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Epithelial-to-mesenchymal transition (EMT) and apoptosis of peritoneal mesothelial cells are known to be the earliest
mechanisms of peritoneal fibrosis in peritoneal dialysis (PD). Endoplasmic reticulum (ER) stress with an unfolded protein
response is regarded to have a role in the development of organ fibrosis. To investigate the potential role of ER stress as a
target to prevent and/or delay the development of peritoneal fibrosis, we examined the effect of ER stress on EMT or
apoptosis of human peritoneal mesothelial cells (HPMCs) and elucidated the mechanisms underlying the protective effect
of ER stress preconditioning on TGF-β1-induced EMT. ER stress inducers, tunicamycin (TM) and thapsigargin (TG), induced
EMT with Smad2/3 phosphorylation, an increased nuclear translocation of β-catenin and Snail expression. Low
concentrations of TM and TG did not induce apoptosis within 48 h; however, high concentrations of TM- (41 ng/ml) and
TG- (41 nM) induced apoptosis at 12 h with a persistent increase in C/EBP homologous protein. TGF-β1 induced EMT and
apoptosis in HPMCs, which was ameliorated by taurine-conjugated ursodeoxycholic acid, an ER stress blocker.
Interestingly, pre-treatment with TM or TG for 4 h also protected the cells from TGF-β1-induced EMT and apoptosis,
demonstrating the role of ER stress as an adaptive response to protect HPMCs from EMT and apoptosis. Peritoneal
mesothelial cells isolated from PD patients displayed an increase in GRP78/94, which was correlated with the degree of
EMT. These findings suggest that the modulation of ER stress in HPMCs could serve as a novel approach to ameliorate
peritoneal damage in PD patients.
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Peritoneal dialysis (PD) is one of the modalities for the
treatment of end-stage renal disease (ESRD), which is based
on the use of the peritoneum as a living dialysis membrane.1–3

Continuous exposure to nonphysiologic PD solutions and
episodes of peritonitis cause damage to the peritoneum,
which results in functional and structural deterioration of the
peritoneal membrane.4–6 Previous studies suggested that
peritoneal mesothelial cells underwent phenotype transition,
epithelial-to-mesenchymal transition (EMT), during the
process of PD.7–11 Because EMT is known to be a reversible
process, it can be a therapeutic target for preserving peritoneal
membrane function.8,9,11–13 In addition to EMT, apoptosis of
the peritoneal mesothelial cells is also believed to be one of
the early mechanisms of peritoneal damage. The accumula-
tion of misfolded proteins and the induction of endoplasmic
reticulum (ER) stress have been implicated in the

development of phenotypic transition and apoptosis of
epithelial cells.14–17 ER stress is reported to induce EMT of
epithelial cells in the kidney and lung, which may result in
fibroblast accumulation.15,18–22 The ER has a key role in the
maintenance of protein homeostasis through its control of the
content, structure, folding and trafficking of proteins.23–25

The accumulation of unfolded proteins in the ER lumen
results in a release of glucose-regulated protein (GRP)78/94, a
central regulator of ER stress, from the ER membrane, which
allows GRP78/94 to either dimerize or move to other
locations within cells.26,27 This process initiates unfolded
protein response (UPR) signaling to reestablish homeostasis
and normal ER function through the activation of pathways
involving inositol-requiring enzyme 1,28 double-stranded
RNA-activated protein kinase-like ER kinase (PERK),29 and
activating transcription factor 6 (ATF6).30,31
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Peritoneal dialysate has been reported to induce ER stress
in mesothelial cells;32 however, no studies have addressed the
role of ER stress in peritoneal EMT and fibrosis. This study
was undertaken to investigate whether ER stress per se
induced EMT and apoptosis of peritoneal mesothelial cells
and whether ER stress modulation protected the peritoneum
from EMT and apoptosis induced by TGF-β1.

MATERIALS AND METHODS
Reagents
All of the chemicals and tissue culture plates were obtained
from Sigma-Aldrich (St Louis, MO, USA) and Nunc Labware
(Waltham, MA, USA), unless otherwise stated.

Isolation and Maintenance of HPMCs
Human peritoneal mesothelial cells (HPMCs) were isolated
and maintained using a previously published method.33 All of
the experiments were performed using cells between the
second and fourth passages. Tissue collection was approved
by the ethics committee of the institution (ECT 1647-35), and
informed consent was obtained from each patient.

Cell Morphology and Immunofluorescence Analysis of
HPMCs
Cell morphology was analyzed under an inverted phase-
contrast microscope (Axiovert 200; Carl Zeiss, Oberkochen,
Germany), and the images were obtained using a digital
camera (AxioCam HRC; Carl Zeiss). For immunofluores-
cence staining, the cells were washed and fixed in 4%
phosphate-buffered paraformaldehyde (25 min at 20 °C) and
permeabilized with 1% Triton X-100 in PBS (15 min at 4 °C).
After washing with PBS, the cells were treated with 5% BSA in
PBS for 1 h before incubation with primary antibodies specific
for ZO-1 (Invitrogen, CA, USA), α-SMA (Abcam, Cambridge,
MA, USA), or β-catenin (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) in 5% BSA overnight at 4 °C. The
cells were then washed with 0.2% Tween 20 in PBS before
incubation with a goat anti-mouse IgG-FITC-conjugated
secondary antibody (Santa Cruz Biotechnology) for 1 h at
room temperature in the dark. The nucleus was counter-
stained with DAPI, and the cells were visualized under the
Axiovert 200 fluorescence microscope with 10 × 10 and
20 × 10 NA objectives equipped with an AxioCam HRC
digital camera.

Western Blotting
Protein samples were isolated from the cell lysate (30 μg) and
mixed in reducing buffer, boiled, resolved on 10% SDS-PAGE
gels, and transferred to a polyvinylidene difluoride membrane
by electroblotting. The blot was incubated overnight at 4 °C in
a blocking solution with primary antibodies directed to the
following antigens: GRP78/94 (Enzo Life Sciences, Plymouth,
PA, USA); p-PERK, p-eIF2α, ATF4, ATF6, CHOP (Cell
signaling Technology, Danvers, MA, USA); E-cadherin (BD
Bioscience, Bedford, MA, USA); α-SMA (Abcam), β-catenin,

Lamin B1, p-Smad2, p-Smad3 Smad2, Smad3, Snail, cleaved
Caspase-3 and β-actin (Santa Cruz Biotechnology). After
washing the blots with PBS/Tween 20, they were incubated
with horseradish peroxidase-conjugated secondary antibodies
corresponding to each primary antibody, followed by
enhanced chemiluminescence detection (Santa Cruz Biotech-
nology). The positive immunoreactive bands were quantified
by densitometry and compared with the expression of human
β-actin.

Extraction of Nuclear and Cytoplasmic Fraction
HPMCs were collected and washed with PBS before addition
of the cytoplasmic lysis buffer. Cells were lysed for 10 min on
ice and then quick-spun for 15 s to collect cytosolic lysate.
Pellets were washed two times with cytoplasmic lysis buffer
(10 mM Hepes at pH 8.0, 1.5 mM MgCl2, 10 mM KCl,
0.5 mM DTT, 300 mM sucrose, 0.1% NP-40, 10 mM NaF,
20 mM β-glycerophosphate, 10 mM Na3VO4, 1 × protease
inhibitors, and 0.5 mM PMSF) and then lysed with nuclear
lysis buffer (50 mM Hepes at pH 7.9, 250 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 0.1% NP-40, 0.1% glycerol, 10 mM
NaF, 10 mM Na3VO4, 1 mM DTT, 1 × protease inhibitors,
and 0.5 mM PMSF) for 30 min on ice. The lysates were spun
for 20 min at 14 000 r.p.m. at 4 °C to collect nuclear lysates.
Lysates were run in SDS-PAGE for Western blot analysis.

Reverse Transcriptase-PCR Analysis for X-Box-Binding
Protein 1 (XBP-1) Splicing
The splicing of XBP-1 mRNA was detected by semiquanti-
tative real-time PCR (RT-PCR) using primers specific for
XBP-1, which detected both the unspliced (424 bp) and
spliced (398 bp) isoforms: (forward primer: 5'-CTGGAAAGC
AAGTGGTAGA-3', reverse primer: 5'-CTGGGTCCTTCTGG
GTAGAC-3') or β-actin: (forward primer: 5'-TTCTGACC
CATGCCCACCAT-3', reverse primer: 5'-ATGGATGATATC
GCCGCGCTC-3').

Quantitative RT-PCR Analysis
The levels of transcripts were determined by RT-PCR on the
ABI PRISM 7000 sequence detection system using SYBR
Green I as a double-stranded DNA-specific dye according to
the manufacturer’s instructions (Applied Biosystems, Foster
City, CA, USA). The PCR reaction was carried out using 5 μM
of cDNA, 10 μM of SYBR Green PCR master mix, and 5 pM of
sense and antisense primers of E-cadherin: (forward primer:
5'-ACCCCTGTTGGTGTCTTT-3', reverse primer: 5'-TTC
GGGCTTGTTGTCATTCT-3') or α-SMA: (forward primer:
5'-GGGAATGGGACAAAAAGACA-3', reverse primer: 5'-CT
TCAGGGGCAACACGAA-3') in a final volume of 20 μl/
reaction. The relative mRNA expression levels of the target
genes in each sample were calculated using the comparative
CT method. The CT value is the cycle number at which the
fluorescence signal is greater than a defined threshold. At least
three independent PCR procedures were performed to allow
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statistical analysis. The amount of PCR products was
normalized with the house-keeping gene, β-actin.

Transfection of siRNA
To determine the effect of Smad2/3 gene silencing on ER
stress-induced EMT of HPMCs, we treated HPMCs with
human Smad2 and Smad3 siRNA (Thermo Fisher Scientific,
San Diego, CA, USA). The following siRNAs were used:
Smad2, ON-TARGETplus SMARTpool human Smad2
(4087); and Smad3 siRNA, ON-TARGETplus SMARTpool
human Smad3 (4088). The scrambled siRNA from a non-
targeting siRNA pool from Thermo Fisher Scientific was used
as a control. Lipofectamine 2000 (Invitrogen) was used for the
siRNA transfection.

Flow Cytometric Analysis for Annexin V-FITC Binding
After exposure of HPMCs to TM or TG for 12 and 48 h, cell
suspensions were prepared by treating the cells with a trypsin/
EDTA mixture in DMEM. The cells were resuspended in 1 ×
Annexin V binding buffer at a concentration of 1 × 106

cells/ml. After incubation of 100 μl of cell suspension with 5 μl
of FITC-Annexin V at room temperature in the dark for
15 minutes, 400 μl of 1 × binding buffer was added to each
tube. The samples were then analyzed on a FACS Calibur flow
cytometer (Beckton Dickinson, San Jose, CA, USA) and
CellQuest software (Beckton Dickinson). The 10 000 events
per sample were collected with an exclusion of cell debris by
scatter gating (forward vs side). The data were displayed as
two-color dot plot with FITC-Annexin V (green fluorescence,

Figure 1 ER stress-induced EMT and its reversibility. TM (0.01 ng/ml) or TG (0.01 nM) induces the morphologic changes of HPMCs from a cuboidal,
cobble-stone appearance to elongated, fibroblastoid morphology (a) with decreased expression of ZO-1 and E-cadherin and the acquisition of α-SMA
expression in HPMCs (a and b). Removal of TM or TG after 12 h of stimulation results in a reversal of TM- or TG-induced EMT (a and c). Representative
cell morphology and fluorescein immunocytochemistry for ZO-1 (green) and α-SMA (green) with nuclear DAPI staining (blue) at 12 h and 48 h after a
12-h treatment with TM (0.01 ng/ml) or TG (0.01 nM) are shown (a). Quantitation bars for real-time PCR (n= 5) and representative western blots with
quantitation bars (n= 6) are shown (b and c). M denotes control media without TM or TG. *Po0.05 vs control, #Po0.05 vs others.
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x-axis) vs PI (red fluorescence, y-axis). Apoptosis was assessed
by measuring the fraction of Annexin V-positive cells.

TdT-Mediated dUTP Nick-End Labeling (TUNEL) Staining
HPMCs were washed and fixed in 4% phosphate-buffered
paraformaldehyde for 25 minutes at 20 °C. After washing
three times with PBS, HPMCs were stained using the In Situ
Cell Death Detection Kit (Roche Diagnostics, Laval, Quebec,
Canada) according to the manufacturer’s protocol. The
nucleus was counterstained with DAPI, and the cells were
visualized under the Axiovert 200 fluorescence microscope
with 10 × 10 and 20 × 10 NA objectives equipped with
AxioCam HRC digital camera.

Effect of ER Stress Modulation on TGF-β1-Induced EMT
in HPMCs
The effects of the ER stress blocker, taurine-conjugated
ursodeoxycholic acid (TUDCA, 300 μΜ, Tokyo Kasei, Tokyo,
Japan), on TGF-β1-induced changes in HPMCs were
investigated. After repeated experiments to determine the
condition of ER stress preconditioning in HPMCs, the cells
were pre-incubated with TM at 0.01 ng/ml or TG at 0.01 nM
for 4 h before treatment with TGF-β1 (1 ng/ml).

Isolation of Mesothelial Cells from Peritoneal Effluent in
Patients on PD: Ex Vivo Analysis of ER Stress
Peritoneal mesothelial cells were obtained from nine clinically
stable PD patients using a previously described method.34

Figure 2 Time-dependent reversal of ER stress-induced EMT. EMT induced by a prolonged stimulation of cells with TM (0.01 ng/ml) or TG (0.01 nM) for
48 h is not reversed by the removal of TM or TG. Representative phase-contrast microscopy and fluorescein immunocytochemistry for ZO-1 (green) and
α-SMA (green) with nuclear DAPI staining (blue) at 48 h, and 48 h after a 48-h treatment with TM or TG are shown (a). Representative real-time PCR (b)
and western blotting with quantitation bars (c) are shown (n= 5). M denotes control media without TM or TG. *Po0.05 vs control.
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After centrifugation of the whole-dialysate effluent collected
after a standard peritoneal equilibration test (PET), the cell
pellets were suspended in medium 199 containing 10% FBS,
100 U/ml penicillin, 100 μg/ml streptomycin, and 26 mmol/l

NaHCO3. Half of the medium was exchanged at 48 h after
seeding, and the entire medium was replaced once every
4 days. After reaching confluence, the cells were detached by
trypsinization and seeded into culture plates. Western blotting

Figure 3 Activation of Smad2/3, nuclear translocation of β-catenin and expression of Snail in TM or TG-treated HPMCs. TM (0.01 ng/ml) or TG (0.01 nM)
enhances the phosphorylation of Smad2/3 (a), the nuclear translocation of β-catenin (b and c) and Snail expression (b). Representative western blots
with quantitative analyses are shown (a and b). Fluorescein immunocytochemistry reveals the translocation of β-catenin (green) from the cytoplasmic
membrane into the nucleus (cyan) upon TM or TG stimulation at 12 h (c); n= 6. *Po0.05 vs others.
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for GRP78/94, E-cadherin, α-SMA and cleaved Caspase-3 was
performed by the methods described in in vitro experiments.

PET and Urea Kinetic Modeling
Standardized PET was performed by using a 2.27% glucose
concentration 2- L dialysate.35 The dialysate-to-instilled ratio
of glucose (D/D0Glucose) and the dialysate-to-plasma ratio of
creatinine (D/PCr) were calculated from the data of PET. The
total daily exposure to glucose in each patient was calculated
by the product of volume and the glucose concentration for
each exchange. The dialysis dose was assessed by calculating
the weekly Kt/Vurea from the 24-h urinary and dialysate
clearance of urea. The nPNA was calculated by the formula of
Bergström et al.36 and normalized to standard body weight.

Statistical Analysis
All of the data are presented as the mean± SD. Differences in
the various parameters between the groups were evaluated by
Student’s t-test or one-way analysis of variance followed by
correction for multiple comparisons. Pearson’s correlation
was applied for correlation analyses. The results were
considered significant if the P-value was ≤ 0.05.

RESULTS
ER Stress Induces EMT of HPMCs
Tunicamycin (TM) and thapsigargin (TG) elicited ER stress
as indicated by an induction of ER chaperone GRP78/94 at
concentrations of 0.01 ng/ml and 0.01 nM, respectively, from
4 h (Supplementary Figure S1). TM and TG increased the
phosphorylation of PERK and eIF2α from 4 and 6 h, followed
by an upregulation of ATF4 after 12 h. An increase in ATF6
after 6 h and XBP-1 mRNA splicing after 12 or 24 h were also
noted in HPMCs exposed to TM or TG (Supplementary
Figure S2).

TM (0.01 ng/ml) and TG (0.01 nM) induced the morpho-
logical changes of HPMCs from 12 h from a cuboidal, cobble-
stone appearance to an elongated, fibroblastoid morphology
(Figure 1a). Expression of the markers for epithelial and
mesenchymal cells was also altered by treatment with TM or
TG, including a decreased expression of ZO-1 and E-cadherin
with an acquisition of α-SMA expression in HPMCs
(Figure 1b). Interestingly, EMT induced by a 12-h exposure
to TM or TG was reversible upon the removal of TM or TG
(Figure 1c); however, EMT induced by a prolonged stimula-
tion of cells with TM or TG for 48 h was not reversed upon
the removal of the ER stress inducer (Figure 2), suggesting

Figure 4 Effect of Smad2/3 siRNA transfection on ER stress-induced EMT. Blocking the activation of Smad2/3 by siRNA alleviates TM (0.01 ng/ml) or TG
(0.01 nM)-induced alterations in E-cadherin and α-SMA in HPMCs after 12 h (a). siRNA of Smad2 and Smad3 also reduces the expression of β-catenin in
the nuclear extracts and snail after 12 h (b). Representative western blots with quantitative analyses are shown; n= 6. *Po0.05 vs 0.
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that ER stress-induced EMT is reversible in a time-dependent
manner.

ER Stress Induces Snail Expression and Nuclear
Translocation of β-Catenin via Smad2/3 Activation
To understand the mechanism of ER stress-induced EMT in
HPMCs, we examined the activation of the Smad2/3 pathway
and the expression of β-catenin and snail. TM or TG
enhanced the phosphorylation of Smad2/3 and increased the
nuclear translocation of β-catenin and Snail expression
(Figure 3). Blocking the activation of Smad2/3 by siRNA
alleviated the ER stress-induced alterations in E-cadherin and
α-SMA levels in HPMCs. Smad2 and Smad3 gene silencing

also reduced the nuclear translocation of β-catenin and Snail
expression (Figure 4).

ER Stress Induces Apoptosis in a Dose- and
Time-Dependent Manner
TM and TG at the concentration that induced EMT of
HPMCs (0.01 ng/ml and 0.01 nM, respectively) did not lead
to apoptosis in HPMCs within 48 h assessed by FACScan
analysis (Figure 5a) or TUNEL staining (Figure 5b); however,
higher concentrations of TM (1 and 5 ng/ml) and TG (1 and
5 nM) increased the number of apoptotic cells within 12 h
(Figures 5c and d), suggesting a dose-dependency of ER
stress-induced apoptosis of HPMCs.

Figure 5 A dose-dependency of ER stress-induced apoptosis in HPMCs. TM (0.01 ng/ml) or TG (0.01 nM) does not induce apoptosis in HPMCs within
48 h (a and b). At higher concentrations of TM (≥1 ng/ml) or TG (≥1 nM) induce apoptosis of HPMCs within 12 h (c and d). Representative histogram
and dot blots depict shifts in the fluorescence intensity of annexin V binding (numbers in parenthesis) at 12 and 48 h; n= 5. Representative TUNEL
staining with quantitation of TUNEL (+) cell (cyan) is shown (n= 3). *Po0.05 vs 0.
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Apoptosis of HPMCs using a higher concentration of ER
stress inducers was associated with a persistent increase in the
expression of C/EBP homologous protein (CHOP; Figure 6a),
a UPR marker has been implicated in apoptosis.19,37,38 A mild
and transient upregulation of CHOP was observed with a
lower concentration of TM or TG (Figure 6b).

On the basis of this observation, we investigated the effect
of using an intermediate dose of ER stress inducers on EMT
and apoptosis of HPMCs. Interestingly, an exposure of
HPMCs to 0.1 ng/ml of TM or 0.1 nM of TG resulted in EMT
at earlier time points (3–4 h; Supplementary Figure S3a) but
induced apoptosis with CHOP expression by prolonged ER
stress (48 h; Supplementary Figure S3b and c).

ER Stress-Induced Apoptosis Is Not Mediated by
Smad2/3 Activation
siRNA of Smad2/3 did not ameliorate TM- or TG-induced
apoptosis. CHOP expression in TM- or TG-treated cells was not
altered by Smad2/3 gene silencing (Supplementary Figure S4).

TGF-β1 Induces Persistent ER Stress That Results in EMT
and Apoptosis of HPMCs
TGF-β1, a representative pro-fibrotic cytokine, induced ER
stress in HPMCs, as indicated by an increase in the expression

of GRP78/94 and ATF6 with XBP-1 splicing (Figure 7a).
TUDCA, an endogenous bile acid known to attenuate ER
stress,39,40 blocked the TGF-β1-induced expression of
GRP78/94 and ATF6 (Figure 7b). TUDCA also inhibited
XBP-1 splicing induced by TM or TG. Interestingly, TGF-β1
did not induce the phosphorylation of PERK, eIF2α, or ATF4.

TGF-β1 induced EMT of HPMCs within 24 and 48 h, as
confirmed by a transition of the cell morphology and altered
expression of epithelial and mesenchymal cell markers
(Figure 8). TGF-β1 also induced apoptosis of HPMCs
(Figures 8b and c). TUDCA blocked TGF-β1-induced EMT
and apoptosis in HPMCs (Figure 8).

ER Stress Preconditioning Protects HPMCs from
TGF-β1-Induced EMT and Apoptosis with an
Amelioration of Smad2/3 Activation and Snail Expression
Pre-treatment with TM (0.01 ng/ml) or TG (0.01 nM) for 4 h
protected the cells from TGF-β1-induced EMT in HPMCs.
Figure 9a shows the effect of ER stress preconditioning on
the alteration in cell morphology and the expression of
E-cadherin and α-SMA. ER stress preconditioning blocked
the phosphorylation of Smad2/3, the translocation of
β-catenin, and the increase in Snail expression in HPMCs
exposed to TGF-β1 (Supplementary Figure S5). ER stress

Figure 5 (Continued)
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preconditioning also protected the cells from TGF-β1-
induced apoptosis as assessed by Annexin V (+) cells upon
FACScan analysis (Figure 9b) and TUNEL positivity
(Figure 9c).

Increased GRP Expression in Mesothelial Cells Isolated
from Peritoneal Effluent Is Correlated with EMT in PD
Patients
GRP94/78 expression was increased in mesothelial cells from
14 peritoneal effluents of 9 PD patients (Table 1) compared
with mesothelial cells isolated from the omentum in subjects
with normal renal function who had never been exposed to
PD (Figure 10). E-cadherin expression was decreased with an
increase in α-SMA in mesothelial cells from PD effluent
(Figure 10b). There was a tendency of an enhanced expression
of cleaved Caspase-3 in cells from PD patients, however it was
not statistically significant. There was no significant correla-
tion of GRP94/78 expression in mesothelial cells from PD
patients with age, duration of dialysis, the incidence of
peritonitis, and parameters of peritoneal function such as D/
PCr or D/D0glucose. The expression of GRP94/78 in mesothelial
cells from PD patients was correlated with the expression of
E-cadherin (r=− 0.35, Po0.05) or α-SMA (r= 0.47, Po0.05;
Figure 10c).

DISCUSSION
In this study, we demonstrate that a chemical induction of ER
stress by TM or TG leads to EMT and apoptosis of HPMCs in
a dose- and time-dependent manner. ER stress-induced
apoptosis was associated with a persistent upregulation of
CHOP, whereas mild ER stress induced transient CHOP
expression with the development of reversible EMT of
HPMCs. Intermediate doses of ER stress inducers promote
EMT at early time points but result in cell apoptosis upon
prolonged exposure to ER stress (Figure 11). Despite the
causative role of ER stress in EMT and apoptosis, ER stress
preconditioning by a transient exposure to low concentrations
of TM or TG protects HPMCs from TGF-β1-induced EMT
and apoptosis (Figure 12). Our data provide evidence for the
role of ER stress as a modifiable target to protect the
peritoneal membrane via ER stress preconditioning or
blocking of excessive ER stress.

One of the most interesting findings of this study is that ER
stress per se induces EMT in HPMCs. The phenotypic
transition of a peritoneal mesothelial cell to mesenchymal cell,
the so-called EMT, has been recognized as an important
mechanism of peritoneal fibrosis.8,9 EMT in PD patients was
associated with ultrafiltration failure, which highlighted the
clinical significance of peritoneal EMT as a cause of peritoneal

Figure 5 (Continued)

ER stress in peritoneal fibrosis
H-S Shin et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 95 October 2015 1165

http://www.laboratoryinvestigation.org


dysfunction.5,6,41 ER stress has been implicated in EMT and
fibroblast accumulation in organ fibrosis.42 One of the
chemical inducers of ER stress, TM, was reported to induce
EMT of renal proximal tubular cells via the release of calcium
from the ER and the activation of Wnt signaling.18 ER stress
also induced EMT in cultured alveolar epithelial cells by
activating MAPKinase, Smad and Src.20 The role of the UPR
and ER stress has been demonstrated in idiopathic pulmonary
fibrosis, as well as glomerulonephritis, diabetic nephropathy
and drug-induced renal damage.17,19,43,44 Despite ample
evidence regarding the role of ER stress in organ fibrosis,
the about ER stress and peritoneal fibrosis remain very
limited. Previous studies revealed ultrastructural alterations of
rough ER in the parietal peritoneum of patients on PD.45 An

expansion of ER in mesothelial cells in an animal model of
PD and an induction of ER stress by acidic dialysate in
cultured mesothelial cells suggested the potential role of ER
stress in peritoneal damage;32 however, there have been no
studies investigating whether ER stress induces EMT in
peritoneal mesothelial cells. We used two chemical inducers
of ER stress, TM and TG, and assessed the expression of ER
stress markers. Low concentrations of TM or TG induced an
approximately twofold increase in GRP78/94 expression in
HMPCs, followed by the activation of downstream markers of
ER activation. Our data clearly demonstrated that both TM
and TG induced EMT of peritoneal mesothelial cells.
Importantly, ER stress-induced EMT was reversible at early
time points; however, prolonged ER stress resulted in

Figure 5 (Continued)
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irreversible EMT. We have already demonstrated a reversal of
high-glucose-induced EMT upon the removal of high-glucose
stimuli in HPMCs with an improvement of peritoneal
thickening and fibrosis in an animal model of PD by
peritoneal rest.8

ER stress was not only a direct inducer of EMT of HPMCs
but was also a mediator of TGF-β1-induced EMT in HPMCs.
TGF-β1 is a representative pro-fibrotic cytokine that is known
to induce peritoneal fibrosis through a phenotypic transition
of peritoneal mesothelial cells.9 TGF-β1 increased the

Figure 6 Effect of ER stress-induced CHOP expression. A higher concentration of ER stress inducers (TM 5 ng/ml, TG 5 nM) induces a persistent increase
in the expression of CHOP within 30min (a). A mild and transient upregulation of CHOP is observed using a lower concentration of TM (0.01 ng/ml) or
TG (0.01 nM); n= 5 (b). Representative western blotting with quantitative analyses is shown. *Po0.05 vs others.

Figure 7 Effect of TGF-β1 on ER stress in HPMCs. TGF-β1 (1 ng/ml) induces an increase in the expression of GRP78/94 and ATF6 with XBP-1 splicing in
HPMCs, but does not induce the phosphorylation of PERK, eIF2α, or ATF4 (a). TUDCA (300 μM) blocks the ER stress-induced increase in GRP78/94 and
ATF6 with XBP-1 splicing at 12 h; n= 5 (b). Representative western blots and RT-PCR bands with quantitative analyses are shown. *Po0.05 vs others.
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expression of GRP78/94 and ATF6 with XBP-1 splicing in
HPMCs. We also demonstrated that a known inhibitor of ER
stress, TUDCA, ameliorated TGF-β1-induced EMT, suggest-
ing the role of ER stress as a mediator of EMT of HPMCs.
TUDCA is an endogenous bile acid derivative that is likely to

increase the stability of unfolded proteins upon the activation
of the adaptive UPR.46

ER stress is reported to be associated with the upregulation
of multiple signaling pathways. In this study, ER stress
induced the activation of Smad2/3 in HPMCs, and siRNA

Figure 8 Effect of TUDCA on TGF-β1-induced EMT and apoptosis. TGF-β1 (1 ng/ml) induces EMT of HPMCs assessed by cell morphology (48 h) and
altered expression of E-cadherin and α-SMA at 24 and 48 h (a). TGF-β1 also induces apoptosis of HPMCs assessed by FACScan analysis (b) and TUNEL
staining (c) at 48h. TUDCA (300 μM) blocks TGF-β1-induced EMT and apoptosis in HPMCs at 48 h (n= 6). Representative cell morphology, western
blotting, histogram, and TUNEL staining are shown. The numbers in parentheses in the histogram denote the shifts in fluorescence intensity of annexin
V binding. *Po0.05 vs others.
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transfection for silencing Smad2 or Smad3 resulted in a
partial inhibition of ER stress-induced EMT. This finding
suggests that the Smad2/3 pathway activated by ER stress has
a role in the development of EMT of mesothelial cells. The
nuclear localization of β-catenin was also noted in TM- or
TG-treated cells, whereas cell membrane staining was
observed in control cells. The nuclear translocation of
β-catenin is accompanied by an increase in snail, a key
transcription factor that suppresses E-cadherin expression, as

was also observed in TM- or TG-treated cells. There has been
limited data regarding the association of ER stress and
β-catenin mobilization. Raab et al.47 showed that a rapid
accumulation of β-catenin in nucleus by an inhibition of
proteasomal degradation of β-catenin resulted in ER stress
in multiple myeloma cells whereas TG induced nuclear
translocation of β-catenin in renal tubular cells.18 Snail is
known as a transcriptional repressor of E-cadherin which
stimulates EMT. Although cross-talk between β-catenin and

Figure 9 Effect of ER stress preconditioning on TGF-β1-induced EMT and apoptosis. Pre-treatment with TM (0.01 ng/ml) or TG (0.01 nM) for 4 h protects
the cells from TGF-β1-induced EMT in HPMCs at 48 h (a), as well as TGF-β1-induced apoptosis n= 5 (b, c). The representative histogram depicts shifts in
the fluorescence intensity of annexin V binding at 48 h (b). Representative TUNEL staining with quantitation of TUNEL (+) cell (cyan) is shown (c) (n= 3).
pTM or pTG denotes preconditioning with TM or TG. *Po0.05 vs others.
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snail has been speculated, there is no consensus on the
interaction of these two molecules. Previous studies failed to
prove β-catenin-induced upregulation of Snail, rather snail

may upregulate β-catenin degradation and nuclear transloca-
tion. In this study, we have not addressed the mechanism for
interaction of β-catenin and Snail in peritoneal mesothelial
cells, which needs to be further investigated. Importantly,
siRNA for Smad2/3 reduced both the nuclear localization of
β-catenin and Snail expression. Considering the serial
activation of Smad2/3, β-catenin and snail with the effect of
Smad2/3 silencing on the expression of β-catenin and Snail,
the Smad2/3 pathway appears to be an upstream signal to
activate β-catenin and Snail expression in HPMCs exposed to
ER stress. The Smad2/3 pathway is known to be an important
mediator of EMT induced by TGF-β1.48,49 In our study, a
protective effect of TUDCA on TGF-β1-induced EMT was
associated with an amelioration of Smad2/3 activation,
suggesting that the Smad2/3 pathway is a key mediator of
EMT. Tanjore et al.20 also demonstrated an activation of
Smad2/3 in TM-treated alveolar epithelial cells and reported
that either a Smad2/3 inhibitor or siRNA targeting Smad2/3
attenuated EMT of pulmonary alveolar cells.

Another important finding of this study was the
enhanced apoptosis of HPMCs upon ER stress induction.
ER stress is known to trigger cell apoptosis when cells fail to

Figure 10 ER stress and EMT of HPMCs from peritoneal effluent in PD patients. Expression of GRP78/94 is increased in HPMCs isolated from nine
clinically stable PD patients compared with HPMCs from the omentum of nine subjects never exposed to the peritoneal dialysate (a). E-cadherin
expression was decreased in HPMCs from PD patients with increased α-SMA (b). Cleaved Caspase-3 expression is comparable. The quantitation bar
shows the mean expression of each protein in mesothelial cells from the PD effluent and omentum. GRP expression in HPMCs from 14 peritoneal
effluents was correlated with the expression of E-cadherin and α-SMA (c). *Po0.05 vs HPMCs isolated from the omentum.

Table 1 Patient characteristics (n=9)

M:F 6:3

Age (years) 54 ± 18

Duration of PD (months) 36.5 ± 24.9

Percentage having diabetes 44.4

Incidence of peritonitis (episodes/patient-year) 0.35 ± 0.25

Incidence of ESI (episodes/patient-year) 0.31 ± 0.15

Cr (mg/dl) 10.3 ± 5.1

D/PCr 0.67 ± 0.11

D/DoGlucose 0.32 ± 0.10

Glucose exposure (g/day) 125.7 ± 30.5

Ultrafiltration (l/day) 613 ± 320

KT/V (l/week/1.75 m2) 1.84 ± 0.61

nPNA (g/kg/day) 1.01 ± 0.34
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resolve homeostasis in the ER upon excessive or prolonged
ER stress.50,51 In this study, mild ER stress induced by
a low concentration of TM or TG did not induce apoptosis
within 48 h; however, intermediate and high concentrations
of TM or TG increased apoptosis of HPMCs within 12 h.
Importantly, TM- or TG-induced apoptosis was associated
with a persistent activation of CHOP, whereas a low
concentration of TM or TG induced a transient upregulation
of CHOP. As noted, a transient increase in CHOP is not
sufficient to induce significant apoptosis, despite the sustained
activation of UPR under conditions of mild ER stress.19

Apoptosis of HPMCs may also be induced by a CHOP-
independent pathway via the activation of JNK, caspase, or
mitochondrial cytochrome C. Interestingly, in contrast to the
role of smad2/3 in EMT, smad2/3 activation was mediated by
neither ER stress- nor TGF-β1-induced apoptosis in HPMCs
in our study (Supplementary Figures S4 and S6).

Beneficial effect of preconditioning with ER stress was
demonstrated in an animal model of mesangioproliferative
glomerulonephritis.52 ER stress resulting from the application

of a subnephritogenic dose of an ER stress inducer (TM or
TG) induced the adaptive UPR.26,52 Cytoprotection by ER
stress preconditioning was also confirmed in cultured renal
tubular cells exposed to nephrotoxic drugs via the induction
of GRP78 and an enhancement of ER folding capacity.53–55 In
this study, preconditioning targeting ER stress ameliorated
TGF-β1-induced EMT and apoptosis in HPMCs, suggesting
the role of ER as a potential target for protecting the
peritoneal membrane. ER stress preconditioning in HPMCs
may enhance the maturation of protein by enhancing GRP
expression, which resulted in the preservation of peritoneal
membrane integrity. Interestingly, ER stress preconditioning
ameliorated Smad2/3 activation, nuclear translocation of
β-catenin and Snail expression in TGF-β1-treated HPMCs.

We also measured GRP78/94 expression in mesothelial
cells isolated from peritoneal effluents of PD patients.
GRP78/94 expression was significantly increased in the
mesothelial cells of PD patients, suggesting the presence of
ER stress in these patients. Expression of proapoptic cleaved
Caspase-3 was comparable in mesothelial cells isolated from
PD patients and healthy controls. A degree of ER stress was
significantly correlated with EMT (Figure 10), but EMT was
not linked to parameters of peritoneal membrane transport.
Considering the small number of subjects in our study and
the fact that many other clinical parameters, including
peritoneal blood flow, determine the membrane transport
rate, drawing a conclusion about the role of ER stress as one
of the determinants of peritoneal characteristics is difficult.
Nonetheless, the clinical implications of ER stress modula-
tion, including the effect of ER stress blockers on peritoneal
function, need to be determined in PD patients and animal
models of PD. Because our data clearly demonstrated
enhanced ER stress in peritoneum exposed to peritoneal
dialysate, we may speculate on the benefit of ER stress
preconditioning in peritoneal preservation. A temporary
transfer to daytime ambulatory PD with a nocturnal ‘empty
belly’ resulted in an improved peritoneal function, which was
observed as a decrease in D/PCr and the peritoneal fluid
absorption rate.56 The beneficial effect of peritoneal rest on
ultrafiltration capacity in PD patients, as well as an animal
model of PD can be explained by the effect of ER stress
preconditioning.57,58

In conclusion, this study provides the first evidence of ER
stress-induced EMT and apoptosis in HPMCs in a time- and
dose-dependent manner. Both the blocking and precondi-
tioning of ER stress ameliorated TGF-β1-induced EMT and
apoptosis, demonstrating the role of ER stress as an adaptive
response that serves to protect HPMCs against ER stress-
induced apoptosis. Therefore, the modulation of ER stress in
peritoneal mesothelial cells could represent a novel approach
to ameliorate EMT and apoptosis in the pathogenesis of
peritoneal fibrosis.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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