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Resveratrol-mediated activation of SIRT1 inhibits
the PERK-elF20-ATF4 pathway and mitigates
bupivacaine-induced neurotoxicity in PC12 cells
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Abstract. Endoplasmic reticulum (ER) stress and apoptosis
play significant roles in the development of neurotoxicity
caused by bupivacaine (BUP). By activating sirtuin 1 (SIRT1),
resveratrol (RSV) can regulate various cellular processes
associated with anti-oxidative stress, anti-apoptosis and
anti-inflammatory responses, thereby exerting neuroprotective
effects. However, it remains unknown whether the activation
of SIRT1 by RSV is able to attenuate BUP-induced ER stress
and apoptosis. Therefore, the present study aimed to explore
the effect of RSV on BUP-induced cytotoxicity in PC12 cells
and the underlying mechanism. Cell Counting Kit-8 assays,
flow cytometry and inverted phase-contrast microscopy were
used to assess the viability, apoptosis rate and morphological
changes of the cells, respectively. Western blotting and immu-
nofluorescence staining were used to analyze the levels of
SIRT]1, the apoptosis-related proteins Bax, Bcl-2 and cleaved
caspase-3, the ER stress-related proteins glucose-regulated
protein 78, caspase-12 and CHOP, and the protein kinase
RNA-like ER kinase (PERK)-eukaryotic translation initiation
factor 2 a (eIF2a)-activating transcription factor 4 (ATF4)
pathway-associated proteins phosphorylated (p)-PERK,
PERK, p-elF2a, elF2a and ATF4. The results revealed that
BUP induced cell apoptosis and decreased cell viability,
accompanied by the downregulation of SIRT1. However,
RSV restored SIRT1 protein expression, downregulated the
expression of the pro-apoptotic protein Bax, upregulated
the expression of the anti-apoptotic protein Bcl-2, decreased
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the apoptosis rate of the cells and increased cell viability.
Furthermore, the anti-apoptotic effects exhibited by RSV
were associated with inhibition of the PERK-eIF2a-ATF4
pathway of ER stress. However, the protective effect of RSV
was significantly mitigated by the SIRT1 inhibitor EX527.
These results indicate that the activation of SIRT1 by RSV
alleviates BUP-induced PC12 cell ER stress and apoptosis
via regulation of the PERK-elF20-ATF4 pathway. These find-
ings offer insights into the molecular mechanism underlying
BUP-induced apoptosis and suggest the potential of RSV as
a therapeutic agent against the neurotoxicity caused by BUP.

Introduction

Bupivacaine (BUP) is a widely used local anesthetic for
regional anesthesia and pain management. However, it is
associated with potential neurotoxic effects, which may
lead to neurological complications in intraspinal anesthesia
and systemic toxicity when used as a local anesthetic, even
when administered within the clinically approved dose
range (1). Our previous studies have shown that BUP-induced
neurotoxicity is associated with apoptosis, activation of the
nucleotide-binding oligomerization domain-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome
and ferroptosis (2-4). Nevertheless, the molecular mechanism
underlying BUP-induced neurotoxicity remains incompletely
understood due to its complexity.

The endoplasmic reticulum (ER) is an essential cellular
organelle that plays a crucial role in protein synthesis, which
is essential for normal cellular functions and cell survival (5).
However, ER stress can arise when an overload of calcium
ions or the accumulation of unfolded proteins occurs, which
activates the unfolded protein response (UPR) to restore
protein homeostasis. The UPR pathway involves the signaling
of three types of transmembrane proteins on the ER, namely
inositol-requiring enzyme 1 (IREIl), protein kinase RNA-like
ER kinase (PERK) and activating transcription factor 6 (6).
Specifically, the PERK signaling pathway can inhibit new
protein synthesis, which may promote cell survival or death;
notably, when ER stress is prolonged, the PERK signaling
pathway may ultimately result in apoptosis (7). A previous
study demonstrated that ER stress is a critical contributor to
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BUP-induced neurotoxicity (8). In our previous in vivo study,
the results indicated that BUP induces neurotoxic effects
by activating apoptosis via the mitochondrial pathway (9).
In our subsequent in vitro study, it was found that activa-
tion of the PERK-eukaryotic translation initiation factor 2 a
(eIF2a)-activating transcription factor 4 (ATF4) pathway leads
to apoptosis and contributes to BUP-induced spinal neurotox-
icity in rats (10). However, the precise molecular mechanism
by which BUP induces activation of the PERK-eIF2a-ATF4
signaling pathway is currently not fully understood and
requires further investigation.

Sirtuin 1 (SIRTI1) is a nicotinamide adenine
dinucleotide-dependent enzyme that belongs to the class III
histone deacetylase family. SIRT1 exerts protective effects
against cellular damage via the deacetylation of downstream
substrates and modulation of biological processes such
as metabolism regulation, DNA damage repair, cell cycle
control, stress response and apoptosis (11). Previous studies
have suggested that the downregulation of SIRT1 is a major
contributor to the pathogenesis of neurological disorders such
as Parkinson's disease, Alzheimer's disease, spinal cord injury
and cerebral ischemia-reperfusion injury (12-14). A recent
study elucidated the involvement of SIRT1 in the neurotoxicity
caused by local anesthesia (15). Furthermore, the inhibition of
ER stress has been established as an important mechanism via
which SIRT1 exerts protective effects in various diseases, such
as myocardial ischemia reperfusion injury, hepatic steatosis,
chronic obstructive pulmonary disease and inflammatory
bowel diseases (16-20). Also, a study demonstrated that SIRT1
stimulates growth-plate chondrogenesis by attenuating the
PERK-elF20-CHOP pathway (21). However, the potential
association between SIRT1 and the PERK-elF2a-ATF4
pathway in BUP-induced neurotoxicity has not yet been inves-
tigated.

Resveratrol (RSV) is a natural polyphenol present in
various plant sources, including grapes, nuts, wine and berries,
which has been shown to yield neuroprotective effects through
the activation of SIRT1 (22). In our previous study, compelling
evidence was provided that RSV inhibits ER stress, reduces
neuronal apoptosis and alleviates BUP-induced spinal neuro-
toxicity in rats via the upregulation of SIRT1 expression and
suppression of PERK-eIF2a-ATF4 pathway activation (23).
The aim of the present study was to determine the association
between SIRT1 and PERK signaling pathways in the context
of the RSV-mediated attenuation of BUP-induced cytotoxicity
in PC12 cells. The findings of this study may provide a new
perspective on the potential of RSV as a targeted therapeutic
approach for the treatment of BUP-induced neurotoxicity.

Materials and methods

Materials. PC12 rat adrenal pheochromocytoma cells were
obtained from Icell Bioscience Inc., Shanghai. BUP hydro-
chloride and RSV were purchased from Sigma-Aldrich
(Merck KGaA), while CCT020312 and EX527 were obtained
from MedChemExpress. High-glucose Dulbecco's modified
Eagle's medium (DMEM) and fetal bovine serum (FBS)
were purchased from Gibco (Thermo Fisher Scientific, Inc.).
The Cell Counting Kit-8 (CCK-8) was supplied by Biosharp
Life Sciences, and the Annexin V/7-aminoactinomycin

D (7-AAD) apoptosis detection kit was provided by BD
Biosciences. Antibodies against SIRT1 (cat. no. ab110304) and
caspase-12 (cat. no. ab62484) were purchased from Abcam;
antibodies against PERK (cat. no. 3192S), phosphorylated
(p)-elF2a (cat. no. 3398T), elF2a (cat. no. 5324T), CHOP
(cat. no. 5554T) and ATF4 (cat. no. 11815) were supplied by
Cell Signaling Technology, Inc.; antibodies against Bax (cat.
no. 60267-1-Ig), Bcl-2 (cat. no. 26593-1-AP), glucose-regulated
protein 78 (GRP78; cat. no. 11587-1-AP) and GAPDH (cat.
no 10494-1-AP) were provided by Proteintech Group, Inc.; and
antibodies against cleaved caspase-3 (cat. no. WL02117) and
p-PERK (cat. no. WL05295) were obtained from Wanleibio
Co., Ltd.

Cell culture and treatment. PC12 cells were cultured in
high-glucose DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin at 37°C in a 5% CO, incubator. The
culture medium was refreshed every day. To establish the
BUP-induced cytotoxicity model, PC12 cells were incubated
with 0-1.0 mM BUP for 24 h at 37°C. In the RSV + BUP
groups, 0-20 uM RSV was applied to PC12 cells for 2 h at
37°C, followed by cotreatment 0.8 mM BUP for 24 h at 37°C.
Moreover, in the EX527 + RSV + BUP and CCT + RSV + BUP
pretreatment groups, the cells were pretreated with SIRT1
inhibitor EX527 (10 uM) and PERK activator CCT020312
(4 uM) for 30 min at 37°C, followed by co-treatment with RSV
(20 uM) and BUP (0.8 mM) for 24 h at 37°C. PC12 cells not
exposed to any experimental treatments or interventions were
regarded as the control group.

Cell viability. The CCK-8 assay was used to determine the
viability of PCI12 cells following the manufacturer's instruc-
tions. Cells were seeded at a density of 3x10° cells per well
in 96-well plates and incubated for 24 h. After treatment,
cells were incubated with 10% CCK-8 solution for 1 h. An
enzyme-linked immunometric meter was used to measure the
average optical density at 450 nm.

Light microscopy. PC12 cells were seeded in 24-well plates
at a density of 2x10* cells/well and incubated for 24 h.
Subsequently, the PC12 cells were subjected to various
interventions. An inverted phase-contrast microscope (Leica
Microsystems GmbH) was used to examine cell morphology,
and images were captured at x200 magnification.

Flow cytometry. To measure the apoptosis rate, flow cytom-
etry was performed with the Annexin V/7-AAD apoptosis
detection kit in accordance with the manufacturer's instruc-
tions. PC12 cells were seeded in 6-well plates at a density of
2x10° cells per well. After various interventions, the cells were
collected and resuspended in 500 y1 binding buffer for 5 min.
After double staining the cell preparations with Annexin V
and 7-AAD for 5 min at room temperature in the dark, cell
analysis was performed using a CytoFLEX Flow Cytometer
(Beckman Coulter, Inc.). The acquired data were subsequently
analyzed using FlowJo software v. 10.8.1 (FlowJo LLC).

Immunofluorescence assay. PC12 cells were first seeded onto
14-mm round coverslips in a 24-well plate. After rinsing with
phosphate-buffered saline (PBS), the cells on the coverslips
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were fixed in 4% paraformaldehyde for 15 min at room temper-
ature. Following permeabilization with 0.5% Triton-X100 for
15 min, the cells were blocked with 10% goat serum (BIOSS)
for 40 min at room temperature. The cells were incubated over-
night at 4°C with primary antibodies against SIRT1 (diluted
1:500) and ATF4 (diluted 1:300). After rinsing with PBS, the
cells were incubated with secondary antibodies (diluted 1:300)
labeled with Alexa Fluor 488 (cat. no. ab150133; Abcam) or
Alexa Fluor 594 (cat. no. ab150080; Abcam) for 1 h at room
temperature. The cells were then stained with DAPI (diluted
1:1,000) for 30 min at room temperature to stain the nuclei.
Finally, images were captured using a fluorescent microscope
(BX53; Olympus Corporation) at x200 magnification, and the
mean fluorescence intensity was determined using ImageJ
software v.1.53 (National Institutes of Health).

Western blot analysis. PC12 cells were lysed with RIPA lysis
buffer (Beijing Solarbio Science & Technology Co., Ltd.),
and the protein concentration was determined using the BCA
method. An equal amount (20 ug) of protein was loaded per
lane and subjected to electrophoresis on a 10% SDS-PAGE
gel. The separated proteins were then transferred to PVDF
membranes. After blocking with 5% skimmed milk for 1 h
at room temperature, the cells were incubated overnight at
4°C with primary antibodies against p-PERK, PERK, ATF4,
CHOP, p-elF2a, elF2a, caspase-12, Bcl-2, cleaved caspase-3,
GRP78, Bax and GAPDH (all diluted 1:1,000). After washing
three times with Tris-buffered saline with 0.05% Tween
20, the membranes were incubated with infrared-labeled
goat anti-rabbit or goat anti-mouse secondary antibodies
(1:10,000; Invitrogen; Thermo Fisher Scientific, Inc.) for 1 h
at 4°C. An LI-COR Odyssey Infrared imaging system (Li-Cor
Biosciences) was used to obtain the array image. The protein
blot intensities were quantified using ImagelJ software v.1.53
(National Institutes of Health) and normalized to the protein
levels of the GAPDH loading control.

Statistical analysis. SPSS version 25.0 (IBM Corp.) was used
to perform the statistical analyses of the data presented in the
study. Three independent experiments were conducted for all
assays. Data are presented as the mean + SEM. Differences
among groups were analyzed using one-way ANOVA followed
by Tukey's post hoc tests. P<0.05 was considered to indicate a
statistically significant difference.

Results

BUP downregulates SIRTI, decreases viability and increases
apoptosis in PCI2 cells. To investigate the mechanisms under-
lying the cytotoxicity of BUP on PCI12 cells, PC12 cells were
exposed to various concentrations of BUP for 24 h. The cell
viability, apoptosis rate and SIRT1 protein expression levels
of the cells were evaluated using CCK-8, flow cytometry and
western blot assays, respectively. As shown in Fig. 1, BUP
induced apoptosis, reduced SIRT1 protein levels and decreased
cell viability in PC12 cells in a concentration-dependent
manner. The cell viability in the 0.2,0.4, 0.6, 0.8 and 1.0 mM
BUP groups was 95.89+3.66, 76.01+2.79, 73.70+5.90,
54.55+4.37 and 28.87+2.63%, respectively, compared with
that in the control group. Based on these results, 0.8 mM BUP

was selected as the optimal concentration for BUP-induced
PC12 cell cytotoxicity induction in subsequent experiments.

RSV treatment alleviates BUP-induced cytotoxicity in
PCI2 cells. To determine the protective effect of RSV on
BUP-induced cytotoxicity, PC12 cells were incubated with
various concentrations of RSV for 24 h. Cell viability was
then evaluated via the CCK-8 assay. As shown in Fig. 2A, no
significant change in cell viability was observed in cells treated
with RSV concentrations of 0-20 M. However, cells treated
with 50 or 100 uM RSV exhibited significantly decreased
viability compared with untreated cells. Subsequently, cells
were treated with different concentrations (0, 1, 2, 5, 10 and
20 uM) of RSV for 2 h, followed by cotreatment with 0.8 mM
BUP for 24 h to evaluate the protective effect of RSV against
BUP-induced cell injury. As shown in Fig. 2B and C, treatment
with 5, 10 and 20 M RSV upregulated SIRT1 protein expres-
sion in PC12 cells compared with that in the cells treated
with BUP alone, and treatment with 20 xuM RSV restored
cell viability. Accordingly, the optimal concentration of RSV
was identified to be 20 yM, which was used to investigate the
protective effect on BUP-induced cytotoxicity in subsequent
experiments.

RSV protects PCI2 cells against BUP-induced apoptosis via
upregulation of SIRTI protein expression. To investigate the
mechanism underlying the RSV-mediated protection of PC12
cells against BUP-induced cytotoxicity, the role of SIRT1 was
evaluated using the SIRT1 inhibitor EX527. First, the optimal
concentration of EX527 was determined using a CCK-8 assay.
Based on the results shown in Fig. 3A, 10 uM was selected
as the optimal treatment concentration. PC12 cells were
then treated with BUP alone or in combination with RSV, or
pretreated with EX527 followed by RSV and BUP cotreat-
ment. As shown in Fig. 3B-E, morphological analysis revealed
that BUP induced cellular shrinkage, membrane blebbing and
the retraction of protrusions in PC12 cells, which was accom-
panied by decreased cell viability and SIRT1 protein levels
compared with those in the control group. RSV attenuated
the BUP-induced reductions in SIRT1 protein expression and
cell viability. It also mitigated the BUP-induced pathological
changes. Furthermore, pretreatment with EX527 reversed the
RSV-induced change in the expression levels of SIRT1 and
abolished the protective effect of RSV against BUP-induced
cytotoxicity. These results suggest that the upregulation
of SIRT1 mediates the protective effect of RSV against
BUP-induced cytotoxicity in PC12 cells.

To further investigate whether SIRT1 is involved in the
protective effect of RSV against BUP-induced apoptosis, the
expression levels of apoptotic proteins and the apoptosis rates
of the PCI12 cells were detected by western blotting and flow
cytometry, respectively. As shown in Fig. 4, BUP increased
pro-apoptotic Bax and cleaved caspase-3 protein expres-
sion and decreased anti-apoptotic Bcl-2 protein expression,
resulting in an increased apoptosis rate compared with that in
the control group. In the RSV + BUP group compared with the
BUP group, the Bax and cleaved caspase-3 protein levels and
apoptosis rate were decreased, while the expression of Bcl-2
was increased. However, pretreatment with EX527 attenu-
ated the effects of RSV on apoptotic protein expression and
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Figure 1. BUP induces apoptosis and decreases SIRT1 protein expression levels and cell viability in PC12 cells. (A) Representative images of the flow cyto-
metric analysis of Annexin V/7-AAD staining and quantification of apoptotic rates in PC12 cells exposed to increasing concentrations of BUP. Q1 (upper-left
quadrant) represents dead cells; Q2 (upper-right quadrant) represents late apoptotic cells; Q3 (lower-right quadrant) represents early apoptotic cells; Q4
(lower-left quadrant) represents live cells. (B) Cell viability of PC12 cells exposed to increasing concentrations of BUP. (C) Representative western blot images
and semi-quantification of SIRT1 protein levels in PC12 cells exposed to increasing concentrations of BUP. Data are presented as the mean + SEM (n=3).
“P<0.05 vs. the untreated control. BUP, bupivacaine; SIRT1, sirtuin 1; 7-AAD, 7-aminoactinomycin D.
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Figure 3. RSV protects PC12 cells against BUP-induced cytotoxicity via SIRT1 upregulation. (A) Cell viability in PC12 cells exposed to increasing concentra-
tions of EX527. (B) Morphology of PC12 cells in the control, BUP,RSV + BUP and EX527 + RSV + BUP groups observed under a phase-contrast microscope
(magnification, x200; scale bar, 50 ym). (C) Representative western blot images and semi-quantification of SIRT1 protein levels in each group. (D) Cell
viability in each group. (E) Representative immunofluorescence images of SIRT1 (green) and cell nuclei (blue) staining (scale bar, 50 ym) and the relative
mean intensity of SIRT1 immunofluorescence in each group. Data are presented as the mean + SEM (n=3). "P<0.05 vs. the control group; “P<0.05 vs. the BUP
group; ¥P<0.05 vs. the RSV + BUP group. RSV, resveratrol; BUP, bupivacaine, SIRT1, sirtuin 1; EX527, SIRT1 inhibitor.

increased the apoptosis rate compared with that in the RSV +
BUP group. These results suggest that the protective effect of
RSV against BUP-induced apoptosis in PC12 cells is mediated
by the upregulation of SIRTI.

RSV protects against BUP-induced apoptosis through PERK
pathway inhibition. To further elucidate the molecular
mechanisms underlying the protective effect of RSV on
BUP-induced apoptosis, the expression levels of proteins
associated with the PERK signaling pathway and ER stress
were analyzed. The role of the PERK signaling pathway was
evaluated using the PERK activator CCT020312. First, the
optimal concentration of CCT020312 was determined using a
CCK-8 assay. Based on the results shown in Fig. 5A, 4 yM was
selected as the optimal treatment concentration for subsequent
experiments. The western blotting and CCK-8 assay results
shown in Fig. 5B-D indicate that BUP induced ER stress

and activated the PERK pathway, as evidenced by increased
levels of the ER stress marker proteins GRP78, caspase-12
and CHOP, as well as the PERK pathway-associated proteins
p-PERK, p-elF2a and ATF4 in the BUP group compared
with the control group. However, compared with those in the
BUP group, the levels of GRP78, caspase-12, CHOP, p-PERK,
p-elF2a and ATF4 proteins were decreased in the RSV +
BUP group. Pretreatment with 4 yM CCT020312 increased
the protein levels of p-PERK, p-elF2a, ATF4, caspase-12 and
CHOP compared with those in the RSV + BUP group. These
data indicate that RSV inhibits BUP-induced ER stress and
PERK/elF2a/ATF4 pathway activation.

To further elucidate the role of the PERK-eIF2a-ATF4
pathway in the protective effects of RSV against BUP-induced
apoptosis, the expression levels of apoptotic proteins and the
rate of apoptosis were assessed in each experimental group
using western blotting and flow cytometry, respectively. As
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shown in Fig. 6, the Bax and cleaved caspase-3 proteins levels
were elevated, Bcl-2 protein levels were reduced and the rate
of apoptosis was increased in the CCT + RSV + BUP group
compared with the RSV + BUP group. These findings suggest
that RSV mitigates BUP-induced apoptosis by inhibiting the
PERK-elF2a-ATF4 pathway in PCI12 cells.

RSV inhibits the PERK-elF2a-ATF4 pathway by increasing
SIRTI expression. To investigate the potential role of SIRT1
in the inhibitory effect of RSV on the PERK-elF2a-ATF4
pathway, the protein levels of p-PERK, p-eIF2a, and ATF4
were detected in the EX527 + RSV + BUP group using
western blotting and immunofluorescence assays. As shown
in Fig. 7, pretreatment with 10 yM EX527 significantly
reversed the inhibitory effect of RSV on p-PERK, p-elF2a
and ATF4 protein levels when compared with the RSV +
BUP group. These findings suggest that RSV may inhibit the
PERK-elF20-ATF4 pathway via the upregulation of SIRT1
expression in BUP-exposed PCI12 cells.

Discussion

In the present study, the changes in the viability of PC12 cells
treated with BUP were evaluated at a 24-h time point. This
time point was selected based on the results of preliminary
experiments and consideration of previous studies (24-29).
Additional experiments using a SIRT1 inhibitor and PERK
pathway agonist were then conducted to evaluate the regula-
tory relationship between SIRT1 and the PERK pathway in
the context of the RSV-mediated attenuation of BUP-induced
neurotoxicity. The main findings of the present study are as

follows. Firstly, it provides the first evidence of the involvement
of SIRT1 in BUP-induced neurotoxicity. By using a SIRT1
inhibitor, EX527, it was confirmed that the neuroprotective
effect of RSV against BUP-induced neurotoxicity is achieved
through the upregulation of SIRT1 expression. Secondly, it
reveals that a PERK pathway agonist can attenuate the ability
of RSV to reduce BUP-induced apoptosis in PC12 cells. This
finding suggests that the PERK pathway plays a crucial role in
mediating the protective effects of RSV against BUP-induced
neurotoxicity. Finally, the research findings suggest that
RSV blocks the PERK-elF2a-ATF4 pathway of ER stress
by increasing SIRT1 expression in BUP-exposed PC12 cells.
These findings contribute to an improved understanding of the
molecular mechanisms involved in BUP-induced neurotoxicity
and highlight the neuroprotective potential of RSV through its
regulatory effect on the SIRT1 and PERK signaling pathways.

SIRT1 is a well-studied member of the sirtuin family
that has been shown to be associated with the modulation of
various physiological and pathological conditions involving
aging, metabolism, oxidative stress, autophagy and inflam-
mation (30-33). As a positive regulator in cellular response,
SIRT]1 can activate different substrates, including p53, FOXO3
and NF-xB, to alleviate cell damage caused by various
factors (34-36). There is an increasing consensus that SIRT1 is
avital player in the protection of cells from apoptosis following
injury (14,37,38). RSV is a natural SIRT1 agonist that has
shown protective effects against neurotoxicity and neuro-
degeneration through the activation of SIRT1 (39-42). The
present study sought to explore the mechanisms underlying
BUP-induced neurotoxicity and the potential protective effects
of RSV against the effects of BUP on PCI12 cells. The findings
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demonstrate that BUP significantly reduced cell viability and
SIRT]1 expression levels in a concentration-dependent manner.
Furthermore, RSV treatment inhibited BUP-induced apop-
tosis via the downregulation of the expression of pro-apoptotic
proteins caspase-3 and Bax and upregulation of the expression
of Bcl-2. Moreover, to evaluate the involvement of SIRT1 in
the protective functions of RSV, EX527, a specific inhibitor of
SIRT1 was used in the present study. The results demonstrate
that EX527 increased the apoptosis rate and expression levels
of caspase-3 and Bax, and decreased the expression of Bcl-2
in the cells cotreated with RSV and BUP, which partially
abolished the protective effect of RSV against apoptosis.
These data suggest that RSV inhibits BUP-induced apoptosis
in PCI12 cells via the activation of SIRT1.

ER stress has been linked to the pathogenesis of
BUP-induced neurotoxicity in a previous study, in which the
inhibition of ER stress was shown to attenuate the apoptosis

caused by BUP (43). In the present study, it was discovered
that BUP increased the expression of ER stress marker
proteins GRP78, caspase-12 and CHOP, while RSV treatment
significantly decreased the BUP-induced increases in the
expression of these proteins, indicating that RSV suppressed
BUP-induced ER stress. Under severe ER stress conditions,
PERK dissociates from the molecular chaperone GRP78 and
undergoes autophosphorylation through dimerization, leading
to the phosphorylation of e[F2a and subsequent upregulation
of ATF4 protein expression. It is now understood that CHOP,
one of the target genes of ATF4, triggers cell apoptosis by
upregulating the expression of the pro-apoptosis protein Bax,
while the expression of the anti-apoptosis protein Bcl-2 is
downregulated (44). Furthermore, a recent study demonstrated
that RSV protects against acrolein-induced ferroptosis and
insulin secretion dysfunction via the ER-stress-associated
PERK pathway (45). Therefore, the PERK agonist CCT020312
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Bupivacaine

Figure 8. Mechanism by which resveratrol-mediated SIRT1 upregulation
protects against bupivacaine-induced neurotoxicity involves inhibition of
the PERK-elF2a-ATF4 pathway. SIRTI, sirtuin 1; PERK, protein kinase
RNA-like ER kinase; eIF2a, eukaryotic translation initiation factor 2 a;
ATF4, activating transcription factor 4; p, phosphorylated.

was used in the present study to examine whether the PERK
signaling pathway mediates the anti-apoptotic effects of RSV
against BUP-induced apoptosis in PC12 cells. The results
substantiated that BUP activated the PERK pathway in PC12
cells, as demonstrated by increased levels of p-PERK, p-elF2a
and ATF4, which is consistent with the findings of preliminary
experiments in the present study. Treatment with RSV signifi-
cantly decreased the p-PERK/PERK and p-elF2a/elF2a
ratios and decreased ATF4 protein expression in BUP-treated
PC12 cells. However, pretreatment with CCT020312 increased
the p-PERK/PERK and p-elF2a/elF2a ratios and the expres-
sion levels of ER stress marker proteins caspase-12 and
CHOP, indicating that CCT020312 reversed the inhibitory
effect of RSV on ER stress. Furthermore, western blotting
and flow cytometry were used to quantify the expression of
apoptosis-related proteins and the apoptosis rate. The results
indicated that CCT020312 partially abolished the protective
effect of RSV against BUP-induced apoptosis. Therefore,
these results support the hypothesis that the protective effect
of RSV against BUP-induced injury in PC12 cells is mediated
through the inhibition of the PERK-elF2a-ATF4 pathway,
which thereby exerts an anti-apoptotic effect.

Previous studies have provided evidence to suggest that
SIRT1 plays a crucial role in mediating the suppressive
effects of RSV on ER stress (46,47). SIRT1 has been shown
to block the activation of IRE1 and X-box binding protein 1
(XBP1) through deacetylation under ER stress conditions.
For instance, Chou et al (48) reported that RSV or the overex-
pression of SIRT1 significantly decreased cadmium-induced
activation of the IRE-la/spliced XBP1 pathway and NLRP3
inflammasome, along with pyroptosis. It has been reported
that SIRT1 directly interacts with lysine on PERK and elF2a
to regulate PERK activation (49,50). Notably, RSV has been
reported to restore cardiac function and reduce cardiomyocyte
apoptosis via SIRT1-mediated inhibition of the PERK/eIF2a
pathway (50). Therefore, rescue experiments were conducted

in the present study to investigate the involvement of SIRT1 in
the inhibitory effects of RSV on the PERK signaling pathway.
The results showed that EX527 significantly increased the
p-PERK/PERK and p-elF2a/elF2a ratios and decreased the
expression of ATF4 in the cells treated with RSV and BUP,
indicating that SIRT1 mediates the suppressive effects of
RSV on the PERK-elF2a-ATF4 pathway. A graphical image
depicting the proposed mechanism in which RSV-mediated
SIRT1 upregulation protects against BUP-induced neuro-
toxicity via inhibition of the PERK-elF2a-ATF4 pathway is
shown in Fig. 8.

The present study has three limitations that should be
acknowledged. Firstly, the changes in cell viability were only
evaluated at a single time point (24 h) after the treatment of
PC12 cells with BUP. The effects of BUP, RSV and EX527
on PC12 cell viability were not investigated at different time
points. Secondly, GAPDH was used as a loading control to
quantify the target bands in the western blot analysis, with
the aim of standardizing the quantification. The expression of
full-length caspase-3 protein was not analyzed for comparison
with cleaved caspase-3, which could have provided a more
accurate assessment. Thirdly, the interaction between SIRT1
and the proteins in the PERK signaling pathway was not
directly investigated. Further research is necessary to identify
the specific proteins within the PERK signaling pathway
that are targeted by SIRT1 deacetylation in BUP-induced
neurotoxicity.

In summary, the present study reveals that SIRT1 plays
a pivotal role in the pathogenesis of BUP-induced neurotox-
icity by modulating activation of the PERK-elF2a-ATF4
signaling pathway. Compelling evidence that RSV protects
against BUP-induced PC12 cell apoptosis via the upregula-
tion of SIRT1 expression and subsequent inhibition of the
PERK-elF20-ATF4 signaling pathway is provided. These
findings highlight potential therapeutic targets and strategies
for the treatment of BUP-induced neurotoxicity.
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