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Abstract
Background—High-glucose-based peritoneal dialysis solution (PDS) is considered to be one of
the primary causes for the increase of ionic permeability in peritoneum as detected by
transmesothelial electrical resistance (TER) measurements and claudin-1 expression. However, the
mechanism is not clear. The aim of this study is to test the hypothesis that high-glucose PDS
induces hyperpermeability in human peritoneal mesothelial cell (HPMC) monolayer by
mitochondrial respiratory chain complex III pathway.

Methods—HPMCs were cultured in a 1 : 1 mix of Dulbecco’s modified Eagle’s medium
(DMEM) and PDS containing 1.5% and 4.25% glucose for 24 h. A 1 : 1 mixture of 160 mg/L
glutathione and 4.25% glucose PDS was also added as an antioxidant group. TER measurement
and immunostaining and western blot analysis of claudin-1 expression were examined for
detection of permeability damage in HPMCs. MitoSOX™ Red staining and respiratory chain
complexes’ activities were determined for detection of mitochondrial reactive oxygen species
(ROS) production and mitochondrial complexes’ activities.

Results—TER decreased in a time-and concentration-dependent manner after culture with high-
glucose PDS for 24 h. Claudin-1 was also downregulated. Complex III activity was inhibited
accompanied by increasing mitochondrial ROS generation. These changes were partially
prevented by glutathione.

Conclusion—These findings demonstrate that mitochondrial respiratory complex III pathway
has crucial importance in maintaining permeability of HPMCs, which might reveal a valuable
target for novel therapies to fight hyperpermeability of peritoneum during the prolonged PD
treatment.
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INTRODUCTION
Peritoneal dialysis (PD) is a successful and effective form of therapy for end-stage renal
disease (ESRD). However, progressive ultrafiltration failure (UFF), which is mainly caused
by increasing hyperpermeability of the peritoneal membrane, is one of the major
complications of long-term PD.1 Transmesothelial electrical resistance (TER) is a measure
of transmesothelial ionic permeability. Previous studies have reported a clear relationship
between the decrease of TER values and the increase of solute permeability in different
types of cells.2,3 Our previous studies have also reported high-glucose PD solution (PDS)
could result in the decrease of TER values, indicating an increase of solute permeability in
human peritoneal mesothelial cell (HPMC) monolayer.4 In addition, claudin-1, which
localizes in the intercellular space of HPMCs, belongs to tight junctions (TJs) family and is
also generally believed to act as a permeability barrier between adjacent cells in mesothelial
sheets.5,6 However, the mechanism of hyperpermeability induced by high-glucose-based
PDS is not well known.

Reactive oxygen species (ROS) was reported to play a key role in cell damage by high
glucose.7 Exposure of HPMCs to exogenous oxidant agent can increase permeability
accompanied by a reduction in TER in HPMCs.7,8 The vast majority of cellular ROS
(estimated at ~90%) are from mitochondrial electron transport chain, especially respiratory
chain complex III.9 These results indicated that mitochondrial respiratory chain complex III
might play an important role in high-glucose PDS-induced damage in permeability of
peritoneum.

In this study, we focus on the effect of high-glucose PDS and its mechanisms on the
decreased TER through respiratory chain complex III pathway in HPMCs to reveal a
valuable target for novel therapies to fight hyperpermeability of peritoneum during the
prolonged PD treatment.

MATERIALS AND METHODS
Cell culture

An HPMC line (HMrSV5, kindly provided by Prof. Piedagnel R,10 Hospital TENON, Paris,
France) was cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum (FBS), 20 mmol/L hydroxyethyl piperazine
ethanesulfonic acid (HEPES), and 2 mmol/L L-glutamine. Cells were incubated at 37°C in a
humidified atmosphere with 5% CO2. The medium was changed every 2 or 3 days and cells
were cultured in a 1:1 mixture of PDS (Baxter Healthcare Ltd., Deer-field, IL, USA) and
DMEM as follows: (1) serum-free DMEM (control); (2) DMEM + 1.5% glucose PDS (1.5%
PDS); (3) DMEM + 4.25% glucose PDS (4.25% PDS); and (4) 4.5% glucose PDS + 160
mg/L glutathione (4.25% PDS + glutathione). All chemicals, unless otherwise stated, were
obtained from Gibco BRL Company, Rockville, MD, USA.

Construction of a HPMC monolayer on a membrane support
To construct an in vitro model of the HPMC monolayer, a cell suspension (5 × 104 cells/
cm2) was seeded and cultured on a polyester filter (0.4-μm pore size; Transwell, 12-well
type, Millipore, Bedford, MA, USA), using 10% FBS/DMEM. The inner and the outer
chambers were filled with 0.5 and 1.5 mL of the culture medium, respectively, and the
culture medium was replaced every 3 days.
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Measurement of transmesothelial electrical resistance
TER was measured daily by a Millicell-ERS ohmmeter with electrodes (Millipore) that were
inserted into both sides of the filter until a steady state was reached. Alternating current
applied between the electrodes was within ± 20 μA at a frequency of 12.5 Hz. Prior to the
measurement, the culture medium was replaced with fresh medium (0.1% FBS/DMEM
medium) and was maintained at 37°C. The resistance of the monolayer was multiplied by
the effective surface area to obtain the electrical resistance of the monolayer (Ω cm2). The
background TER of the blank Transwell filter was subtracted from the TER of the cell
monolayer. Once stable resistances were obtained, four different culture media as described
above were tested (n = 6). After the addition of test solutions, measurements were taken at 0,
3, 6, 12, and 24 h.

Immunostaining of claudin-1
HPMCs were cultured on a 24-chamber slide (Corning, New York, NY, USA). Following
confluence, HPMCs were washed twice with phosphate-buffered saline (PBS); the medium
was replaced with a fresh medium of 0.1% FBS/DMEM for another 24h. Subsequently, the
cells were washed twice with PBS and then cultured for 24 h in the test media. Next, the
cells were fixed in cold acetone/methanol at 4°C for 5 min, rehydrated in PBS, and blocked
for 1 h in PBS containing 20% Block Ace (Dainippon Seiyaku, Tokyo, Japan). This was
followed by an overnight incubation with a primary antibody at 4°C. A mouse anticlaudin-1
antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) was used as primary
antibodies at a dilution of 1 : 30. After washing 5 times with PBS, an appropriate secondary
antibody (1 : 100) labeled with fluorescein isothiocyanate (FITC) was applied for 1 h at
room temperature, and the cells were again washed with PBS. Stained specimens were
examined under a fluorescence microscope (ECLIPSE Ti, NIKON, Japan).

Western blot analysis of claudin-1
Cells were cultured in 100 mm dishes. After the cultures were confirmed to be confluence,
they were cultured for 24 h in the test media. Next, cells were again washed twice with PBS
and were lysed in a culture dish by adding 900 mL of TRIZOL® Reagent (Life
Technologies, Carlsbad, CA, USA). Cellular protein was isolated and 20 mg of total protein,
as measured with the bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL, USA),
was dissolved in sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
sample buffer and boiled for 3 min. Samples were subjected to SDS–PAGE on 8% gels and
then transferred to polyvinylidene fluoride (PVDF) membranes (Millipore). The membranes
were blocked for 1h at room temperature in PBS containing 1% Tween 20 (Katayama
Chemical, Osaka, Japan) and 20% Block Ace (PBST-20% Block Ace) and were incubated
for 1h with a mouse anticlaudin-1 antibody (1: 500). Then the membranes were washed in
PBST-20% Block Ace and incubated for 1h at room temperature with an appropriate
secondary antibody (1: 5000) labeled with horseradish peroxidase (Santa Cruz
Biotechnology Inc.). After incubation, the membranes were washed again and the reaction
products were detected by chemiluminescence (Amersham Pharmacia Biotech, Uppsala,
Sweden). The intensity of each band was estimated using NIH image software (version
1.61).

ROS measurements
MitoSOX™ Red reagent (MolecularProbes, Eugene, OR, USA) is readily oxidized by
superoxide in the mitochondria, emitting a bright red fluorescence in the cytoplasm. Cells
were treated with the tested media for 24 h before the addition of MitoSOX™ to the culture
media. Then cells were incubated in the dark at 37°C. After 10 min, the cells were washed
with PBS and viewed under a fluorescent microscope. Fluorescence intensity was assessed

Zhu et al. Page 3

Ren Fail. Author manuscript; available in PMC 2013 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by the imaging system Metamorph 3.5 on a region of interest that included the whole
observational field.

Respiratory chain complex activities
Enzyme activities were performed at room temperature using Beckman Coulter DU 53
Spectrophotometer (Beckman Coulter, CA, USA). Citrate synthase activity was measured as
described.11 Activities of complexes I–IV were assayed as described.12 All activity results
are averages of six assays from each group. Citrate synthase assay results were used to
normalize levels of mitochondrial proteins.

Statistical analysis
Results were expressed as mean ± SD. Comparison between two values was performed by
Student’s t-test. For multiple comparisons among different groups of data, the significant
differences were determined by the Bonferroni method. Significance was defined at p <
0.05.

RESULTS
Effects of high-glucose PDS and glutathione on TER of human peritoneal mesothelial
monolayer

The TER of HPMC monolayer was measured daily using Millicell-Electrical Resistance
System (ERS). Figure 1a shows that the normalized TER, which was obtained by
subtraction of the background TER of the blank Transwell, increased steadily, beginning at
0 and leveling off at 34.7 ± 1.5 Ω cm2 on the second day (n = 6). This was accompanied by
the confluence of cells (Figure 1b). As shown in Figure 1c, the normalized TER of the
HPMC monolayer reduced gradually in a time- and concentration-dependent manner in the
presence of glucose-based PDS. A decrease of TER from 34.7 ± 1.5 Ω cm2 to 4.3 ± 1.4 Ω
cm2 within 24 h was induced by 4.25% glucose PDS/DMEM. TER values in lower
concentrations of glucose PDS (1.5% glucose PDS) group also showed a tendency to decline
but were less pronounced. In addition, TER values in glutathione group showed a relatively
stable state, which is similar to the 1.5% PDS group, ranging from 32.7 ± 0.6 Ω cm2 to 14.7
± 0.5 Ω cm2.

Effects of high-glucose PDS and glutathione on claudin-1 expression of HPMCs
In the immunostaining experiment (Figure 2a), the cell contour was clearly outlined by the
staining for claudin-1 in control culture. The contour for claudin-1 decreased and became
discontinuous after stimulation with 4.25% glucose-based PDS. However, supplement of
glutathione caused only a slight decrease in the expression of claudin-1 with slight
discontinuity of staining along the cell contour.

In the western blot analysis (Figure 2b), 4.25% glucose-based PDS decreased the level of
claudin-1. All these changes were significantly reversed by glutathione supplement.

Effects of high-glucose PDS and glutathione on mitochondrial ROS production of HPMCs
For measurements of ROS, the mitochondrial ROS sensor MitoSOX™ Red reagent was used
for detection of HPMCs under the treatment of PDS (Figure 3a). The cells have very low
MitoSOX fluorescence (red color) in cytoplasm of cells in both the 1.5% PDS group and the
control. High-glucose-based PDS significantly triggers an increase in mitochondrial
superoxide formation (increasing red fluorescence) (p < 0.05) (Figure 3b). Glutathione could
partially prevent high-glucose-mediated changes of ROS production (p < 0.01).
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Effects of high-glucose PDS and glutathione on mitochondrial respiratory chain
complexes’ activities of HPMCs

High-glucose treatment did not alter the activities of the complexes I, II, or IV (p > 0.05)
(Figure 4a). Complex III activity was decreased to 10.8% in high-glucose PDS-injured
HPMC of control (p < 0.001) (Figure 4b). In contrast, the addition of glutathione reversed
the inhibition of complex III to 72.1% of control (p < 0.05). Mannitol, as osmolality control,
had similar effect as the control at the same osmolality (data not shown).

DISCUSSION
Progressive UFF is one of the major complications of long-term PD.1 The most frequent
reason for UFF is the development of increasing hyperpermeability of the peritoneal
membrane.13,14 Our previous study have shown that high-glucose PDS could significantly
decrease the TER of HPMCs.4 In this study, claudin-1, as an important protein in
maintaining permeability barrier between adjacent cells, also decreased after exposure to
high-glucose-based PDS, indicating high-glucose PDS could cause damage to the structure
and function of HPMCs monolayer. However, the mechanism is unknown.

Recent evidences have shown that high-glucose-based PDS triggers the generation of ROS
in HPMCs, resulting in the tissue injury and dysfunction.15 Mitochondrion is a primary
organelle for the production of ROS.16 Most of ROS are originated from the mitochondrial
respiratory chain, especially complex III. Mitochondrion is also one of the primary targets of
ROS attack. Our results showed that HPMC monolayer barrier was injured as reflected by
decreasing TER value and claudin-1 expression induced by high-glucose-based PDS. This
was accompanied by increasing production of mitochondrial ROS and decreasing activity of
complex III in mitochondria. Glutathione can reverse these damages. These suggested that
high-glucose PDS could inhibit the activity of complex III in mitochondria. Following
complex III damage, further ROS production will be enhanced in a vicious cycle, resulting
in the structural and functional damages of peritoneum injury. Inhibited activity of complex
III and consequent mitochondrial ROS accumulation might be one of the important
mechanisms for the high-glucose PDS-induced hyperpermeability of peritoneum.

Glutathione is an important antioxidant in mitochondria and together with its related
enzymes comprises a system that acts as primary defense against excessive generation of
ROS.17 It has been reported previously that patients undergoing dialysis have low levels of
blood glutathione; the administration of glutathione precursor could increase the level of
blood glutathione and improve antioxidant status.18,19 And in this study, we have proved
that glutathione, as an anti-oxidant, can obviously reverse the decrease of TER value and
expression of claudin-1 caused by high-glucose PDS. Our study has also shown that
glutathione could increase the activity of respiratory complex III and decrease the
accumulation of mitochondrial ROS induced by high-glucose PDS. These results have
indicated that glutathione could prevent oxidative damages of peritoneal barrier by
protecting the activity of respiratory complex III, which might reveal a novel therapy to fight
damages of peritoneal barrier in the high-glucose PDS treatment.

In conclusion, our study shows that mitochondrial respiratory complex III pathway plays an
important role in maintaining permeability of HPMCs. Glutathione could protect peritoneum
by preventing respiratory complex III from oxidative injury, which might be a valuable
target for novel therapies to fight hyperpermeability of peritoneum during the prolonged PD
treatment.
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Figure 1.
Effects of high-glucose PDS and glutathione on TER of human peritoneal mesothelial
monolayer cultured on a polyester membrane Transwell support (pore size, 0.4 μm). (a)
TER was measured daily after a cell suspension (5 × 104 cells/ cm2) was seeded and
cultured on a polyester filter. The normalized TER was obtained by subtraction of
background TER of the blank filter. (b) This was accompanied by the confluence of the
HPMCs (×100). (c) Once stable resistances were obtained, four different culture media were
tested (n = 6). Then, TER measurements were taken at 0, 3, 6, 12, and 24 h. TER of the
HPMC monolayer reduced gradually in a time- and concentration-dependent manner in the
presence of glucose-based PDS. Glutathione could reverse these changes. *p < 0.05 versus
control; **p < 0.05 versus control; and ***p < 0.05 versus 4.25% PDS group.
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Figure 2.
Effects of high-glucose PDS and glutathione on claudin-1 expression of HPMCs. (a)
HPMCs treated with various media. Immunostaining of claudin-1 were detected after 24 h
of incubation (×600). Claudin-1 decreased and became discontinuous after treated with
4.25% glucose PDS. Glutathione could reverse high-glucose-mediated reduction of
claudin-1 expression. A, Control: DMEM; B, 1.5% glucose PDS; C, 4.25% glucose PDS;
and D, glutathione + 4.25% PDS. (b) Western blot analysis of claudin-1 after HPMCs were
cultured in different media. Claudin-1 expression was markedly reduced by 4.25% glucose
PDS, whereas glutathione could obviously reverse the changes. Data show the mean values
of three experiments. The control value was assumed to be 100%. *p < 0.05 versus control;
**p < 0.05 versus 1.5% PDS group; and ***p < 0.05 versus 4.25% PDS group.
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Figure 3.
Effects of high-glucose PDS and glutathione on mitochondrial ROS production of HPMC
monolayer. (a) Representative photomicrographs viewed under a fluorescent microscope for
mitochondrial ROS (MitoSOX red) (×600) and (b) quantification of ROS ratios (n = 3) after
24 h of incubation with tested media. Mitochondrial ROS significantly increased induced by
high-glucose PDS. Glutathione could partially reverse the changes. *p < 0.05 versus control;
**p < 0.01 versus 4.25% PDS group. A, Control: DMEM; B, 1.5% glucose PDS; C, 4.25%
glucose PDS; and D, glutathione + 4.25% PDS.
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Figure 4.
Effects of high-glucose PDS and glutathione on mitochondrial respiratory chain complexes’
activities of HPMCs. (a) Mitochondrial respiratory chain complexes’ activities were
measured after being treated with 4.25% glucose PDS or DMEM for 24 h. High-glucose
PDS suppressed the activity of complex III and had no effects on complexes I, II, and IV.
Values are expressed as percentage mean ± SEM (n = 6) of respective controls (set to
100%).*p < 0.001 versus control; **p > 0.05 versus control. (b) Mitochondrial respiratory
chain complex III activity was measured in HPMCs after exposure to four different culture
media for 24 h. Complex III activity was decreased in high-glucose PDS-injured HPMC.
Glutathione could reverse this change. Values are expressed as percentage mean ± SEM (n =
6) of the respective controls (set to 100%).*p < 0.05 versus control; **p < 0.001 versus
1.5% PDS group; ***p < 0.05 versus 4.25% PDS group. A, Control: DMEM; B, 1.5%
glucose PDS; C, 4.25% glucose PDS; and D, glutathione + 4.25% PDS.
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