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ABSTRACT

Manganese superoxide dismutase (SOD2)is a key enzyme to scavengefree radical superoxide in the
mitochondrion. SODZ2deficiencyleadsto oxidative injury in cells.Bupivacaine a local anestheticcommonly
used in clinic, could induce neurotoxic injury via oxidative stress The role and the mechanismof SOD:
regulation in bupivacaineinduced oxidative stressremains unclear. Here, bupivacainewas used to treat
SpragueDawleyrats with intrathecal injection and culture human neuroblastomacells for developingvivo
injury model and vitro injury model. The results showed that bupivacainecausd the over-production of
mitochondrial reactive oxygen species(mtROS) the activation of GJun N-terminal kinase (JNK) and the
elevation of SOD2transcription. Decreaseof mtROSwith N-acetylL-cysteine attenuated the activation of
JNKand the increaseof SOD2Zranscription. Inhibition of JINKsigraling with a smallinterfering RNA(SiRNA
or with sp600125down-regulated the increaseof SOD2ranscription. SOD2gene knock-down exacerbate(
bupivacaineinduced mtROSgeneration and neurotoxic injury but had no effect on JNKphosphorylation.
Mito-TEMPQ(a mitochondria-targeted antioxidant) could protect neuron against bupivacaineinducedtoxic
injury. Collectively,our results confirm that mtROSstimulates the transcription of SOD2via activating JNF
signaing in bupivacaineinduced oxidative stress Enhanéng antioxidant ability of SOD2might be crucid in
combatingbupivacaineinducedneurotoxic injury.

INTRODUCTION and more clinicians pay attention to the local
anesthetidnduced  neurotoxic injury [5, 6]
Reactive oxygen species (ROS), as a byproduct of Bupivacaine (BPV), an amide compound, visdely

oxidative phosphorylatiorare mainly produced in the administrated for regional nerve block and analgesia
mitochondria [1, 2]. Bough evidencehas revealed [7]. It uncouple oxidative phosphorylation, inhilst
that ability deficiency of scavenging ROBadsto the ATP prodwetion, and collapse the mitochondrial
damageof mitochondrial lipid membrane, the release membrane potential [8]. The decreadTP activats

of mitochondrial cytochrome c anithe activaion of adenosine 5monophosphate (AMPactivated protein
mitochondrialdeath paiway [3, 4]. Wth reports of kinasesignalingwhich results in a marked increasg
cauda equine syndrome and transient neurological intracellular ROS. We havedemonstrated that
symptomsfollowing continuous spinal anesthesia oxidative stressmediaed apoptosis is a crucial
high concentration dbcal anesthetiapplication more mechanism of BPMhduced neurninjury [9].
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Manganese superoxide dismutase (SPD8 the
essential mitochondrial antioxidant
detoxifies the free radical superoxide mammalian
cells [10, 11]. 1 transfes highly reactive @ into HxO»,

which is reduced to #D in the mitochondria [12]. The
homeostasibalancein the activationof SOD2 and the

productionof free radical superoxide determine whether

cells suffer from oxidative stresand apoptosis SOD2
deficiency leadsto mitochondrial oxidative stress and
glycation of mitochondrial DNA, which plays a crucial
role in mitochondria oxidative stressand neuron
apoptosis [13, 14]. Ae interaction between SOD2
transcription and RO®$roductionis different insome
pathological procegs SOD2 deficiencyreportedly
exacerbates the mitochondrial ROSItROS over

production and oxidative damage in Chagas disease

[15]. At the sametime, previousevidencedemonstrate
that ROS stimulates SOD2 expression through
activation of p53 [16]. The mechanism ithat ROS
drives the nucleus translocation of extracellular

regulated protein kinases, where it phosphorylated p53

at Serl5, leading to the activation of p53 and
subsequenup-regulation of SOD2 transcription [17].
However the role and transcriptiorof SOD2in BPV-
inducedoxidative stress remains clear.

C-Jun Nterminal kinase (INK) is a stresslucible
kinase in response
intracellular nociceptive stimulus, such asidative
damage UV light, chemicals and biological agents {18
20]. When phosphorylated, JN&ignalingis activated

to change stress related proteins transcription for

modulating cellsurvival or death[21, 22]. Whetheror
not SOD2 transcriptionis regulated through mtRGS
driven adivation of JNK signalingin oxidative stress
has not been reported.

In this study, BPVwas used to tredbpragueDawley

rats with intrathecal injectionand culture human
neuroblastomaSH-SY5Y) cells for developingvivo

injury model and vitro injury model. This study may
elucidate the mechanism oMIROSJINK-SOD2

signalingin BPV-induced neuroroxidative stressand

provide promising therapy fobaveneurotoxicinjury.

RESULTS

BPV induced spinal reflex dysfunction and apoptotic
injury in vivo

Spinalreflex function was assessed by paw withdrawal

threshold (PWT, g)and thermal withdrawal latency
(TWL, s). Theyweretested indifferenttimes(pre-drug,
6" h, 12" h and 24" h) after ratswith intrathecal
injection of2.5% BPV.In groupBPV, PWTand TWL
valueswere significarly elevatedin 6" h, 12" h and

enzyme that

to various extracellular and

24" h afterinjection (vs. pre-drug P< 0.05. PWT and
TWL values were alswignificanty elevatedin 6™ h,
12" h and 24" h after intrathecal injection of BPV
(groupBPV vs. groupCon, P< 0.05. (FigurelA, 1B).

Spinal cord apoptotic injury was determined with
cleavedcaspas& expression They were measured in
different times (pre-drug, 6" h, 12" h and 24" h) after
rats with intrathecalinjection of 2.5% BPV. Cleaved
caspase& expression wasignificanty elevatedin 6™ h,
12"h and 24" h afterintrathecal injectiorof BPV (vs.
groupCon, P< 0.05 FigurelC, 1D).

BPV caused oxidative injury, activated JNK
signalingand elevatel SOD2transcription in vivo

After intrathecal injection of 3% BPV, JNK
phosphorylation an&OD2expression were elevated in
6"h and 1% h in spinal cord of rats (vs. parug, P<
0.05, Figure 1C-1F). Spinal cord oxidative injury was
measured with malondialdehyde (MDA) and8-
hydroxydeoxyguanosine {8HdG) generation. MDA
and 80HdG production significaiyt were increased in
6"h, 12"h and 24 h after intrathecal injection of 2.5%
BPV in spinal cord of rats (vs. group CoRs 0.05,
FigurelG, 1H).

MtROS-IJNK-SOD?2 signaling was activatedin BPV-
induced vitro injury model

Cells were cultured withdifferent BPV concentrations
(0.5, 2.0,0r 4.0 mM) for 60 min Cytotoxicity was
measuredwith lactate dehydrogenas@DH) assays.
LDH productionwas increasedn cells cultured with
0.5, 2.0,0or 4.0 mM BPV (vs. group Con, P< 0.05
Figure2A).

Next, cells werecultured with2.0 mM BPV for 30, 60,
or 90 min Oxidativeinjury (LDH, MDA, 8-OHdG and
MtROS generatiol, JNK phosphorylationand SOD2
expression were nasured. Oxidative injury was
significanty elevatedin cells treated wittBPV in 30,
60, or 90 min(vs. groupCon, P< 0.05 Figure2B-2D).
BPV stimulatedan increaseof JNK phosphorylation
and SOD2 transcription that paralleled mMtROS
generdion (vs. groupCon, P< 0.05 Figure2E-2J).

SOD2 transcription was up-regulated via mtROS-
JNK signaling in BPV-induced vitro oxidative injury
model

N-acetytL-cysteine (NAC, a ROS scavengewas
employed todeterminethe effect of mtROS on JNK-
SOD2 signaling. TMe results showed that NAC
significantly reducedntROS productiontheincreaseof
JNK phosphorylatiorand SOD2 transcriptionin group
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Figure 1. BPV caused spinal cord oxidative injury to activate JNK signaling and elevate SOD2 transcription @orrats.
intrathecal injection 0f0.9% saline with 0.2 pl/g in rats; BPV: intrathecal injection of 2.5% BPV with 0.2 pl/g iAr&psspinal reflex
function in different times (8 h, 12" h or 24" h after intrathecal injection of 2.5% BPV or 0.9% saline with 0.2 pl/g) was investimaRWT
and TWL values; prdrug: rats before intrathecal injection of 0.9% saline or 2.5% BPV; Values are the mean+ SEM of R<=08)5"
compared with the predrug; #:P< 0.05 compared with group CorC;H) MDA and 80HdG production, JNK phosphorylation and SOD2
transcriptionwere measured in spinal intumescentia lumbalis of rats in different tinte& (62" h or 24" h after intrathecal injection of BPV
or saline); Values are the mean+ SEM of n =B 0.05 compared with the group Con.
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Figure 2. Oxidative injury, JNK phosphorylation and SQiafscription were elevated in SFBY5Y cells treated with BPV.

(A) LDH in cells treated with different concentration (0.5, 2.0, 4.0 mM) of BPV for 60BNk in cells treated with 2.0 mM BPV for 30, 60,
or 90 min.; G D) MDA and 80OHdG production in cells treated with 2.0 mM BPV for 30, 60, or 90 Eif);the fluorescence intensities of
mtROSIn cells incubation with 2.0 mM BPV for 30, 60, or 90; (@) H) the western blot analysis shows JNK ardNK in SI$Y5Y cells
incubation with 2.0 mM BPV for 30, 60, or 90 minJ)(the western blot analysis showed SOD2 expression in cells incubation with 2.0 mM
BPV for 30, 60, or 90 min. Values are the n88M of n = 3. *P< 0.05 compared with the group Con.
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NAC (vs. group Con, P< 0.05) It also significantly
reducedBPV-inducedmtROS gener#ion, the increase
of JINK phosphorylatiorand SOD2transcription(group
NAC+BPV vs groupBPV, P< 0.05) At the sametime,

NAC significantly attenuatedBPV-induced neurotoxic
injury (group NAC+BPV vs group BPV, P< 0.05).
(Figure3)

Next, small interfering RNASIRNA) and sp60012%an
inhibitor of JNK signaling)were employed toconfirm
the mechanicof JNK signaling inSOD?2 transcription
Down-regulation of JNK expression significantly
decrease®OD2 transcriptiornn cells (groupsiJNK vs.
group Con, P< 0.05) Simultaneouslythe same effect
can be achievedat inhibiting activation of JNK
signaling (group SP vs. group Con, P< 0.05) More
importanty, SOD2 transcription was significantly
inhibited in group siJNK+BPV or group SP+BPWs.
groupBPV, P< 0.05) However,JNK geneknock-down
had no effect on BPV-induced mtROS production
(groupsiJNK+BPV vs groupBPV, P> 0.05) (Figure4)

SOD2 gene knockdown enhanced BPVinduced
MtROS over-production, oxidative injury and
apoptosis invitro

Cells were transfected witBOD2 siRNA or negative
control siRNA. SOD2 gene knoclkdown increased
MtROS generationin cells (group ss0OD2 vs. group

Con, P< 0.05) Meanwhile, it also enhanced BPV
induced mtROS overproduction(group siSOD2+BPV

vs. groupBPV, P< 0.05) (Figure5A-5D)

Further the effect ofSOD2 geneknockdown on JNK
phosphorylationwas determined. The results showed
that SOD2 gene knockdown elevated JNK
phosphorylationin group s8OD2 (vs. group Con, P<
0.05. However it had no effect on JNK
phosphorylatia in group sSOD2-BPV (vs group
BPV, P> 0.05).(Figure5E and5F)

Mitochondrial depolarizationvas measuredwith JCG-1
staining. Mitochondrial membrane potentials (MMP)
wasdeclinedin group ssOD2or groupBPV (vs. group
Con, P< 0.05) SOD2 geneknockdown significantly
aggravatedPV-inducedthe decreaseof MMP (group
siSOD2+BPV vs. group BPV, P< 0.05) MDA and 8
OHdG productionwere increased in grougiSOD2 or
group BPV (vs. group Con, P< 0.05) This effect was
further exacerbated igroup siSOD2-BPV (vs. group
BPV, P< 0.05) The cells apoptosis was detected by
flow cytometryand cleaved caspaSeexpressionCells
apoptosis waglevated in group SIOD2or group BPV
(vs. group Con, P< 0.05) SOD2 gene knock-down
significantly enhaned BP\tinduced cells apoptosis
(group siSOD2-BPV vs. group BPV, P< 0.05) As a

control antioxidantin mitochondria,mito-TEMPO was
usedto protectcells against oxidativeinjury and 25 uM
mito-TEMPO  performed significant  oxidation
resistancein SH-SY5Y cells as previously described
[23]. So, this concentrationof mito-TEMPO was used
to preculturecells and it could attenuateBPV-induced
neurotoxicinjury (group mito-TEMPO+BPV vs. group
BPV, P< 0.05) (Figureb)

DISCUSSION

The purpose of this study is to character&eD?2 in
BPV-induced neuron oxidative stressand find out its
mechanist pathway. There are three main findings
the present study. First, BPsaugd neuronoxidative
stresswith concomitantly stimuléhg activation ofJNK
signalingandSOD2transcription Second, nROSJNK
signalingwas a ceregulator of SOD2 transcription in
BPV-induced neurotoxic injury. Third, SOD2
deficiency enhancedBPV-induced neurotoxicity and
mito-TEMPO protected cells against above injury.

Local anesthetics are widely used in regional anesthesia
and analgea, and have certain neurotoxic effects on
neuron. [evious studies have confirmed that local
anesthetics can trigger intracellulae?C homeostasis
imbalance mitochondrial and endoplasmic reticulum
oxidative stress. A large amount of RP®ductionis a
crucial factor in local anesthetiegxducedtoxic injury
such as BPV, lidocaine and ropivacaine ,[24, 25].
However previousstudies focus on cell oxidative injury
and whetherthe results of vivo model are consistent
with above changs is not clear. In this study, vivo
injury model was developedand the results showed
BPV caused spinal cordxidative stresand apoptotic
injury, and subsequensgpinal reflexdysfunction Next,
BPV wasusedto cultureSH-SY5Y cells andhe results
also denonstratedhatit stimulatedmtROS production

in a concentration and time-depené@nt manner with
parallel cellular toxic injury. SOD2 resides
predominantly in the mitochondrial matrias a key
antioxidant enzyme.tlwas found also in nucleoid
complexes wh mitochondrial DNA to protecthem
from oxidative injury and inactivation respectively.
Amazingly, SOD2 appears to subject to inactivation in
response to oxidative stress, and tyrosine nitra@éh [
In contrast we found that SOD&anscriptionwas up-
regulatedin BPV-induced neuroroxidative stress The
mechanism governing the interaction of mtROS
productionand SOD?2 transcription iabove oxidative
injury modelis notclear.

Cells survival or death is closely related tthe
activation of JNK signaling which modulatesstress
related pathway in oxidative injury [27]. SOD2
transcription through mtRQ&riven JNKsignalinghas
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not been explored. In the present study, we investigated could stimulatemtROS productionfollowing activated
JNK phosphorylation and SOD2 transcription. The  JNK signaling which ugegulated SOD2 transcriptio
results showed thahe activation of JNK and SOD2 Antioxidant NAC was used to inhibit mtROS
transcription vere increased in response to BPV productionfor confirm its effect on the activation of
induced oxidative stressSo, we speculated that BPV JNK signaling and SOD2 transcription. fie results
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Figure 3.mtROSactivated JNK signaling andtimulated SOD2transcription in BPV{induced neuron oxidative stress Con:
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showed that NAC effectively reduced mtROS
production, antagoped the JNK phosphorylatioand
downregulatedSOD2 transcriptionFurther JNK gene
knockdown inhibited BPVinduced theup-regulation
of SOD2 transcriptionAt same time, aNK inhibitor
(sp60012% also decreased JNKphosphorylationand
downregulated SOD2 transcription Above evidence
suggestd that the activation of JNKignaling maybe
responsible fomtROSstimulated SOD2 transcription
in BPV-inducedneuronoxidativestress

Cells lose the capacity for being adequate toasenge
ROS contributing to mitochondria oxidativetress and
apoptosis pathway [28]. The scavenging ability of
SOD2plays a critical role in maintaining thdynamic
balance of ROS production and the integrity of
mitochondria. SOD2 deficiency shows a varieg of
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activation of SOD2 could attenuate BPMnduced
oxidativestress.

Some limitations should be noted that BBpplication

in clinical is 0.5%0.75%. For building spinal cord
injury model, 2.5% BPV was used for intrathecal
injectionin rats aspreviously describefB3], which was
greater than clinical dosek vitro injury model, BPV
concentration was 2 mM, which was equal to 0.06%
clinical concentration. According to previous report,
almost all SHSY5Y cells culturd with clinical
concentration of BPV will be killed [34]. In clinic, the
axons in the nerve roots dfd cauda equina suffer from
the brunt of BPV intrathecal injection which is greater
than the ce$ culture concentration. So, BRihduced
neurotoxicinjury can beconfirmed in vivo and vitro
models.

In summary, our study reveat that mtROSJINK
signaling is a coregulator of SOD2 transcription in
BPV-induced oxidative stress Enhaning the
antioxidantability of SOD2 mightbe employed as a
promising therapy in the prevention of Bfwuced
neura oxidativeinjury.

MATERIAL SAND METHOD S
Surgical procedureand group assignment of ats

This study was approved by the Animal Research
Center of Southern Medical Universityprotocol
number: SYXk20160167,GuangzhouChing, which
follows the Guide for the Care and Use of Laboratory
Animals (NRC1996) Animal experiments were
conducted in male Spragiawley rats 8-10 weeks
old, 250-300 g) from Animal Research Center of
Southern Medical University All rats received
intrathecalcatheterization as describpdeviously[33].
Rats were allowed at least 2 daysrést for recovery
from the operation. Ratsith tail movements or motor
dysfunction in the hind limbs were notsed innext
experimentsFor building BPV-induced rat spinal cord
injury model, we used 2.5% BPV apreviously
described[33]. Under ewflurare anesthesial(5%)
with oxygen and room air via a nose co@&% BPV
hydrochloride (dissolved in 028 saline) or 0.% saline
was injected intrathecally at thes-LLg intervertebral
space using &0gauge needle. The volume of the
injectate was @ pl/g body weight.

For investigating the effect of BPV on oxidative
damage in spinal cord, rats were divided into four
groups:. group con (rats after injection of 0.9% saline
with 0.2 pl/g, n=6), group 6 h (rats at 6 h after injection
of 2.5% BPV with 0.2 pl/gn=6), group 12 h (rats at 12
h after injection of 2.5% BPV with 0.2 ul/g, 5, and

group 24 h (rats at 24 h after injection of 2.5% BPV
with 0.2 ul/g, n= 6). Following, all rats” spinal cord
tissues (about 10 mm intumescentia lumbalis) were
prepared adescribed35].

Spinal reflex functionin rats

Spinal cordfunction was assessed by evaluating hind
limb withdrawal reflexresponses to mechanical and
thermal stimuliwith calculating the PWT (gand TWL

(s) in different times (beforeinjection, 6™ h, 12"h and
24" h after BPV injection), with the experimenter
blinded to initial treatment group aspreviously
described36].

Cells culture and transfection

The human neuroblastoma SY5Y cell line was
purchased from the Shanghai Institutes for Biological
Sciences (Shanghai, Chinalells were cultured in
DMEM/F12 medium (Gibco, Grand Island, NY)
supplemented with 10% FBS (Gibco, Grand Island,
NY) and 1% periillin/streptomycin at 37°C in 5%
CO,. The culture medium was replacedery two days
Cells were grown in 16énm dishes and sutultured in
6-well (seeding density 5.0 x 9%0cells), 12well
(seeding density 1.0 x i@ells). Experiments were
conducted whe cells reached 85% confluence. BPV
hydrochloride (purity 99.9%)NAC and mito-TEMPO
(Sigma, St. Louis, MO)vere dissolved in the media.
Sp600125 (Enzo Life Sciences, Farmingdale, NY,
USA) was dissolved in dimethyl sulfoxide (DMSO)
(Sigma, St. Louis, MO)JNK siRNAs (5°:GAUGG
AAACGACCUUCUAUATAT-3" and 5‘AUAGAAG
GUCGUUUCCAUCATdT3"), SOD2 siRNAs (5-GU
UGGCUUGGUUUCAAUAAITAT-3" and 5*UUAUU
GAAACCAAGCCAACITAT-3") and Silencer
Negative Control siRNA (5UUCUCCGAACG
UGUCACGUTT-3" and 5*ACGUGACACGUUCGG
AGAATT-3") were from Sigma (St. Louis, MO)
Transfection was performed according to manufacturer
instructions.

Measurementof LDH

LDH (a maker of cell toxic injury) in culture medium
was detecteavith Assay Kit(Beyotime Biotechnology,
Ching according to th manual instructions as
described[37]. The amount of LDH frominjury cells
was quantified usingbsorbance captured at 490 nm.

Measurementof MDA and 8-OHdG
As describedn previousstudy[38], rat spinal cord and

cell DNA were extractewith DNeasy Bloodand Tissue
Kit (Qiagen, Germany)according to manufacturer
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instructions. MDA and 8-OHdG production were
determined using an ELISA kifR&D Systems,MN,
USA) accordingto kit instructions The averageviDA
and 80OHdG concentration per micrograof protein for
each experimental group was calculated.

Western blot assay

Preparation of lysates, determination of protein
concentrationsglectrophoresis, and immunoblotting were
conducted as previously describgd]. They were
immunoblotted with antrSAPK/JNK (1:50Q CST,
Danvers, MA) antiphospheSAPK/IJNK  (Thrl183/
Tyrl85) (1:50Q CST, Danvers, MA) antrSOD2 (1:500
CST, Danvers, MA) anti-caspas& (1:500, CST,
Danvers, MA), anti-caspas® (1:50Q CST, Danvers,
MA) or antip-actin (1:1,000 Sigma, St. Louis, MQ
diluted in blocking solution containing 5 % nonfat dry
milk and 0.1 % TweeR0 in TrisHCI-buffered saline
overnight. The immunocomplexes were visualized using
chemiluminescencéBand densities were measured using
a densitometer and agaéd with Quantity One analysis
software (BieRad, Hercules, CA). Relative protein
expression levels were normalized to corresponling
actinbands.

Detection ofmtROS

Measurement of mtROS was performed using MitoSOX
(Invitrogen, Carlsbad, CA). Briefly, afterdrugs
treatmentin 6-well plates, cells were incubated with 5
UM MitoSOX at 37°C for 15 min, then collected and
washed three times with phosphate buffer salineSjPB
The concentration of MitoSOX at 5 uM was chosen
based on previous study conducted in-S¥bY cells
[23], and our preliminary experiments which showed
that the suitability to catch oxidative stress in our
experimental settingsMeasurement was performed
using flow cytometry (BD FACS Calibur, BD
Biosciences, USA) at excitation/emission wavelengths
of 510/580 nm.

MMP assay

Mitochondrial depolarization was measured with1JC
assay kit (Life Technologies Corporation, USA).
After treatment, cells were incabed for 20 min with
JC-1 staining solution (5ug/ml) at 37°C and rinsed
twice with PBS. MMP was monitored by determining
the relative amount of dual emissions from
mitochondrial JE1 monomers or aggregates using
flow cytometry B9]. In injury cells withlow MMP,
JCG-1 remains in the monomeric form and shows only
green fluorescence. Mitochondrial depolarization is
indicated by a decrease in the polymer/monomer
fluorescence intensity ratio.

Apoptosis assay bylow cytometry

After treatmentin 24-well plates, cells were rinsed with
PBS, and resuspended in 5Q0 binding buffer.
Annexin V-FITC (5 pl) and propidium iodide (ful)
(KeyGEN, Nanjing, China) were added in cells
following suspension. Aftea 10 min incubation, cell
apoptosis was detemed by flow cytometry (BD
FACS Calibur, BD Biosciences, NJ, USAjpoptosis
are Annexin VFITC positive and RPhegative $tatistics
of upper right quadrant and lower right quadrant).

Statistical analysis

Data are presented as means + standard erifue afi¢ans
(SEMs). Statistical differences of multiple groups were
calculated by multiple comparisons with variance
analysis, followed by Turkey's post hoc test. Differences
between two groups were calculated by two tailed
unpaired or paired Student’s t te3tatistical analysis was
performedwith SPSS softvare 13.0 (SPSS Inc., Chicago,
IL). Significance was set &< 0.05.
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dehydrogenaseMDA: malondialdehyde; ®©HdG 8-

hydroxydeoxyguanosing?BS phosphate buffer saline;
PWT: paw withdrawal threshold; TWL thermal

withdrawal latency

AUTHOR CONTRIBUTIONS

L.J. and X.Y. designed the study the experiments and
wrote the paper. X., J.H. and Z.W. performed the
experiments X.Y. analyzed the data. X.R. revis¢he

manuscript. All authors read and approved the final
manuscript.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of interest.
FUNDING

This study was supported by the Natiordatural
Science Foundation of China (Grant N&1974187,
8167119281771315nd 8170146/

REFERENCES

1. Xie W, Santulli G, Reike8R, Yuan Q, Osborne
BW, Chen BX, Marks AR. Mitochondrial oxidative

www.agingus.com 13473

AGING



stress promotes atrial fibrillation. Sci Rep. 2015;
5:11427.
https://doi.org/10.1038/srep1142 PMID26169582

Galluzzi L, Kepp O, Trdighnsen C, Kroemer G.
Mitochondrial control of cellular life, stress, and death.
Circ Res. 2012; 111:119®)7.

https://doi.org/10.116 JCIRCRESAHA.112.268946
PMID23065343

Kim WS, Lee KS, Kim JH, Kim CK, Lee G, Choe J, Won

MH, Kim TH, Jeoung D, Lee H, Kim JY, Ae Jeong M, Ha 11.

KS, et al. The caspaB#id/cytochrome C axis links
signals from death receptors to mitochondrial reactive
oxygen species production. Free Radic Biol Med. 2017,
112:56¢77.
https://doi.org/10.1016/j.freeradbiomed.2017.09.001
PMID28888620

Mikhed Y, Daiber A, Steven S. Mitochondrial oxidative
stress, mitochondrial DNA damage and their role in
agerelated vascular dysfunction. Int J Mol Sci. 2015;
16:1591&53.

https://doi.org/10.3390/ijms160715918

PMID26184181

Moen V, Dahlgren N, Irestedt L. Severe neurological
complications after central neuraxial blockades in
Sweden19901999. Anesthesiology. 2004; 101:@50
59.

https://doi.org/10.1097/0000054220041000000021
PMID15448529

Malet A, Faure MODeletage N, Pereira B, Haas J,
Lambert G. The comparative cytotoxic effects of
different local anesthetics on a human neuroblastoma
cell line. Anesth Analg. 2015; 120:4§88.
https://doi.org/10.1213/ANE.0000000000000562
PMID25514420

Ngan Kee WD, Khaw KS, Ng FF, Ng KK, So R, Lee Al

Synergistic  interaction between fentanyl and
bupivacaine given intrathecally for labor analgesia.
Anesthe®logy. 2014; 120:112{36.
https://doi.org/10.1097/ALN.0000000000000118
PMID24398818

Cela O, Piccoli C, Scrima R, Quarato G, Matglla
Cinnella G, Dambrosio M, Capitanio N. Bupivacaine
uncouples the mitochondrial oxidative
phosphorylation, inhibits respiratory chain complexes |
and Il and enhances ROS production: results of a study
on cell cultures. Mitochondrion. 2010; 10:48%6.
https://doi.org/10.1016/j.mit0.2010.05.005
PMID20546950

Liu ZJ, Zhao W, Lei HY, Xu HL, Lai LY, Xu R, Xu SY. High
glucose enhances bupisaineinduced neurotoxicity
via MCUmediated oxidative stress in SEY5Y cells.
Oxid Med Cell Longev. 2019; 2019:7192798.

10.

12.

13.

14.

16.

17.

18.

https://doi.org/10.1155/2019/7192798
PMID30911349

Zuo F, Yu R, Feng X, Khaskheli GB, Chen L, Ma H, Chen
S. Combination of heterogeneous catalase and
superoxide dismutase protects bifidobacterium
longum strain NCC2705 from oxidative stress. Appl
Microbiol Biotechnol. 201488:752334.
https://doi.org/10.1007/s00253014-5851-z

PMID24903816

Sun J, Ren X, Simpkins JW. Sequential upregulation of
superoxide dimutase 2 and heme oxygenase 1 by-tert
butylhydroquinone protects mitochondria during
oxidative stress. Mol Pharmacol. 2015; 88:d&Y.
https://doi.org/10.1124/mol.115.098269

PMID26082377

Kienhofer J, Haussler DJ, Ruckelshausen F, Muessig E,
Weber K, Pimentel D, Ullrich V, Birkle A, Bachschmid
MM. Association of mitochondrial antioxidant enzymes
with  mitochondrial DNA as fegral nucleoid
constituents. FASEB J. 2009; 23:2d34
https://doi.org/10.1096/f].08113571PMID19228881

Breyer V, Weigel I, Huang TT, cRé&tsrieder M.
Endogenous mitochondrial oxidative stress in MNSOD
deficient mouse embryonic fibroblasts promotes
mitochondrial DNA glycation. Free Radic Biol Med.
2012; 52:174449.
https://doi.org/10.1016/j.freeradbiomed.2012.02.021
PMID22370091

Jiang W, Chen Y, Li B, Gao S.-iD@ced caspass-
dependent apoptosis occurs through mitochondrial
translocation of cyC in the rathippocampus. Mol
Biosyst. 2017; 13:18633.
https://doi.org/10.1039/c7mb002469g

PMID28731097

Wen JJ, Garg NJ. Manganese superoxide dismutase
deficiency exacerbates the mitochondrial ROS
production and oxidative damage in chagas disease.
PLoS Negl Trop Dis. 2018; 12:e0006687.
https://doi.org/10.1371/journal.pntd.0006687
PMID30044789

Holley AK, Dhar SK, St Clair DK. Manganese superoxide
dismutase vs. P53: regulation of mitochondrial ROS.
Mitochondrion. 2010; 10:64%1.
https://doi.org/10.1016/j.mit0.2010.06.003
PMID20601193

Candas D, Li JJ. MnSOD in oxidative stress response
potential regulation via mitochondrial protein influx.
Antioxid Redox Signal. 24,120:159¢617.
https://doi.org/10.1089/ars.2013.5305

PMID23581847

Shen K, Xie J, Wang H, Zhang H, Yu M, Lu F, Tan H, Xu
H. Cambogin indés caspasédependent apoptosis

www.agingus.com

13474

AGING


https://doi.org/10.1038/srep11427
https://pubmed.ncbi.nlm.nih.gov/26169582
https://doi.org/10.1161/CIRCRESAHA.112.268946
https://pubmed.ncbi.nlm.nih.gov/23065343
https://doi.org/10.1016/j.freeradbiomed.2017.09.001
https://pubmed.ncbi.nlm.nih.gov/28888620
https://doi.org/10.3390/ijms160715918
https://pubmed.ncbi.nlm.nih.gov/26184181
https://doi.org/10.1097/00000542-200410000-00021
https://pubmed.ncbi.nlm.nih.gov/15448529
https://doi.org/10.1213/ANE.0000000000000562
https://pubmed.ncbi.nlm.nih.gov/25514420
https://doi.org/10.1097/ALN.0000000000000118
https://pubmed.ncbi.nlm.nih.gov/24398818
https://doi.org/10.1016/j.mito.2010.05.005
https://pubmed.ncbi.nlm.nih.gov/20546950
https://doi.org/10.1155/2019/7192798
https://pubmed.ncbi.nlm.nih.gov/30911349
https://doi.org/10.1007/s00253-014-5851-z
https://pubmed.ncbi.nlm.nih.gov/24903816
https://doi.org/10.1124/mol.115.098269
https://pubmed.ncbi.nlm.nih.gov/26082377
https://doi.org/10.1096/fj.08-113571
https://pubmed.ncbi.nlm.nih.gov/19228881
https://doi.org/10.1016/j.freeradbiomed.2012.02.021
https://pubmed.ncbi.nlm.nih.gov/22370091
https://doi.org/10.1039/c7mb00246g
https://pubmed.ncbi.nlm.nih.gov/28731097
https://doi.org/10.1371/journal.pntd.0006687
https://pubmed.ncbi.nlm.nih.gov/30044789
https://doi.org/10.1016/j.mito.2010.06.003
https://pubmed.ncbi.nlm.nih.gov/20601193
https://doi.org/10.1089/ars.2013.5305
https://pubmed.ncbi.nlm.nih.gov/23581847

19.

20.

21.

22.

23.

24.

25.

through the ROS/INK pathway and epigenetic
regulation in breast cancer cells. Mol Cancer Ther.
2015; 14:173849.
https://doi.org/10.1158/15357163.MCT14-1048
PMID25976678

Aminzadeh A, Dehpour AR, Safa M, Mirzamohammadi
S, Sharifi AM. Investigating the protective effect of
lithium against high glucoseduced neurotoxicity in
PC12 cells: involvements ROS, JNK and P38 MAPKS,
and apoptotic mitochondria pathway. Cell Mol
Neurobiol. 2014; 34:11430.
https://doi.org/10.1007/s10573014-0083y
PMID25073869

AbdelAleem GA, Khaleel EF. Rutin hydrate ameliorates
cadmium chloridénduced spatial memory loss and
neural apoptosis in rats by enhancing levels of
acetylcholine, inhibiting JINK and ERK1/2 activation and
activating mTOR signallingArch Physiol Biochem.
2018; 124:3677.
https://doi.org/10.1080/13813455.2017.1411370
PMID29214892

Tomlinson V, Gudmundsdottir Kpyong P, Leung KY,
Knebel A, Basu S. JNK phosphorylatesagssciated
protein (YAP) to regulate apoptosis. Cell Death Dis.
2010; 1:e29.
https://doi.org/10.1038/cddis.2010.PMID21364637

Bashari D, Hacohen D, Ginsberg D. JNK activation is
regulated by E2F and promotes EzRfduced
apoptosis. Cell Signal. 2011; 23;86.
https://doi.org/10.1016/j.cellsig.2010.08.004
PMID20800677

27.

28.

29.

30.

Bao L, Chen SJ, Conrad K, Keefer K, Abraham T, Lee JP,

Wang J, Zhang XQ, HirscHleszkiewicz |, Wang HG,
Dovat S, Gans B, Madesh M, CheungMiler BA.
Depletion of the Human lon Channel TRPM2 in
Neuroblastoma Demonstrates Its Key Role in Cell
Survival through Modulation of Mitochondrial Reactive
Oxygen Species and Bioenergetics. J Biol Chem. 2016;
291:2444¢64.

https://doi.org/10.1074/jbc.M116.747147
PMID27694440

Yang J, Li G, Bao K, Liu W, Zhang Y, Ting W. Ropivacaine

inhibits tumor angiogenesis via soditchannel
independern mitochondrial dysfunction and oxidative
stress. J Bioenerg Biomembr. 2019; 51¢Z8L
https://doi.org/10.1007/s10863019-097939
PMID30847691

Boone CH, Grove RA, Adamcova D, Seravalli J, Adamec

J. Oxidative stress, metabolomics profiling, and
mechanism of local anesthetic induced cell death in
yeast. Redox Biol. 2017; 12:139.
https://doi.org/10.1016/j.redox.2017.01.025
PMID28236766

31.

32.

33.

. Dhar SK, Batinidaberle |, St Clair DK. UWBuced

inactivation of manganeseontaining superoxide
dismutase promotes mitophagywia ROSnediated
MTORC2 pathway activation. J Biol Chem. 2019;
294:683%42.
https://doi.org/10.1074/jbc.RA118.006595
PMID30858178

Suzki M, Bandoski C, Bartlett JD. Fluoride induces
oxidative damage and SIRT1/autophagy through-ROS
mediated JNK signaling. Free Radic Biol Med. 2015;
89:369;78.
https://doi.org/10.1016/j.freeradbiomed.2015.08.015
PMID26431905

Singh N, Sarkar J, Sashidhara KV, Ali S, Sinha-S. Anti
tumour activity of a novel coumarichalcone hybrid is
mediated through intrinsic apoptotic pathwayyb
inducing PUMA and altering bax/Btkatio. Apoptosis.
2014; 19:101@28.
https://doi.org/10.1007/s10495014-09752

PMID24638227

Ozden O, Park SH, Kim HS, Jiang H, Coleman MC, Spitz
DR, Gius D. Acetylation of MnSOD directs enzymatic
activity responding to cellular nutrient status or
oxidative stress. Aging (Albany NY). 2011; 3,002
https://doi.org/10.18632/aging.100291

PMID21386137

Keller JN, Kindy MS, Holtsberg FW, St Clair DK, Yen HC,
Germeyer A, Steiner SM, Brukeller AJ, Hutchins JB,
Mattson MP. Mitochondrialmanganese superoxide
dismutase prevents neural apoptosis and reduces
ischemic brain injury: suppression of peroxynitrite
production, lipid peroxidation, and mitochondrial
dysfunction. J Neurosci. 1998; 18:687.
https://doi.org/10.1523/JINEUROSCEAB00687.1998
PMID9425011

llizarov AM, Koo HC, Kazzaz JA, Mantell LL, Li Y, Bhapat
R, Pollack S, Horowitz S, Davis JM. Overexpnestio
manganese superoxide dismutase protects lung
epithelial cells against oxidant injury. Am J Respir Cell
Mol Biol. 2001; 24:43@1.
https://doi.org/10.1165/ajrcmb.24.4.4240

PMID11306437

Alano CC, Garnier P, Ying W, Higashi Y, Kauppinen TM,
Swanson RA. NAD+ depletion is necessary and
sufficient for poly(AD#ibose) polymerasd-mediated
neuronal death. J Neurosci. 2010; 30:2959.
https://doi.org/10.1523/JNEUROSCI.55822010
PMID20181594

Muguruma T, Sakura S, Kirihara Y, Saito Y. Comparative
somatic and viscat antinociception and neurotoxicity

of intrathecal bupivacaine, levobupivacaine, and
dextrobupivacaine in rats. Anesthesiology. 2006;
104:124256.

www.agingus.com 13475

AGING


https://doi.org/10.1158/1535-7163.MCT-14-1048
https://pubmed.ncbi.nlm.nih.gov/25976678
https://doi.org/10.1007/s10571-014-0089-y
https://pubmed.ncbi.nlm.nih.gov/25073869
https://doi.org/10.1080/13813455.2017.1411370
https://pubmed.ncbi.nlm.nih.gov/29214892
https://doi.org/10.1038/cddis.2010.7
https://pubmed.ncbi.nlm.nih.gov/21364637
https://doi.org/10.1016/j.cellsig.2010.08.004
https://pubmed.ncbi.nlm.nih.gov/20800677
https://doi.org/10.1074/jbc.M116.747147
https://pubmed.ncbi.nlm.nih.gov/27694440
https://doi.org/10.1007/s10863-019-09793-9
https://pubmed.ncbi.nlm.nih.gov/30847691
https://doi.org/10.1016/j.redox.2017.01.025
https://pubmed.ncbi.nlm.nih.gov/28236766
https://doi.org/10.1074/jbc.RA118.006595
https://pubmed.ncbi.nlm.nih.gov/30858178
https://doi.org/10.1016/j.freeradbiomed.2015.08.015
https://pubmed.ncbi.nlm.nih.gov/26431905
https://doi.org/10.1007/s10495-014-0975-2
https://pubmed.ncbi.nlm.nih.gov/24638227
https://doi.org/10.18632/aging.100291
https://pubmed.ncbi.nlm.nih.gov/21386137
https://doi.org/10.1523/JNEUROSCI.18-02-00687.1998
https://pubmed.ncbi.nlm.nih.gov/9425011
https://doi.org/10.1165/ajrcmb.24.4.4240
https://pubmed.ncbi.nlm.nih.gov/11306437
https://doi.org/10.1523/JNEUROSCI.5552-09.2010
https://pubmed.ncbi.nlm.nih.gov/20181594

https://doi.org/10.1097/0000054220060600800021 cardiac dysfunction in diabetic rats by impairing
PMID16732097 caveolin3 expression and Akt/eNOS signaling.

34. Park CJ, Park SA, Yoon TG, Lee SJ, Yum KW, Kim HJ. Eiab_e/tlzs-_ 201/?1?06225237%&21391
Bupivacaine induces apoptosis via ROS in the schwann Pt;;)ﬁ)' 23?1;?1?86 :
cell line. J Dent Res. 2005; 84.852. e

https://doi.org/10.1177/154405910508400914 38. Saeed Y, Xie B, Xu J, Wang H, Hassan M, Wang R, Hong
PMID16109997 M, Hong Q, Deng Y. Indirect effectgadiation induce
35. Hamurtekin E, Fitzsimmons BL, Shubayev VI, Grafe MR, apoptosis and neuroinflammation in neuronal-SM5Y

cells. Neurochem Res. 2014, 39:28582.
https://doi.org/10.1007/s11064014-1432x
PMID25227747

Deumens R, Yaksh TL, WalR&t. Evaluation of spinal
toxicity and longerm spinal reflex function after
intrathecal levobupivaciane in the neonatal rat.

Anesthesiology. 2013; 119:1B5. 39. Xue R, Lei S, Xia ZY, Wu Y, Meng Q, Zhan L, Su W,
https://doi.org/10.1097/ALN.0b01831828fc7e7 Liu H, Xu J, Liu Z, Zhou B, Xia Z. Selective inhibition
PMID23514721 of PTEN preserves ischaemic poshditioning

36. Walker SM, Tochiki KK, Fitzgerald M. Hindpaw incision cardioprotection in SHhduced tpe 1 diabetic rats:

role of the PI3K/Akt and JAK2/STAT3 pathways. Clin Sci
(Lond). 2016; 130:3%¢B2.
https://doi.org/10.1042/CS20150496

PMID26666144

in early life increases the hyperalgesic response to
repeat surgical injury: critical period and dependence
on intial afferent activity. Pain. 2009; 147:@96.
https://doi.org/10.1016/j.pain.2009.08.017
PMID19781855

37. Lei S, Li H, Xu J, Liu Y, &a®vang J, Ng KF, Lau WB,
Ma XL, Rodrigues B, Irwin MG, Xia Z. Hyperglyeemia
AYRdzOSR LINRGSAY {(AylasS / iwuw OGAGIGAZY AyRdzOS&a RALF&G2f A

www.agingus.com 13476 AGING


https://doi.org/10.1097/00000542-200606000-00021
https://pubmed.ncbi.nlm.nih.gov/16732097
https://doi.org/10.1177/154405910508400914
https://pubmed.ncbi.nlm.nih.gov/16109997
https://doi.org/10.1097/ALN.0b013e31828fc7e7
https://pubmed.ncbi.nlm.nih.gov/23514721
https://doi.org/10.1016/j.pain.2009.08.017
https://pubmed.ncbi.nlm.nih.gov/19781855
https://doi.org/10.2337/db12-1391
https://pubmed.ncbi.nlm.nih.gov/23474486
https://doi.org/10.1007/s11064-014-1432-x
https://pubmed.ncbi.nlm.nih.gov/25227747
https://doi.org/10.1042/CS20150496
https://pubmed.ncbi.nlm.nih.gov/26666444

