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High glucose and bupivacaine-induced cytotoxicity is
mediated by enhanced apoptosis and impaired autophagy via
the PERK-ATF4-CHOP and IRE1-TRAF?2 signaling pathways
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Abstract. Bupivacaine has previously been reported to
induce neurotoxicity, which is further enhanced by high
glucose levels. In the present study, the underlying molecular
mechanisms via which bupivacaine induces cytotoxicity under
high glucose conditions were investigated in cultured human
SH-SYSY cells. In order to identify the optimal concentra-
tions of glucose and bupivacaine that induced cytotoxicity,
SH-SYSY cells were treated with 30-100 mM glucose and
0.5-1.0 mM bupivacaine. Based on the dose response experi-
ments, 50 mM glucose and 0.5 mM bupivacaine was used in
the present study. The effects that 3-MA (autophagy inhibitor)
and rapamycin (RAPA; autophagy inducer) exerted on cell
apoptosis, autophagy and the expression of protein kinase
R-like endoplasmic reticulum kinase (PERK)-activating tran-
scription factor 4 (ATF4)-C/EBP-homologous protein (CHOP)
and inositol-requiring enzyme 1 (IRE1)-tumor necrosis factor
receptor associated factor 2 (TRAF2) signaling proteins were
measured in high glucose and bupivacaine-treated cells. Cell
viability was measured using a Cell Counting Kit-8 assay,
cell apoptosis was assessed using flow cytometry, and protein
expression was determined using western blot analyses.
Compared with the control group, high glucose and bupiva-
caine significantly increased ATF4, CHOP and caspase-12
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expression, increased apoptosis, and decreased p-IREl,
TRAF2, LC3-II/LC3-I and Beclinl expression. Promoting
autophagy with RAPA partly reversed the high glucose and
bupivacaine-induced changes in p-PERK, CHOP, TRAF2,
Beclinl, caspase-12 and apoptosis, while inhibiting autophagy
with 3-MA further enhanced the changes in ATF4, CHOP,
p-IRE1, TRAF2 and apoptosis. High glucose and bupivacaine
induced cytotoxicity in SH-SY5Y cells, at least in part, through
enhancing cell apoptosis and inhibiting autophagy via the
PERK-ATF4-CHOP and IRE1-TRAF2 signaling pathways.

Introduction

Studies have demonstrated that high and even clinical concen-
trations of local anesthetics can induce neurotoxicity (1,2). In
1,416 non-diabetic patients receiving a peripheral nerve block
in France between Jan 1, 2000 and Dec 31, 2000, the incidence
rate of neurological complications was 0.21%, with symptoms
including hyperalgesia, dysesthesia and motor dysfunction (3).
Patients with diabetes were more likely to develop postopera-
tive neurological damage due to increased sensitivity to local
anesthetic-induced neurotoxicity (4), which is consistent with
a report that high blood glucose promotes ischemia/hypoxia,
resulting in neurotoxicity (5). Furthermore, nerve injury may
occur even at a clinical dose of local anesthetics in patients
with diabetes (6,7). In patients with preexisting peripheral
sensorimotor neuropathy or diabetic polyneuropathy in the
Mayo Clinic (Rochester, MN, USA) between 1988 and 2000,
the incidence rate of neurological complications following
neuraxial anesthesia or analgesia was 0.4%, approximately
twice that of the non-diabetic patients (8).

High glucose levels induce mitochondrial damage and
apoptosis in nerve cells through reactive oxygen species
(ROS)-mediated activation of caspase-3 (9,10). Local anes-
thetics in combination with high glucose have also been reported
to cause endoplasmic reticulum stress (ERS) due to excessive
ROS-induced activation of apoptosis and caspase-12 (11,12).
In response to external stimuli, such as hypoxia, unfolded
and misfolded proteins accumulate in the endoplasmic
reticulum (13). During ERS, the unfolded protein response
(UPR) is activated through protein kinase R-like endoplasmic
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reticulum kinase (PERK), inositol-requiring enzyme 1 (IRE1)
and activating transcription factor 6 (ATF6) signaling path-
ways, and autophagy is initiated to maintain endoplasmic
reticulum homeostasis (14,15). The UPR is a highly conserved
and complex process that can slow protein synthesis and accel-
erate degradation of unfolded and misfolded proteins in order
to protect cells. However, persistent ERS activates apoptotic
signaling pathways and outweighs the protective effects of
autophagy, leading to apoptotic cell death (16,17).

PERK-eukaryotic initiation factor 20 (eIF2a)-activating
transcription factor 4 (ATF4)-C/EBP-homologous protein
(CHOP), IREI-X box-binding protein-1 (XBP1)-CHOP
and IREIl-tumor necrosis factor (TNF) receptor associated
factor 2 (TRAF2)-c-Jun N-terminal kinase (JNK) are the
major signaling pathways that contribute to ERS-induced
autophagy (18,19). When the UPR is activated, glucose-regu-
lated protein 78 (GRP78)/immunoglobulin heavy chain
binding protein (Bip) depolymerizes and phosphorylates the
transmembrane protein PERK, which phosphorylates and
inactivates elF2a, inhibiting protein expression (20). Both
ATF4 and its downstream target CHOP are transcription
factors that regulate UPR target genes (21). ATF4, which is
activated by phosphorylated (p)-eIF2a, enhances the synthesis
and transport of endoplasmic reticulum proteins to promote
cell survival (21). With specific endonuclease activity, IRE1 is
depolymerized with GRP78/Bip and activated during the UPR.
It then targets 26 nucleotide sequences of XBP1 mRNA to form
XBPlIs, regulating target gene transcriptional and endoplasmic
reticulum-associated degradation (22). In addition, XBP1s
enhance degradation of misfolded proteins in the endoplasmic
reticulum, and maintain cell homeostasis by recruiting
TRAF2 and activating the apoptosis signal-regulating kinase 1
(ASK1)-JNK signaling pathway (23,24).

In contrast, persistent and severe ERS can induce cell apop-
tosis though PERK and IREI signaling (25-27). ATF4 is a key
proapoptotic factor that dephosphorylates elF2a via transcrip-
tional activation of growth arrest and DNA damage-inducible
protein 34 (28). CHOP downregulates antiapoptotic Bcl-2
expression to promote apoptosis (29). In addition, IRE1 inhibits
expression of the antiapoptotic protein Bcl-1 and activates
proapoptotic proteins, such as Bcl-2-like protein 11, through
the IREI-TRAF2-ASK1-JNK pathway (30-32). Another study
suggested that cell apoptosis is initiated when PERK is acti-
vated, and IRE1 and ATFG6 signaling are downregulated (33).
In the ERS-induced cell apoptotic cascade, caspase-12 is
activated by intracellular calcium overload, which in turn
activates downstream proapoptotic proteins, including
caspases-3 and 9, ultimately leading to apoptosis (34,35). Of
note, caspase-12 is a key factor in ERS-mediated cell apoptosis
(Fig. 1) (36,37).

Therefore, both autophagy and apoptosis are activated
during ERS, and cell survival or death depends on the time
and intensity of the stimuli, as well as cell type. The roles
of PERK and IRE]1 signaling pathways in high glucose and
bupivacaine-induced cytotoxicity remain largely unknown. In
the present study, it was hypothesized that bupivacaine induces
cytotoxicity and apoptosis in SH-SYSY cells cultured in
high glucose conditions by inhibiting autophagy through the
PERK-ATF4-CHOP and IRE1-TRAF2 signaling pathways. It
was also hypothesized that regulating autophagy influences
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cell apoptosis and expression of key factors in these signaling
pathways.

Materials and methods

Cells and reagents. The SH-SY5Y neuroblastoma cell line
(cat. no. 3111C0001CCC000026) was obtained from the
Life Science College in Beijing Normal University (Beijing,
China). Prior to the experiments in the present study, the
human SH-SYSY cell line was authenticated using short
tandem repeat profiling. Cells were cultured in Dulbecco's
Modified Eagle's medium (DMEM)/F12 containing 15% fetal
bovine serum (FBS) (cat. no. F2442, Sigma Aldrich; Merck
KGaA), 100 U/ml penicillin, and 100 pg/ml streptomycin in
an incubator at 5% CO, and 37°C. The culture media was
replaced every 2 days.

The reagents used in the present study included the
autophagy inhibitor 3-methyladenine (3-MA; Sigma Aldrich;
Merck KGaA) and the autophagy inducer rapamycin (RAPA;
Sigma Aldrich; Merck KGaA), and the following antibodies:
p-PERK (human, unconjugated; cat. no. 12814; Signalway
Antibody LLC); PERK (human, unconjugated; cat. no. 12379;
Signalway Antibody LLC); ATF4 (human, unconjugated; cat.
no. 11815; Cell Signaling Technology, Inc.); CHOP (human,
unconjugated; cat. no. 2895; Cell Signaling Technology,
Inc.); p-IREl (human, unconjugated; cat. no. ab124945;
Abcam); IRE1 (human, unconjugated; cat. no. ab37073;
Abcam); TRAF2 (human, unconjugated; cat. no. 4712; Cell
Signaling Technology, Inc.); LC3 (human, unconjugated;
cat. no. ab51520; Abcam); Beclin 1 (human, unconjugated;
cat. no. ab55878; Abcam); caspase-12 (human, unconjugated;
cat. no. ab62484; Abcam); f-Actin (human, unconjugated;
cat. no. sc4778; Santa Cruz Biotechnology, Inc.) and second
antibody (Goat Anti-Rabbit IgG, rabbit, HRP; cat. no. ab2761;
Abcam).

Study protocol: Part I. Cells were seeded into 96-well
plates at a density of 1x10* cells/well. In order to observe
high glucose-induced cytotoxicity, cells were divided into
11 groups: A control group (receiving no treatment); 30,40, 50,
75 and 100 mM glucose groups; and 30,40, 50,75 and 100 mM
mannitol groups. Of note, the glucose concentrations used in
the present study were supraphysiological for the following
reasons: i) Compared with in vivo conditions, a higher level
of glucose was required in order to induce cytotoxicity in
SH-SYSY cells (11); and ii) a concentration of 30 mM glucose
for 2 weeks was used to induce cytotoxicity in vitro in the
SH-SYS5Y cells (38).

In order to observe bupivacaine-induced cytotoxicity,
cells were divided into 7 groups: A control group (receiving
no treatment); and 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 mM bupiva-
caine groups. The control groups were cultured in serum-free
DMEM/F12, and the bupivacaine treatment groups were
cultured in serum-free DMEM/F12 containing different
concentrations of bupivacaine, respectively. Cell viability was
measured at days 1-3 and apoptosis was measured at day 2.

Study protocol: Part I1. Cells were treated with either 3-MA or
RAPA in order to investigate the role of autophagy in response
to high glucose-induced cytotoxicity and bupivacaine. The
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Figure 1. Cell apoptosis under ER stress. PERK-elF2a-ATF4-CHOP, IRE1-XBPI-TRAF2-JNK are the major signaling pathways that contribute to
ERS-induced autophagy. Persistent and severe ERS can induce cell apoptosis though PERK and IREI signaling. ATF4 is a key proapoptotic factor. CHOP
downregulates anti-apoptotic Bcl-2 expression to promote apoptosis. IRE1 inhibits expression of the antiapoptotic protein Bcl-1 and activates proapoptotic
proteins Bim through the IRE1I-TRAF2-ASK1-JNK pathway. ASK1, apoptosis signal-regulating kinase 1; ATF4, activating transcription factor 4; Bim,
Bcl-2-like protein 11; Bip, immunoglobulin heavy chain binding protein; CHOP, C/EBP-homologous protein; elF2a, eukaryotic initiation factor 2a; ER,
endoplasmic reticulum; GADD34, growth arrest and DNA damage-inducible protein 34; IREI, inositol-requiring enzyme 1; JNK, c-Jun N-terminal kinase; P,
phosphate; PERK, protein kinase R-like ER kinase; TRAF2, tumor necrosis factor receptor associated factor 2; XBP1s, X box-binding protein-1s.

cells were divided into 7 groups, as presented in Table I. The
protein expression levels of PERK, p-PERK, ATF4, CHOP,
IREL, p-IRE1, TRAF2,LC3-II/LC3-1, Beclinl, and caspase-12
were measured using western blotting.

Cell Counting Kit-8 (CCK-8). Cell viability was determined
using a CCK-8 assay (GK3607-500T, Genview) according
to the manufacturer's protocol. The optical density values at
450 nm were measured using a microplate reader (Multiskan
MK; Thermo Fisher Scientific, Inc.).

Flow cytometry. Cell apoptosis rates were determined using
the Annexin V- FITC/propidium iodide (PI) apoptosis kit
(Dingguo Changsheng Biotechnology Co., Ltd.) according
to the manufacturer's protocol. Each cell sample of 300 ul
with 1x10° cells was incubated with 5 ul Annexin V-FITC
for 15 min at 37°C, followed by 5 ul PI for 15 min. Cellular
fluorescence was measured using a flow cytometer (ACEA
NovoCyte; NovoExpress 1.1.0; ACEA Biosciences, Inc.). The
apoptosis rate was calculated by adding the early apoptosis
(Annexin V*/PI", Q4) and late apoptosis (Annexin V*/PI*,
Q2). The preliminary results revealed no difference following
RAPA and 3-MA treatments in normal cells (data not shown),

and the apoptosis rates in groups C, H, HB, HRB and HMB
were evaluated.

Western blot analysis. At the end of cell culture, cells were
washed twice with 0.9% NaCl at 4°C. The total protein in each
well was extracted using 100 pl RIPA lysis buffer containing
a protease inhibitor (WB-0071; Dingguo Changsheng
Biotechnology Co., Ltd.) for 3 min on ice. Homogenates were
centrifuged at 12,800 x g for 20 min at 4°C. Protein concentra-
tions were determined using a bicinchoninic acid protein assay
kit (Shanghai Biyuntian Biotechnology Co., Ltd.). The super-
natants were used for western blot analysis. Proteins (50 pg)
were separated via 12% SDS-PAGE, transferred to nitrocel-
lulose membranes, blocked in 5% skimmed milk at 37°C for
1 h, and incubated overnight at 4°C with anti-LC3 (1:3,000),
anti-caspase-12 (1:1,000), anti-PERK (1:2,000), anti-p-PERK
(1:2,000), anti-ATF4 (1:1,000), anti-CHOP (1:1,000),
anti-IRE1 (1:3,000), anti-p-IRE1 (1:3,000), anti-TRAF2
(1:1,000), anti-Beclin-1 (1:1,000) and anti-B-actin (1:5,000)
primary antibodies. The membranes were then incubated for
2 h at room temperature with appropriate secondary antibody
(Goat Anti-Rabbit IgG, 1:5,000). The blots were visualized
using an enhanced chemiluminescence detection system (Cell
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Table I. Groupings in the study protocol (part II).
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Culture for 24 h Culture for 2 h Culture for 24 h
Group C Serum-free DMEM/F12 Serum-free DMEM/F12 Serum-free DMEM/F12
Group RAPA Serum-free DMEM/F12 + Serum-free DMEM/F12 + Serum-free DMEM/F12 +
10 nmol/l RAPA 10 nmol/l RAPA 10 nmol/l RAPA
Group 3-MA Serum-free DMEM/F12 + Serum-free DMEM/F12 + Serum-free DMEM/F12 +
1 mmol/1 3-MA 1 mmol/l 3-MA 1 mmol/l 3-MA
Group H Serum-free DMEM/F12 + Serum-free DMEM/F12 + Serum-free DMEM/F12 +
50 mM glucose 50 mM glucose 50 mM glucose
Group HB Serum-free DMEM/F12 + Serum-free DMEM/F12 + Serum-free DMEM/F12 +
50 mM glucose 50 mM glucose 50 mM glucose +
0.5 mM bupivacaine
Group HRB Serum-free DMEM/F12 + Serum-free DMEM/F12 + Serum-free DMEM/F12 +
50 mM glucose 50 mM glucose + 50 mM glucose +
10 nmol/l RAPA 0.5 mM bupivacaine
Group HMB Serum-free DMEM/F12 + Serum-free DMEM/F12 + Serum-free DMEM/F12 +
50 mM glucose 50 mM glucose + 50 mM glucose +

1 mmol/l 3-MA

0.5 mM bupivacaine

C, control; RAPA, rapamycin; H, high glucose; HB, high glucose and bupivacaine; HRB, high glucose, RAPA and bupivacaine; HMB, high

glucose, 3-MA and bupivacaine. nM, nmol/l; mM, mmol/l.

Signaling Technology, Inc.). Images were processed using
Quantity One software (version 4.6; Bio-Rad Laboratories).

Statistical analysis. GraphPad Prism (version 6.0; GraphPad
Software Inc.) was used for all the statistical analyses. Data
are expressed as the mean + standard deviation, and evaluated
using one-way analysis of variance followed by Newman-Keuls
post hoc tests. P<0.05 was considered to indicate a statistically
significant difference.

Results

High glucose-induces cytotoxicity and cell apoptosis in
SH-SY5Y cells. Following culture in serum-free DMEM,
the CCK-8 assay demonstrated decreased cell viability
after 30 mM glucose/mannitol treatment at days 2 and 3
(Fig. 2A). Compared with the control group, cell viability
significantly decreased in the 40 mM glucose group at day 3
(P<0.05; Fig. 2B), the 50 mM glucose group at day 3 (P<0.01;
Fig. 2C), the 75 mM glucose group at days 2 and 3 (P<0.05;
Fig. 2D), and the 100 mM glucose group at days 1, 2 and 3
(P<0.05; Fig. 2E). Compared with the mannitol group, the 50
and 75 mM glucose groups had lower cell viability at day 3
(P<0.05; Fig. 2C and D), and the 100 mM glucose group had
lower cell viability at days 1,2 and 3 (Fig. 2E).

At day 2, cell apoptosis was measured using Annexin V-
FITC/PI staining (Fig. 3A). It was revealed that 50 and
100 mM glucose resulted in significantly higher apoptosis
rates (27.62+4.09 and 36.30+2.59%, respectively) compared
with the control (17.04+0.39%) or 50 and 100 mM mannitol
groups (18.64+5.36 and 22.20+2.20%, respectively; Fig. 3B).

Collectively,a glucose concentration of 50 mM significantly
altered cell viability and apoptosis at day 2, and was therefore

selected as the experimental concentration in the following
experiments. Despite a supraphysiological concentration, a
50 mM dose of glucose was required in vitro in SH-SYSY
cells, as described in the Materials and methods section.

Bupivacaine-induced cytotoxicity and cell apoptosis in
SH-SY5Y cells. Following culture with serum-free DMEM +
0.5-1.0 mM bupivacaine for 2 days, cell viability was signifi-
cantly reduced compared with the control group (P<0.01 or
0.05; Fig. 4A). In addition, the bupivacaine groups exhibited
significantly higher apoptosis rates compared with the control
group (P<0.01; Fig. 4B and C).

Based on these findings, a bupivacaine concentration of
0.5 mM, which resulted in a ~17% reduction in cell viability
and 3.5 times of increase in cell apoptosis at day 2 (Fig. 4A-C),
was selected for the following experiments.

RAPA and 3-MA modulate the PERK-ATF4-CHOP and
IREI-TRAF?2 signaling pathways in SH-SY5Y cells treated
with high glucose and bupivacaine. The effects of RAPA and
3-MA treatment on the PERK-ATF4-CHOP and IRE1-TRAF2
signaling pathways under high glucose and bupivacaine
treatment conditions were investigated in the present study
(Fig. 5A). Neither RAPA nor 3-MA alone significantly
affected the expression or phosphorylation of proteins in the
PERK-ATF4-CHOP and IREI-TRAF2 signaling pathways
in SH-SYSY cells under normal conditions. Compared with
the control group, p-PERK/PERK was significantly higher
in the high glucose (H) + bupivacaine group (HB; P<0.05;
Fig. 5B-D), ATF4 protein expression was significantly higher
in the H, HB, HRB, and HMB groups (P<0.01; Fig. SE), CHOP
protein expression was significantly higher in the HB group
(P<0.01; Fig. 5F), p-IREI/IRE1 was significantly lower in the
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Figure 2. High glucose-induced cytotoxicity in SH-SYSY cells. Cell Counting Kit-8 assays demonstrating cell viability at days 1-3 following treatment with
(A) 30, (B) 40, (C) 50, (D) 75 and (E) 100 mM glucose or mannitol. Data are expressed as the mean + standard deviation. N=4/group. "P<0.05, “P<0.01 glucose
group vs. control group; “P<0.05, #P<0.01 glucose group vs. mannitol group; *P<0.05, **P<0.01 mannitol group vs. control group. OD, optical density.

H and HB groups (P<0.05; Fig. 5I) and TR AF2 protein expres-
sion was significantly lower in the HB group (P<0.05; Fig. 5J).

Compared with the H group, CHOP protein expression
was significantly higher (P<0.01; Fig. 5F) and TRAF2 protein
expression was significantly lower in the HB group (P<0.05;
Fig. 5J).

Compared with the HB group, p-PERK/PERK was
significantly lower in the HRB group (P<0.01; Fig. 5D), ATF4
protein expression was significantly higher in the HMB group
(P<0.01; Fig. SE), CHOP protein expression was significantly
lower in the HRB group and higher in the H + 3-MA +
bupivacaine (HMB) group (P<0.01; Fig. 5F), p-IRE1/IREl
was significantly lower in the HMB group (P<0.05; Fig. 5I),
and TRAF?2 protein expression was significantly higher in the
HRB group and lower in the HMB group (P<0.05; Fig. 5J).

RAPA and 3-MA modulate LC3 and Beclinl protein
expression in SH-SY5Y cells treated with high glucose and
bupivacaine. The effects of RAPA and 3-MA treatment on
LC3 and Beclinl protein expression were determined using
western blot analysis (Fig. 6A). Neither RAPA nor 3-MA alone
affected LC3 and Beclinl protein expression under normal
conditions. Compared with the control group, LC3-1I/LC3-1

and Beclinl protein expression were significantly lower in
the HB group (P<0.01; Fig. 6B and C). Compared with the H
group, Beclinl protein expression was significantly lower in
the HB group (P<0.01; Fig. 6C). Compared with the HB group,
LC3-II/LC3-I and Beclinl protein expression was significantly
higher in the HRB group (P<0.01; Fig. 6B and C).

RAPA and 3-MA modulate cell apoptosis in SH-SY5Y cells
treated with high glucose and bupivacaine. Following HRB
or HMB treatment, cell apoptosis was measured using
Annexin V-FITC/PI staining (Fig. 7A). The cell apoptosis
rate was significantly higher in the H (33.84+2.76%) and
HB (42.55+2.84%) groups compared with the control group
(21.48+1.61%; P<0.05 or 0.01), with higher values in the HB
group compared with the H group (P<0.01; Fig. 7B). Compared
with the HB group, the apoptosis rate was significantly lower
in the HRB group (36.18+1.51%) and higher in the HMB group
(49.11£3.18%; P<0.01; Fig. 7B).

In addition, caspase-12 expression, a key apoptosis
factor, was measured via western blot analyses (Fig. 7C).
Neither RAPA nor 3-MA alone affected protein expression
of caspase-12 protein expression under normal conditions.
Caspase-12 protein expression was significantly higher in
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Figure 3. High glucose-induced cell apoptosis in SH-SY5Y cells. (A) Annexin V-FITC/PI staining demonstrating the apoptotic rate at day 2 after treatment
with 50 and 100 mM glucose or mannitol. (B) Apoptosis analysis graph. Data are expressed as the mean * standard deviation. N=4/group. "P<0.05, “P<0.01
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Figure 4. Bupivacaine-induced cytotoxicity and apoptosis in SH-SYS5Y cells. (A) Cell Counting Kit-8 assay demonstrating cell viability at day 2 after treatment
with 0.5,0.6,0.7,0.8,0.9 and 1.0 mM bupivacaine. (B) Annexin V-FITC/PI staining demonstrating the apoptotic rate at day 2 after treatment with 0.5, 0.6,
0.8 and 1.0 mM bupivacaine. (C) Apoptosis analysis graph. Data are expressed as the mean + standard deviation. N=4/group. "P<0.05, “P<0.01 vs. 0 mM. OD,

optical density; PI, propidium iodide.

the H and HB groups compared with the control group (all
P<0.01), with higher levels in the HB group compared with the
H group (P<0.05). Compared with the HB group, caspase-12
protein expression was significantly lower in the HRB group
(0.75+0.27%), but not in the HMB group.

Discussion

The present study demonstrated that bupivacaine significantly
inhibited autophagy in response to high glucose, potentially
by activating PERK-ATF4-CHOP signaling and inhibiting
IREI-TRAF2 signaling, which resulted in cell apoptosis due
to an imbalance in signaling pathways during the ERS. The
autophagy inducer RAPA significantly restored the level of
autophagy, decreased cell apoptosis, and reversed high glucose
and bupivacaine-induced enhancement of PERK-ATF4-CHOP
signaling and impaired IRE1-TRAF2 signaling. The
autophagy inhibitor 3-MA led to a greater imbalance between
PERK-ATF4-CHOP and IRE1-TRAF2 signaling, resulting in
increased apoptosis.

The present study investigated high glucose and bupiva-
caine-induced cytotoxicity and apoptosis in the SH-SYS5Y

neuroblastoma cell line, as has been previously reported (11).
A previous study demonstrated typical changes in cell
morphology under diabetic conditions, and altered expres-
sion of a variety of proteins in SH-SYS5Y cells subjected to
30 mM glucose for 2 weeks (38). In the present study, cell
viability markedly decreased in the 40 and 50 mM glucose
groups compared with the control group at day 3, but only
the 50 mM glucose group had lower cell viability compared
with the mannitol group. Based on these findings, cytotoxicity
was primarily induced by high levels of glucose and not by
hyperosmosis. As a result, 50 mM glucose was used to induce
cytotoxicity in a relatively short period of time. Furthermore,
a previous study demonstrated that a higher level of glucose
is necessary to induce cytotoxicity in SH-SYSY cells in vitro
when compared with in vivo conditions (11).

During ERS, the UPR is activated to maintain endoplasmic
reticulum hemostasis by decreasing the synthesis of new
proteins and accelerating the degradation of misfolded or
unfolded proteins (39). ERS-induced autophagy was inhibited
by knocking down PERK-elF2a, IRE1 or TRAF2, indicating
the essential role that the PERK-eIF2a-ATF4-CHOP and
IRE1-TRAF2 signaling pathways play in autophagy (40).
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Figure 5. PERK-ATF4-CHOP and IREI-TRAF2 signaling pathways during autophagy in SH-SY5Y cells. (A) Representative western blotting images.
(B-J) Protein expression quantification. Data are expressed as the mean + standard deviation. N=4/group. *P<0.05, **P<0.01 vs. C; "P<0.05, “P<0.01 vs. H;
“P<0.05, "P<0.01 vs. HB. PERK, protein kinase R-like endoplasmic reticulum kinase; ATF4, activating transcription factor 4; CHOP, C/EBP-homologous
protein; IRE1, inositol-requiring enzyme 1; TRAF2, tumor necrosis factor receptor associated factor 2; RAPA, rapamycin; p, phosphorylated; C, control group;
H,high glucose group; HB, high glucose + bupivacaine group; HRB, high glucose + RAPA +bupivacaine group; HMB, high glucose + 3-M A + bupivacaine group.
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Figure 6. LC3-II/LC3-1 and Beclinl protein expression during autophagy in SH-SYSY cells. (A) Representative western blot analysis images. (B and C) Protein
expression quantification. Data are expressed as the mean + standard deviation. N=4/group. **P<0.01 vs. C; “P<0.05, P<0.01 vs. H; “P<0.01 vs. HB. C, control
group; H, high glucose group; HB, high glucose + bupivacaine group; HRB, high glucose + RAPA + bupivacaine group; HMB, high glucose + 3-MA + bupivacaine
group; RAPA, rapamycin.
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Figure 7. Cell apoptosis and caspase-12 protein expression during autophagy in SH-SYSY cells. (A and B) Annexin V-FITC/PI staining demonstrating the
apoptotic rate at day 2 after treatment with 0.5, 0.6, 0.8 and 1.0 mM bupivacaine. (C) Representative western blot analysis images. (D) Protein expression
quantification. Data are expressed as the mean =+ standard deviation. N=4/group. **P<0.01 vs. C; “P<0.05, #P<0.01 vs. H; "P<0.05, “P<0.01 vs. HB. C, control
group; H, high glucose group; HB, high glucose + bupivacaine group; HRB, high glucose + RAPA + bupivacaine group; HMB, high glucose + 3-MA +

bupivacaine group; PI, propidium iodide; RAPA, rapamycin.

Whether cells become apoptotic depends on the degree of
external stimuli and activation of signaling pathways in the
UPR (41). Both PERK and IRE] signaling pathways are acti-
vated in acute ERS, but the duration of activation of key factors
in these pathways differs (41). Activating the IRE1 signaling
pathway and prolonging its duration promotes cell survival, while
the activation of the PERK signaling pathway induces apoptotic
cell death (41). IREI activation has been demonstrated to rapidly
decrease within 8 h, with ATF6 activation slightly delayed and
PERK activation persisting for 30 h in acute ERS (41). During
the UPR, signaling is disrupted, autophagy is inhibited and cell
apoptosis is activated (41). Caspase-12 is initially activated in
the ERS-induced cell apoptotic cascade, which activates down-
stream apoptotic proteins, including caspase-9 and caspase-3,
ultimately leading to cell apoptosis (34,35).

In the present study, cells were treated with high glucose
for 24 h followed by bupivacaine for 24 h, which resulted in

chronic ERS. In response to high glucose, bupivacaine altered
the imbalance of intracellular UPR signals, specifically
between activation of PERK-elF2a-ATF4-CHOP signaling
and inhibition of IRE1 signaling. Caspase-12 expression
was increased, indicative of cell apoptosis. Consistently,
the results of the present study demonstrated that the
proapoptotic PERK signaling pathway was activated, and the
protective IREI signaling pathway was inhibited during high
glucose and bupivacaine treatment, which eventually led to
apoptosis.

Autophagy is a protective mechanism that maintains
endoplasmic reticulum homeostasis and provides energy to
the body by digesting proteins, organelles and other dysfunc-
tional components (42). It was revealed that autophagy was
inhibited when cells were treated with bupivacaine in a
high-glucose environment. The autophagy pathway requires
proteins encoded by the autophagy gene (Atg), of which
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ubiquitin-like protein binding systems are involved, including
the Atgl2-Atg5 binding system and the Atg8/LC3 lipidation
system (43). Atg8/LC3 is cleaved by Atg4, which binds to the
products of phosphatidylethanolamine. LC3 is then converted
from its water-soluble form (LC3-I) to its fat-soluble form
(LC3-II). The latter can bind to the autophagosome membrane
until the fusion of the autophagosome with the lysosome (44).
LC3-1II is stably expressed on the autophagosome membrane
during the generation and transport of autophagic vacuoles,
which is considered a reliable indicator of autophagy. In
addition to the UPR signaling, Ca** signaling is also involved
in autophagy, which involves mammalian target of RAPA
(mTOR), and the phosphatidylinositol 3-kinase (PI3K)/Akt and
AMPK signaling pathways (45-47). The results of the present
study indicated that RAPA induced autophagy, decreased cell
apoptosis rates, inhibited PERK-ATF4-CHOP signaling and
enhanced IREI-TRAF?2 signaling. In contrast, 3-MA inhib-
ited autophagy and increased apoptosis, resulting in a further
imbalance between the two signaling pathways.

There are a number of limitations to the present study.
First, PERK and IRE1 signaling pathways were detected
immediately after 24 h high glucose and 24 h bupivacaine
treatment, without collecting data at other time points or
without measuring ATF6 signaling. Secondly, the role of
autophagy in high glucose and bupivacaine-treated cells was
only investigated using one autophagy inducer and inhibitor,
respectively. Finally, the interactions between key factors in
the PERK-ATF4-CHOP and IRE1-TRAF?2 signaling pathways
were not assessed in the present study. Further studies to
address these limitations are under way.

In the present study, bupivacaine induced cytotoxicity in
SH-SYS5Y cells under high glucose conditions. This effect
was, at least in part, mediated by enhancing cell apoptosis
and inhibiting autophagy via the PERK-ATF4-CHOP and
IREI-TRAF?2 signaling pathways. The data from the present
study suggest that interventions targeting the key factors in
these signaling pathways may have important therapeutic
potential to decrease bupivacaine-induced cytotoxicity.
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