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Glucose Induces ER Stress Response-Mediated Peritoneal Mesothelial Cell Death
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Peritoneal dialysis (PD) fluid, which contains a high concentration of glucose, is involved in 
peritoneal damage after long-term use. The mechanisms through which glucose induces 
damage to the mesothelium have not been clearly elucidated. Although, endoplasmic reticu-
lum (ER) stress response is associated with several diseases, the involvement of ER stress 
in peritoneal damage has not yet been demonstrated. Primary-cultured rat peritoneal 
mesothelial cells (RPMCs) and rat PD model were used to investigate the influence of glu-
cose on the peritoneum. Cells treated with glucose were examined for cytotoxicity, induction 
of apoptosis, and activation of the ER stress pathway. Glucose treatment of RPMCs induced 
cell death at concentrations higher than 3%. Annexin V positive, that is a feature of apopto-
sis, occurred in dead cells. Treatment with glucose led to the activation of protein kinase R-
like ER kinase (PERK) and eukaryotic translation initiation factor-2α (eIF-2α). Glucose also 
induced the expression and nuclear translocation of homologous protein C/EBP. Cell death 
was rescued by the integrated stress response inhibitor, ISRIB, which suppresses the inte-
grated stress response pathway, including ER stress. Glucose in PD fluid induces PERK/
eIF-2α-mediated ER stress in RPMCs, resulting in apoptosis. This cellular stress may cause 
peritoneal damage in patients receiving PD.
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I. Introduction
Peritoneal dialysis (PD) is one of the most beneficial 

treatments for end-stage renal disease. Compared to 
hemodialysis, PD is a home-based therapy and has many 
advantages for the patient’s daily life. However, long-term 
PD has been reported to cause pathological changes in the 
peritoneum, including abrasion of mesothelial cells, hyper-
trophy of mesothelium with fibrosis, angiogenesis, and 
hyalinizing vasculopathy [40, 43].
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Peritoneal mesothelial cells (PMCs) function as a dial-
ysis barrier and regulate local defense mechanisms in the 
peritoneal cavity [15]. During PD therapy, continuous shed-
ding and regeneration of PMCs occurs in response to the 
PD fluid. PD fluid contains non-physiological materials, 
such as high concentrations of glucose, lactate-buffered 
acidic solutions, and glucose degradation products. These 
materials are believed to be toxic to PMCs and are involved 
in dysfunction of the peritoneum as a dialysis membrane [1, 
5, 29, 42]. In particular, the high concentration of glucose 
present in PD fluid functions as an osmotic agent causing 
many adverse effects on PMCs [8, 17]. These damaging 
effects cause a loss of peritoneal ultrafiltration capacity, and 
peritoneal disorders lead to cessation of PD therapy [10, 
22]. Our previous data indicated that glucose inhibits the 
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regeneration process in the damaged monolayer of PMCs 
[26]. However, the detailed mechanisms by which glucose 
induces peritoneal damage have not yet been determined.

The integrated stress response (ISR) is a biological 
function of cells allowing them to adapt to the environmen-
tal stress condition. Four kinases (protein kinase R (PKR), 
PKR-like endoplasmic reticulum kinase (PERK), heme-
regulated inhibitor, and general control non-derepressible 
2) detect different stresses as part of the ISR [3, 20]. 
Although the stress that activates each kinase differs, all 
kinases phosphorylate eukaryotic translation initiation fac-
tor 2α (eIF-2α). eIF-2α is a translation initiation factor and 
many stresses are eventually integrated into a single eIF-2α 
response [28]. Phosphorylated eIF-2α inhibits translation to 
avoid cellular stress. However, specific genes, such as acti-
vating transcription factor 4 (ATF4) and C/EBP homolo-
gous protein (CHOP), are selectively translated and 
respond to stress as transcription factors [9].

Endoplasmic reticulum (ER) stress is an ISR caused 
by over-pooling of unfolded or misfolded proteins in the 
rough ER. To avoid protein over-accumulation, protein syn-
thesis is suppressed by the unfolded protein response, 
which is an ER-possessed protein quality control mecha-
nism. This stress is detected by three transmembrane sig-
naling proteins of the ER, namely PERK, inositol-requiring 
kinase 1, and ATF6. Stress from unfolded proteins stimu-
lates kinase activity, leading to phosphorylation of eIF-2α. 
If the stress is sufficiently strong to activate ATF4, cells 
undergo apoptosis that is mediated by the induction of 
another transcription factor, CHOP [18, 19, 23]. Activated 
CHOP translocated into nucleus to modulate its function.

To prevent withdrawal from PD therapy, it is impor-
tant to overcome the peritoneal damage caused by the con-
tent of PD fluid through understanding the mechanism. 
However, the effect of ER stress on PMCs treated with PD 
fluid has not yet been determined. Therefore, we designed 
the present study to identify the influence of glucose on rat 
PMCs (RPMCs) and to investigate the effects of a small 
molecule inhibitor of ISR (i.e., ISRIB) that inhibits the ISR 
after phosphorylation of eIF-2α, on mesothelial cell dam-
age.

II. Materials and Methods
Materials

ISRIB was purchased from Sigma-Aldrich (St. Louis, 
MO, USA).

Cell culture
RPMCs were obtained from 9-week-old Wistar rats 

(Kyudo, Japan) using a standard digestion method [11, 37, 
39]. Cells were cultured in low glucose (0.1%) Dulbecco’s 
modified Eagle’s medium (Nacalai Tesque, Kyoto, Japan) 
containing 10% fetal bovine serum (Nichirei Bioscience, 
Tokyo, Japan), and maintained at 37°C in a humidified 
atmosphere of 5% CO2 and 95% air. Cells were identified 

as RPMCs by their cobblestone-like appearance and the 
expression of mesothelial markers such as HBME-1 and 
cytokeratin [37].

Measurement of cell viability by the WST-1 assay
Glucose-induced cytotoxicity was analyzed using the 

WST-1 assay (Roche, Basel, Switzerland). This assay 
detects the activity of living cells and the absorbance value 
reflects cell viability. RPMCs grown in 96-well plates were 
treated with various concentrations of ISRIB and 4% glu-
cose (Nacalai Tesque) for 24 hr. Ten microliters of WST-1 
solution were then added to the culture medium in each 
well, and the cells were incubated for 30 min at 37°C. The 
absorbance of each sample was measured at 405 nm using a 
microplate reader (Model 680; Bio-Rad, Hercules, CA, 
USA).

Flow cytometry analysis
Apoptotic cell death was evaluated using an Annexin 

V-FITC kit system for detection of apoptosis (Beckman 
Coulter, Marseille, France). RPMCs treated with various 
concentrations of glucose were collected and diluted in ice-
cold binding buffer to 5 × 105 cells/ml. Cells were stained 
with 5 μl of 5 μg/ml Annexin V and 2.5 μl of 250 μg/ml 
propidium iodide (PI) to each 100 μl of cell suspension for 
10 min in the dark. The samples were diluted 5-fold with 
binding buffer, and analyzed with Cell Analyzer EC800 
and ec800 version 1.3.6 software (Sony Biotechnology, 
Tokyo, Japan).

SDS-PAGE and western blotting
RPMCs were serum-starved for 1 hr, then incubated 

with various concentrations of glucose or glycerol. The 
cells were washed twice with phosphate-buffered saline 
(PBS) and scraped into lysis buffer containing protease 
(cOmplete Mini, Roche) and protein phosphatase inhibitors 
(Sigma-Aldrich) in PBS. Twelve micrograms of each sam-
ple were separated by SDS-PAGE and transferred to 
Immobilon-P polyvinylidene difluoride membranes (EMD 
Millipore, Bedford, MA, USA). The membranes were incu-
bated for 2 hr at 20–22°C in a 5% PhosphoBLOCKER 
solution (Cell Biolab, San Diego, CA, USA) in PBS con-
taining 0.05% Tween-20 (PBS-Tween), then incubated for 
16 hr at 4°C in PBS-Tween with specific antibodies. Anti-
eIF-2α mouse monoclonal, anti-phospho (Ser-51)-eIF-2α 
rabbit monoclonal, and anti-CHOP mouse monoclonal anti-
bodies were obtained from Cell Signaling Technology 
(Boston, MA, USA). Anti-PERK and anti-phospho 
(Thr981)-PERK rabbit polyclonal antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). The anti-β-actin mouse monoclonal antibody was 
from Sigma-Aldrich. The membranes were washed four 
times in PBS-Tween for 30 min and incubated for 1 hr at 
20–22°C in PBS-Tween containing horseradish peroxidase-
conjugated anti-rabbit IgG or anti-mouse IgG secondary 
antibodies. After the membranes were washed, proteins that 
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interacted with the antibodies were visualized using Amer-
sham ECL Prime detection buffer (Cytiva, Logan, UT, 
USA). Immunopositive bands were scanned and their inten-
sities quantified using ImageJ software (National Institute 
of Health, Bethesda, MD, USA).

Immunocytochemistry
For immunocytochemical studies, RPMCs were cul-

tured on coverslips. After appropriate treatments, the cover-
slips were placed in 3.7% formalin in PBS for 20 min at 
4°C and permeabilized in methanol for 20 min at −20°C. 
The coverslips were blocked with 4% bovine serum albu-
min (BSA) in PBS (BSA-PBS) for 20 min, then incubated 
for 45 min at 20–22°C with an anti-CHOP antibody diluted 
1:50 in blocking solution. After three washes with PBS for 
20 min, they were incubated for 45 min with Alexa Fluor 
546-labeled goat anti-mouse IgG (Invitrogen, Carlsbad, 
CA, USA) diluted 1:150 in 4% BSA-PBS. After three 
washes with PBS, the coverslips were mounted with a 4',6-
diamidino-2-phenylindole (DAPI)-containing mounting 
solution and analyzed using a fluorescence microscope 
(Axioskop 2 plus; Carl Zeiss, Göttingen, Germany).

Animal model for PD
A PD rat model was established previously [16]. 

Briefly, 8-week-old male Wistar rats were instilled 
intraperitoneally twice a day for 8 weeks with 20 ml of 
lactate-buffered glucose contained PD fluid (Dianeal® 

PD-4 4.25; Baxter Healthcare, Tokyo, Japan). The animals 
were anesthetized by intraperitoneal injection of a mixture 
of medetomidine, midazolam, and butorphanol, followed 
by dissection of intact peritoneal tissues for morphological 
analysis. The research protocol was approved by the Ethics 
Committee of the University of Occupational and Environ-
mental Health and was carried out in accordance with the 
University of Occupational and Environmental Health Ani-
mal Experimentation Regulation (institutional review board 
approval number AE-20-010).

Immunohistochemistry
Samples were fixed for 16 hr at 4°C with 4% 

paraformaldehyde in 0.1 M sodium phosphate buffer (pH 
7.4), washed with the same buffer, dehydrated in a graded 
series of ethanol concentrations followed by xylene, then 
embedded in paraffin wax (Histosec® pastilles, Merck 
KGaA, Darmstadt, Germany). Thin sections (5 μm) were 
cut using a microtome. For detection of eIF-2α, deparaf-
finized sections were immersed in 10 mM citrate buffer and 
microwaved for 20 min at 800 W (MicroMed T/T; Mile-
stone, Sorisole, Italy). After antigen retrieval, the sections 
were blocked with 1% BSA-PBS for 1 hr at 20–22°C. 
These sections were then incubated for 16 hr at 4°C with 
anti-eIF-2α and anti-phospho-eIF-2α antibodies diluted 
1:100 in 1% BSA-PBS. After three washes with PBS, the 
indirect immunoperoxidase method (Histofine Simple Stain 
Rat MAX-PO-Multi; Nichirei Bioscience) was applied to 

the sections. The sections were then treated for 7 min with 
a freshly prepared solution of 0.1 mg/ml 3, 3′-
diaminobenzidine (DAB) in 50 mM Tris-HCl buffer (pH 
7.6) containing 0.05% hydrogen peroxide to visualize 
eIF-2α and further stained with hematoxylin. The speci-
ficity of immunoreactivity was confirmed by replacing the 
primary antibodies with 1% BSA-PBS.

Statistical analysis
Data are expressed as means ± standard deviation. Sta-

tistical differences were assessed using the Dunnett’s test. 
Statistical significance was set at p < 0.05.

III. Results
Glucose induces cytotoxicity on RPMCs

Cytotoxicity was measured using the WST-1 cell via-
bility assay to examine the influence of glucose on RPMCs. 
Figure 1 shows that treatment with up to 5% glucose 
induced cytotoxicity in RPMCs in a concentration-
dependent manner. With 5% glucose treatment, cell viabil-
ity was reduced to 48% of that in the control cultures. We 
measured the pH of the cell culture medium and found no 
significant differences between the various treatments (data 
not shown).

To determine whether glucose-induced cytotoxicity 
could be attributed to apoptosis, we examined RPMCs 
stained with DAPI after 24 hr of glucose treatment. RPMCs 
in the control culture had round nuclei with homogenous 
chromatin (Fig. 2A). In the culture treated with 4% glucose, 
chromatin condensation and micronuclei formation 
occurred (Fig. 2B). Cell size was evaluated using forward 
scattered light and PI staining analysis with flowcytometry 
(Fig. 3A). The number of cells with intact cell membranes, 
negative PI, and small FS values indicating small cell size 

Influence of glucose on rat peritoneal mesothelial cell (RPMC) 
viability. RPMCs were treated with various concentrations of glucose 
for 24 hr and cell viability was determined using the WST-1 assay. 
Results are expressed as percentages of the control (means ± SD; n = 
6). *Significantly different from the control; p < 0.05.

Fig. 1. 
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increased from 45.2% in control to 77.5% in cells treated 
with glucose 4%.

To further characterize apoptotic cell death, we 
assessed the staining of Annexin V and PI with flowcytom-

Nuclear fragmentation revealed by 4',6-diamidino-2-
phenylindole (DAPI) staining. Rat peritoneal mesothelial cells were left 
untreated (A) or treated with 4% glucose for 24 hr (B). The cells were 
then stained with DAPI. Glucose treatment resulted in nuclear 
fragmentation. Bar = 10 μm.

Fig. 2. 

Analysis of glucose treated RPMCs using Flow cytometry. (A) 
The cell size was evaluated using forward scatter (FS) and propidium 
iodide (PI) staining analysis. (B) Detection of apoptosis with annexin V 
and PI staining.

Fig. 3. 

etry (Fig. 3B). The number of cells with intact plasma 
membrane, negative PI, and positive Annexin V, due to 
phosphatidylserine translocation to the outer layer of the 
plasma membrane, increased from 13.0% in control cells to 
58.4% in cells treated with glucose of 4%.

Glucose stimulates the phosphorylation of PERK and eIF-2α
The PERK-eIF-2α cascade is a pathway controlled by 

its phosphorylation state and is associated with stress-
induced apoptosis in the ER. To investigate whether the 
levels of active PERK were increased by glucose treatment, 
we examined the activated (i.e., phosphorylated) form of 
PERK by western blotting using an anti-phospho-PERK 
antibody. Treatment with glucose concentrations higher 
than 2% for 24 h increased phosphorylation of PERK (Fig. 
4).

The phosphorylation level of eIF-2α was also analyzed 
by western blotting using an anti-phospho-eIF-2α antibody. 
After incubating the RPMCs for 24 hr with up to 4% glu-
cose, the phosphorylation level of eIF-2α increased, while 
that of the non-phosphorylated form decreased (Fig. 5A). 
Thus, the ratio of phosphorylated to non-phosphorylated 
eIF-2α increased. In RPMCs subjected to osmotic loading 
by glycerol, eIF-2α phosphorylation was oppositely 
decreased (Fig. 5B).

Glucose induces CHOP translocalization
To examine whether glucose treatment altered CHOP 

expression, we incubated RPMCs with various concentra-
tions of glucose for 24 hr. CHOP protein expression was 
shown to increase in a concentration-dependent manner by 
western blotting (Fig. 6A). To examine whether treatment 
with glucose altered the cellular localization of CHOP, we 
incubated RPMCs with 4% glucose for 24 hr and detected 
this protein with immunofluorescence using an anti-CHOP 
antibody. In control cells, CHOP was observed mostly in 
the cytoplasm, with only a weak reaction in nuclei (Fig. 
6B). In contrast, cells treated with 4% glucose showed 
intense fluorescence in nuclei (Fig. 6C).

Effects of an ISR inhibitor on the cytotoxicity of glucose
Figure 7 shows that the treatment of cells with ISRIB 

Protein kinase R-like ER kinase (PERK) expression and 
phosphorylation after glucose treatment. The expression of PERK and 
its phosphorylated form were analyzed in glucose-treated rat peritoneal 
mesothelial cells. Cells were treated with glucose for 24 hr at the 
indicated concentrations. The intensities of the immune positive bands 
from the blot were quantified and compared with those of the control 
using ImageJ software.

Fig. 4. 

10 Nakamata et al.



ameliorated the glucose-induced cytotoxicity in a 
concentration-dependent manner. The viability of cells 
treated with glucose alone was 60% of the control cells, 
while further addition of 100 nM ISRIB increased the via-
bility to approximately 94% of control cells.

In vivo activation of eIF-2α
To determine the role of eIF-2α in the mesothelium in 

Eukaryotic translation initiation factor-2α (eIF-2α) expression 
and phosphorylation after treatment. The expression of eIF-2α and its 
phosphorylated form were analyzed in rat peritoneal mesothelial cells. 
Cells were incubated with various concentrations of glucose (A) or 
glycerol (B) for 24 hr. Intensities of the immune-positive bands of the 
blot were quantified and compared to the control using ImageJ software.

Fig. 5. 

Homologous protein C/EBP (CHOP) expression after glucose 
treatment. (A) Rat peritoneal mesothelial cells (RPMCs) were 
incubated for 24 hr with various concentrations of glucose. CHOP 
expression levels were analyzed by western blotting. Subcellular 
localization of CHOP in RPMCs incubated for 24 hr without (B) or 
with (C) 4% glucose was analyzed by immunocytochemistry using 
antibodies against CHOP (Bar = 10 μm). CHOP (green) and 4',6-
diamidino-2-phenylindole (DAPI) (blue) staining were merged. The 
blue channel was replaced with the red channel to improve 
visualization.

Fig. 6. 

vivo, we performed an immunohistochemical analysis of 
activated eIF-2α in a PD model rats. As shown in Figure 8, 
eIF-2α was expressed in mesothelial cells and localized in 
the thin cytoplasm (Fig. 8A). To investigate whether the 
level of active eIF-2α could be increased by glucose con-
tained PD fluid treatment, we examined the phosphorylated 
form of eIF-2α by immunohistochemistry. PD fluid induced 
mesothelial cell heightening and hyperplasia of sub-
mesothelial connective tissue (Fig. 8 D-F). The glucose 
contained PD fluid treatment increased the expression of 
eIF-2α phosphorylated form (Fig. 8 E arrowheads) in 
mesothelial cells. Phosphorylation of eIF-2α in peritoneal 
mesothelial cells was weak in icodextrin contained PD fluid 
treatment (Supplemental Fig. 1). These in vivo results indi-
cate that eIF-2α is expressed in mesothelial cells and is 
phosphorylated after treatment with glucose contained PD 
fluid.

IV. Discussion
In the present study, we demonstrated that treating 

RPMCs with glucose induced apoptotic cell death mediated 
by the ER stress pathway. Three pathways are activated by 
ER stress, the PERK, ATF6, and inositol-requiring kinase 1 
pathways. We focused on the PERK pathway in this study.

ER stress is associated with the development of vari-
ous diseases such as diabetes mellitus, liver disease, neu-
rodegenerative diseases, rheumatic disease, and 
atherosclerosis [19, 24, 25, 27, 36, 38]. ER stress is also 
associated with renal diseases involving glomerular, tubu-
lar, ischemic, and drug injuries [14, 21, 30, 41]. Comple-
ment component 5–9 complex assembled with glomerular 
epithelial cells stimulates ER stress and leads to glomerular 
epithelial cell injury in an experimental passive Heymann 
nephritis model of membranous nephropathy [6]. The sig-
nal is also activated in a rodent model of mesangial prolif-

Effect of ISRIB on the cytotoxicity of glucose. Rat peritoneal 
mesothelial cells treated with 4% glucose were also added with various 
concentrations of ISRIB for 24 hr. Cell viability was determined using 
the WST-1 assay. Results are expressed as percentages of the control 
(means ± SD; n = 6). *Significantly different from the control; p < 0.05.

Fig. 7. 
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erative glomerulonephritis, anti-thy1 nephritis [13]. 
Although high glucose concentrations and glycoxidation 
end products induce apoptosis and inhibit growth in peri-
toneal cells [2, 12], the clinical significance of ER stress 
generated after the use of glucose-contained PD fluids 
remains unknown.

In this study, RPMCs were cultured in high glucose-
containing medium, and the phosphorylation levels of 
PERK and eIF-2α were analyzed by western blotting. 
Expression of the activated form of PERK (phospho-
PERK) and CHOP were increased by treatment with glu-
cose at concentrations that induced apoptosis in RPMCs 
subsequently. We also used glycerol to reveal the effect of 
osmotic pressure. Glycerol 2.5% produces an osmotic pres-
sure of approximately 540 mOsm/kg, higher than the 
osmotic pressure of 486 mOsm/kg produced by Dianeal D 
4,25% [7]. The treatment of RPMCs with glycerol did not 
cause phosphorylation of eIF-2α. In vivo experiment, 
icodextrin contained PD fluid induced less eIF-2α phospho-
rylation comparing to glucose contained PD fluid-treated 
rats. The induction of ER stress by high concentrations of 
glucose was thought to be due to the chemical properties of 
glucose, not osmotic pressure. These data suggest that ER 
stress mediated by the PERK-eIF-2α pathway plays a key 
role in the process of glucose-induced apoptotic cell death 
in peritoneal mesothelium.

ISRIB is a small-molecule compound found to be a 
potent ISR inhibitor [33]. ISRIB blocks the ISR by stabiliz-
ing eIF2B subunits and inhibiting the binding of phospho-
eIF-2α to eIF2B [35, 44]. With this mechanism, ISRIB 
inhibits the downstream reaction of activated eIF-2α. This 
substance improves long-term memory and has an 
inhibitory effect on the assembly of stress granules [31, 
34]. ISRIB also improves several diseases such as 

Alzheimer’s disease, traumatic brain injury, and vanishing 
white matter disease [4, 34].

Excessive amounts of phospho-eIF-2α induce CHOP 
expression resulting in the induction of apoptosis. In the 
present study, ISRIB prevented cell death, even when 
eIF-2α phosphorylation was capable of inducing apoptosis. 
ISRIB alone did not induce cytotoxicity in RPMCs (unpub-
lished data), but inhibited glucose-induced apoptosis 
through an eIF-2α phosphorylation-dependent mechanism.

Our study provides evidence that glucose induces 
apoptosis in PMCs through ER stress; specifically, by acti-
vating the PERK-eIF-2α pathway and inducing CHOP 
expression. Our data also show that ISRIB suppresses 
glucose-induced ER stress-mediated cell death. Although 
we did not examine an effect of ISRIB in vivo animal 
model, the suppression would explain the efficacy of ER 
stress inhibitors in reducing peritoneal cell damage during 
PD therapy. Modulation of ER stress ameliorates the 
epithelial-to-mesenchymal transition and cell death in the 
mesothelium [32]. In the present study, ISRIB suppressed 
glucose-induced cell death. The recovery suggesting that 
inhibition of glucose-induced ER stress might benefit 
patients receiving PD therapy through preservation of the 
peritoneum.
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Eukaryotic translation initiation factor-2α (eIF-2α) expression in rat peritoneum. Immunohistochemical analysis were performed on sections of 
the control (A–C) and glucose contained peritoneal dialysis fluid-treated (D–F) rat peritoneum. Sections were analyzed by immunohistochemistry using 
antibodies against eIF-2α (A, D) or phospho-eIF-2α (B, E). For negative control, the primary antibodies replaced with 1% BSA-PBA (C, F). Bars = 
40 μm.

Fig. 8. 
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