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Abstract

Objective: Sepsis-associated encephalopathy (SAE) is a common complication of sepsis, and
excessive endoplasmic reticulum (ER) stress is closely correlated with the cell injury caused by
sepsis. This study aimed to analyze the possible role of ER stress in SAE cell models.
Methods: PCI2 and MES23.5 cells were treated with increasing concentrations of lipopolysac-
charides (LPS). The Cell Counting Kit-8 assay was used to detect cell viability and terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was performed to
assess cell apoptosis. In addition, the protein expression levels of ER stress markers [GRP78,
CHOP, inositol-requiring enzyme | (IREI), and PKR-like ER kinase (PERK)] and apoptosis-related
proteins (Bax, Bcl-2, caspase-3, and cleaved caspase-3) were analyzed using western blotting.
Results: LPS treatment activated ER stress markers in both the PCI2 and MES23.5 cells. The
overexpression of GRP78 significantly reduced cell viability and enhanced cell apoptosis in a time-
dependent manner. An ER stress inhibitor, 4-PBA, significantly enhanced cell viability and inhibited
the cell apoptosis induced by LPS. Therefore, an enhanced unfolded protein response (UPR) and
UPR suppression may regulate cell apoptosis.

Conclusions: UPR was shown to be involved in regulating LPS-induced neuron injury. UPR could
be a potential therapeutic target in SAE.
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Introduction

Sepsis-associated encephalopathy (SAE) is
a common complication of sepsis and is a
state of brain dysfunction induced by a sys-
temic inflammatory response.'? The high
levels of endotoxin and inflammatory fac-
tors released during the systemic inflamma-
tory response disrupts the integrity of the
blood-brain barrier (BBB) and leads to
increased BBB permeability, which, in
turn, is involved in the development of
SAE. A previous study has shown that
brain dysfunction is an important factor
in the poor prognosis of sepsis patients.?
The pathogenesis of sepsis is not yet fully
understood. At present, it is considered to
be related to a combination of BBB dys-
function, inflammatory factors, oxidative
stress, apoptosis, and mitochondrial dys-
function.*> The main pathological changes
in SAE are neuronal injury, mitochondrial
swelling, and apoptosis. Excessive endo-
plasmic reticulum (ER) stress is closely cor-
related with the cell injury caused by
sepsis.’® ER stress is thought to be caused
by physiological or pathological processes
that disrupt native protein folding in the
ER, leading to the wunfolded protein
response (UPR), which is one response to
cellular stress.” However, excessive UPR
response beyond cell adaptation contributes
to cell apoptosis.® Thus, the maintenance of
ER stress at normal levels plays a vital role
in reducing the tissue injury caused by
sepsis.”  Glucose-regulated protein 78
(GRP78), which belongs to the HSP70
family of molecular chaperones, is constitu-
tively expressed in the ER lumen and is
involved in the folding and trafficking of
secretory and transmembrane proteins.'”
Overall, GRP78 plays a key role in regulat-
ing UPR response in cells during ER stress.
Lipopolysaccharides (LPS) damage the
endothelial permeability, destroy the integ-
rity of the BBB, and impair the rough ER,
further increasing the accessibility of

neurotoxins to the brain.!' In clinical
models of sepsis, the brain tissue remains
under oxidative stress for a relatively long
time after sepsis is induced by cecal ligation
and perforation,'” and several studies have
implied that ER stress may interact with
oxidative stress.'>'® Therefore, we specu-
lated that ER stress may play a role in the
impairment of nerve cells in SAE. PC12
cells are widely used to investigate the neu-
ronal cell fate induced by sepsis,'”"'® and
proteomic analysis has shown that the pro-
teins associated with ER stress are signifi-
cantly regulated when PCI2 cells are
stimulated by LPS.'® Therefore, the present
study aimed to investigate the role of ER
stress in SAE cell models and the mecha-
nisms through which ER stress damages
cells.

Materials and Methods

Cell lines

PC12 cells (ATCC, Manassas, VA, USA)
were cultured in high-glucose Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco
Cell Culture, Carlsbad, CA, USA) contain-
ing 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin at 37°C with 5%
CO,. MES23.5 cells (BlueBio, Yantai,
China) were cultured in DMEM/FI2
medium (Gibco Cell Culture) containing
5% FBS, Sato’s solution, and 1% penicil-
lin—streptomycin at 37°C with 5% CO,
(Biowest, Riverside, MO, USA). The
medium was replaced with serum-free
DMEM 2 hours before LPS intervention.
Cells were treated with increasing concen-
trations of LPS (0.1, 1, 10, and 50 pg/mL)
for 0, 24, or 72 hours.

CCK-8 assay

Cells were cultured in a 96-well plate. After
plasmid transfection for 24 or 72 hours fol-
lowed by LPS treatment, the medium was
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replaced with Cell Counting Kit-8 (CCK-8)
solution (10puL.  per well; Beyotime,
Shanghai, China). After incubation for
2 hours at 37°C, the absorbance of each
well was detected at a wavelength of
450 nm.

Western blots

The cells were washed twice with pre-cooled
phosphate-buffered saline (PBS) and then
lyzed for 20 minutes with RIPA Lysis
Buffer containing protease inhibitor
(Biorbyt, Cambridge, UK) and then centri-
fuged at 12,000 rpm at 4°C for 20 minutes.
The absorbance of each lysate was detected
at a wavelength of 562 nm. Total protein
was quantified using the bicinchoninic acid
protein quantification method with refer-
ence standards. The marker (6 pL) or pro-
tein sample (20 pL) was added to each lane.
The target proteins were separated by
sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and then transferred to a
polyvinylidene difluoride membrane. The
membranes were blocked with 5% bovine
serum albumin for 2 hours and washed
three times with PBS containing Tween
20 (TBST) for 10 minutes per wash. The
membranes were subsequently incubated
with the primary antibody overnight at

4°C  (rabbit anti-GRP78, abl08615,
1:5,000; rabbit anti-CHOP, abl179823,
1:1,000; rabbit anti-PERK, ab229912,

1:1,000; rabbit anti-Bax, ab32503, 1:1,000;
rabbit anti-Bcl-2, ab59348, 1:5,000; rabbit
anti-caspase-3, ab13847, 1:500; rabbit
anti-IRE1, ab48187, 1:2,000; rabbit anti-
GADPH, ab8245, 1:200; all sourced from
Abcam PLC, Cambridge, UK). The mem-
brane was then washed three times with
TBST and incubated with a horseradish
peroxidase-conjugated secondary antibody
(goat anti-rabbit IgG, ab97051, 1:20,000;
Abcam) for 2 hours. An electrochemilumi-
nescence solution was prepared and used to
visualize the protein bands. Image analysis

was performed with Image Lab software
(Bio-Rad, Hercules, CA, USA).

Plasmid transfection

Two plasmids with different promoter
regions for the overexpression of GRP78
(OverExp GRP78-1 and OverExp GRP78-
2) were constructed by Shanghai Hewu
Biotechnology (Shanghai, China). The plas-
mids were transfected into the PC12 and
MES23.5 cells with Lipofectamine 2000
(Thermo Fisher Scientific, Rockford, IL,
USA) according to manufacturer’s proto-
col. Briefly, the plasmids were gently pre-
mixed with Lipofectamine 2000. The
medium in each well of a 96-well culture
plate containing PC12 or MES23.5 cells
was absorbed and discarded, and 2 mL of
serum-containing DMEM was added to
each well. The plasmid and Lipofectamine
2000 mixtures were then added to each well.
After 48 hours of transfection, real-time
PCR (RT-PCR) and western blotting were
used to evaluate the transfection efficacy.

RT-PCR

Total RNA was extracted with the TRI
Reagent solution (Applied Biosystems,
Foster City, CA, USA) and the genomic
DNA was removed using DNase I
(Qiagen, Inc., Shanghai, China). The
RNA was reverse-transcribed into cDNA
using the Transcriptor First Strand cDNA
Synthesis Kit (Roche, Basel, Switzerland).
GRP78 mRNA was amplified with the
SYBR Green PCR Master Mix Kit
(Applied Biosystems). The PCR reaction
system contained 10 pL master mix, 1.6 puL
primer mix, 2pl ¢cDNA template, and
6.4uL ddH,O The relative expression of
GPR78 mRNA was quantified with the
27AACt method. The assay was repeated in
triplicate. GADPH was used to normalize
the mRNA levels.
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TUNEL staining

Cells were analyzed for apoptosis through
staining with a terminal deoxynucleotidyl
transferase dUTP nick end Iabeling
(TUNEL) kit in accordance with the man-
ufacturer’s guidelines (TUNEL Apoptosis
Detection Kit; Beyotime). The cells were
collected and washed with PBS, then fixed
with 4% paraformaldehyde for 30 minutes,
followed by incubation with 0.3% Triton
X-100 at room temperature for 20 minutes.
The biotin-labeled dUTP solution was pre-
pared and incubated with the cells at 37°C
for 60 minutes. The reaction termination
solution was added, and after incubation
for 10 minutes, the cells were washed three
times with PBS. The DAB solution (0.5mL)
was then added to develop color, and sub-
sequently, the hematoxylin staining solu-
tion was employed to stain the cells.

Statistical analysis

GraphPad PRISM 7 (GraphPad Software,
Inc., La Jolla, CA, USA) was used for sta-
tistical analysis. The t-test and analysis of
variance (ANOVA) were used for compar-
isons between groups and among groups,
respectively. P < 0.05 was considered statis-
tically significant. Data are shown as the
mean =+ standard deviation (SD). All experi-
ments were repeated in triplicate.

This study was approved by the ethics
committee of the Ningbo Hospital of
Traditional Chinese Medicine affiliated to
Zhejiang Chinese Medical University

Results

LPS significantly reduces neuron viability

PC12 and MES23.5 cells were stimulated
with different concentrations of LPS for 0,
24, or 72 hours. Neuron viability in both
cell lines was significantly reduced
(P<0.05 to P<0.001 versus lower
LPS concentrations or the control) in a

time- and  dose-dependent  manner
(Figure la, b). This LPS-induced reduction
in cell viability was more obvious in the
MES23.5 cells than the PC12 cells. Next,
we evaluated the level of ER stress induced
in these SAE cell models after 72 hours of
treatment with different concentrations of
LPS, using GRP78 as a marker of ER
stress. We found that the expression levels
of GRP78 were significantly increased
(P<0.05 to P<0.001 versus lower LPS
concentrations or the control) in a dose-
dependent manner (Figure lc, d), indicating
that UPR was markedly enhanced in both
cell lines following LPS treatment. Again,
these effects were more evident in the
MES23.5 cells.

UPR regulates neuron viability

The plasmids overexpressing GRP78
(OverExp GRP78-1 and OverExp GRP78-
2) were transfected into PC12 and MES23.5
cells. The overexpression of GRP78 was sig-
nificantly higher (P<0.01 to P<0.001)
with the OverExp GRP78-1 plasmid than
the OverExp GRP78-2 plasmid in both
cell lines based on the GRP78 protein
(Figure 2a, b) and mRNA (Figure 2c, d)
levels. Thus, the OverExp GRP78-1 plas-
mid was used in all subsequent experiments.
The overexpression of GRP78 significantly
reduced (P < 0.01 to P<0.001) the cell via-
bility of the PC12 and MES23.5 cells com-
pared with the model group (LPS treatment
alone) in a time-dependent manner (Figure
2e, f), implying that enhanced UPR led to
decreased cell viability. An ER stress inhib-
itor, 4-PBA.' significantly increased
(P <0.05) the cell viability of the two cell
lines in a time-dependent manner compared
with the model group (Figure 2e, f), sug-
gesting that decreased UPR enhanced cell
viability. Thus, UPR induced by LPS may
regulate cell viability in a time-dependent
manner.
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Figure 1. Cell viability and GRP78 expression levels in PC12 and MES23.5 cell models following treatment
with lipopolysaccharides (LPS). (a, b) The Cell Counting Kit-8 assay was used to evaluate the cell viability in
PC12 and MES23.5 cells, respectively, following treatment with increasing concentrations of LPS for 0, 24, or
72 hours. LPS significantly reduced the cell viability in a time- and dose-dependent manner. (c, d) Western
blot analysis of GRP78 expression in PCI2 and MES23.5 cells, respectively, following treatment with
increasing concentrations of LPS. LPS significantly decreased GRP78 expression in a dose-dependent
manner. Data represent the mean 4 SD, n=3. *P<0.05 vs. 10 ug/mL LPS. A8P<0.01, 244P<0.001 vs.

| pg/mL LPS. #P<0.05, ##P<0.001 vs. 0.1 ug/mL LPS. *P<0.05 vs. control

UPR regulates neuron apoptosis

We next used the GRP78-1 overexpression
plasmid to evaluate the effects of UPR on
cell apoptosis through TUNEL staining.
The overexpression of GRP78 significantly
enhanced (P < 0.001) cell apoptosis in both
the PC12 and MES23.5 cells compared with
the Model+Ov-NC group (Figure 3a, b).
Moreover, 4-PBA intervention significantly
ameliorated (P <0.001) the effects of LPS
on cell apoptosis. These results suggest that
LPS induces UPR and further facilitates
cell apoptosis.

UPR regulates the apoptotic pathway

The expression levels of the ER stress
sensor, PERK, and the pro-apoptosis

protein, CHOP, were significantly increased
(P<0.05) in both cell lines and MES23.5
only, respectively, by GRP78 overexpres-
sion compared with the Model+Ov-NC
group (Figure 4a, b). CHOP has been
reported to regulate the Bcl-2 protein
family,'"* and the overexpression of
GRP78 led to significant reductions
(P<0.01 to P<0.001) in the expression of
Bcl-2. The expression of another pro-
apoptosis protein, cleaved caspase-3, was
also significantly increased (P<0.01 to
P <0.001) relative to the Model+OV-NC
group (Figure 4c, d). In most cases, treatment
with 4-PBA ameliorated the changes in pro-
tein expression induced by LPS. Therefore,
the results suggested that UPR induces cell
apoptosis through the apoptotic pathway.
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Figure 2. Cell viability and GRP78 expression
levels in PC12 and MES23.5 cells transfected with
GRP78 overexpression plasmids and treated with
lipopolysaccharides (LPS). (a, b) Western blot
analysis of GRP78 expression. (c, d) Reverse-tran-
scription PCR analysis of GRP78 mRNA expres-
sion. Control, no plasmids; Ov-NC, plasmid lacking
the GRP78-I insert; OverExp GRP78-1 and
OverExp GRP78-2, plasmids overexpressing
GRP78. #¥P < 0.001 vs. Ov-NC. *P < 0.01 vs. Ov-
GRP78-1. (e, f) The overexpression of GRP78 and
treatment with the endoplasmic reticulum stress
inhibitor, 4-PBA (100 puM), affected the viability of
PC12 and MES23.5 cells induced by LPS (I pg/mL).
Control, no LPS treatment or plasmid; Model, LPS
treatment only; Model4+-Ov-NC, LPS treatment
plus negative-control plasmid (no GRP78 insert);
Model+Ov-GRP78, LPS treatment plus GRP78-1
overexpression plasmid; Model+-4-PBA, LPS plus
4-PBA treatment. Data represent the mean = SD,
n=3.7P <0.05, P <001, #*P <0.001 vs.
Model+Ov-NC. *P < 0.01, P < 0.001| vs. control.

Discussion

PCI12 cells are a clonal cell line from rat
adrenal medulla pheochromocytoma, and
these cells can differentiate morphologically
into sympathetic neurons with nerve
growth factor inducement.”® This cell
model is frequently used in the in vitro
study of SAE. MES23.5 is a dopaminergic
neuron cell line that is typically used in the
in vitro study of Parkinson’s disease. Studies
have demonstrated that sepsis-induced
inflammation and damage to the nervous
system is one factor contributing toward
the pathogenesis of Parkinson’s disease.?'**

We used LPS pretreatment to induce
inflammatory reactions in these nerve cells
to establish SAE cell models based on an
inflammatory state. In the present study,
cell apoptosis was induced by LPS in a
dose-dependent manner as described previ-
ously,'® and we showed that the overexpres-
sion GRP78 markedly reduced cell viability
and augmented cell apoptosis in both cell
lines in a time-dependent manner, implying
that amplified ER stress induces nerve
cell injury following exposure to LPS.
The reverse was also shown, in that the
inhibition of ER stress promoted the sur-
vival of cells following LPS induction.

The expression levels of several UPR
markers (GRP78, CHOP, and PERK) also
presented upregulation in LPS-induced
PC12 and MES23.5 cells, suggesting that
depending on the dose of LPS used, LPS-
induced ER stress can lead to cell apoptosis
instead of promoting cell adaptation. This
is in agreement with the findings of a previ-
ous study,23 which indicated that LPS indu-
ces ER stress through binding to TLR4 and
activating a pro-inflammatory response in
granulosa cells, implying the involvement
of TLR4 in mediating ER stress in LPS-
induced PCI12 and MES23.5 cells.
However, the role of TLR4 in ER stress
deserves further study.
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4-PBA. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was used for analysis.
Apoptotic cells are stained brown. Control, no LPS treatment or plasmid; Model, LPS treatment only;
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control. ##P < 0.001 vs. Model+Ov-NC.

The expression levels of GPR78, CHOP,
PERK, and IREIl are closely correlated
with cell apoptosis.”**> The PERK signal-
ing pathway is activated in the early stages
of ER stress, during which it protects the
cells by inhibiting protein synthesis.
PERK is also implicated in the promotion
of cell apoptosis through the induction of
CHOP expression under prolonged ER
stress.”® IREl is associated with JUN
N-terminal kinase (JNK) activation, which
regulates the activities of several apoptosis-
related proteins.*®?’ Under normal condi-
tions, PERK and IRE1 bind to GRP78 in
the ER lumen to form inactive complexes.
During ER stress, these proteins dissociate
from the GRP78 complex when increasing
levels of newly unfolded proteins compete
for binding to GRP78. While GRP78 over-
expression was not found to significantly
increase the expression of IREIl in the
SAE cell models, the level of IREI was sig-
nificantly higher in the LPS-induced cells
compared with the control.

In our study, the overexpression of
GRP78 significantly increased the expres-
sion levels of CHOP and PERK, which we
used as indicators of ER stress. GRP78 is a
key regulator in ER stress because ER stress-
mediated cell response has been shown to be
regulated in a GRP78-dependent manner.”®
Indeed, decreased levels of endogenous
GRP78 led to reduced levels of ER stress
markers and cell apoptosis.”’ In sepsis-
induced tissue injury, decreased ER stress
is closely associated with reduced cell apo-
ptosis,*® 2% and a study of palmitic acid-
stimulated testicular Leydig cells has shown
that the inhibition of ER stress can protect
cells from apoptosis.*> CHOP promotes cell
apoptosis by regulating the expression of
several apoptosis-related proteins (for exam-
ple, the Bcl-2 family members).'* The
expression level of Bcl-2 has been reported
to decrease in certain regions of the brain
during systemic inflammation, while that of
Bax is increased.** In agreement with this,
we observed significantly reduced levels of
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Figure 4. Western blot analysis of the expression of various proteins associated with apoptosis and
endoplasmic reticulum (ER) stress in PC12 and MES23.5 cells transfected with a GRP78 overexpression
plasmid and treated with lipopolysaccharides (LPS) or the ER stress inhibitor, 4-PBA. (a, b) The expression
levels of the ER stress markers, GRP78, CHOP, PERK, and IREIl in PC12 and MES23.5 cells, respectively.
(c, d) The expression levels of the apoptosis-related proteins, Bax, Bcl-2, cleaved caspase-3, and caspase-3, in
PC12 and MES23.5 cells, respectively. Control, no LPS treatment or plasmid; Model, LPS treatment only;
Model4-Ov-NC, LPS treatment plus negative-control plasmid (no GRP78 insert); Model+Ov-GRP78, LPS
treatment plus GRP78-1 overexpression plasmid; Model+4-PBA, LPS plus 4-PBA treatment. Data represent
the mean = SD, n=3. **P < 0.01, **P < 0.001 vs. control. *P < 0.05, *P < 0.01, #*P <0.001 vs.

Model+Ov-NC.

Bcl-2 and increased levels of Bax in the SAE
cell models following LPS induction.

Conclusion

Taken together, the results of our study
showed that LPS induced ER stress in cell
models of SAE and that the degree of ER
stress regulated the level of nerve cell

damage through the promotion of apopto-
sis. However, the role of ER stress in SAE
in vivo and the mechanisms through which
ER stress influences cell apoptosis are not
yet fully understood, and these aspects
require further investigation. These findings
indicate that UPR is a promising target for
the development of new treatments for SAE
patients.
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