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Ultrafiltration Failure and Impaired Sodium
Sieving During Long-Term Peritoneal Dialysis:
More Than Aquaporin Dysfunction?

Fifteen years ago, our group reported the case of a 67-year-old
man on peritoneal dialysis for 11 years, in whom ultrafiltra-
tion failure and impaired sodium sieving were associated with
an apparently normal expression of aquaporin-1 (AQP1) water
channelsin peritoneal capillaries. At that time, AQP1 dysfunction
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was suggested as the cause of impaired free-water transport.
However, recent data from computer simulations, and structural
and functional analysis of the peritoneal membrane of patients
with encapsulating peritoneal sclerosis, demonstrated that
changes in the peritoneal interstitium directly alter osmotic
water transport. In light of these insights, we challenge the initial
hypothesis and provide several lines of evidence supporting the
diagnosis of encapsulating peritoneal sclerosis in this patient
and suggesting that severe peritoneal fibrosis accounted for
the loss of osmotic conductance developed during the course of
peritoneal dialysis.
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Prolonged exposure of the peritoneal membrane to
non-physiologic dialysis solutions leads to vascular
proliferation, fibrosis, and hyalinizing vasculopathy (1-4).
A subgroup of patients ultimately develops encapsulating
peritoneal sclerosis (EPS), the most severe form of peritoneal
fibrosis, leading to bowel encapsulation and obstruction,
malnutrition, and a high risk of death (5).

Long-term peritoneal dialysis (PD) is also associated with
a progressive loss of ultrafiltration (UF) capacity, risein peri-
toneal solute transport rate (PSTR), and decreased sodium
sieving (6,7). Fifteen years ago, we reported the case of a
long-term PD patient who had developed UF failure and loss
of sodium sieving, in whom preserved aquaporin-1 (AQP1)
expression in the peritoneal membrane suggested impaired
function of water channels (8). Previous work indeed estab-
lished that AQP1 mediates solute-free water transport, thereby
diluting dialysate sodium concentration during the first part
of a dwell with hypertonic glucose (9-12). However, recent
data from computer simulations and analysis of the peritoneal
membrane of patients with EPS demonstrated that peritoneal
fibrosis per se contributes to the loss of osmotic conductance
during prolonged exposure to PD (13-16).

We therefore hypothesized that peritoneal fibrosis, rather
thanaltered AQP1 function, could have contributed to UF fail-
ure and abolition of sodium sievingin the case we reported 15
yearsago. From a retrospective analysis of the medical fileand
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complementary assessment of the peritoneal membrane, we
provide several lines of evidence supporting the diagnosis of
EPS and pointing toward the fibroticinterstitium as the cause
of impaired osmotic water transport in this patient.

MATERTAL AND METHODS

Peritoneal function was assessed using a conventional
2.27% glucose-based (17) or a modified, 3.86% glucose-based
peritoneal equilibration test (PET) (18), as previously
described (16). The PET was part of the normal procedure of
care for PD patients in our center.

Median, para-umbilical samples of the parietal peritoneum
of theindex case were obtained at autopsy. Samples from the
same peritoneal area were obtained from control patients at
catheterinsertion or removal, as part of a routine protocolin
our center (16). The use of human biopsy samples has been
approved by the Ethical Review Board of the Cliniques uni-
versitaires Saint-Luc. Adequacy of each peritoneal specimen,
peritoneal fibrosis, collagen volume fraction, and collagen
structure were assessed as previously described (7,16).
Immunofluorescence was performed using purified rabbit
anti-von Willebrand factor (DAKO, Glostrup, Denmark) and
polyclonal rabbit anti-human AQP1 (Chemicon International,
Temecula, CA, USA) antibodies (16). Images were analyzed
using ImageJ (1.47v).

SUMMARY OF THE INITIAL CASE DESCRIPTION, 1999

A 67-year-old man with end-stage renal disease due to AA
amyloidosis secondary to pulmonary tuberculosis was started
on continuous ambulatory PDin 1986. During the course of PD,
the patient became anuric in 1992, and presented a unique
episode of peritonitis due to Staphylococcus epidermidis in
1994, cured with systemic administration of vancomycin.
From November 1995 onward, daily UF volume decreased
progressively, requiring the systematic use of hypertonic
3.86% glucose to maintain euvolemia. Peritoneal transport
testing using 3.86% glucose-based dialysate performed in
March 1996 confirmed the diagnosis of UF failure (net UF <
400 mL), with a fast PSTR, and complete abolition of sodium
sieving (Table 1).In March 1996, a switch to continuous cycling
PD failed to improve daily UF, and the patient was transferred

TABLE 1
Changes in Parameters of Peritoneal Water and Solute Transport Over Time

Jan. Jun. Jul. Apr. Aug. Mar. Feb.

1992 1992 1993 1994 1995 1996 1997
Glucose conc. for the PET (%) 2.27 2.27 2.27 2.27 2.27 3.86 3.86
Net UF (mL/4 h) 340 370 180 150 60 150 65
D/Pcreatat4 h 0.80 0.80 0.75 0.78 0.83 0.76 0.94
Fluid absorption (mL/min) - - - - - 1.20 -

Conc = concentration; PET = peritoneal equilibration test; UF = ultrafiltration; D/P creat = dialysate-to-plasma creatinine ratio.
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to hemodialysis. After 4 weeks of peritoneal membrane rest,
and since the patient refused to continue hemodialysis, he was
restarted on continuous cycling PD without improvement of
the UF capacity. Daily UF at that time varied between 200 and
500 mL.In April 1997, the patient developed severe pulmonary
infection due to Pseudomonas aeruginosa and died from septic
shock. Post-mortem examination showed preserved AQP1
expressionin the peritoneal membrane of the patient despite
the loss of UF capacity and impaired free-water transport
(Figure 1A), suggesting altered structure and/or function of
water channels in the peritoneal capillaries (8).

COMPLEMENTARY DATA FROM THE RETROSPECTIVE REVIEW OF
THE MEDICAL FILE, 2015

Since recent data documented impaired osmotic water
transport directly linked to extreme peritoneal fibrosis in
patients with EPS, we reviewed the medical file of the patient
in search of additional signs suggestive of EPS, a condition
that was probably frequently overlooked at that time. We
noticed that the patient presented 2 episodes of intestinal
subocclusion, in April and May 1996, without any identified
cause. Computed tomography scanner of the abdomen showed
an extensive thickening of the bowel walls, peritoneal thick-
ening, calcifications of the parietal and visceral peritoneal
sheets, and bowel dilatation. The patient then progressively
lost weightand developed a biologicalinflammatory syndrome
(C-reactive protein levels between 2.6 and 13.6 mg/dL, normal
range < 1.0, in the absence of any superimposed infection),
along with food intolerance requiring total parenteral nutri-
tion. Atautopsy, the peritoneum appeared tanned, thickened,
and brown, with a leathery appearance. These clinical find-
ings definitely confirmed the retrospective diagnosis of EPS,
defined byinternational guidelines as a clinical syndrome with
signs of intermittentand persistent or recurrent complaints of
gastrointestinal obstruction, with macroscopic or radiological
confirmation of sclerosis, calcification, peritoneal thickening,
or encapsulation of the intestines (5,19).

Additional structural evaluation of the peritoneal
membrane demonstrated severe changes in the peritoneal
interstitium of the patient, including vascular proliferation
(vascular density 88.5 vessels/mm?), excessive accumula-
tion of extracellular matrix in the submesothelial area (mean
submesothelial thickness 512 um) (Figure 1B), and increased
density of collagen fibers (collagen volume fraction of 43%),
comparable to those seen in EPS patients (16,20).

DISCUSSION

Revisiting a case our group reported 15 years ago (8)
suggested that severe fibrotic changes in the peritoneal
interstitium accounted for UF failure and abolition of sodium
sievingin a long-term PD patient withintact AQP1 expression.

The clinical features of recurrent bowel obstruction, food
intolerance, and inflammatory syndrome suggested the
patient could have developed EPS, a diagnosis confirmed by
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radiological and macroscopic findings. In addition, examina-
tion of the patient’s peritoneal membrane showed excessive
vascular proliferation, submesothelial thickening, and col-
lagen density, comparable to those previously reported in
patients with EPS and much higher than PD and uremic controls
(vascular density: 97.5 + 10.5, 52.5 + 6.0, and 25.0 + 2.0 ves-
sels/mm2; submesothelial thickness: 549 + 56, 286 + 34, and
116 + 17 um; and collagen volume fraction: 41 + 3% vs 22 +
2 and 15 + 1% in patients with EPS, PD, and uremic controls,
respectively [16,20]). According to computer simulations
based on the 3-pore membrane/fiber matrix (13) and the
distributed (14,15) models, excessive deposition of extra-
cellular matrix in the peritoneal interstitium is predicted to
impair osmotic conductance and to reduce sodium sieving,
through reduction of the mean hydraulic radius between
collagen fibers and decreased concentration of glucose in
contact with peritoneal capillaries (13-15,21). These predic-
tions were recently confirmed in a cohort of long-term PD
patients with EPS, in which impaired water transport was
directly related to the degree of peritoneal fibrosis and density
of collagen fibers in the peritoneal interstitium (16). These
data highlighted the progressive reduction of sodium sieving
when interstitial fibrosis increased, despite the fact that the
relative capillary density of AQPs was kept unchanged, as in
the present case. In addition, interstitial fibrosis was paral-
leled by an intense vascular proliferation and a fast PSTR,
further reducing sodium sieving through early dissipation of
the osmotic gradient.

Admittedly, we cannot completely rule out acquired dys-
function or biochemical modification of AQP1. To date, known
post-translational modifications of AQP1 are limited to glyco-
sylation, which has not been shown to affect either channel
folding or oligomerization (22). However, phosphorylation
and protonation of plant AQPs have been recently shown to
influence the gating of water channels to counteract environ-
mentalstresses, through interaction with theintracytoplasmic
D loop domain (for review, see 23). Similarly, some synthetic
compounds are able to interact with the D loop of AQP1, and
to modulate AQP1-mediated osmotic water transport, in vitro
andin a mouse model of PD (24). Future research will need to
test the possibility of post-translational changes of AQP1, i.e.
during prolonged exposure to PD solutions or after an episode
of peritonitis, and their potential impact on water transport.

In summary, sodium sievingis anindirectindicator of free-
water transport and osmotic conductance to glucose that can
notonly be affected by hypothetical, acquired, dysfunction of
water channels, butalso by structural changesin the peritoneal
membrane. Sodium sieving should therefore not be regarded
as synonymous with AQP function, but rather as a functional
evaluation of the whole pathway of water movement across
the peritoneal membrane, from the patient’s blood towards
the dialysate. Revisiting the significance of UF failure and
loss of sodium sieving provided clues to the post-mortem
diagnosis of EPS and pointed toward the fibroticinterstitium
as a major restriction barrier to water transport in this long-
term PD patient.
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Case

Control

Figure 1—A. Peritonealaquaporin-1 expression. Representative pictures of double immunostaining with anti-AQP1 (green channel) and anti-von
Willebrand factor (vWf) (red channel) antibodies viewed under confocal fluorescence microscopy in peritoneal sections from the case vs a control
PD patient. Aquaporin-1is expressed in endothelial cells lining the capillaries and small vessels in the peritoneal membrane, both in the patient
with impaired water transport (net UF=65 mL, and sodium sieving=0.01, during a 4-h modified 3.86% glucose-based PET) and in the PD control
(net UF 940 mL, sodium sieving 0.06). Bar, 50 um. B. Masson’s trichrome staining. Structural analysis of the peritoneal membrane showed loss
of mesothelial cells, accumulation of extracellular matrixin the submesothelial area, and signs of vasculopathy. Original magnification, 4x; bar,
100 um. AQP1 =aquaporin-1; vWf=anti-von Willebrand factor; PD = peritoneal dialysis; UF = ultrafiltration; PET = peritoneal equilibration test.
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