequently developed EPS, 
compared to PD controls without 
EPS, matched in a 1:4 ratio for 
PD duration and gender. 
Peritoneal function was assessed 
yearly, with a modified 3.86% 
glucose-based peritoneal 
equilibration test (PET). We 
identified 7 cases of EPS among 
the 234 end-stage renal disease 
patients who initiated PD at our 
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institution between January 01, 1994 and December 31, 2013, representing 
an overall incidence of 3.0%. Demographic and clinical features of EPS 
patients are presented in Table 1; age at PD onset was 47.5 ± 3.6 years, sex 
ratio 5M/2F, and PD exposure 57.8 ± 7.6 months; EPS occurred after PD 
withdrawal in 5 out of 7 patients.  

The comparison of baseline demographic and clinical data between cases 
and controls is shown in Table 2. The matching for PD duration and gender 
was effective. The net UF, sodium sieving and small solute transport 
parameters at baseline were similar in both groups. There were no significant 
differences in terms of PD modality, glucose exposure and peritonitis rates. 

The longitudinal evolution of peritoneal transport parameters is shown in 
Figure 1. A total of 147 PETs were analysed, and the mean number of PETs 
per patient was 4.3 ± 0.5 and 4.0 ± 0.3 in EPS and control groups, 
respectively. Patients who subsequently developed EPS showed a progressive 
decline in water transport, with significantly lower net UF values during the 
last 2 years on PD, as compared with matched controls (Fig. 1A). This loss of 
UF capacity was associated with an increased solute transport (Fig. 1B). 
Importantly, increased solute transport did not fully account for the 
disproportionate loss of water transport, suggesting an uncoupling between 
water and solute transport in the EPS peritoneal membrane (Fig. 1C). In 
parallel, sodium sieving - a reliable indicator of free water transport and 
osmotic conductance -progressively decreased in the EPS group with time on 
PD, and this decline was faster in EPS than in controls (annual loss in sodium 
sieving -0.011 ± 0.001 versus -0.003 ± 0.001 in EPS versus control patients, 
respectively; P=0.0046) (Fig. 1D-E). The reduced osmotic conductance 
observed in EPS patients during the last 2 years on PD was associated with 
higher glucose exposure and a trend toward better preserved residual renal 
function in the same period, as compared with PD controls (Suppl. Fig. 1). 
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Figure 1. Early loss in UF capacity and sodium sieving in patients with EPS. (A) Patients 
who will develop EPS (red) have a premature loss in UF capacity, approximately 2 years 
before PD withdrawal, compared with PD controls (blue) matched in a 4:1 ratio for PD 
duration and sex. Control patients show a trend to lower UF with time on PD. (B) Small 
solute transport, evaluated by MTAC creatinine, tends to increase in PD controls but is 
significantly higher with time on PD in patients with EPS. (C) The loss of UF capacity is 
disproportionate to the increased MTAC creatinine in patients with EPS, suggestive of an 
uncoupling between peritoneal fluid and solute transport. The blue line corresponds to the 
projection of linear regression of net UF in control patients. (D) The sodium sieving 
significantly decreases with time on PD in patients with EPS, supporting the development of 
a low osmotic conductance to glucose. (E) The decline in sodium sieving over time on PD is 
more severe in patients with EPS compared with controls (slope -0.011±0.001 versus -
0.003±0.001 in patients with EPS and controls, respectively; P=0.01). Longitudinal follow-
up of membrane function was performed with annual modified 3.86% glucose-based 
dialysate. Data are presented as the mean ± SEM (A–D) or mean ± 95% confidence interval 
(E). n=7 patients with EPS versus n=28 PD duration-matched and sex-matched controls. 
*P<0.05; **P<0.01; ***P<0.001. MTAC, mass transfer area coefficient. 
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We next performed a multivariate analysis to test the predictive value of 
low sodium sieving values during the course of PD for subsequent 
development of EPS (Table 3). In this cohort, a first model (without 
considering sodium sieving values) identified younger age at dialysis onset, 
longer PD duration, lower residual kidney function, beta-blocker use and 
peritonitis rate as risk factors associated with EPS (Table 3). Among all 
potential risk factors integrated in this model, glucose exposure was the only 
variable that was not independently associated with the disease. Adding 
sodium sieving to the model showed that impaired free-water transport is a 
powerful and independent risk factor associated with EPS, outperforming 
other variables (Table 3). Logistic regression analysis showed a gradual 
increase in the risk of EPS with declining sodium sieving during the course 
of PD. In this cohort of long-term PD patients, the risk of EPS is negligible 
for patients with preserved UF capacity and sodium sieving during the whole 
course of PD, but increases above 25% for sodium sieving values ≤0.04, and 
to >50% for values ≤0.02. This risk is even greater for patients developing 
UF failure during the course of PD (Fig. 2). 

Altogether, these analyses demonstrate that UF capacity is impaired in 
EPS patients before disease onset, resulting from an uncoupling with solute 
transport. Furthermore, there is a significant decline in sodium sieving in EPS 
cases, as compared with matched long-term PD controls. Multivariate 
analysis demonstrated that impairment in osmotic conductance to glucose 
during the course of PD is the most powerful indicator for the development 
of this rare complication and can help identifying patients at risk. 
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Figure 2. Low sodium sieving and net ultrafiltration during PD are predictive of the 
risk of EPS. The risk of EPS, estimated by logistic regression analysis, progressively 
increases with lower values of sodium sieving and impaired UF capacity. In this cohort of 
long-term PD patients, the combination of UF failure (<400 ml during the 4-hour 3.86% 
modified PET) with a sodium sieving <0.03 is associated with a risk of EPS .50%. All values 
of sodium sieving and net UF obtained during the course of PD are included in the logistic 
regression analysis. n=7 patients with EPS versus n=28 long-term PD controls. Pr(EPS), 
probability of developing EPS. 

 

 

Expression of AQP1, eNOS and VEGF in the EPS peritoneum 

Since AQP1 water channels mediate free-water transport and sodium sieving 
during PD (Ni et al, 2006), we evaluated their expression in the peritoneal 
membrane of EPS and long-term PD controls (Fig. 3). Clinical and functional 
characteristics of EPS and PD controls from whom peritoneal biopsies were 
analysed are provided in Suppl. table 1; the duration of PD exposure (62.4 ± 
9.3 and 62.8 ± 9.2 months in control and EPS patients, respectively; P=0.98) 
and the number of peritonitis (1.5 ± 0.4 and 1.4 ± 0.4 in EPS and long-term 
PD, respectively; P=0.91) were similar in both groups. Parameters of 
peritoneal water and solute transport were comparable to those of the case-
control study cohort. 

Confocal immunofluorescence microscopy showed similar patterns of 
expression and density of AQP1 in the endothelium lining peritoneal 
capillaries in EPS and controls (mean fluorescence intensity in AQP1-
positive areas: 79 ± 5 AU versus 82 ± 6 AU in EPS and PD controls, 
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respectively; P=0.71) (Fig. 3A-C). In contrast, the expression of the von 
Willebrand Factor (vWF), used as endothelial marker, was significantly 
upregulated in samples from EPS as compared with controls (mean 
fluorescence intensity in vWF-positive areas: 90 ± 5 AU versus 73 ± 3 AU in 
EPS and PD controls, respectively; P=0.01) (Fig. 3A-C). vWF-stained area 
was also significantly increased in the peritoneal membrane of EPS patients 
as compared with PD controls (P=0.01), together with a parallel increase in 
AQP1-positive area (Fig. 3D). 
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Figure 3. Expression of AQP1 in the peritoneum of patients with EPS. (A and B) 
Representative pictures of double immunostaining with anti-AQP1 (green channel) and anti-
vWf (red channel) antibodies viewed under confocal fluorescence microscopy in peritoneal 
sections from a patient with EPS (A) and a long-term PD control (B). AQP1 is expressed in 
endothelial cells lining the capillaries and small vessels in the peritoneal membrane, both in 
the patient with EPS with impaired water transport (net UF=190 ml, and sodium 
sieving=0.02, during a 4-hour modified 3.86% glucose base PET) and in the long-term PD 
control (net UF 675 ml and sodium sieving 0.04). (C) MFI in AQP1-positive and vWf-
positive areas in peritoneal sections of PD controls (blue) and patients with EPS (red). In 
contrast with the stable fluorescent intensity of AQP1, the endothelial marker vWf is 
significantly upregulated in peritoneal vessels from patients with EPS compared with PD 
controls. (D) Increase in both AQP1-positive and vWf-positive areas in the peritoneal 
membrane of patients with EPS compared with controls, suggesting vascular proliferation. 
n=7 long-term PD controls, and n=7 patients with EPS. (E) Representative immunoblot 
images and quantitative data showing levels of eNOS, VEGF-A, and AQP1 in the peritoneum 
of three patients with EPS, three PD duration-matched patients, and one uremic patient. PD 
controls and patients with EPS show a significant upregulation of eNOS (3- and 11-fold, 
respectively) and VEGF-A (6- and 63-fold, respectively) in their peritoneal membrane, 
whereas the expression of AQP1 remains unchanged. Twenty micrograms of proteins are 
loaded in each lane. Molecular mass (in kilodaltons) is indicated on the right side of the blot. 
PD duration (months) is indicated in italics. MFI, mean fluorescence intensity; A.U., arbitrary 
units; gly AQP1 and AQP1, glycosylated and unglycosylated isoforms of AQP1. *P<0.05; 
*** P<0.001. Bar, 50 mm in A and B (low magnification); 10 mm in A and B (detail). 
Original magnification, x20. 

 

 

Immunoblotting (Fig. 3E) confirmed a virtually unchanged expression of 
AQP1 in the peritoneal membrane of patients with EPS, contrasting with the 
increased expression of the endothelial nitric oxide synthase (eNOS), as 
compared with PD-duration matched controls and uremic patients (relative 
AQP1 expression: 0.96 ± 0.06, 0.94 ± 0.12 and 1.00 [ref.], respectively; 
P=0.99; and relative eNOS expression: 10.8 ± 0.1, 3.3 ± 0.9 and 1.0 [ref], in 
the peritoneal membrane of EPS, PD and uremic patients, respectively; 
P<0.001) (Fig. 3E). The upregulation of eNOS in the peritoneum of EPS 
patients was paralleled by an increased expression of the vascular endothelial 
growth-factor (VEGF)-A (relative VEGF-A expression 62.8 ± 14.4, 5.8 ± 4.2 
and 1.0 [ref] in EPS, PD and uremic peritoneum, respectively; P=0.003) (Fig. 
3E). 

Overall, these data demonstrate that the impaired UF capacity and free-
water transport observed in EPS patients was not associated with an alteration 
in the expression of the AQP1 water channels, but with a significant 
upregulation of eNOS and VEGF.   
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Figure 4. The EPS peritoneum is characterized by an excessive vascular and fibrotic 
response to PD. (A–D) Immunostaining for vWf in normal (A), uremic (B), control PD (C), 
and EPS (D) peritoneum shows a progressive vascular proliferation from A to D. (E-H) 
Representative sections of peritoneum with evaluation of the degree of vasculopathy in the 
postcapillary venules stained for vWf in normal (E), uremic (F), control PD (G), and EPS 
(H) peritoneum. Long-term exposure to PD and EPS both associate with a thickening of the 
capillary wall in venules with a 25- to 50-µm diameter. (I-L) Representative sections of 
parietal peritoneum from normal (I), uremic (J), control PD (K), and EPS (L) peritoneum 
stained with picrosirius red. Submesothelial thickness, represented by the vertical bar drawn 
between the mesothelial surface and the upper limit of the adipose tissue, significantly 
increases from I to L. (M-O) Peritoneal vascular proliferation and fibrosis are more severe in 
patients with EPS compared with PD controls matched for the same PD duration. (P) 
Submesothelial fibrosis correlates with time on PD in both groups, but correlation is clearly 
steeper in patients with EPS compared with PD patients with no EPS. Peritoneal samples are 
from five uremic patients, seven long-term PD patients without EPS, and seven patients with 
EPS. Circles represent individuals (M, N, and P; green circles for uremic, blue for PD 
controls, and red for patients with EPS). Box and whiskers (minimum to maximum) are 
represented in C. ##P<0.01 versus PD; **P<0.01; ***P<0.001 versus uremia. m, 
mesothelium. Bar, 100 mm in A–D and I–L. Original magnification, x20 in A-D and I-L 
(top); x40 in A-D and I-L (bottom). 

 

 

The peritoneal membrane of EPS patients undergoes severe angiogenesis 
and submesothelial fibrosis 

Since both eNOS and VEGF promote angiogenesis and vascular permeability 
(Papapetropoulos et al, 1997), participating to fibrinogen leakage and stroma 
generation, we next evaluated the degree of angiogenesis and fibrosis in the 
peritoneal membrane of uremic, long-term PD and EPS patients (Fig. 4). 
Vascular density and submesothelial thickness were evaluated by light 
microscopy, in vWF- or picrosirius red -stained peritoneal sections, 
respectively, and quantified in each group. As compared to patients with 
uremia (Fig. 4; B, F and J), exposure to PD led to vascular proliferation and 
peritoneal fibrosis in the submesothelial area (Fig. 4; C, G and K), both 
processes progressing in parallel in the membrane (Fig. 4; M, N and O). For 
a same PD duration, patients with EPS had increased vascular densities and 
submesothelial thickness as compared with controls (vascular density: 19.5 ± 
2.1 versus 10.5 ± 1.2 vessels/field, P<0.01; submesothelial thickness: 549 ± 
56 versus 287 ± 34 µm in EPS versus PD controls, respectively; P<0.001), 
with slopes of fibrosis progression that were significantly higher in the former 
group (Fig. 4P; P=0.001). Signs of vasculopathy also increased with time on 
PD but to a same extent in EPS and non-EPS patients (lumen-to-vessel ratio 
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of post-capillary venules decreases from 0.72 ± 0.03 in uremic patients, to 
0.51 ± 0.07 and 0.45 ± 0.06 in PD controls and EPS patients; P=0.57) (Fig. 
4E-H, and Suppl. Fig. 2).  

These data demonstrate that EPS patients are characterized by an excessive 
angiogenic and fibrotic response to PD exposure in the peritoneal membrane, 
causing severe peritoneal remodelling and scarring. 

 

Specific changes in collagen density and quality in the peritoneum of EPS 
patients 

To test whether EPS was also associated with qualitative changes in the 
peritoneal interstitium, we next assessed peritoneal collagen density and 
structure using picrosirius red polarization microscopy. This methodology 
allows the detection and structural analysis of collagen content based on its 
anisotropic molecular organization and birefringence under polarized light 
(Whittaker et al, 1989; Ducharme et al, 2000) (Fig. 5). These analyses 
revealed a 1.8 and 2.7-fold increase in the density of collagen fibers in the 
peritoneum of EPS, as compared with control PD and uremic patients, 
respectively (collagen volume fraction: 40.9 ± 2.9%, 22.3 ± 1.5%, and 14.9 ± 
0.7% in EPS, PD, and uremic patients, respectively; P<0.001) (Fig. 5A-D). 
The increased density was paralleled by a change in the structure of collagen 
bundles in the submesothelial area, with an accumulation of thicker, red-
orange, fibers in the EPS peritoneum, while the relative amount of thinner, 
green-yellow fibers remained unchanged (relative increase in red-positive 
area in the submesothelial area 2.2 ± 0.2; 1.5 ± 0.2 and 1.0 ± 0.1 [ref.], 
P=0.002; relative increase in green-positive area 0.8 ± 0.2, 1.0 ± 0.1 and 1.0 
± 0.05 [ref.], P=0.59, in the submesothelial area of EPS, PD and uremic 
patients, respectively) (Fig. 5E-K). These data demonstrate specific 
qualitative changes in the fibrotic interstitium of EPS patients, with increased 
collagen density and more abundant thick collagen fibers.  

 
 



PERITONEAL FIBROSIS RESTRICTS WATER TRANSPORT 

 

 89

 
Figure 5. Changes in collagen density and quality in the peritoneal interstitium of 
patients with EPS. (A-C) Representative sections of the parietal peritoneum from uremic 
(A), PD (B), and EPS (C) patients stained with picrosirius red and visualized under circularly 
polarized light. Stained tissue (red mask) indicates collagen fibers in the submesothelial area. 
(D) Collagen volume fraction from picrosirius red-stained peritoneum as percentage of 
submesothelial area from uremic (green circles), PD (blue), and EPS (red) patients. (E-G) 
Representative sections of the peritoneum from uremic (E), PD (F), and EPS (G) patients 
stained with picrosirius red, visualized under circularly polarized light. Thick collagen fibers 
appear red-orange and thinner ones are green-yellow. (H-J) Profile of red and green 
intensities along a line perpendicular to the mesothelial surface, from the mesothelium to the 
adipose tissue in peritoneal biopsies from uremic (H), PD (I), and EPS (J) patients. The x 
axis represents the distance from the mesothelial surface, in pixels. (K) Relative increase in 
the red- and green-positive areas in the submesothelium of uremic (reference), PD, and EPS 
patients. The relative proportion of red, thicker, collagen fibers increases in the EPS 
submesothelial area compared with uremic and PD controls. Data are the mean±SEM. n=5, 
n=7, and n=7 in uremic, long-term PD, and EPS peritoneum, respectively. *P<0.05; 
** P<0.01; ***P<0.001. Bar, 50 mm. Original magnification, x20. 
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Fibrotic changes in the peritoneum of EPS patients associate with impaired 
water but not solute transport 

Finally, we tested whether the morphological changes observed in the 
peritoneal membrane of EPS patients are involved in the early loss of osmotic 
conductance to glucose which characterizes these patients. Indeed, the three-
pore model suggests that an expanded fibrotic interstitium constitutes an 
additional barrier to the transport of water and solute between peritoneal 
capillaries and the dialysate (Rippe et al, 2007). Accordingly, peritoneal 
remodelling could impair UF and free-water transport despite the fact that the 
capillary αc (reflecting the relative capillary density of AQP1) is kept 
unchanged (Rippe et al, 2007). We therefore evaluated the correlation 
between water transport and structural changes in the peritoneal interstitium 
(Fig. 6). Both net UF and sodium sieving were inversely closely correlated 
with submesothelial thickness and with collagen volume fraction in the 
submesothelial area (Fig. 6A-B and Fig. 6D-E, and Table 4). In contrast, 
peritoneal fibrosis was not associated with impaired peritoneal solute 
transport, estimated by the dialysate-over-plasma creatinine ratio (Fig. 6C, 
Table 4) and by the glucose disappearance rate (data not shown). Taken 
together, these data give new insights into the mechanism of low osmotic 
glucose conductance and impaired UF capacity in EPS. They, support the 
hypothesis that a fibrotic interstitium restricts water transport, in line with the 
serial three-pore membrane/fiber matrix model (Fig. 6F). 
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Figure 6. Fibrotic changes in the EPS peritoneum associate with impaired water but 
not solute transport. (A-C) Correlation between net UF (A), sodium sieving (B), and 
dialysate-over-plasma creatinine (D/P) ratio at 4 hours (C), and submesothelial thickness in 
PD patients. (D and E) Correlation between net UF (D) and sodium sieving (E), and collagen 
volume fraction in the submesothelial area. (A-E) Circles represent individuals; green circles 
for uremic patients, blue for PD patients, and red for EPS patients. The number of 
observations, r Pearson coefficients, and P values are shown in each panel. Peritoneal 
transport parameters are obtained using a modified 4-hour 3.86% glucose-based dialysate 
PET. (F) The serial three-pore membrane/fiber matrix model (adapted from Rippe et al, 
2007). Interstitial fibrosis acts as a second resistance, in series with the capillary wall, and 
markedly reduces the UF coefficient of the membrane, contributing to the loss of sodium 
sieving and free-water transport, despite the fact that the capillary ac (i.e., AQP1 density) 
remains unchanged.  
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DISCUSSION 

In this study, we combine clinical, molecular and modeling data to 
demonstrate that the reduction in osmotic conductance to glucose in PD 
patients is a predictive feature of EPS, and that reduced osmotic water 
transport is directly related to the degree of interstitial fibrosis and to changes 
in collagen content and structure in the EPS peritoneal membrane. 

The availability of serial testing of peritoneal transport in a large cohort of 
incident PD patients allowed us to demonstrate that patients who will develop 
EPS show an early loss of UF capacity, due to a progressive impairment in 
osmotic conductance of the peritoneal membrane, as compared with PD 
duration- and gender-matched long-term PD patients. The loss of UF capacity 
in patients predisposed to EPS is disproportionate to the increase in small 
solute transport, revealing an uncoupling between peritoneal water and solute 
transport. This uncoupling suggests that increased small solute transport with 
earlier absorption of dialysate glucose – usually seen as the main cause of UF 
failure - is not sufficient to explain impaired UF capacity in EPS patients. 
These results are in line with those from an uncontrolled Dutch cohort 
showing that EPS patients had a progressive decline in UF capacity over 4 
years and an inverse U-shaped trend in small solute transport (Sampinon et 
al, 2007). The use of time-matched controls in a UK cohort showed a clear 
difference in UF capacity between EPS and controls at least 2 years before 
PD withdrawal (Lambie et al, 2010). However, the latter study, based on 
2.27% glucose PET, could not assess free-water transport. In contrast, we 
systematically used 3.86% glucose which provides a more accurate 
evaluation of UF capacity as well as sodium sieving, a surrogate for free-
water transport (La Milia et al, 2006). Although most patients on long-term 
PD have a trend toward decreased sodium sieving during the course of PD 
(La Milia et al, 2006), we show here that the decline is significantly faster in 
EPS patients. The importance of this functional loss is substantiated by the 
multivariate analysis, which identifies for the first time the loss of sodium 
sieving as a powerful and independent predictor of EPS.  

In addition to free-water transport across AQP1, sodium sieving also 
provides information on the maintenance of the osmotic gradient and 
properties of the membrane that affect osmotic conductance. In line with this, 
our data demonstrate that the early changes in water transport capacity reflect 
significant structural and molecular alterations in the peritoneal membrane of 
patients who subsequently developed EPS. Importantly, we show that the EPS 
peritoneum is characterized by an excessive fibrogenic response, with 
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specific changes in collagen density and structure. In agreement with previous 
observations (Mateijsen et al, 1999; Honda et al, 2003; Braun et al, 2012; 
Plum et al, 2001), we show a severe thickening of the submesothelial layer, 
as well as vascular proliferation in the EPS peritoneum. These changes are 
clearly excessive in EPS: after an average of 62 months of PD exposure, EPS 
patients had a 4.7- and a 1.9-fold increase in the thickness of the 
submesothelial area as compared with uremic and control PD patients, 
respectively. Using polarized light microscopy, we could then substantiate 
qualitative changes in the fibrotic interstitium of EPS patients, with an 
increased collagen density (+174% and +84% as compared with the uremic 
and control long-term PD peritoneum, respectively), and accumulation of 
thicker collagen fibers (2.2- and 1.4-fold increase as compared with uremic 
and control long-term PD, respectively). To our knowledge, this is the first 
time that such qualitative changes are evidenced in the peritoneum of EPS 
patients. Of note, similar changes in collagen content and optical properties 
have been evidenced as part of the scarring process after myocardial 
infarction (Whittaker et al, 1989; Ducharme et al, 2000; Whittaker et al, 
1994). 

The data presented here show that fibrotic changes in the peritoneum of 
patients on long-term PD closely correlate with impaired water transport 
across the membrane, thereby confirming the hypothesis that structural 
changes in the peritoneal interstitium account for the excessive reduction in 
osmotic conductance (Davies, 2004). The interstitium, which is mainly 
composed of collagen and glycosaminoglycans, constitutes a porous matrix 
across which interstitial fluid flows. Accumulation of collagen fibers leads to 
a decreased hydraulic conductance, depending on the volume occupied by 
collagen fibrils (Levick, 1987). The effect of interstitial collagen 
accumulation on water flow has been demonstrated in vitro both in normal 
interstitia from various organs (Levick, 1987) and in conditions of fibrosis 
(Ng et al, 2005). Reduced osmotic conductance by the fractional volume 
occupied by collagen fibrils results from three mechanisms: (i) exclusion of 
glycosaminoglycans from the intrafibrillar space, thereby increasing their 
extrafibrillar concentration; (ii ) reduction of the mean hydraulic radius in the 
interstitium, leading to a reduced area for flow; and (iii ) tortuosity, which 
increases the path length for flow (Levick, 1987). Our results show that 
increased collagen deposition and concentration in the peritoneal interstitium 
restricts water transport in vivo, leading to UF failure and loss of free-water 
transport in patients with EPS. These observations validate the serial three-
pore membrane/fiber matrix model proposed by Rippe and colleagues (Rippe 
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et al, 2007). In this model, fibrotic alterations in the peritoneal interstitium 
have been suggested to constitute a second barrier outside the capillaries, 
restricting osmotic water transport without affecting small solute transport. 
Such an uncoupling between water and solute transport can be explained by 
the dependence of water filtration to the fourth power of the interstitial radius 
pores (r4) according to Poiseuille's law, while solute diffusion is proportional 
to the surface of pores (r2) (Rippe et al, 2007). As a result, a reduction of 
interstitial pore radius by increased collagen density and thicker collagen 
fibers will thus predominantly affect water transport, while its slight 
theoretical restriction on solute transport will be counterbalanced by vascular 
proliferation and larger effective vascular surface area. Simulations from the 
serial three-pore membrane/fiber matrix model showed that the sodium 
sieving is progressively reduced when interstitial fibrosis and the vascular 
surface area both progress in parallel, despite the fact that the relative 
capillary density of aquaporins is kept unchanged (Rippe et al, 2007). 
Alternatively, one could postulate that the thickening of the submesothelial 
area limits the penetration of glucose around peritoneal capillaries, thereby 
reducing the osmotic gradient across the capillary wall. Studies using 14C-
EDTA (molecular radius, 0.48 nm) have shown an inverse relationship 
between peritoneal tissue concentration of small substances (urea, creatinine 
and glucose) and the distance from the peritoneum, suggesting a distributed 
model for peritoneal transport (Flessner et al, 1984). In this model, severe 
peritoneal fibrosis is expected to alter of the dextrose concentration profile 
(Flessner, 1991), thereby reducing the osmotic gradient and AQP1-mediated 
water flow across the capillary wall. 

We also observed a significant upregulation in VEGF, eNOS and vWF in 
the peritoneum of EPS patients and, to a lesser extent, in long-term PD 
patients with no EPS. In the latter group, the results were concordant with 
previous data indicating a 3-fold increase in eNOS as well as the induction of 
VEGF expression in peritoneal biopsies from long-term PD patients as 
compared with uremic patients (Combet et al, 2000). These molecular 
changes suggest a tight association between inflammation, angiogenesis, 
vascular permeability, and fibrosis in the peritoneal membrane of EPS 
patients (Combet et al, 2000; Wynn et al, 2012; Sekiguchi et al, 2012; 
Murohara et al, 1998; Ni et al, 2003; Carmeliet et al, 1996; Carmeliet et al, 
2011; Fukumura et al, 2001; Lenting et al, 2012; Mojiri et al, 2013; Visher, 
2006). In many organs, it has been established that perpetuation of tissue 
damage contributes to a chronic wound-healing response with continued 
tissue repair, regeneration and remodeling that ultimately leads to tissue 
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fibrosis (Wynn et al, 2012). In turn, fibrotic tissues - including the peritoneum 
(Sekiguchi et al, 2012) - become hypoxic when the expanding tissue 
remodeling outstrips its vascular supply. Hypoxia then potentiates and 
prolongs fibrogenesis and angiogenesis, through hypoxia-inducible factor 1α 
and VEGF (Sekiguchi et al, 2012). Endothelial NOS is a downstream effector 
of VEGF, and has been shown to promote angiogenesis in ischemic tissues 
(Murohara et al, 1998) and in the peritoneal membrane (Ni et al, 2003). Our 
data show that EPS is associated with VEGF and eNOS upregulation, either 
as residua of an early inflammatory phase or secondary to tissue hypoxia due 
to fibrosis. 

The fact that impaired free-water transport is not associated with altered 
expression or location of AQP1 in EPS is surprising at first sight. AQP1 is 
the molecular counterpart of ultrasmall pore, accounting for half the UF and 
for the sodium sieving when hypertonic glucose is used as osmotic agent 
(Devuyst et al, 2014; Rippe et al, 1991). The loss of AQP1-mediated free-
water transport has been suggested as a potential cause of UF failure in long-
term PD patients (Goffin et al, 1999; Smit et al, 2004). Admittedly, the 
present study does not allow ruling out a dysfunction or biochemical 
modification of AQP1. However, free-water transport estimated by the 
sodium sieving can be affected not only by the availability of functional 
AQP1 water channels but also by any mechanism of membrane obstruction, 
such as severe peritoneal fibrosis (Rippe et al, 2001). The present study is in 
line with predictions of the three-pore membrane/fiber matrix and distributed 
models, by showing that the vascular density of water channels is kept 
unchanged in EPS patients, and by pointing toward excessive peritoneal 
fibrosis as the most important barrier to fluid flow in EPS patients.  

In summary, reduced osmotic conductance during the course of PD was 
identified as a powerful and independent predictor of EPS. This functional 
change is linked to specific alterations of the collagen matrix in the peritoneal 
membrane of patients with EPS, rather than changes in the degree of 
vasculopathy or in the expression of water channels. Our multi-level data, 
based on transport, structural and expression studies, are thus clarifying the 
cause of the excessive reduction in osmotic conductance in patients with EPS. 
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CONCISE METHODS 

EPS patients and peritoneal transport analysis. In agreement with EPS diagnosis criteria 
(Korte et al, 2011; Kawaguchi et al, 2000; Summers et al, 2011), EPS cases were defined as 
PD patients who presented with recurrent, partial or total, intestinal occlusion, with a 
definitive EPS diagnosis confirmed by CT-scan and/or laparotomy. Peritoneal function was 
assessed yearly, with a modified 3.86% glucose-based peritoneal equilibration test (PET) (La 
Milia et al, 2006; Clerbaux et al, 2006), which has the advantages over the conventional 
2.27% glucose-based PET (Twardowski et al, 1987) to assess sodium sieving (La Milia et al, 
2006) and allow the diagnosis of UF failure (net UF < 400ml at the end of the 4h dwell with 
3.86% glucose, as defined by the International Society for Peritoneal Dialysis (Mujais et al, 
2000)). All values of sodium sieving were corrected for the rate of sodium diffusion. The 
PET was part of the normal procedure of care for PD patients.  

Peritoneal sampling and processing. Para-umbilical biopsy samples of human parietal 
peritoneum were obtained from uremic patients at the time of catheter insertion, and PD 
patients at the time of catheter removal because of renal transplantation or transfer to 
hemodialysis as part of a routine protocol in our center, and processed as previously described 
(Combet et al, 2000). The time between last PET and peritoneal biopsy was similar in EPS 
and control patients (9.1 ± 2.1 versus 7.5 ± 1.6 months in EPS and controls; P=0.61). 
Informed consent was obtained from patients. The use of human biopsy samples has been 
approved by the Ethical Review Board of the Cliniques universitaires Saint-Luc.  

Immunoblot, immunohistochemistry and immunofluorescence. SDS-PAGE and 
immunoblotting, immunoperoxidase staining on human peritoneum sections and 
immunofluorescence were performed as previously described (Combet et al, 2000; Devuyst 
et al, 1998; de Arteaga et al, 2011). We used the following antibodies: mouse monoclonal 
anti-human eNOS (Transduction Laboratories, Lexington, KY); purified rabbit anti-von 
Willebrand factor (DAKO, Glostrup, Denmark), monoclonal anti-human VEGF (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA); polyclonal rabbit anti-human AQP1 (Chemicon 
International, Temecula, CA). 

Image analysis. Information on the criteria used for adequacy of each peritoneal specimen, 
the assessment of peritoneal fibrosis, vasculopathy, vascular proliferation, collagen volume 
fraction and collagen structure is available in Supplemental material. Image analysis was 
performed using ImageJ (1.47v). 

Statistics. Data are presented as mean ± SEM. Comparisons between the means from 
different groups were performed using unpaired t-tests, Fisher’s exact test, or one-way 
ANOVA, followed by Bonferroni’s multiple comparison tests, as appropriated. Trends were 
assessed by linear ordinary least square regression. Multivariate analysis was performed 
using a logistic regression random-effects model and included potential risk factors for EPS 
(age at PD start, PD duration, peritonitis rate, beta blocker use, residual renal function, 
glucose exposure) in a first model; in a second model, the mean value of sodium sieving 
during the last 2 years of PD was added to these variables. Probabilities of EPS in function 
of sodium sieving and UF levels were estimated by multivariate logistic regression. All 
analyses were performed by GraphPad Prism (6.01 v) or Stata (12 v) software. Significance 
level is indicated in each figure (*p<0.05, **p<0.01, ***p<0.001).
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SUPPLEMENTARY DATA  
 

CHAPTER I 

 

QUANTIFICATION  
OF OSMOTIC WATER TRANSPORT IN VIVO  

USING FLUORESCENT ALBUMIN  

 

Suppl. Fig. 1. Effect of isotonic saline infusion on mean arterial blood pressure 
(MABP) and peritoneal water and solute transport during peritoneal dialysis (PD) in 
mice. 

 

A: infusion of 0.5 ml/h [~total net ultrafiltration (UF)] of isotonic saline prevented the drop 
in MABP observed in control animals (final and baseline MABP 83±2 and 84±2 vs. 50±4 
and 81±3 mmHg, in infusion and no infusion groups, respectively. P<0.0001). B-E: 
Compensating or not for net UF with isotonic saline had no significant effect on the 
parameters of peritoneal water (net UF: 43.1±5.9 vs. 44.4±2.5 µl/g in infusion and no 
infusion groups, respectively; P = 0.87; dip in dialysate sodium concentration during the 
first 30 min: 12.3±2.6 vs. 11.5±1.9 mEq/l in infusion and no infusion groups, respectively; 
P = 0.66) and solute transport [dialysate over plasma urea ratio (D/P) and glucose 
disappearance rate in the dialysate (D/D0)]. Values are means ± SE; n = 4 mice in each 
group. BW, body weight.  
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Suppl. Fig. 2. Influence of intraperitoneal pressure (IPP) on tracer kinetics in the 
mouse model of PD. 

 

A: IPP vs. IPV curves in SV129 mice. IPP remains <2 mmHg for IPV <10 ml, then 
increases in an exponential way for larger IPV values; n = 5 adult male SV129 mice. 
Isotonic saline was progressively instilled into the peritoneal cavity to increase IPV from 
baseline to 15 ml. B: effect of external abdominal compression and elevated IPP on the 
recovery of Alexa Fluor 555-BSA in the drained dialysate. Increasing IPP from 0 to 8 and 
10 mmHg significantly decreases tracer mass recovery at the end of the dwell in the 
peritoneal cavity of mice exposed to Alexa Fluor 555-BSA (from 100 to 92±2 and 85±2%, 
respectively; P<0.001). C: effect of external abdominal compression and elevated IPP on 
tracer appearance in the plasma. Fluorescence excitation spectrum of plasma from mice 
exposed to a 2-h PD with 100 µg of Alexa Fluor 555-BSA shows a progressive rise in the 
amount of Alexa Fluor 555-BSA detected in the plasma when IPP is increased from 0 to 8 
and 10 mmHg (green, orange, and red lines, respectively). Results are compared with the 
fluorescence excitation spectrum of plasma from control mice spiked with different 
concentrations (0 –5 µg/ml, grey dotted lines) of Alexa Fluor 555-BSA. Dwells were 
performed with 3.86% glucose-based dialysate for 2 h; n = 4-5 in each group. 
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CHAPTER II 

 

AQF026 IS A PHARMACOLOGIC AGONIST  
OF THE WATER CHANNEL AQUAPORIN-1 

 

Suppl. Fig. 1. Effect of AqF026 on AQP1 expression in the peritoneal membrane. 

 

A. Real-time RT-PCR quantification for mRNA expression of aquaporin-1 (AQP1) and von 
Willebrand factor (Vwf) in the mouse peritoneum. Treatment with AqF026 did not induce 
significant changes in the expression of either endothelial marker. B. Representative 
immunoblots for AQP1 (1:20,000) in peritoneum extracts prepared from Aqp1+/+  mice (20 
µg protein/lane). The blots were stripped and reprobed with a monoclonal antibody against 
beta-actin (1:10,000) as a loading standard for accuracy. The core (28 kD) and glycosylated 
(35-50 kD) AQP1 isoforms were identified in the peritoneum, with no changes observed in 
the agonist- or DMSO vehicle-treated mice. C. Densitometric analysis of AQP1 signal on 4 
pairs of peritoneal samples. D. Representative micrographs of immunogold labeling for 
AQP1 in control (left) and treated (right) samples. Gold particles decorated the endothelial 
cells of blood capillaries and exhibited no change in localization after treatment. Insets: x2 
magnification. Bar = 250 nm.  
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Suppl. Fig. 2. Chemical synthesis of AqF026. 

 

 

Furosemide (1) was converted to its methyl ester derivative (AqF022) (3) by monitoring the 
addition of diazolmethane until only a slight yellow tint remained. Prolonged treatment with 
excess diazomethane was found to result in varying degrees of sulphonamide methylation. 
Alternatively, furosemide was specifically converted by carbonyl diimidazole to its 
imidazolide derivative (2) which cleanly provided methyl ester (3) upon addition of methyl 
alcohol. Alkylation of sulphonamide ester (3) with benzyl bromide and potassium carbonate 
in acetonitrile afforded AqF026 after purification by column chromatography.  
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CHAPTER III 

 

INTERSTITIAL FIBROSIS 
RESTRICTS OSMOTIC WATER TRANSPORT 

IN ENCAPSULATING PERITONEAL SCLEROSIS 

 

Supplemental figure 1. Mean glucose exposure during the last two years on PD in EPS 
and PD controls. 

 

Glucose exposure was significantly higher during the last 2 years on PD in the EPS group 
as compared with PD controls (133,606±1332 versus 115,697±1586 g/year in EPS and PD 
controls, respectively; P=0.01).   
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Supplemental figure 2. Impaired water transport does not correlate with peritoneal 
vasculopathy. 

 

(A) The degree of vasculopathy (lumen-to-vessel ratio, L/V) is inversely correlated with time 
on PD (Pearson r=-0.78, P<0.0001). (B-C) EPS patients tend to have a higher degree of 
peritoneal vasculopathy (L/V ratio), and have a higher vasculopathy grade as compared with 
PD controls. (D-E) There is no correlation between net ultrafiltration or sodium sieving and 
the degree of vasculopathy in this cohort (Pearson r=0.15, P=0.57 and Pearson r=0.18, 
P=0.53, respectively). Peritoneal samples are from 5 uremic, 7 long-term PD without EPS, 
and 7 EPS patients. Circles represent individuals; green circles for uremic, blue for PD 
controls, and red for EPS patients. 
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Supplemental table 1. Clinical and functional characteristics of PD patients in which 
peritoneal biopsies were analyzed. 

 Uremic Long-term PD EPS 

 n = 5 n = 7 n = 7 

PD duration (months) - 62.4 ± 9.3 62.8 ± 9.2 

Charlson comorbidity index 4.8 ± 1.0 4.0 ± 0.8 4.9 ± 1.0 

Diabetes, % 20% 29% 29% 

Residual diuresis at PD start, ml/day 1252 ± 224 835 ± 143 1083 ± 159 

Total number of peritonitis - 1.5 ± 0.4 1.4 ± 0.4 

Functional parameters at the time of biopsy    

Net UF (ml) 681  ± 124 629 ± 55 326 ± 79* 

D/P creatinine 4h 0.75 ± 0.07 0.75 ± 0.02 0.84 ± 0.04 

Sodium sieving 0.06 ± 0.00 0.05 ± 0.01 0.02 ± 0.01*

Time between last PET and biopsy (months) - 7.5 ± 1.6 9.1 ± 2.1 

EPS, encapsulating peritoneal sclerosis; PD, peritoneal dialysis; UF, ultrafiltration 

  


