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Abstract
Local anesthetics, such as ropivacaine (Ropi), are toxic to nerve cells. We aimed to explore the role of forkhead box O3 
(FOXO3) in Ropi-induced nerve injury to provide a theoretical basis for reducing the anesthetic neurotoxicity. SK-N-SH 
cells were cultured and treated with different concentrations of Ropi. Cell viability, apoptosis, cytotoxicity (LDH/ROS/
SOD), and levels of FOXO3, miR-126-5p, and tumor necrosis factor receptor–associated factor 6 (TRAF6) were detected. 
The enrichment of FOXO3 on the miR-126-5p promoter was analyzed. The binding relationships among FOXO3, miR-
126-5p promoter sequence, and TRAF6 3′UTR sequence were verified. Combined experiments detected the regulatory role 
of FOXO3/miR-126-5p/TRAF6 in Ropi-induced nerve injury. FOXO3 was upregulated in Ropi-induced nerve cell damage. 
Inhibition of FOXO3 ameliorated Ropi-induced decreased cell viability, and increased apoptosis and cytotoxicity. FOXO3 
bound to the miR-126-5p promoter and inhibited its expression, thereby counteracting miR-126-5p-induced repression. miR-
126-5p inhibition and TRAF6 overexpression partially reversed the alleviative effect of FOXO3 inhibition on Ropi-induced 
nerve cell damage. In conclusion, FOXO3 aggravated the neurotoxicity of Ropi through miR-126-5p downregulation and 
TRAF6 upregulation, suggesting that FOXO3 inhibitor could be an adjuvant agent for local anesthetics, to alleviate local 
anesthetics-induced neurotoxicity.
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Introduction

Local anesthetics (LAs) are the only drugs that can com-
pletely block the noxious impulse from reaching the cer-
ebral cortex (Barletta and Reed 2019). Despite the anes-
thetic benefits, LAs including bupivacaine, levobupivacaine, 
and ropivacaine (Ropi), which can cause neurotoxicity and 
cardiotoxicity in a plasma concentration-dependent man-
ner (Barletta and Reed 2019). Ropi is one of the LAs with 
neurotoxic potential, inducing thermal hyperalgesia and 
mechanical allodynia, as well as neuronal damage (Hampl 

et al. 2014). Although Ropi is comparatively less toxic to 
the central nervous system, it may still trigger neurotoxicity 
manifested as neuronal pyroptosis/apoptosis, elevated lac-
tate dehydrogenase (LDH), and mitochondrial dysfunction 
(Chen et al. 2019; Xu et al. 2022; Zhang and Wang 2023). 
Therefore, it is necessary to explore the mechanism of Ropi-
induced nerve injury so as to provide a theoretical basis for 
reducing the neurotoxicity caused by local anesthetics.

Forkhead box O (FOXO) proteins are evolutionarily con-
served transcription factors that play a role in regulating 
neural cell survival, stress response, lineage commitment, 
and neuronal signaling (Santo and Paik 2018). FOXO3 is 
involved in biological processes, such as inflammation, 
metabolism, cell death, and aging (Cao et al. 2023). Previ-
ous studies have shown that FOXO3 is involved in many 
neurological diseases. For instance, FOXO3 is involved in 
Mn-induced neuroinflammation (Yan et al. 2023); silenc-
ing FOXO3 alleviates brain injury after intracerebral hem-
orrhage and inhibits neuronal ferroptosis (Qin et al. 2022). 
More importantly, knockdown of FOXO3 can block neu-
ronal autophagy and improve brain edema and neurological 
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deficits after brain injury (Bhargava et al. 2017). Inhibition 
of FOXO3 expression has neuroprotective effects on neural 
stem cells, which can protect neural stem cells from sevo-
flurane-induced abnormal differentiation (Zeng et al. 2022). 
However, the role of FOXO3 in Ropi-induced nerve injury 
has not been reported.

MicroRNAs (miRNAs) are genetic regulators that can 
regulate physiological processes and pathologies by interact-
ing with a wide range of target genes through recognition of 
3′-untranslated regions (Diener et al. 2022). Previous stud-
ies showed that miRNAs are involved in anesthetic-induced 
nerve injury; for example, miRNA-384-3p can reduce sevo-
flurane-induced neurotoxicity (Chen et al. 2022); knock-
down of miR-206 can increase the level of brain-derived 
neurotrophic factor, thereby alleviating the ketamine-
induced nerve injury (Yao et al. 2020). More importantly, 
miR-126-5p is involved in the regulation of stroke (Pan et 
al. 2020) and Parkinson’s disease (Mao et al. 2023). It has 
been reported that downregulation of miR-126 exacerbates 
neuronal death after cerebral ischemia–reperfusion (Xiao 
et al. 2020). In addition, FOXO3 has been demonstrated to 
finetune the expression of miRNAs, such as miR-34b/c and 
miR-21 (Wu et al. 2021). However, there is no report on 
the role of FOXO3/miR-126-5p in local anesthesia-induced 
neurotoxicity.

TRAF is a key signaling molecule for transducing sig-
nals and plays an important role in immune response, cell 
death and survival, cell development, and thrombosis (Park 
2018). TRAF6 acting as an adaptor of a neurotrophin recep-
tor promotes nerve growth factor survival (Roux and Barker 
2002) and inhibition of TRAF6 in astrocytes can alleviate 
neuropathic pain (Lu et al. 2015). TRAF6 is a key factor in 
the incidence of cerebral ischemia (Wu et al. 2013). Knock-
down of TRAF6 alleviates ferroptosis, inflammation, and 
cognitive dysfunction in mice with Alzheimer’s disease (Ye 
et al. 2023). Overexpression of TRAF6 promotes the activa-
tion of NF-κB, thereby reducing the toxic effects on neurons 
(Chen and Zhuang 2023). Through the database, we pre-
dicted that TRAF6 was located downstream of miR-126-5p. 
In this study, the mechanism of FOXO3 in Ropi-induced 
nerve injury was explored to provide a theoretical basis for 
the treatment of neurotoxicity caused by LAs.

Materials and methods

Cell culture  In alignment with preceding studies (Xue et al. 
2020; Wang et al. 2023), our investigation employed Ropi 
for local anesthesia. The human neuroblastoma cell lineage 
SK-N-SH was obtained from ATCC (Manassas, VA). The 
cell culture was conducted in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco, Grand Island, NY) containing 
10% fetal calf serum, 100 IU/mL penicillin G sodium, and 

100 mg/mL streptomycin sulfate and was preserved in an 
incubator at 37℃ with 5% CO2. The cells were identified 
using short tandem repeat and confirmed to be negative for 
Mycoplasma infection using the Mycoplasma detection kit 
(MP0035, Sigma, St. Louis, MO).

Cell treatment  Ropi (MedChemExpress, Monmouth Junc-
tion, NJ) was diluted with 0.9% saline prepared by ddH2O. 
The treatment of SK-N-SH cells was performed using differ-
ent concentrations of Ropi (0 mM, 0.1 mM, 0.5 mM, 1 mM, 
2.5 mM, and 5 mM), and the cell viability was detected by 
cell counting kit-8 (CCK-8) assay at 24, 48, and 72 h after 
treatment. After the used concentration was confirmed, the 
next experiments were performed at 48 h after the treatment 
of cells.

Small interfering RNAs (siRNAs) targeting FOXO3 (si-
FOXO3-1, si-FOXO3-2) and miR-126-5p inhibitor (inhi-
126), TRAF6 overexpression vector pcDNA3.1 (TRAF6) 
and corresponding negative controls si-NC, inhi-NC and 
empty vector pcDNA3.1 NC were obtained from GeneP-
harma Co., Ltd (Shanghai, China). SK-N-SH cells were 
seeded in the 24-well plates and cultured to 70% confluence. 
The vectors and inhibitors were transfected into SK-N-SH 
cells using Lipofectamine 2000 transfection reagent (Invit-
rogen, Waltham, MA) in accordance with the manufacturer’s 
instructions. Cells were cultured at 37℃ in a humidified 5% 
CO2 air. Cells were obtained 48 h later to detect transfection 
efficiency and then were analyzed by other experiments.

CCK‑8 assay  The cell viability was detected by the CCK-8 
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China) according to the manufacturer’s instructions. SK-N-
SH cells with different treatments were seeded at 5000 cells/
well in the 96-well plates. CCK-8 reagent (10 μL/well) was 
added at 24, 48, and 72 h, respectively. After incubation at 
37℃ for 1 h, the optical density (OD) value was measured 
by a microplate reader (Dojindo Laboratories, Kumamoto, 
Japan) at 450-nm wavelength.

Measurements of lactate dehydrogenase (LDH), reactive 
oxygen species (ROS), and superoxide dismutase (SOD) lev‑
els  LDH release was detected using a kit to determine cyto-
toxicity according to the manufacturer’s instructions (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China). SK-N-
SH cells with different treatments were collected and then 
incubated with LDH release reagent for 1 h. After that, the 
cell supernatant was used to mix with LDH detection reagent, 
and then it was incubated in the dark at room temperature 
for 30 min. LDH concentration was quantified by OD value 
at 490-nm wavelength, using the blank group as a standard.

ROS levels in cells were detected using 2,7-dichlorofluo-
rescein diacetate (DCFDA). After incubation with 50 μM 
DCFDA for 45 min, the DCFDA medium was removed, and 
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the cells were washed twice with phosphate-buffered saline 
(PBS, pH 7.4) solution. Fluorescence intensity of DCFDA 
was measured using a fluorescence spectrophotometer (Syn-
ergy MX, BioTek, Winooski, VT) at an excitation wave-
length of 485 nm and an emission wavelength of 538 nm.

SOD levels in cells were measured using the SOD detec-
tion kit (Beyotime, Shanghai, China). After cell treatment, 
the cells were lysed in lysis buffer containing 1% NP-40, 1% 
sodium deoxycholate, 0.1% sodium dodecyl sulfate, 40 mM 
β-glycerophosphate, 50 mM sodium fluoride, 2 mM sodium 
orthovanadate, and a protease inhibitor mixture. Finally, the 
supernatant was collected to measure SOD activity. Enzyme 
activity was measured at 420-nm wavelength using a micro-
plate reader (BioTek, Winooski, VT).

TdT‑mediated dUTP nick‑ end labeling ( TUNEL) 
assay  TUNEL assay was used to detect cell apoptosis. SK-
N-SH cells were seeded in the 12-well plates at a density of 
10 × 104 cells/well. Cells were fixed with 4% formaldehyde 
and were added with the TUNEL reaction mixture accord-
ing to the manufacturer’s instructions, followed by nuclear 
staining with 4′,6-diamidino-2-phenylindole. All samples 
were observed under a fluorescence microscope, and three 
same-sized fields were randomly selected per sample for 
statistical analysis.

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)  The extraction and isolation of total RNA 
from cells was performed using the TRIzol reagent 
(Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. RNA was reverse-transcribed using 
the Power complementary DNA (cDNA) synthesis kit 
(iNtRON Biotech, Seongnam, Korea) according to the 
manufacturer’s instructions. qRT-PCR analysis was 
executed using iTaq Universal SYBR Green Supermix 
(Bio-Rad Laboratories, Inc., Hercules, CA) and an ABI 
7500 instrument (Applied Biosystems, Foster City, CA). 
The relative expression of target genes was normalized 
according to glyceraldehyde-3-phosphate dehydrogenase 
or U6 (Zhou et al. 2021) and then was quantified by the 
2−ΔΔCt method (Livak and Schmittgen 2001). The primer 
sequences are shown in Table 1.

Western blot (WB) assay  Cells were treated with radio-
immunoprecipitation assay lysis buffer, and protein was 
quantified by bicinchoninic acid method. Equal amounts of 
protein samples were separated on sodium dodecyl sulfate 
polyacrylamide gel electrophoresis and then were transferred 
to PVDF membranes. After blocking with 5% skim milk, 
the cells were incubated with primary antibodies against 
FOXO3 (1:1000, NBP2-16521, NOVUS, Littleton, CO), 
TRAF6 (1:5000, ab40675, Abcam, Cambridge, MA), and 
β-actin (1:1000, ab8227, Abcam, Cambridge, MA) overnight 
at 4℃. The secondary immunoglobulin G (IgG) antibody 
(1:2000, ab6721, Abcam, Cambridge, MA) was incubated 
for 1 h at room temperature. The visualized analysis of West-
ern blots was conducted using the enhanced chemilumines-
cence system and was quantified using ImageJ software. 
Normalization was performed using β-actin as a loading 
control.

Chromatin immunoprecipitation (ChIP) assay  ChIP-PCR 
assay was performed according to the manufacturer’s 
instructions (Millipore, Billerica, MA). SK-N-SH cells were 
placed in 10-cm dishes and incubated with 1% formalde-
hyde for 10 min to cross-link proteins with DNA. Next, cells 
were washed twice with cold PBS containing the protease 
inhibitor. The washed cells were scraped and resuspended 
in lysis buffer. The lysate was sonicated and centrifuged to 
remove cell debris. The volume of chromatin supernatant 
was divided into three portions. The first portion was used 
as an input (positive) control, and the remaining two por-
tions were diluted with ChIP dilution buffer containing the 
protease inhibitor. Chromatin solution was incubated with 
antibodies FOXO3 (1:1000, NBP2-16521, NOVUS, Little-
ton, CO) or IgG (1:2000, ab6757, Abcam, Cambridge, MA) 
and protein A magnetic bead overnight at 4°C while rotating. 
The attached immune complexes were rinsed to elute. The 
qRT-PCR was used to analyze enrichment. The information 
on primer sequences is enlisted in Table 1.

Bioinformatics  The JASPAR database (https://​jaspar.​gener​
eg.​net/) (Castro-Mondragon et al. 2022) was employed to 
predict the binding site between FOXO3 and miR-126-5p 
promoter. TargetScan database (http://​www.​targe​tscan.​
org/​vert_​71/) (Agarwal et al. 2015) and starBase database 

Table 1.   qPCR primers Forward primer (5′-3′) Reverse primer (5′-3′)

FOXO3 TCA​CGC​ACC​AAT​TCT​AAC​GC CAC​GGC​TTG​CTT​ACT​GAA​GG
miR-126-5p GCC​GAG​CAT​TAT​TAC​TTT​TG CTC​AAC​TGG​TGT​CGT​GGA​
TRAF6 ATG​CGG​CCA​TAG​GTT​CTG​C TCC​TCA​AGA​TGT​CTC​AGT​TCCAT​
U6 GTG​CTC​GCT​TCG​GCA​GCA​ AAA​AAT​ATG​GAA​CGC​TTC​A
GAPDH CTC​AAC​TAC​ATG​GTT​TAC​ CCA​GGG​GTC​TTA​CTC​CTT​
miR-126-5p promoter CTG​TGT​GCC​CAA​GGG​AGG​GC TCC​CTC​CCC​ATC​CTC​CCT​CCCTG​

https://jaspar.genereg.net/
https://jaspar.genereg.net/
http://www.targetscan.org/vert_71/
http://www.targetscan.org/vert_71/
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(http://​starb​ase.​sysu.​edu.​cn/) (Li et al. 2014) were used to 
predict the mRNAs in the downstream of miR-126-5p.

Dual‑luciferase reporter assay  The wild-type (WT) miR-
126-5p promoter sequence binding to FOXO3 and the 
mutant (MUT) sequence were inserted into the dual-lucif-
erase reporter plasmid to construct the wild-type vector miR-
126-WT and the mutant vector miR-126-MUT. The vectors 
of TRAF6-WT and TRAF6-MUT containing the wild and 
mutant TRAF6 3′UTR sequences binding to miR-126-5p 
were constructed in the same way. The plasmids were co-
transfected into SK-N-SH cells with miR-126-5p mimic 
or mimic NC, FOXO3 overexpression vector (FOXO3), or 
empty vector (NC) using Lipofectamine 3000 (Invitrogen, 
Carlsbad, CA) according to the manufacturer’s instructions. 
Luciferase activity was determined by a dual-luciferase 
reporter assay system (Promega, Madison, WI).

Statistical analysis  All data were analyzed using SPSS21.0 
statistical software (IBM SPSS Statistics, Chicago, IL) and 
GraphPad Prism 8.0 software (GraphPad Software Inc., San 
Diego, CA). First, the normality and homogeneity of vari-
ance tests were performed, and the result was consistent with 
normal distribution and homogeneity of variance. The t test 
was used for data comparison between the two groups, and 
one-way or two-way analysis of variance (ANOVA) was 
used for data comparison among multiple groups, followed 
by Tukey’s multiple comparisons test. p < 0.05 was consid-
ered statistically significant.

Results

Ropi induced nerve cell damage and upregulated the 
expression of FOXO3  SK-N-SH cells were treated with 
different concentrations of Ropi, and the results showed 
that the viability of SK-N-SH cells was decreased with the 
increase of Ropi concentration (p < 0.05; Fig. 1A). In the 
subsequent experiments, we uniformly selected 2.5 mM 
Ropi to treat cells for 48 h. Under the above condition, Ropi 
decreased cell viability (p < 0.05; Fig. 1A), induced the pro-
duction of ROS and LDH, and inhibited the production of 
SOD (p < 0.05; Fig. 1B–D), and significantly increased the 
cell apoptosis rate (p < 0.01; Fig. 1E). FOXO3 was highly 
expressed in Ropi-treated cells (p < 0.01; Fig. 1F, G). These 
results suggested that Ropi induced nerve cell damage and 
upregulated the expression of FOXO3.

Inhibition of FOXO3 expression improved Ropi‑induced 
nerve cell damage  Two siRNAs targeting FOXO3 were 
designed and transfected into SK-N-SH cells. The expres-
sion of FOXO3 was successfully downregulated as 
detected by qRT-PCR and WB assay (p < 0.05; Fig. 2A, B). 

Downregulation of FOXO3 expression effectively improved 
the Ropi-induced nerve cell damage, increased the cell 
viability (p < 0.05; Fig. 2C) and SOD (p < 0.05; Fig. 2F), 
reduced LDH and ROS levels (p < 0.05; Fig. 2D, E), and 
inhibited cell apoptosis (p < 0.05; Fig. 2G). These results 
indicated that inhibition of FOXO3 expression ameliorated 
Ropi-induced neuronal injury.

FOXO3 transcriptionally inhibited the expression of 
miR‑126‑5p and miR‑126‑5p targeted the expression of 
TRAF6  FOXO3, as a transcription factor, can inhibit the 
expression of miRNA through transcription (Wu et al. 
2021), and miR-126-5p is poorly expressed in injured nerve 
cells (Xiao et al. 2020). Through the JASPAR database, 
it was found that FOXO3 had a binding relationship with 
the miR-126-5p promoter (Fig. 3A). ChIP analysis showed 
that FOXO3 was enriched at the miR-126-5p promoter, and 
Ropi treatment promoted this enrichment of FOXO3. After 
inhibiting FOXO3 expression, the enrichment was decreased 
(p < 0.01; Fig. 3B). The results of dual-luciferase reporter 
assay showed that overexpression of FOXO3 vectors signifi-
cantly inhibited the luciferase activity of WT dual-luciferase 
reporter vector (p < 0.01; Fig. 3C). The expression of miR-
126-5p was significantly decreased after Ropi treatment 
and was increased after inhibition of FOXO3 expression 
(p < 0.05; Fig. 3D). These results indicated that FOXO3 
could bind to the miR-126-5p promoter and inhibit the tran-
scription of miR-126-5p.

Next, the downstream target genes of miR-126-5p were 
analyzed by the TargetScan database and starBase database, 
and the intersection was identified (Fig. 3E), and then we 
found that TRAF6 was upregulated in bupivacaine-induced 
neurotoxicity (Chen and Zhuang 2023). We hypothesized 
that miR-126-5p might be involved in Ropi-induced neu-
rotoxicity by targeting TRAF6 expression. Dual-luciferase 
reporter assay showed that the binding of miR-126-5p to the 
3′UTR of TRAF6 significantly inhibited the luciferase activ-
ity in the system (p < 0.01; Fig. 3C). The results of qRT-PCR 
and Western blot assay showed that the mRNA and protein 
levels of TRAF6 were highly expressed in Ropi-induced 
cells, and the expression of TRAF6 was decreased after 
inhibiting the expression of FOXO3 (p < 0.05; Fig. 3D, F), 
indicating that miR-126-5p could target and inhibit TRAF6 
expression.

Inhibition of miR‑126‑5p expression partially reversed 
the alleviative effect of FOXO3 knockdown on nerve 
cell damage  The miR-126-5p inhibitor (inhi-126) was 
transfected into SK-N-SH cells to downregulate the 
expression of miR-126-5p (p < 0.01; Fig. 4A) and then 
a combined experiment with inhi-126 and si-FOXO3-1 
was performed to verify the above mechanism. Compared 
with the cells transfected with si-FOXO3-1 alone, the 

http://starbase.sysu.edu.cn/
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expression of TRAF6 was increased (p < 0.01; Fig. 4A, 
B), cell viability was reduced (p < 0.01; Fig. 4C), the lev-
els of LDH and ROS were significantly increased, while 
the level of SOD was decreased (p < 0.05; Fig. 4D–F), 
and the apoptosis rate was increased (p < 0.01; Fig. 4G) 

after downregulation of miR-126-5p. These results sug-
gested that inhibition of miR-126-5p expression partially 
reversed the alleviative effect of FOXO3 knockdown on 
Ropi-induced nerve cell damage.

Figure 1.   Ropivacaine Ropi  induced nerve cell damage and upregu-
lated the expression of FOXO3. SK-N-SH cells were treated with 
different concentrations of Ropi. (A) CCK-8 was used to detect the 
cell viability at different time points; cells were treated with 2.5 mM 
Ropi for 48 h. (B–D) The contents of LDH, ROS, and SOD in cells 
were detected respectively. (E) TUNEL staining was used to observe 
cell apoptosis. (F, G) qRT-PCR and Western blot assay were used 

to detect the expression of FOXO3. Cell experiments were repeated 
three times independently. *p < 0.05, **p < 0.01. Data (A) (line 
graphs) was analyzed by two-way ANOVA, followed by Tukey’s 
multiple comparisons test. Data (A) (bar graphs) and data (B–G) 
were analyzed by t test. Ropi, ropivacaine; LDH, lactate dehydroge-
nase; ROS, reactive oxygen; SOD, superoxide dismutase.
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Overexpression of TRAF6 partially reversed the alle‑
viative effect of FOXO3 knockdown on nerve cell 

damage  Finally, we overexpressed TRAF6 in SK-N-SH 
cells (p < 0.01; Fig. 5A, B) and a combined experiment with 
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pcDNA3.1-TRAF6 and si-FOXO3-1 was performed. Com-
pared with si-FOXO3-1 transfection alone, the cell viability 
was reduced (p < 0.01; Fig. 5C), the levels of LDH and ROS 
were significantly increased, the level of SOD was decreased 
(p < 0.05; Fig. 5D–F), and apoptosis rate was increased 
(p < 0.05; Fig. 5G) after overexpression of TRAF6. These 
results suggested that overexpression of TRAF6 partially 
reversed the alleviative effect of FOXO3 knockdown on 
Ropi-induced nerve cell damage.

Discussion

Local anesthetics (LAs) are composed of lipophilic aromatic 
groups, hydrophilic groups, and amide or ester chains and 
are divided into aminoamide and aminoester types (Lirk et 
al. 2014). Ropivacaine (Ropi) is a commonly used LA in 
operations like spinal anesthesia (Contino et al. 2021) and 
cesarean section (Feng et al. 2021), but it can cause neuro-
toxicity in a dose-dependent manner. However, there is a 
lack of effective adjuvants for the treatment of LA-induced 
neurotoxicity. In this study, we cultured SK-N-SH cells and 
treated them with different concentrations of Ropi to explore 
the mechanism of FOXO3 in Ropi-induced nerve injury. 
It was found that FOXO3 was highly expressed in Ropi-
induced nerve damage cells, and it bound to the miR-126-5p 
promoter and inhibited its expression to upregulated TRAF6 
expression, leading to nerve cell damage.

Ropi causes neuronal dysfunction as manifested by 
increases in ROS and LDH production (Chen et al. 2019). 
Excessive ROS leads the brain to a vulnerable state and 
induces mitochondrial dysfunction, leading to nerve cell 
damage (Fang et al. 2017). LDH can be released from 
acutely damaged neurons, serving as an index of neurotox-
icity (Izumi et al. 2001). Increasing SOD activity reduces 
oxidative stress and mitochondrial H2O2 levels, and neuronal 
cell loss (Zhang et al. 2021). In our study, it was confirmed 
that SK-N-SH cell viability decreased with the increase of 
Ropi concentration. Cells were treated with 2.5 mM Ropi for 
48 h to reach the semi-inhibitory concentration. After Ropi 
treatment, the cell viability and SOD were decreased, while 
ROS and LDH as well as the apoptosis rate were increased 

significantly. Importantly, FOXO3 was highly expressed in 
Ropi-treated cells. FOXO3 is over-activated in sevoflurane-
induced neurotoxicity, leading to inappropriate differentia-
tion of nerve stem cells (Zeng et al. 2022). Overexpression 
of FOXO3 can lead to neuronal apoptosis in mouse brain 
and the death of mouse neuroblastoma neuro-2a cells, wors-
ening neurological outcomes after ischemic cerebral injury 
(Guo et al. 2018). FOXO3 overexpression impairs neuro-
genesis in mouse embryonic fibroblasts, whereas FOXO3 
knockdown promotes the reprogramming efficiency of adult-
derived fibroblasts and the functional maturation of result-
ing induced neuronal cells (Ahlenius et al. 2016). FOXO3 
is highly expressed in neurons after oxygen–glucose dep-
rivation, leading to neuronal apoptosis and inflammatory 
response (Deng et al. 2020). Our results suggested that inhi-
bition of FOXO3 ameliorated Ropi-induced neuronal injury, 
indicating that FOXO3 inhibitor may serve as an adjuvant to 
relieve the neurological side effects caused by LAs.

Furthermore, accumulating data have highlighted that 
the interaction between FOXO3 and miRNAs regulates the 
progression of human complex diseases. However, most pre-
vious studies reported that miRNAs induce negative regula-
tion of FOXO3 (Li et al. 2021; Liu et al. 2022), while our 
study focuses on the less-studied downstream mechanism 
of FOXO3 involving miRNAs. We found that FOXO3 could 
bind to the miR-126-5p promoter and inhibit the transcrip-
tion of miR-126-5p. Previous studies have shown the role of 
miRNAs in anesthetics-induced neurotoxicity. For example, 
downregulation of miR-384-5p can inhibit neuronal apop-
tosis and alleviate ketamine-induced neurotoxicity (Lu et 
al. 2022). Overexpression of miR-128-3p can prevent neu-
ronal apoptosis induced by sevoflurane treatment (Wu et al. 
2022). In addition, overexpression of miR-126 can improve 
hippocampal pathological morphology and reduce hip-
pocampal neuronal apoptosis (Lin et al. 2020). Increasing 
the expression level of miR-126 can improve neurological 
function and promote neurological recovery (Venkat et al. 
2019). Inhibition of miR-126-3p exacerbated the oxygen and 
glucose deprivation and reperfusion-induced cell death and 
reduced cell viability (Xiao et al. 2020). Herein, inhibition 
of miR-126-5p resulted in decreased neuronal cell activity 
and accelerated apoptosis. Collectively, we revealed for the 
first time that downregulation of miR-126-5p exacerbates 
Ropi-induced neuronal damage, and the function of miR-
126-5p may relate to hippocampal pathological injury.

TRAF6 is involved in the survival or induction of apop-
tosis of Schwann cells and major glial cells, affecting nerve 
cell damage (Yamamoto et al. 2021). TRAF6 is upregulated 
in bupivacaine-induced neurotoxicity, leading to neuronal 
apoptosis, inhibition of neuronal viability, and production 
of LDH (Chen and Zhuang 2023). Likewise, TRAF6 is 
upregulated in isoflurane-induced neurotoxicity, leading to 
apoptosis and neuroinflammation in the hippocampus (Jiang 

Figure  2.   Inhibition of FOXO3 expression improved Ropi-induced 
nerve cell damage. Two si-FOXO3 (si-FOXO3-1, si-FOXO3-2) were 
transfected into SK-N-SH cells, and si-NC was used as control. (A) 
qRT-PCR was used to detect the knockdown efficiency. Transfected 
cells were treated with 2.5 mM Ropi for 48 h. (B) Western blot assay 
was used to detect FOXO3 expression. (C) CCK-8 assay was used to 
detect cell viability. (D–F) The contents of LDH, ROS, and SOD in 
cells were detected. (G) TUNEL staining was used to observe cell 
apoptosis. Cell experiments were repeated three times independently. 
*p < 0.05, **p < 0.01. Data were analyzed by one-way ANOVA, fol-
lowed by Tukey’s multiple comparisons test.
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et al. 2021). In our study, miR-126-5p could target the inhi-
bition of TRAF6 expression. We verified that overexpression 
of TRAF6 reduced cell activity and significantly increased 
cell apoptosis rate. In summary, TRAF6 inhibition may have 
the potential to treat neuronal cell damage, which requires 
further research for confirmation.

Our study still has some limitations. First of all, we only 
tested Ropi for the neurotoxicity of LAs on nerve cells, and 
other drugs commonly used in clinical practice have not 

been tested. Therefore, it is not clear whether the regula-
tory mechanism of FOXO3/miR-126-5p/TRAF6 is applica-
ble to all local anesthetics-induced neurotoxicity. Secondly, 
we only carried out the study at the cellular level, and ani-
mal experiments are demanded to verify our findings. In 
the future, we plan to establish animal models to explore 
whether FOXO3/miR-126-5p/TRAF6 plays the same role 
in vivo. The role of the FOXO3/miR-126-5p/TRAF6 axis 
in the neurotoxicity induced by other LAs will be explored.

Figure 3.   FOXO3 transcriptionally inhibited the expression of miR-
126-5p and miR-126-5p targeted the expression of TRAF6. (A) The 
JASPAR database was used to analyze the binding site of FOXO3 
and miR-126-5p promoter sequence. (B) ChIP assay was used to 
analyze the enrichment of FOXO3 at the miR-126-5p promoter. (C) 
Dual-luciferase reporter assay was used to detect the binding relation-
ship between FOXO3 and miR-126-5p promoter sequence, as well as 
miR-126-5p and TRAF6 3′UTR sequence. (D) qRT-PCR was used 

to detect the transcriptional levels of miR-126-5p and TRAF6. (E) 
The downstream target genes of miR-126-5p were analyzed by Tar-
getScan database and starBase database, and the intersection in Venn 
diagram was identified. (F) Western blot assay was used to detect 
TRAF6 expression. Cell experiments were repeated three times inde-
pendently. *p < 0.05, **p < 0.01. Data B and C were analyzed by two-
way ANOVA. Data D and F were analyzed by one-way ANOVA, fol-
lowed by Tukey’s multiple comparisons test.
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Figure  4.   Inhibition of miR-126-5p expression partially reversed 
the alleviative effect of FOXO3 knockdown on nerve cell damage. 
miR-126-5p inhibitor (inhi-126) was transfected into SK-N-SH cells 
and a combined experiment was performed with si-FOXO3-1, with 
inhi-NC as the control. Transfected cells were treated with 2.5 mM 
Ropi for 48 h. (A) qRT-PCR was used to detect the transcription of 
miR-126-5p and TRAF6. (B) Western blot assay was used to detect 

TRAF6 expression. (C) CCK-8 was used to detect cell viability. 
(D–F) The contents of LDH, ROS, and SOD in cells were detected, 
respectively. (G) TUNEL staining was used to observe cell apoptosis. 
Cell experiments were repeated three times independently. *p < 0.05, 
**p < 0.01. Data (A) (left) were analyzed by t test. Data (A) (right) 
and data (B–G) were analyzed by one-way ANOVA, followed by 
Tukey’s multiple comparisons test.
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Figure 5.   Overexpression of TRAF6 partially reversed the alleviative 
effect of FOXO3 knockdown on nerve cell damage. TRAF6 overex-
pression vector pcDNA3.1-TRAF6 (TRAF6) was transfected into 
SK-N-SH cells and a combined experiment with si-FOXO3-1 was 
performed, with empty vector pcDNA3.1 (NC) as the control. Trans-
fected cells were treated with 2.5 mM Ropi for 48 h. (A, B) qRT-PCR 
and Western blot assay were used to detect the expression of TRAF6. 

(C) CCK-8 was used to detect cell viability. (D–F) The contents 
of LDH, ROS, and SOD in cells were detected, respectively. (G) 
TUNEL staining was used to observe cell apoptosis. Cell experiments 
were repeated three times independently, *p < 0.05, **p < 0.01. Data 
(A) were analyzed by t test. Data (B–G) were analyzed by one-way 
ANOVA, followed by Tukey’s multiple comparisons test.
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To sum up, we found that FOXO3 can transcription-
ally inhibit the expression of miR-126-5p and then repress 
TRAF6 to aggravate Ropi-induced nerve damage. Our 
results provide a theoretical basis for the remission of the 
neurotoxicity caused by LAs.
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