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ABSTRACT
This research aimed to explore the biological role of long non-coding RNA (lncRNA) ZFAS1 in 
bupivacaine-induced neurotoxicity. The levels of lncRNA ZFAS1, miR-421, and zinc finger protein 
564 (ZNF564) were detected by RT-qPCR. MTT and TUNEL assays were utilized to evaluate cell 
viability and apoptosis, respectively. Caspase-3 activity was measured by the caspase-3 activity 
assay kit. The binding ability between miR-421 and ZFAS1 or ZNF564 was confirmed by Rip and 
dual-luciferase reporter assays. In this study, it was found that the levels of ZFAS1 and ZNF564 
were gradually upregulated and miR-421 expression was downregulated with increasing concen-
trations of bupivacaine. Functional assays indicated that the silencing of ZFAS1 suppressed cell 
viability and facilitated cell apoptosis of SH-SY5Y cells, while overexpression of ZFAS1 had the 
opposite effects. Moreover, it was identified that miR-421 was a target of ZFAS1, and ZFAS1 
regulated the bupivacaine-induced neurotoxicity via miR-421. In addition, we confirmed that 
ZNF564 was a downstream target of miR-421. The upregulation of miR-421 decreased the cell 
viability, and increased the cell apoptosis rate and caspase-3 activity, while the upregulation of 
ZND564 partially abolished these effects. Finally, it was demonstrated that ZFAS1 could upregu-
late the expression of ZNF564 by targeting miR-421. In conclusion, our results demonstrated that 
ZFAS1 alleviated bupivacaine-induced neurotoxicity through the miR-421/ZNF564 axis, suggesting 
a new strategy for the amelioration of bupivacaine-induced neurotoxicity.
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Introduction

Bupivacaine, a sodium channel blocker, is a local 
anesthetic commonly used in surgical procedures, 
and alleviation of postoperative and chronic pains 
[1,2]. Although long-term exposure to bupivacaine 
has a good effect on analgesia, it also leads to 
neurotoxicity and irreversible neurological compli-
cations [3,4]. To prevent the toxic and side effects 
of bupivacaine, increasing studies were conducted 
to investigate the mechanisms of bupivacaine- 
induced neurotoxicity. Previous reports indicated 
bupivacaine could result in the activation of the 
apoptotic pathway and the inhibition of cell viabi-
lity, which further caused neurotoxicity [5,6]. 
However, the precise mechanisms of bupivacaine- 
induced neurotoxicity are still unclear.

Long non-coding RNAs (lncRNAs) are a type of 
non-coding RNAs (ncRNA) more than 200 
nucleotides in length, that are widely reported to 
participate in pathophysiological processes, 

including anesthesia-induced neurotoxicity [7]. 
For instance, lncRNA BDNF-AS reduced bupiva-
caine-induced neurotoxicity through neurotrophin 
TrkB signaling [8]. The overexpression of 
NR_030777 alleviated neurotoxicity by regulating 
the expression of Zfp326 and Cpne5 [9]. The 
depletion of lncRNA PADNA facilitated bupiva-
caine-induced neurotoxicity and neuronal apopto-
sis via miR-194/FBXW7 axis [10]. Recently, Zhang 
et al indicated that lncRNA ZFAS1 ameliorated 
neuronal injury and suppressed apoptosis, inflam-
mation, and oxidative stress in cerebral ischemia/ 
reperfusion injury [11]. Nevertheless, the biologi-
cal role and molecular mechanism of ZFAS1 in 
bupivacaine-induced neurotoxicity remain 
unknown.

MicroRNAs (miRNAs) are a group of highly 
conserved ncRNAs with 20–25 nucleotides in 
length [12,13]. With the increasing attention and 
research on miRNA, several miRNAs, such as 
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miRNA-23a [14], miR-21-5p [15], and miR-330- 
3p [16], have become the therapeutic targets and 
biomarkers for neurological disease [17,18]. miR- 
421 was reported to facilitate cell death and aggra-
vate neurotoxicity in Parkinson’s disease by 
regulating MEF2D expression [19]. Moreover, 
Yang et al indicated that the upregulation of 
miR-421 accelerated neuronal apoptosis in hippo-
campal neurons [20]. Nevertheless, the involve-
ment of miR-421 in bupivacaine-induced 
neurotoxicity has not been clarified.

The present study aimed to investigate the role 
and molecular mechanism of ZFAS1 in bupiva-
caine-induced neurotoxicity, and we hypothe-
sized that ZFAS1 exhibited neuroprotective 
effects against neurotoxicity. Our results for the 
first demonstrated that ZFAS1 alleviated neuro-
toxicity by regulating the miR-421/zinc finger 
protein 564 (ZNF564) axis, which might provide 
a new strategy for preventing bupivacaine- 
induced neurotoxicity.

Materials and methods

Cell culture and treatment

Human neuroblastoma cell line (SH-SY5Y), 
obtained from the American Type Culture 
Collection (ATCC, USA), were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; cat-
alog number: 11,995,065; Thermo Fisher 
Scientific) supplemented with 10% FBS (catalog 
number: F2442; Sigma-Aldrich) and 1% penicil-
lin/streptomycin (catalog number: 15,070,063; 
Thermo Fisher Scientific) at 37°C. For drug treat-
ment, the cells were incubated with 0.5, 1.0, 1.5, or 
2.0 mM bupivacaine (catalog number: B5274; 
Sigma-Aldrich) for 24 h as previously 
described [8].

Cell transfection

Short hairpin RNA (shRNA) targeting ZFAS1 
(shZFAS1) with its control (shNC), miR-421 mimics 
with its control (NC mimics), miR-421 inhibitor with 
its control (NC inhibitor), ZFAS1 overexpression 
plasmid (pcDNA3.1/ZFAS1), and ZNF564 overex-
pression plasmid (pcDNA3.1/ZNF564) were synthe-
sized by GenePharma (Shanghai, China). The 

transfection was performed using Lipofectamine 
2000 (catalog number: 11,668,019; Invitrogen) [21]. 
The sequences were as follows: shZFAS1: 5ʹ- 
CUGGCUGAACCAGUUCCACAA-3ʹ; shNC: 5ʹ- 
ACGUUGCUGAUGUACUACAGC-3ʹ; miR-421 
mimics: 5ʹ-AGCUACUGCUACGACUUGAGU-3ʹ; 
NC mimics: 5ʹ-UCAUCAGUCAUGCAUGUAUGC 
-3ʹ; miR-421 inhibitor: 5ʹ-ACUGAUGAUCGUAGU 
CGGUAC-3ʹ; NC inhibitor (5ʹ-UAUGAUGC 
AUGCAUGCAUGCA-3ʹ.

Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted using TRIzol reagent 
(catalog number: 15,596,026; Invitrogen), and 
reverse-transcribed to cDNA using a PrimeScript 
RT Reagent Kit (catalog number RR047A; 
TaKaRa, China). RT-qPCR was then performed 
using the SYBR Green kit (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) on the ABI 7500 
Real-time PCR system (Applied Biosystems). The 
relative gene expression was calculated using 
2−ΔΔCt method [22]. GAPDH or U6 was used as 
an internal control. The primer sequences were 
presented in Table 1.

Cell viability assay

The transfected cells were seeded into 96-well 
plates and treated with different concentrations 
of bupivacaine for 24 h. Subsequently, 10 μL 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide (MTT; catalog number: M2128; 
Sigma-Aldrich) solution was added to each well 
and incubated for 4 h at 37°C. Cell viability was 
assessed by a microplate reader at 570 nm [23].

Table 1. Primer sequences used for RT-qPCR.
Gene Direction Sequence (5ʹ-3ʹ)
ZFAS1 forward CTATTGTCCTGCCCGTTAGAG

reverse GTCAGGAGATCGAAGGTTGTAG
miR-421 forward TATGGTTGTTCTGCTCTCTGTGTC

reverse CTCACTCACATCAACAGACATTAATT
ZNF564 forward UGTTCUUAGAUGAUGGGTC

reverse TGUCGACCGUCCAGTGTCA
GAPDH forward GTCAACGGATTTGGTCTGTATT

reverse AGTCTTCTGGGTGGCAGTGAT
U6 forward CTCGCTTCGGCAGCACA

reverse AACGCTTCACGAATTTGCGT
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Caspase-3 activity

The transfected SH-SY5Y cells were seeded in 
6-well plates after different treatments, and the 
caspase-3 activity was detected using a Caspase-3 
activity assay kit (Catalog number: C1115; 
Beyotime) following the manufacturer’s proto-
col [24].

Terminal deoxynucleotidyl transferase dUTP nick 
end labeling (TUNEL)

An in-situ Cell Death Detection Kit (catalog num-
ber: M2128; 11,684,817,910; Roche) was utilized to 
evaluate the apoptosis rate of SH-SY5Y cells [25]. 
Briefly, SH-SY5Y cells were washed with PBS (cat-
alog number: 10,010,023; Thermo Fisher 
Scientific) and fixed in paraformaldehyde (catalog 
number: P6148; Sigma-Aldrich). Next, the cells 
were treated with 0.1% Triton X-100 (catalog 
number: BP151-500; Thermo Fisher Scientific) 
for 2 min and cultured with TUNEL reaction 
mixture at 37°C for 1 h. Subsequently, the 
TUNEL-stained cells were counterstained with 
DAPI. Apoptotic cells were detected by 
a fluorescence microscope.

Bioinformatics analysis and dual-luciferase 
reporter assay

The starBase database (http://starbase.sysu.edu.cn/ 
) was used to predict the potential binding sites 
between miR-421 and ZFAS1 or ZNF564. The 
wild-type (WT) and mutant (Mut) sequences of 
ZFAS1 and ZNF564 were sub-cloned into 
pmirGLO vectors (Promega). Then, these vectors 
were co-transfected with NC mimics or miR-421 
mimics into SH-SY5Y cells using Lipofectamine 
2000. The luciferase activity was detected by the 
Dual-luciferase Reporter System (catalog number: 
E1910, Promega) [26].

RNA-binding protein immunoprecipitation (RIP) 
assay

RIP assay was utilized with Magna RIP RNA- 
Binding Protein Immunoprecipitation Kit (catalog 
number: 17–701; Merck Life Science, Shanghai, 
China) [25]. The transfected cells were dissolved 

in RIP lysis buffer, and cell lysate was incubated 
with magnetic beads bound with the Ago2 anti-
body (catalog number: 2897; Cell Signaling 
Technology). IgG (catalog number: 14,708; Cell 
Signaling Technology) was used as a control 
group. Then, immunoprecipitated RNA was 
detected with RT-qPCR assay.

Statistical analysis

All experiments were conducted with three repli-
cates. SPSS 17.0 (SPSS, Chicago, USA) was 
employed for statistical analysis and the data are 
presented as mean ± standard deviation. Student’s 
t-test and one-way ANOVA were performed to 
evaluate the difference between groups. P< 0.05 
was regarded as significant statistically.

Results

In this study, we aimed to explore the role and 
molecular mechanism of ZFAS1 in bupivacaine- 
induced neurotoxicity. A series of in vitro assays 
were conducted, and the results indicated that 
ZFAS1 exhibited neuroprotective effects against 
neurotoxicity. Mechanistic investigations revealed 
ZFAS1 alleviated bupivacaine-induced neurotoxi-
city by regulating the miR-421/ZNF564 axis.

LncRNA ZFAS1 expression was downregulated 
with the increasing concentrations of 
bupivacaine

SH-SY5Y human neuroblastoma cells are com-
monly used as neuronal models [27]. To induce 
neurotoxicity, SH-SY5Y cells were treated with 
different bupivacaine concentrations (0, 0.5, 1.0, 
1.5, or 2.0 mM). As presented in Figure 1(a,b), 
with the increasing concentrations of bupivacaine, 
the cell viability was decreased and the activity of 
caspase-3 was increased. Subsequently, RT-qPCR 
indicated that ZFAS1 expression was gradually 
downregulated with the increase of bupivacaine 
concentration (Figure 1(c)). Moreover, we also 
detected lncRNA ZFAS1 expression in SH-SY5Y 
cells at 0 h, 6 h, 12 h, 24 h, and 48 h after exposure 
to 1.0 mM bupivacaine. These results demon-
strated that ZFAS1 expression was downregulated 
with the increase of time (Figure 1(d)).
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LncRNA ZFAS1 regulated cell viability and 
apoptosis in SH-SY5Y cells
To examine the role of ZFAS1 in bupivacaine- 
induced neurotoxicity, loss- or gain-of-function 
experiments were performed. RT-qPCR indicated 

that ZFAS1 expression was markedly decreased in 
cells transfected with shZFAS1 (Figure 2(a)). Next, 
MTT and TUNEL assays showed that the ZFAS1 
knockdown significantly decreased cell viability 
and accelerated cell apoptosis in SH-SY5Y cells 

Figure 1. LncRNA ZFAS1 expression was downregulated with the increasing concentrations of bupivacaine.
(a) MTT assay was used to measure cell viability of SH-SY5Y cells treated with 0, 0.5, 1.0, 1.5, or 2.0 mM bupivacaine. (b) Caspase-3 
activity was detected in SH-SY5Y cells treated with different concentrations of bupivacaine. (c) RT-qPCR was performed to detect the 
expression of ZFAS1 in SH-SY5Y cells treated with different concentrations of bupivacaine. (d) RT-qPCR was used to measure the 
expression of ZFAS1 in SH-SY5Y cells at 0 h, 6 h, 12 h, 24 h, and 48 h after exposure to 1.0 mM bupivacaine. *P < 0.05. 

Figure 2. LncRNA ZFAS1 regulated cell viability and apoptosis in SH-SY5Y cells.
(a) The expression of ZFAS1 was detected by RT-qPCR in SH-SY5Y cells transfected with shNC or shZFAS1. (b) MTT assay was used to 
detect cell viability of bupivacaine-treated SH-SY5Y cells transfected with shNC or shZFAS1. (c) TUNEL assay was utilized to measure 
cell apoptosis of bupivacaine-treated SH-SY5Y cells transfected with shNC or shZFAS1 (magnification, x200). (d) Caspase-3 activity 
was measured in bupivacaine-treated SH-SY5Y cells transfected with shNC or shZFAS1. (e) The expression of ZFAS1 was detected by 
RT-qPCR assay in SH-SY5Y cells transfected with pcDNA3.1 or pcDNA3.1/ZFAS1. (f) MTT assay was used to detect cell viability of 
bupivacaine-treated SH-SY5Y cells transfected with pcDNA3.1 or pcDNA3.1/ZFAS1. (g) TUNEL assay was utilized to measure cell 
apoptosis of bupivacaine-treated SH-SY5Y cells transfected with pcDNA3.1 or pcDNA3.1/ZFAS1 (magnification, x200). (h) Caspase-3 
activity was measured in bupivacaine-treated SH-SY5Y cells transfected with pcDNA3.1 or pcDNA3.1/ZFAS1. **P < 0.01. 
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treated with 1.0 mM bupivacaine (Figure 2(b,c)). 
Meanwhile, the knockdown of ZFAS1 remarkably 
promoted caspase-3 activity (Figure 2(d)). 
Subsequently, SH-SY5Y cells were transfected 
with ZFAS1 overexpression plasmid, and the 
transfection efficiency was validated by RT-qPCR 
(Figure 2(e)). Functional assays revealed that the 
upregulation of ZFAS1 markedly increased the cell 
viability and decreased the apoptosis rate of bupi-
vacaine-treated SH-SY5Y cells (Figure 2(f–h)). The 
above results demonstrated that ZFAS1 alleviated 
bupivacaine-induced neurotoxicity.

ZFAS1 directly interacted with miR-421

Previous studies revealed that ZFAS1 acted as 
a sponge and negatively regulated the expres-
sion of miR-421 [28,29], which prompted 
us to hypothesize that miR-421 might be 

a downstream target of ZFAS1 in SH-SY5Y 
cells. Through using starbase website (http:// 
starbase.sysu.edu.cn/), miR-421 was predicted 
to bind with ZFAS1. Then, RT-qPCR indicated 
that miR-421 expression was gradually upregu-
lated with increasing bupivacaine concentration 
or exposure duration (Figure 3(b,c)). Moreover, 
miR-421 mimics significantly reduced the luci-
ferase activity of ZFAS1-WT instead of ZFAS1- 
Mut in SH-SY5Y cells (Figure 3(d)). RIP assay 
revealed that miR-421 and ZFAS1 were mark-
edly enriched in the Ago2 group compared with 
the IgG group (Figure 3(e)). Moreover, the 
overexpression of ZFAS1 restrained miR-421 
expression, while the knockdown of ZFAS1 
upregulated miR-421 expression in SH-SY5Y 
cells (Figure 3(f)). Overall, our data revealed 
that ZFAS1 could negatively regulate miR-421 
expression.

Figure 3. ZFAS1 directly interacted with miR-421.
(a) The predicted targeting sequence of miR-421 on the ZFAS1. (b) RT-qPCR was performed to detect the expression of miR-421 in 
SH-SY5Y cells treated with 0, 0.5, 1.0, 1.5, or 2.0 mM bupivacaine. (c) RT-qPCR was used to measure the expression of miR-421 in SH- 
SY5Y cells at 0 h, 6 h, 12 h, 24 h, and 48 h after exposure to 1.0 mM bupivacaine. (d and e) Dual-luciferase reporter and RIP assays 
were utilized to confirm the interaction between ZFAS1 and miR-421. (f) The expression of miR-421 was detected by RT-qPCR in SH- 
SY5Y cells transfected with pcDNA3.1, pcDNA3.1-ZFAS1, shNC, or shZFAS1. *P < 0.05, **P < 0.01, ***P < 0.001. 
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ZFAS1 mitigated bupivacaine-induced 
neurotoxicity via miR-421

To investigate whether ZFAS1 regulated bupi-
vacaine-induced neurotoxicity through miR- 
421, SH-SY5Y cells were transfected with 
shNC, shZFAS1, and shZFAS1+ miR-421 inhi-
bitor. RT-qPCR revealed that the downregula-
tion of miR-421 partially abolished the 
promoting effect of ZFAS1 knockdown on 
miR-421 expression (Figure 4(a)). In addition, 
the depletion of ZFAS1 inhibited the viability of 
SH-SY5Y cells, which was neutralized following 
miR-421 inhibitor transfection (Figure 4(b)). 
Furthermore, the interference of ZFAS1 
increased cell apoptosis and caspase-3 activity, 
whereas miR-421 inhibition abrogated the 
effects caused by ZFAS1 silencing (Figure 4(c, 
d)). In sum, these findings revealed that ZFAS1 
regulated bupivacaine-induced neurotoxicity by 
targeting miR-421.

ZNF564 was directly targeted by miR-421

To investigate the downstream regulatory mechanism 
of miR-421, miRmap and RNA22 database were 
employed and 6 candidate genes (AC010422.6, 
TRAPPC6B, DCAF5, ERO1A, KCNB1, and 
ZNF564) were screened (Figure 5(a)). RT-qPCR 
showed that the levels of ZNF564 were downregulated 
with the increase of bupivacaine concentration and 
exposure duration (Figure 5(b,c)). Subsequently, miR- 

421 overexpression decreased the luciferase activity of 
the wild-type ZNF564, but not the mutant ZNF564 
(Figure 5(d,e)). In addition, miR-421 overexpression 
inhibited ZNF564 expression, and miR-421 silence 
increased ZNF564 expression (Figure 5(f)). These 
findings indicated that miR-421 negatively regulated 
ZNF564 expression by direct interaction.

ZFAS1 regulated bupivacaine-induced 
neurotoxicity via the miR-421/ZNF564 axis

To further investigate whether ZNF564 was 
a downstream regulator of ZFAS1/miR-421 axis 
in bupivacaine-induced neurotoxicity, SH-SY5Y 
cells were transfected with NC mimics, miR-421 
mimics, miR-421 mimics+pcDNA3.1, and miR- 
421 mimics+ pcDNA3.1/ZNF564. RT-qPCR 
showed that overexpression of miR-421 decreased 
ZNF564 expression, which was counteracted by 
ZNF564 overexpression (Figure 6(a)). Moreover, 
functional assays revealed that the upregulation 
of miR-421 decreased the cell viability, and 
increased the cell apoptosis rate and caspase-3 
activity, while the upregulation of ZND564 par-
tially abolished these effects (Figure 6(b–e)). In 
addition, the downregulation of miR-421 reversed 
the inhibitory effect of ZFAS1 knockdown on the 
expression of ZNF564 (Figure 6(e)). Thus, these 
data indicated that ZFAS1 ameliorated bupiva-
caine-induced neurotoxicity via the miR-421/ 
ZNF564 axis.

Figure 4. ZFAS1 mitigated bupivacaine-induced neurotoxicity via miR-421.
(a) RT-qPCR was used to measure the expression of miR-421 in SH-SY5Y cells transfected with shNC, shZFAS1, or shZFAS1+ miR-421 
inhibitor. (b) MTT assay was used to detect cell viability of bupivacaine-treated SH-SY5Y cells transfected with shNC, shZFAS1, or 
shZFAS1+ miR-421 inhibitor. (c) TUNEL assay was utilized to detect cell apoptosis of bupivacaine-treated SH-SY5Y cells transfected 
with shNC, shZFAS1, or shZFAS1+ miR-421 inhibitor (magnification, x200). (d) Caspase-3 activity was detected in bupivacaine-treated 
SH-SY5Y cells transfected with shNC, shZFAS1, or shZFAS1+ miR-421 inhibitor. *P < 0.05, **P < 0.01. 
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Discussion
Increasing evidence indicates that lncRNA plays 
a vital role in anesthetic-induced neurotoxicity. 
For example, Song et al reported that lncRNA 
IGF2AS expression was upregulated in ketamine- 
treated neural stem cells, and knockdown of IGF2S 
alleviated the apoptosis in ketamine-injured neural 
stem cells [30]. Zhao et al indicated that lncRNA 
Gm15621 prevented neurotoxicity through the 
inhibition of apoptosis and inflammation response 
in sevoflurane-induced primary hippocampal neu-
rons [31]. A previous study revealed that the 
ZFAS1 level was significantly decreased in patients 
with cerebral ischemia/reperfusion injury, and 
overexpression of ZFAS1 mitigated neuronal 
damage and reduced cerebral ischemia/reperfu-
sion-induced apoptosis [11]. In addition, Zhang 

et al indicated that the depletion of ZFAS1 sup-
pressed the migration, invasion, and proliferation, 
but facilitated apoptosis in glioma cells [32]. In 
this study, we observed that bupivacaine decreased 
the level of ZFAS1 in SH-SY5Y cells, especially in 
the high concentration bupivacaine group. 
Moreover, the upregulation of ZFAS1 prominently 
facilitated cell viability and inhibited cell apoptosis 
in bupivacaine-treated SH-SY5Y cells. Our results 
revealed that ZFAS1 could mitigate bupivacaine- 
induced neurotoxicity.

LncRNAs are widely reported to act as compet-
ing endogenous RNAs (ceRNAs) by specifically 
adsorbing miRNAs, and then modulate the expres-
sion of target genes [33,34]. For example, Ke et al 
indicated that NEAT1 enhanced neuronal injury 
in Alzheimer’s disease by regulating miR-107 [35]. 

Figure 5. ZNF564 was the direct target of miR-421.
(a) The potential downstream targets were predicted using miRmap and RNA22 database. (b) The expression of ZNF564 was 
detected in SH-SY5Y cells treated with 0, 0.5, 1.0, 1.5, or 2.0 mM bupivacaine by RT-qPCR. (c) The expression of ZNF564 was detected 
by RT-qPCR in SH-SY5Y cells at 0 h, 6 h, 12 h, 24 h, and 48 h after exposure to 1.0 mM bupivacaine. (d) The predicted binding site 
between miR-421 and ZNF564. (e) Luciferase activity was detected in SH-SY5Y cells co-transfected with ZNF564-WT or ZNF564-Mut 
and miR-421 mimics or NC mimics. (f) The expression of ZNF564 was detected by RT-qPCR in SH-SY5Y cells transfected with miR-421 
mimics or miR-421 inhibitor. *P < 0.05, **P < 0.01. 
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Lin et al showed that HOTAIR silencing decreased 
the number of α-synuclein-positive cells and TH- 
positive cells by sponging miR-126-5p to inhibit 
the progression of Parkinson’s disease [36]. In 
anesthetic-induced neurotoxicity, Wang et al 
demonstrated that knockdown of lncRNA ATB 
protected neuronal cells against Aβ25-35-induced 
neurotoxicity through the miR-200/ZNF217 axis 
[37]. Zhang et al showed that lncRNA Rik-203 
promoted sevoflurane-induced neurotoxicity by 
regulating miR-101a-3p [38]. miR-421 has been 
reported to facilitate neuronal apoptosis in 
Parkinson’s Disease [19] and epilepsy [20], and 
act as a downstream target of ZFAS1 in various 
diseases, such as oral squamous cell carcinoma 
[28] and epilepsy [29]. Herein, the miR-421 level 
was increased by bupivacaine in the time- and 
dose-dependent manner in SH-SY5Y cells. 

Moreover, it was found that ZFAS1 regulated the 
cell viability and apoptosis of SH-SY5Y cells by 
directly binding to miR-421. These results sug-
gested ZFAS1 modulated bupivacaine-induced 
neurotoxicity by regulating miR-421.

Zinc finger protein (ZNF) is one of the most 
abundant and versatile proteins in eukaryotic gen-
omes [39], which have been previously reported to 
be involved in biological processes, such as prolif-
eration and apoptosis [40,41]. In this study, we 
confirmed that ZNF564 was the downstream 
gene of miR-421. Moreover, the upregulation of 
miR-421 inhibited cell viability, and promoted the 
cell apoptosis of bupivacaine-treated SH-SY5Y 
cells, while ZND564 overexpression partially abol-
ished these effects. Finally, we demonstrated that 
ZFAS1 upregulated ZNF564 expression by target-
ing miR-421.

Figure 6. ZFAS1 regulated bupivacaine-induced neurotoxicity via the miR-421/ZNF564 axis.
(a) The expression of ZNF564 was detected by RT-qPCR in SH-SY5Y cells transfected with NC inhibitor, miR-421 inhibitor, miR-421 
inhibitor+shNC, or miR-421 inhibitor+shZNF564. (b) MTT assay was performed to detect cell viability of bupivacaine-treated SH-SY5Y 
cells transfected with NC inhibitor, miR-421 inhibitor, miR-421 inhibitor+shNC, or miR-421 inhibitor+shZNF564. (c and d) TUNEL 
assay was used to measure the apoptosis rate of bupivacaine-treated SH-SY5Y cells transfected with NC inhibitor, miR-421 inhibitor, 
miR-421 inhibitor+shNC, or miR-421 inhibitor+shZNF564 (magnification, x200). (e) Caspase-3 activity was detected in bupivacaine- 
treated SH-SY5Y cells transfected with NC inhibitor, miR-421 inhibitor, miR-421 inhibitor+shNC, or miR-421 inhibitor+shZNF564. (f) 
The expression of ZNF564 was detected in SH-SY5Y cells. *P < 0.05, **P < 0.01. 
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Conclusion

Our research indicated that the ZFAS1/miR-421/ 
ZNF564 axis played a crucial role in protecting 
bupivacaine-induced neurotoxicity. These findings 
suggested that ZFAS1 could be considered as 
a new therapeutic target for bupivacaine-induced 
neurotoxicity treatment. However, this study was 
not without its limitations. For example, only SH- 
SY5Y cell line was used for the verification experi-
ment. In future research, more cell lines will be 
used to verify the biological role of the ZFAS1/ 
miR-421/ZNF564 axis in bupivacaine-induced 
neurotoxicity.
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