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Background: Understanding of lidocaine-induced neurotoxicity is not complete, resulting

in the unsuccessful treatment in some clinical settings. Dexmedetomidine (DEX) has been

shown to alleviate lidocaine-induced neurotoxicity in our previous cell model. However, the

rationale for DEX combined with lidocaine to reduce lidocaine-induced neurotoxicity in the

clinical setting remains to be further clarified in the detailed molecular mechanism.

Methods: In this study, we established a cellular injury model by lidocaine preconditioning.

Cell Counting Kit-8 (CCK-8) and 5-ethynyl-2ʹ-deoxyuridine (EdU) proliferation assay kit

were used to analyze cell proliferation. Cell apoptosis was measured by flow cytometry and

Hoechst 33342 staining. Cell cycle progression was detected by flow cytometry. The protein

expression levels were detected by Western blotting and immunofluorescence staining.

Results: Our results showed that DEX dose-dependently restored impaired proliferation of

PC12 cells induced by lidocaine, as reflected by the increased cell viability and EdU positive

cells, which were consistent with the decreased expression of tumor suppressor protein p21

and increased expression of cell cycle-related cyclin D1 and CDK1. In addition, DEX dose-

dependently reduced apoptotic PC12 cells induced by lidocaine, as reflected by the decreased

expression of apoptosis-related Bax, caspase-3 and caspase-9 and increased expression of

anti-apoptotic Bcl-2 compared to the cells only treated with lidocaine. Mechanistically, with

gain-or-loss-of-function of STMN1, we showed that DEX-mediated neuroprotection by

lidocaine-induced damage is associated with downregulation of STMN1 which might be

an upstream molecule involved in regulation of mitochondria death pathway.

Conclusion: Our results reveal that DEX is likely to be an effective adjunct to alleviate

chronic neurotoxicity induced by lidocaine.

Keywords: dexmedetomidine, lidocaine, STMN1, neurotoxicity, proliferation, apoptosis

Introduction
Neurotoxicity induced by local anesthetics is now well known in the clinical

setting.1–3 Lidocaine, a typical local anesthetic widely used to reduce perioperative

pain,4 has been shown to induce direct neurotoxicity including transient neurological

syndrome and cauda equina syndrome.5–7 Treatment guidelines for neurotoxicity by

local anesthetics including lidocaine have been increasingly established, but these

treatments are not necessarily successful.8 Studies of the molecular mechanism by

which local anesthetics induce neurotoxicity provides a clue to prevent these adverse

effects. Accumulating evidence suggests that lidocaine-induced neurotoxicity is asso-

ciated with cell apoptosis caused by the increased reactive oxygen species (ROS), the
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release of lactate dehydrogenase, the intracellular calcium

overload or the activation of mitochondrial apoptotic

pathway.9–11 However, understanding of lidocaine-induced

neurotoxicity is not completed, which result ssometimes in

the unsuccessful treatment in some clinical settings.

Dexmedetomidine (DEX), a selective α2-adrenoceptor
agonist, is notable for its ability to provide sedation without

the risk of respiratory depression.12 DEX is also widely

used as an adjunct with other sedatives or anesthetics to

enhance sedation and analgesia.13 Interestingly, much evi-

dence suggests that DEX provides a neuroprotective role

through inhibiting apoptosis in the brain injury models,14–17

which implies that DEX, when combined with local anes-

thetics, might alleviate neurotoxicity induced by local anes-

thetics. In fact, a recent study showed that DEX alleviated

lidocaine-induced spinal neurotoxicity via regulating PKC

expression in a rat model.18 Similarly, our previous studies

demonstrated that DEX protected PC12 cells from lido-

caine-induced cytotoxicity via inhibiting COL3A1 expres-

sion and MAPK pathway activation.19,20 However, the

rational for DEX combined with lidocaine to reduce lido-

caine-induced neurotoxicity in the clinical setting remains

to be further studied, especially in the mechanism consider-

ing a diversity of biological activities of DEX.

Stathmin 1 (STMN1) is an important protein that reg-

ulates microtubule dynamics via promoting microtubule

depolymerization or preventing polymerization of tubulin

heterodimers.21–23 Much evidence shows that STMN1 over-

expression has a positive correlation with the proliferation

of various tumor cells.24–26 However, in our present study

we found that lidocaine induced the increase of STMN1

expression in PC12 cells, which resulted in the apoptosis

and proliferation inhibition, not proliferation induction.

Interestingly, DEX reduced STMN1 expression in PC12

cells treated with lidocaine, which resulted in decreased

apoptosis and increased proliferation. In this study, with

gain- or loss-of-function mutations of STMN1, we provided

evidence that DEX alleviated lidocaine-induced neurotoxi-

city at least partly through inhibiting STMN1 expression.

Materials and methods
Cell culture, drug treatment and cell

transfection
PC12 cells were obtained from the American Type Culture

Collection (ATCC) and maintained in Dulbecco’s Modified

Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA, USA)

supplemented with 10% FBS (Gibco, Grand Island, NY,

USA) and 1% Penicillin-Streptomycin (10,000 U/mL)

(Invitrogen)at 37°C and 5% CO2. Passage number variation

of PC12 cells has been reported to influence sensitivity to

apoptosis or neuroprotection induced by a multiple of

compounds.27 In this study, P9-13 passage of PC12 cells

were chosen and treated with 1 mM lidocaine combined

with different concentrations of DEX (0, 0.1 μΜ, 10 μΜ,

50 μΜ) and the treatment of lidocaine combined with the

solvents was used as a control. For cell transfection, lido-

caine-treated or lidocaine (1 mM)/DEX (50 μΜ) combina-

tion-treated PC12 cells were transfected with STMN1

shRNA or pcDNA3.0-STMN1, with lidocaine/vehicle-trea-

ted cells transfected with scramble shRNA and pcDNA3.0

vector as a control. The transfection was performed using

Lipofectamine 2000 (Invitrogen). After 6 h, the transfection

solution was replaced by complete medium.

CCK-8 assay
Cell viability was measured using Cell Counting Kit-8

(CCK-8) (Dojindo, Kumamoto, Japan). PC12 cells grown

in 96-well plates were treated with 1mM lidocaine combined

with different concentrations of DEX (0, 0.1 μΜ, 10 μΜ,

50 μΜ) for 6 h, 12 h, 24 h, 48 h or 72 h. After washing with

PBS for three times, CCK-8 solution with 1/10 volume of the

culture medium was added and incubated at 37°C for 2 h.

The absorbance was measured at 450 nm on Enspire

(PerkinElmer, Waltham, MA, USA).

5-ethynyl-2ʹ-deoxyuridine (EdU) staining

assay
Cell viability of PC12 cells treated with the condition was

detected by EdU staining assay. Briefly, cells were incubated

with 10 μM EdU for 45 min, then fixed, permeabilized and

stained with the Click-iTEdU Cell Proliferation Assay Kit

(Invitrogen, Carlsbad, California, USA). Cell nuclei were

stained with DAPI (Invitrogen) at a concentration of

1 μg/mL for 15 min. Finally, images were visualized under

the fluorescence microscope with HD camera (Leica,

Wetzlar, Germany).

Cell cycle detection assay
Flow cytometry analysis was performed to determine the

effect of DEX or STMN1 expression on cell cycle progression

depressed by lidocaine. PC12 cells plated into 6-well plates

(4×105 per well) were incubated with lidocaine and different

concentrations of DEX or transfected with STMN1 shRNA/

pcDNA-STMN1for 48 h. Then the cells were harvested and
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fixed in 70% ethanol at 4 °C for 12 h. Before flow cytometry

analysis, cells were stained with 1 ml of propidium iodide (PI)

(15 mg/ml) containing RNase (2.5 mg/ml) (Beyotime

Biotechnology, China). DNA content was determined by a

FACScan (BD Biosciences, San Jose, CA, USA) and the

proportion of cells in a particular phase of cell cycle was

determined by Cell Quest software (BD Biosciences)

Western blot analysis
Total proteins of PC12 cells were extracted using the mam-

malian protein extraction reagent containing halt protease

inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA,

USA). The protein concentrations were determined by BCA

protein assay kit (Thermo Fisher Scientific) and equal

amount of proteins were subjected to SDS-PAGE, then

transferred to PVDF membranes (Millipore, Billerica,

MA, USA). After blocked with 5% milk, the membranes

were incubated with primary antibodies against cyclin D1,

CDK1, p21, Bax, Bcl-2, caspase-3, caspase-9, STMN1 and

GAPDH (Santa Cruz, Dallas, Texas, USA), respectively,

and followed by incubation with the HRP-conjugated sec-

ondary antibodies. The signals were detected using an ECL

kit (GE Healthcare Life Sciences, Pittsburgh, PA, USA).

Cell apoptosis detection assay
Assessment of apoptosis was carried out using flow cyto-

metry analysis and Hoechst staining assay. For flow cyto-

metry analysis, briefly, PC12 cells grown in 6-well culture

plates were treated with drugs and transfected with vec-

tors, then cells were harvested and subjected to Annexin V

and PI staining using an Annexin V-FITC apoptosis detec-

tion kit (BD Biosciences, San Jose, CA, USA). Cell sam-

ples were analyzed in a FACScan (BD Biosciences) and

data were analyzed using Cell Quest software.

Hoechst staining assay
PC12 cells cultured in 6-well plates were treated with

drugs and transfected with vectors. At the indicated time,

Hoechst 33342(Invitrogen) was added and the cultures

were incubated for 10 min, then cells were washed with

PBS for 3 times, and the counts of Hoechst-positive nuclei

were detected by inverted fluorescence microscope.

Immunofluorescence staining
Immunofluorescence staining was performed to evaluate the

expression of STMN1. PC12 cells treated with drugs and

transfectedwith vectors were fixedwith 4%paraformaldehyde

and permeabilized in 0.5% Triton X-100. After blocked with

3% bovine serum albumin (BSA), cells were incubated with

primary antibodies against STMN1 and DAPI. Next, cells

were stained with the FITC-conjugated and Alexa Fluor

488-conjugated secondary antibodies (BD Biosciences).

Finally, images were taken under the inverted fluorescence

microscope.

Statistical analyses
Statistical analyses were performed using GraphPad Prism

6.0 software (GraphPad Software Inc., La Jolla, CA, USA).

Results are expressed as mean ± SD. Data were analyzed by

one-way ANOVA with multiple comparisons test (three or

more data sets in a group) or two-way ANOVAwith multiple

comparisons test (grouped data). Values with the same letter

within groups indicate no significant difference with P≥0.05.

Results
DEX restores proliferation and cell cycle

progression impaired by lidocaine in

PC12 cells
According to our previous study,20 which indicates 100–

150 μM is the maximum safe dose of DEX for PC12 cells

(Figure 1A). Moreover, 40–150 µM DEX has no significant

differentiation in protecting cells from lidocaine-induced

injury. To achieve the maximal protection, we thus chose

50 µM DEX as the maximal concentration to perform the

next assay because higher centration of DEX might result in

more unknown effects on PC12 cells. We firstly investigated

the effects of DEX on cell viability in lidocaine-treated PC12

cells. As shown in Figure 1B, cell viability was significantly

impaired after treating with lidocaine for 24 h compared with

normal PC12 cells (control group), while DEX dose-depen-

dently restored cell viability impaired by lidocaine during 24 h

to 72 h, compared to cells only treated with lidocaine. To

directly reveal DEX effects on the impaired proliferation, we

performed EdU-labeling proliferation assays. As shown in

Figure 1C, EdU+-cell percentage in lidocaine-treated cells

was significantly decreased compared to normal PC12 cells

while DEX additional treatment significantly enhanced the

percentage of EdU+-cell in a dose dependent manner com-

pared with the vehicle group. These findings imply that DEX

restores the impaired proliferation of PC12 cells induced by

lidocaine.

To further determine the effects of DEX on lidocaine-

induced PC12 cell impairment, cell cycle was assessed

through flow cytometry analysis. Compared with the con-

trol group, PC12 cells treated with lidocaine showed
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increased cell arrest at G0/G1 phase and reduced cells

arrest at S phase. However, DEX dose-dependently

induced more lidocaine-treated cells arrest at S phase,

which implied that DEX partly restored the impaired cell

cycle progression induced by lidocaine (Figure 1D and E).

In line with this, lidocaine decreased the expression of cell

cycle-related proteins including CDK1and cyclin D1, but

enhanced the expression of tumor suppressor protein p21.

Conversely, DEX partly restored their expression dose-

dependently compared with the vehicle group (Figure 1F).

DEX protects PC12 cells from lidocaine-

induced apoptosis
We next investigated the effects of DEX on cell apoptosis

induced by lidocaine. The results showed that the
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Figure 1 DEX restores proliferation and cell cycle progression impaired by lidocaine in PC12 cells. (A) The effect of DEX on cell proliferation. (B) The effect of DEX on cell

viability in lidocaine-treated cells. Cell viability at the indicated time points was detected by CCK8 assay. (C) The effect of DEX on cell proliferation was detected by EdU
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analysis. (E) The statistical analysis of cell cycle distribution influenced by DEX. (F) The expressions of cell cycle related proteins in lidocaine or lidocaine/DEX combination

treated cells were analyzed by Western blotting. The experiments were performed in triplicate. The experiments were performed in triplicate and each value represents
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percentage of apoptosis cells including early apoptosis

cells and later apoptosis cells was much higher in lido-

caine-treated cells than control cells. Apoptosis cells in

lidocaine/DEX combination-treated cells were signifi-

cantly decreased compared to the vehicle group dose-

dependently (Figure 2A, up and Figure 2B). In line with

this, under the help of Hoechst 33342 staining, we

observed that treatment of lidocaine significantly

decreased live PC12 cells while additional treatment of

DEX significantly increased live cells dose-dependently

(Figure 2A, down).

To further confirm the influence of DEX on the apop-

tosis of lidocaine-induced PC12 cells, we detected the

effect of DEX on apoptosis indicators including Bax,

caspase-3 and caspase-9 as well as anti-apoptotic indicator

Bcl-2. The Western blotting assay showed that compared

with the control group, lidocaine promoted the protein

expression of Bax, caspase-3 and caspase-9 and reduced

the expression of Bcl-2 in a dose-dependent manner.

Meanwhile, DEX additional treatment inhibited the

expression of apoptosis indicators and enhanced the

expression of anti-apoptotic indicator dose-dependently

compared to the vehicle group (Figure 2C). These findings

suggest that the apoptosis induced by lidocaine could be

reversed by DEX. We extracted the primary nerve cells

according to the method of Silva R F M,28 and carried out

related experiments. It is exciting to obtain similar experi-

mental results (Figure S1).

DEX depresses the expression of STMN1

induced by lidocaine in PC12 cells
With two-dimensional gel electrophoresis and mass spec-

trometry technology, we found that the expression of

STMN1, an important microtubule regulatory protein, was

significantly increased in PC12 cells with lidocaine treat-

ment compared to PC12 cells without lidocaine treatment.

This finding suggested that STMN1 upregulation might

be associated with lidocaine-induced apoptosis, and DEX

might inhibit lidocaine-induced impairment through depres-

sing STMN1. As indicated in Figure 3A, lidocaine induced

the expression of STMN1 in PC12 cells compared with the
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control group, while DEX additional treatment dose-depen-

dently attenuated the expression of STMN1compared with

the vehicle group. Consistent with the observed immuno-

fluorescence staining assay, STMN1 expression reflected by

Western blotting analysis was increased in lidocaine-treated

group and reduced in lidocaine/DEX combination-treated

group dose-dependently (Figure 3B). These results imply

that DEX could depress the expression of

STMN1upregulated by lidocaine in PC12 cells.

DEX restore the proliferation impaired by

lidocaine through downregulating STMN1
To determine whether the protective role of DEX on the

lidocaine-induced impairment depends on the regulation of

STMN1, lidocaine-treated PC12 cells were transfected with

STMN1 shRNA, and the lidocaine/DEX combination-treated

PC12 cells were transfected with pcDNA3.0-STMN1. As a

control, lidocaine-treated PC12 cells co-transfected with

scramble shRNA and pcDNA3.0 vector and treated with the

vehicle of DEX were used. As indicated in Figure 4A, the

expression of STMN1 was increased with treatment of lido-

caine, while the lidocaine/NC/vehicle treatment didn’t influ-

ence the expression of STMN1.Moreover, STMN1expression

was depressed after treatment of STMN1 shRNA compared

with NC treatment, and its expression was induced by trans-

fection of pcDNA3.0-STMN1 compared to lidocaine/NC/

vehicle and lidocaine/DEX treatment.

Thereafter, according to EdU-labeling proliferation

assay, we found that compared to scramble shRNA,

STMN1 shRNA treatment enhanced cell proliferation

depressed by lidocaine. In addition, the cell prolifera-

tion was also increased in lidocaine/DEX combination

treatment group compared with only lidocaine-treated

group. According to the above results, we supposed

that DEX restored the impaired cell viability through

downregulating STMN1. In order to confirm our

assumption, lidocaine/DEX treated cells were trans-

fected with pcDNA3.0-STMN1 vector. As expected,

the increased cell proliferation by DEX was signifi-

cantly inhibited by STMN1 overexpression after 48 h

(Figure 4B and C). In agreement with this, the CCK8

assay also indicated that DEX restored the cell viability

impaired by lidocaine through downregulating STMN1

(Figure 4D).

DEX restores cell cycle progression

inhibited by lidocaine through

downregulating STMN1
To further determine whether the effect of DEX on cell

cycle progression inhibited by lidocaine depended on

STMN1 expression, we performed gain- or loss-of-func-

tion of STMN1 assay in lidocaine-treated or lidocaine/

DEX combination-treated PC12 cells. As indicated in

Figure 5A and B, both STMN1 shRNA and DEX treat-

ment induced more lidocaine-treated cells arrest at S

phase instead of G0/G1 phase, which meant that DEX

might restore lidocaine-inhibited cell cycle progression

through suppressing STMN1. In line with the assumption,
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pcDNA3.0-STMN1 vector transfection reversed the effect

of DEX on cell cycle progression, which was reflected as

more cells arrested at G0/G1 phase and less cells arrested

at S phase. In agreement with this, both STMN1 shRNA

and DEX treatment promoted the expression of cell

cycle-related proteins including CDK1 and cyclin D1,

and attenuated the expression of tumor suppressor protein

p21, while pcDNA3.0-STMN1 vector transfection

reversed their expressions (Figure 5C). Taken together,

these results suggest that DEX restores cell cycle pro-

gression inhibited by lidocaine through downregulating

STMN1.

DEX protects PC12 cells from lidocaine-

induced apoptosis through

downregulating STMN1
We further investigated whether the effect of DEX on

lidocaine-induced apoptosis depended on regulating

STMN1. According to the flow cytometry assay, we

found that both STMN1 shRNA and DEX treatment

decreased the apoptotic cells in lidocaine-treated cells.

Moreover, pcDNA3.0-STMN1 vector treatment partly

reversed the inhibitory effects of DEX on the cell apopto-

sis, including early apoptosis and late apoptosis. These
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Figure 4 DEX restores cell proliferation impaired by lidocaine through downregulating STMN1. (A) The expression of STMN1 in lidocaine-treated or lidocaine/DEX

combination-treated cells transfected with STMN1-shRNA or pcDNA3.0-STMN1 vector. The expression of STMN1 was detected by immunofluorescence staining. (B) The
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results implied that DEX inhibited the lidocaine-induced

apoptosis through depressing STMN1 (Figure 6A up and

Figure 6B). In parallel with this, under the help of Hoechst

33342 staining, we observed that treatment of STMN1

shRNA or DEX significantly increased live cells in PC12

cells, while treatment of pcDNA3.0-STMN1 vector

decreased live cells induced by DEX (Figure 6A, down).

Lastly, the Western blotting assay showed that both

STMN1 shRNA and DEX treatment decreased the protein

expression of Bax, caspase-3and caspase-9, and induced

the protein expression of Bcl-2. Meanwhile, treatment of

pcDNA3.0-STMN1 vector reversed these protein expres-

sions regulated by DEX (Figure 6C). Taken together, the

above studies suggest that DEX protects PC12 cells from

lidocaine-induced apoptosis through downregulating

STMN1. Also in primary neurons, the results also con-

firmed that DEX protects cells from lidocaine-induced

apoptosis by down-regulating STMN1 (Figure S2).

Discussion
Understanding and prevention strategies against chronic neu-

rotoxicity by local anesthetics are increasingly concerned

among anesthesiologists and neurologists. Some strategies,

such as usage of tricyclic antidepressants, spinal cord elec-

trical stimulation and cognitive behavioral therapy, have

been taken to prevent LA-induced neurological disorder.1

However, these strategies are not always successful.8 In our

previous studies, we reported that dexmedetomidine can be

used to alleviate LA-induced neurological damage in PC12

andNG108-15 cells.19,20 In the present study, we further

show a possible mechanism by which administration of

DEX alleviates neurological damage provoked by lidocaine

in PC12 cells (Figure 7).

Lidocaine-induced neurotoxicity has been widely con-

firmed in preclinical and clinical settings. This injury process

is involved in a variety of mechanisms by which neural cells

enter eventually into the status of apoptosis. Among these,

mitochondrial dysfunction is an important contributor to cell

apoptosis. Robert et al reported that lidocaine-induced apop-

tosis was associated with the intrinsic mitochondrial death

pathway (Bcl2/Caspase-9) in Jurkat cells and neuroblastoma

cells.29 In human neuroblastoma SH-SY5Y cells, Lidocaine-

induced apoptosis was also involved in the Bcl2/Caspase-3

pathway.30 Similarly, in our previous study and this study,

lidocaine induced apoptosis of PC12 or NG108-15 cells

through activating Bcl2/Caspase-3 pathway.20 However, the

upstream molecular involved in mitochondrial death path-

way remains largely unknown. In the present study, we show

for the first time that STMN1 expression is increased in PC12

cells treated with lidocaine, which resulted in anti-apoptotic

Bcl2 downregulation, pro-apoptotic Bax upregulation and

downstream Caspase-3/9 upregulation. On the other hand,

STMN1 knockdown inhibits lidocaine-induced events

above. Our findings thus suggest that lidocaine-induced

apoptosis is associated with STMN1-mediated activation of

mitochondrial death pathway.
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Although dexmedetomidine (DEX) has been reported

neuroprotective effects in a variety of in vitro and in vivo

models,15–17,31 the data of DEX effects on lidocaine-

induce neurotoxicity remains limited. In our previous

studies,19,20 we established a cellular injury model to

observe DEX effects on lidocaine-induced neurotoxicity

in PC12 and NG108-15 cells. 40–60 μM DEX showed

maximal safety and efficacy in protecting cells from lido-

caine-induced damages, which is mechanistically involved

in the activation of MAPK pathway and the increase of

miR-let-7b expression, resulting subsequently in apoptosis

inhibition and proliferation enhancement. Similarly,

50 μM DEX protected PC12 cells from lidocaine-induced

apoptosis and inhibition of proliferation in the present

study. Consistent with our previous results, the mechanism

of DEX neuroprotection is involved in the regulation of

mitochondrial death pathway (Bcl2/Capase-3/Caspase-9)

and cell cycle (Cyclin D1/CDK1).

PC12 cell apoptosis induced by chemical substances

has been shown to be associated with decreased Bcl2/Bax

ratio. Some small molecules such as retigabine and its

derivatives were reported to inhibit etoposide-induced

apoptosis of PC12 cells through increasing Bcl-2/Bax

ratio and activating autophagy through induction of

Beclin.32–34 In the present study, we showed that DEX

inhibited lidocaine-induced apoptosis of PC12 cells,

which was linked to the increased Bcl-2/Bax ratio. This

finding suggests that DEX-mediated neural protection

might be related with Beclin 1-related activation of autop-

hagy and DEX might be used as a candidate or lead

compound to develop small molecules with a neuroprotec-

tive effect by upregulating Bcl-2 and inhibiting apoptosis.

In the present study we further identified STMN1 as a

potential upstream molecular involved in DEX-mediated

regulation of mitochondrial death pathway and cell cycle

through the assay of STMN1 knockdown and overexpres-

sion in the presence of DEX and lidocaine. However, how

DEX regulates STMN1 expression in the presence of

lidocaine needs to be further studied.

Stathmin1(STMN1), also known as oncoprotein 18

(Op18), is themember of a family ofmicrotubule-destabilizing

phosphoproteins, which is involved in the regulation of
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expression on cell cycle progression in lidocaine-treated or lidocaine/DEX combination-treated cells was detected by Hoechst 33,342 staining(down). (B) The statistical
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microtubule dynamics by promoting depolymerization.21

STMN1 is required for cell cycle progression and is over-

expressed in a broad range of malignant tumor such as leuke-

mia, ovarian cancers and gastric cancers.24,35,36 Normally, the

level of STMN1 expression correlates positively with the pro-

liferation of cells. However, in the present study we showed

that increased STMN1 expression induced by lidocaine was

associated with apoptosis and proliferation inhibition, not

increased survival or proliferation, which was reflected by

decreased cell viability, increased apoptosis and decreased

proliferation over time. This finding was consistent with the

prior study of Tan et al showing that lidocaine upregulated

STMN1expression,which resulting in increased apoptosis and

decreased S phase in PC12 cells.37 Our findings indicate that

STMN1-induced apoptosis and proliferation inhibition in

PC12 cells is contrary to that of the previous studies in malig-

nant tumors, which may be explained by the following fact.

DephosphorylationSTMN1which hasmicrotubule-destabiliz-

ing activity, plays an essential role in driving cells from inter-

phase into S phase.22 However, at the onset of mitosis the

microtubule-depolymerizing activity of STMN1 needs to be

switched off via transformation of dephosphorylation STMN1

to phosphorylation STMN1 to make microtubules polymerize

to form the mitotic spindle, a cellular structure that is essential

for accurate chromosome segregation and cell division.23 In

tumor cells, there might be a mechanism resulting in this

transformation of STMN1 activity to inactivity at the mitosis.

However, in the presence of lidocaine, this transformation

might be inhibited, resulting in continuous activation of

STMN1, which makes the cell arrest in the G2/M phase. In

fact, we observed more big percentages of G2/M phase

(10.81%) in PC12 cells treated with lidocaine compared to

that of G2/Mphase (9.91%) in PC12 cells without treatment of

lidocaine. Because of arrest in theG2/Mphase, cells will move

to apoptosis.38 Despite of this, in the presence of lidocaine the

exact mechanism underlying STMN1-mediated apoptosis

needs to be further studied.

Conclusion
Our results, combined with our previous findings and

other team’s results, clearly reveal that DEX is likely to

be an effective adjunct to alleviate chronic neurotoxicity

induced by LA, especially lidocaine. More importantly,

we show for the first time that lidocaine-induced neuronal

apoptosis and cell cycle arrest is associated with upregu-

lation of STMN1 expression. Furthermore, DEX treat-

ment alleviates lidocaine-induced this damage via

inhibition of STMN1. However, the exact mechanism

underlying how lidocaine induces this damage and DEX

alleviates this damage via STMN1 regulation needs to be

further studied.
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Figure S1 DEX restores the impaired proliferation and apoptosis by lidocaine in primary neuronal cells. (A) The effect of DEX on cell proliferation was detected by EdU

staining assay. (B) The effect of DEX on cell viability in lidocaine-treated cells. Cell viability at the indicated time points was detected by CCK8 assay. (C) The expression of

Bax, Bcl-2, caspase-3 and caspase-9 in lidocaine or lidocaine/DEX combination treated cells was analyzed by Western blotting.
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Figure S2 DEX depresses the expression of STMN1 induced by lidocaine in primary neuronal cells. (A) The effect of STMN1 knockdown and overexpression on cell

proliferation in lidocaine or lidocaine/DEX combination treated cells was detected by EdU-staining assay. (B) The effect of STMN1 knockdown and overexpression on cell

viability in lidocaine or lidocaine/DEX combination treated cells was detected by CCK8 assay. NC means co-transfection of scramble shRNA and pcDNA3.0 vector. (C) The

expression of Bax, Bcl-2, caspase-3 and caspase-9 was analyzed by Western blotting. The experiments were performed in triplicate.
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