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	 Background:	 Brain-derived neurotrophic factor (BDNF) is one of the neurotrophic factors that modulate critical metabolic 
activities, including apoptosis, proliferation, and differentiation modulation. Although numerous studies have 
focused on the damaging effects of BDNF on neurons, the underlying relationship between these effects re-
mains unclear. In the present study, we investigated the protective effect of BDNF on neuronal injury induced 
by ropivacaine and assessed whether it is related to the Akt signaling pathway.

	 Material/Methods:	 Human neuroblastoma cell line SH-SY5Y cells were stimulated with ropivacaine at different concentrations to 
induce neuronal injury. MTT analysis, flow cytometry, immunohistochemistry, qRT-PCR, and Western blot were 
used to investigate the proliferation activity, apoptotic level, and expression of Akt, PCNA, Bax, Bcl-2, and cleaved 
caspase-3, collectively demonstrating the underlying regulatory mechanisms.

	 Results:	 Compared with the control group, the morphological damage and proliferation inhibition of SH-SY5Y cells in-
duced by ropivacaine were dose-dependent and time-dependent, accompanied by a significant decrease in 
Akt expression. We treated cells with BDNF or SC79, which is a selective cell-permeable small molecule Akt ac-
tivator. The results showed that, compared to the ropivacaine group, the morphological damage of neurons 
was alleviated; cell proliferation activity was enhanced; apoptotic rate was reduced; PCNA, Bcl-2, and phos-
phorylated Akt expression levels were increased; and Bax and caspase-3 gene and protein expression were de-
creased. We were able to reverse these effects by administering API-2, an Akt inhibitor.

	 Conclusions:	 BDNF can alleviate ropivacaine-induced neuronal injury by activating Akt signaling pathway, consequently mod-
ulating the proliferation and apoptosis of neurons.
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Background

In recent years, with the application of new drugs and the op-
timization of monitoring equipment, the safety of anesthesia 
has been gradually improved [1]. Meanwhile, the side effects 
of various anesthetics, including those used in local anes-
thesia, on organs and tissues of patients have gradually re-
ceived increasing attention [2]. Although local anesthesia has 
less cardiopulmonary complications when compared to gen-
eral anesthesia, its other adverse effects were reported to in-
clude respiratory dysfunction, epilepsy, palpitation, cardiac 
dysfunction and neuronal injury [3,4]. Nevertheless, the func-
tion of the awake brain as a real-time monitor was proved to 
be important, suggesting a complex of constantly improving 
and reviewing the role of local anesthesia in clinical medicine.

Ropivacaine (ROP) is one of the most commonly used local 
anesthetics in clinical medicine and stomatology [5]. Its main 
functional form is optical pure S (–) isomer, which has extraor-
dinary biochemical and therapeutic properties, being widely 
used in clinical medicine [6]. Being an amide anesthetic with 
similar structure to bupivacaine but with slightly weaker over-
all effect, ropivacaine’s motor blocking effect was 66% that 
of bupivacaine, while the analgesic effect was only 60% [7]. 
However, intrathecal administration of ROP was reported to 
induce neuronal injury and triggered cells apoptosis in a dose-
dependent manner in rats [8]. It is important to find a method 
to improve ROP-caused neuronal injury.

Being one of the neurotrophic factors, brain-derived neuro-
trophic factor (BDNF) extensively exists in various procedures 
such as neuronal proliferation, survival regulation, and differ-
entiation modulation, and consequently plays a crucial role in 
neurogenesis, synapse formation, and synaptic plasticity [9–11]. 
BDNF has also been proved to be associated with diverse 
neurological diseases such as schizophrenia, autism, mood 
disorders, and drug-induced brain injury [12]. It was previ-
ously delineated that upregulation of BDNF expression can 
promote activation of the Akt signaling pathway; it is used 
in pathophysiological procedures following brain injury and 
is involved in neurocyte morphology, dysfunction, and apop-
tosis [13]. Interestingly, there was no report about the neuro-
logical modulation effect of BDNF on the Akt pathway in ropi-
vacaine-induced neuronal injury.

In view of the current situation, we innovatively and systemati-
cally elucidate BDNF’s potential neuroprotective effects against 
ropivacaine and the mechanism underlying it.

Material and Methods

Cell culture and grouping

Human neuroblastoma cells SH-SY5Y (CRL-2266, ATCC, USA) 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco, Rockville, MD, USA) containing 10% fetal bovine serum 
(FBS, Sigma-Aldrich, St. Louis, MO, USA) and 100 U/ml penicil-
lin, 100 mg/ml streptomycin (Gibco, Rockville, MD, USA) in an 
incubator (Thermo Fisher, Scientific, USA) with 5% CO2 at 37°C. 
In order to verify the effect of ropivacaine on cell metabolism, 
the cells were divided into a control group and a ropivacaine 
treatment group. The final concentration of ropivacaine was 
1, 2, 3, 4, and 5 mM by phosphate-buffered saline (PBS) gra-
dient dilution. In the control group, SH-SY5Y cells were treat-
ed with the same amount of PBS.

To investigate the protective effect of BDNF on neuronal injury 
and to explore its potential association with the Akt signal-
ing pathway, the cells were divided into the following groups: 
Control group: SH-SY5Y cells were treated with PBS for 48 h; 
Rop group: 5 mM Ropivacaine treatment for 48 h; BDNF+Rop 
group: 20 ug/L BDNF treatment for 2 h and 5 mM ropivacaine 
treatment for 48 h; SC79+Rop group: 5 mg/L SC79 (HY-18749, 
MCE, USA) treatment for 2 h and 5 mM ropivacaine treatment 
for 48 h; BDNF+API-2+Rop group: 20 μg/L BDNF+10 μmol/L 
API-2 (HY-15457, MCE, USA) treatment for 2 h and 5 mM ropi-
vacaine treatment for 48 h.

Cell morphology

After 48 h of ropivacaine administration, the cell morphology 
was observed under an inverted microscope and photographed.

3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium 
bromide (MTT) assay

After being digested by trypsinase, the cells were adjusted to 
the concentration of 1 *104/mL and incubated with 5% CO2 
at 37°C. After 24 h, 48 h, 72 h, and 96 h of incubation, the 
samples were treated with 20μL MTT (5 mg/mL). After 4 h, 
the supernatant was discarded and 200 μL dimethyl sulfox-
ide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) was added. 
The absorbance optical density (OD) at 490 nm was read on 
a plate reader (Bio-Rad Laboratories).

Flow cytometry

After 48 h of treatment with ropivacaine, the cells were treated 
with trypsin, centrifuged, and collected. After washing with PBS, 
the cells with a total number of about 1×106/mL were resus-
pended by 250 μL 1× binding buffer, then 195 μL of these re-
suspended cells were added with 5 μL FITC-labeled Annexin-V, 
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followed by 3-min incubation, after which we added 20 μg/mL 
propidium iodide solution. After 10-min incubation, we added 
1×binding buffer of 400 μL and performed flow cytometry 
(Gallios; Beckman Coulter, Inc., Brea, CA, USA). The results were 
analyzed by cell quest software (BD Biosciences, San Diego, 
CA, USA).

Cellular immunohistochemistry

The cells underwent 48-h treatment with ropivacaine and were 
further immobilized with polyformaldehyde, administrated by 
0.5% Triton X-100 and treated with 3% H2O2 for 15–20 min 
before being blocked by serum albumin (BSA) for 30 min. 
Thereafter, they were treated with rabbit anti-Akt antibody 
(1: 100, ab8805, Abcam, UK), anti- proliferating cell nuclear anti-
gen (PCNA) antibody (1: 100, ab15497, Abcam, UK), incubated 
for 30 min, and washed. Goat anti-rabbit IgG (Proteintech, USA) 
labeled with horseradish peroxidase were further added, fol-
lowed by 30-min incubation and then were washed by PBS. 
Finally, after incubation with streptavidin-biotin complex (SABC) 
for 30 min, the samples underwent PBS washing, diaminoben-
zidine (DAB) staining, slight hematoxylin re-staining, dehy-
dration, transparency, and sealing. They were placed under 
400-power optical microscope (Olympus, Japan) with the posi-
tive cells being counted.

Real-time fluorescence quantitative polymerase chain 
reaction (RT-PCR)

Total RNA extraction kits (Invitrogen, Carlsbad, CA, USA) were 
used. After total RNA was extracted from each cell line, it under-
went reverse transcription into cDNA for Real-time PCR reac-
tion system. Mastercycler® nexus X2 (Eppendorf, Hamburg, 
Germany) was used for RT-PCR. Conditions were 95°C for 
10 min, 95°C for 15 s, and 60°C for 60 s (40 cycles). The data 
were processed by 2–DDCt method with the GAPDH mRNA being 
used as internal reference.

The sequences of primers (Shanghai Biotechnology Service Co.) 
were as follows:
Caspase-3,
Forward: 5’-GTGCTATTGTGAGGCGGTT-3’,
Reverse: 5’-CGAGATGTCATTCCAGTGCT-3’;
Bcl-2-associated X protein (Bax),
Forward: 5’-TCGAGGACGACTTCAACTATGG-3’,
Reverse: 5’-ACAGCAAAATTAAGGCAGGACTC-3’;
B-cell lymphoma-2 (Bcl-2),
Forward: 5’-AACCCCAGCGACTCTTTTATG-3’,
Reverse: 5’-GGCAATCTGTACCTCTGCTTG-3’;
GAPDH,
Forward: 5’-TGTGGGCATCAATGGATTTGG-3’,
Reverse: 5’-ACACCATGTATTCCGGGTCAAT-3’.

Western blot analysis

The total cell protein was extracted and quantified by BCA kit 
(Shanghai Biyuntian Biotechnology Co.). Protein was separated 
by electrophoresis with 4%–12% Novex Bis-Tris gradient gel 
(Invitrogen Company, USA). Furthermore, 40 μg of each sam-
ple underwent disodium dodecyl sulfate (SDS)-polyacrylamide 
gel electrophoresis (PAGE) (Mini-Protean-3, Bio-Rad, Hercules, 
CA, USA), followed by transfer to polyvinylidene fluoride (PVDF) 
membranes (Merck, Darmstadt, Germany) for 60 min. The mem-
branes were washed 3 times in tris buffer solution tween (TBST) 
for 10 min each, followed by blocking in 5% non-fat milk for 
1 h, and incubation with the following primary antibodies at 
4°C overnight: Rabbit anti-Bax Antibody (1: 1000, ab53154, 
Abcam, UK), anti-Bcl-2 Antibody (1: 1000, ab59348, Abcam, 
UK), anti-cleaved caspase-3 Antibody (1: 500, ab49822, Abcam, 
UK), and beta-actin (1: 1000, ab8227, Abcam, UK) polyclonal 
antibodies. The membranes were washed 3 times in TBST 
(TBS with 1 ml/L Tween-20) 10 min each, and incubated with 
goat anti-rabbit IgG (1: 2000, Abcam ab6721) for 1 h, and the 
membranes were then washed 3 times in TBST. The Emitter 
Coupled Logic (ECL) chemiluminescence system was used for 
signal detection on the specimen membrane. The expression 
level of protein was standardized by b-actin, and the gray-
scale scanning and quantitative analysis were carried out by 
Image J software (National Institutes of Health).

Western blot analysis was also used for determination of Akt 
signaling pathway activity. The experimental protocol was 
same as above mentioned, with the antibodies being: rabbit 
anti-Akt Antibody (1: 500, ab8805, Abcam, UK) and anti-p-Akt 
Antibody (1: 500, ab38449, Abcam, UK). The protein expres-
sion level was also standardized with b-actin.

Statistical methods

SPSS19.0 statistical software was used for data analysis, with 
the results being presented as mean±SD. One-way analysis 
of variance (ANOVA) was used for differences among mul-
tiple groups, and Fisher’s Least Significant Difference (LSD) 
test for follow-up analysis. P<0.05 was considered as statis-
tically significant.

Results

Effects of ropivacaine on morphology, cell proliferation, 
and apoptosis

As shown in Figure 1A, the cells in the control group had nor-
mal morphology, distinct neurites, and intact structure. With 
the increase of ropivacaine concentration, the number of cells 
decreased and their structure damage gradually increased, 
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presented by round and atrophic cell body with incomplete 
structure, suggesting that ropivacaine could damage cells in 
a dose-dependent manner. The MTT evaluation (Figure 1B) 
showed that the cell proliferation ability decreased with the 
time and concentration increase of ropivacaine (p<0.05). 
The cell apoptosis experiment (Figure 1C) showed that when 
compared with the control group, the number of apoptotic 
cells increased significantly with the increase of ropivacaine 
concentration (p<0.05).

Effect of ropivacaine on the expression of Akt and PCNA

The immunohistochemistry (Figure 2) showed that after 48 h 
of ropivacaine intervention on SH-SY5Y cells, the expression 
of Akt and PCNA protein decreased with the increase of ropi-
vacaine concentration (p<0.05).

Effect of ropivacaine on proliferation and apoptosis

In comparison with the control group, the neurons in the 
Rop group disappeared with their structure being round, 
severely atrophic, and incomplete and their number decreased 
(Figure 3A). BDNF alleviated the cell morphology atrophy and 
alleviated the damage with the effect of SC79 being revealed 
to be similar. Compared with the BDNF+Rop group, the dam-
age of SH-SY5Y cells in the BDNF+API-2+Rop group was aggra-
vated, with its final result being similar to that in the Rop group.

MTT assay (Figure 3B) showed that when compared to the 
control group, with the prolongation of ropivacaine treatment 
time, the proliferation activity of cells in each group decreased 
in varying degrees (p<0.05). In comparison with the Rop group, 
BDNF or SC79 could significantly increase the cell activity 
(p<0.05), which could be further reversed by API-2 (p<0.05).
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Figure 1. �Ropivacaine affects SH-SY5Y cell morphology, cell proliferation, and apoptosis. (A) Morphological observation of SH-SY5Y 
cells (×200); (B) SH-SY5Y cell viability; (C) Flow cytometry and percentage of apoptotic cells. Compared with the control 
group, * P<0.05.
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Figure 2. �Ropivacaine reduces the expression of Akt and PCNA proteins. (A) Akt cell immunohistochemistry and the number of positive 
cells; (B) PCNA cell immunohistochemistry and the number of positive cells. Compared with the control group, * P<0.05.

The flow cytometry (Figure 3C) showed that the apoptotic rate 
of each group increased in varying degrees compared with the 
control group (p<0.05). BDNF or SC79 could significantly re-
duce the apoptotic level (p<0.05), with the above trends be-
ing further reversed by API-2 (p<0.05).

Effect of ropivacaine on Akt and PCNA expression via the 
Akt signaling pathway

Cellular immunohistochemistry (Figure 4) showed that the ex-
pression of Akt and PCNA protein decreased in different de-
grees in each group compared with the control group (p<0.05). 
Compared to the Rop group, the expression of Akt and PCNA 
protein was increased significantly by BDNF or SC79 (p<0.05), 
and the above trends could be reversed by API-2 (p<0.05).

Effect of ropivacaine on apoptosis-related proteins 
expression via the Akt signaling pathway

The expression of Bcl-2, Bax, and caspase-3 mRNA were ana-
lyzed (Figure 5A), and the results showed the expression of 
Bcl-2 decreased and the expression of Bax and caspase-3 in-
creased when compared with the control group (p<0.05). 
The proteins were also investigated (Figure 5B). In contrast to 
the control group, the expression of Bcl-2 decreased and the 
expression of Bax and cleaved caspase-3 increased in differ-
ent degrees (Figure 5) (p<0.05). Compared to the Rop group, 
BDNF or SC79 could increase the expression of Bcl-2 and de-
crease the expression of Bax and cleaved caspase-3 (p<0.05). 
Furthermore, API-2 could reverse the above trends (p<0.05).
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Effect of ropivacaine on Akt signaling pathway activity

Western blot analysis (Figure 6) showed that the expression of 
p-Akt protein decreased in all groups compared with the con-
trol group, but the total expression of Akt did not change sig-
nificantly. Compared with the Rop group, BDNF or SC79 could 
increase the expression of p-Akt/Akt (p<0.05), which could be 
further reversed by API-2 (p<0.05).

Discussion

According to the concept map (Figure 7), the SH-SY5Y cells 
were subjected to ropivacaine insult for reproducing its dam-
age characteristics, showing that the number of SH-SY5Y cells 
decreased significantly and the surviving cells exhibited syn-
aptic disappearance and cell body atrophy, which verified the 
rationality of ropivacaine administration to simulate neural in-
jury under local anesthesia at the cellular level. Studies have 

also delineated that the dosage of anesthetics is more a de-
terminant of the depth of anesthesia than the administration 
of anesthesia process, so the dose-dependent damage effect 
of ropivacaine should be paid more attention [14,15]. In this 
study, the cell morphological damage was observed gradually 
with the increase of ropivacaine concentration, while the cell 
proliferation ability also gradually decreased with the prolon-
gation of ropivacaine treatment time, collectively suggesting 
that ropivacaine damages neurons in a dose-dependent and 
event-dependent manner. The apoptotic experiment further 
verified the adverse effect of ropivacaine on the survival of 
neurons from the point of view of programmed death.

The Akt pathway is closely related to cell metabolism and sur-
vival regulation [16]. Elaborate signaling pathway networks, 
including Akt, are the main mechanisms that regulate neu-
ronal apoptosis after diverse pathophysiological procedures 
such as cerebral ischemia and drug injury [10,17]. PCNA plays 
a significant role in DNA synthesis and damage repair, closely 

Control Rop

BDNF+Rop SC79+Rop BDNF+API-2+Rop

Control
1.1%105

104

103

102

0
–118

4.7%

90.2%
–9101 102 103 104 105

105

104

103

102

0
–144

0101 102 103 104 105

105

104

103

102

0
–206

0101 102 103 104 105

105

104

103

102

0
–147

–31 0 102 103

Annexin V-FITC

PI

104 105

105

104

103

102

0

–329
–51 0

–102

102 103 104 105

4.0%

1.3% 10.0%

77.0% 11.7%

1.7% 8.9%

84.0% 5.4%

2.6% 8.8%

81.7% 6.9%

5.0% 12.2%

73.5% 9.3%

Rop

BDNF+Rop SC79+Rop BDNF+API-2+Rop

Rop

*

Control SC79+
Rop

*#

BDNF+
API-2
+Rop

*&

*#

BDNF+
Rop

25

20

15

10

5

0

Ap
op

to
sis

 ra
te

 (%
)

1.8

1.5

1.2

0.9

0.6

0.3

0.0

OD
 va

lue

24 48 72
Time (h)

96

**
*

*&
*&

*&

*#

*#

*#

Control
Rop
BDNF+Rop
SC79+Rop
BDNF+API-2+Rop

A B

C

Figure 3. �Observation of SH-SY5Y cell morphology, proliferation, and apoptosis level. (A) Morphological observation of SH-SY5Y cells; 
(B) Proliferative activity of SH-SY5Y cells; (C) Flow cytometry and percentage of apoptotic cells. Compared with the control 
group, * P<0.05, Compared with the Rop group, # P<0.05; Compared with BDNF+Rop group, & P<0.05.
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participating in a variety of physiological procedures, such as 
trans-lesion modulation, error-free injury bypass, and break-
induced replication [18]. In our study, immunohistochemical 
results showed that the SH-SY5Y cells with positive expres-
sions of Akt and PCNA protein significantly decreased after 
ropivacaine administration, and this trend was correlated 
with the increase of ropivacaine concentration. This revealed 
the involvement of the Akt signaling pathway in ropivacaine-
induced nerve injury in a dose-dependent manner and further 
suggests its potential as a therapeutic target for alleviating lo-
cal anesthesia-induced neuronal injury.

As a member of neurotrophic factor family, which can sup-
port the growth, survival, and differentiation of neurons, 
BDNF has attracted wide attention for its multipotency in di-
verse brain diseases, whereas its potential regulatory role in 

ropivacaine-induced neuronal injury was not explored and con-
sequently became the focus of our research [19,20].To further 
verify the regulatory role of BDNF in this pathological proce-
dure, the ropivacaine-damaged cells were treated with BDNF, 
showing that under the protection of BDNF, the morphological 
damages presented by synapse disappearance and cell atro-
phy were significantly reversed, which preliminarily indicates 
its protective role in ropivacaine-induced neuronal injury at the 
cytological level. Similar phenomena have also been observed 
in various related studies [21]. Additionally, similar protective 
effects were reproduced by the Akt pathway agonist SC79, 
while API-2, an antagonist of the same pathway, can signifi-
cantly reverse these trends. Similar phenomena were further 
verified by MTT assay and flow cytometry analysis from per-
spectives of cell proliferative activity and apoptosis, together 
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Figure 4. �Immunohistochemistry of Akt and PCNA protein expression. (A) Akt cell immunohistochemistry and the number of positive 
cells; (B) PCNA cell immunohistochemistry and the number of positive cells. Compared with the control group, * P<0.05, 
Compared with the Rop group, # P<0.05; Compared with BDNF+Rop group, & P<0.05.

10160
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Zhai Y. et al.: 
BDNF alleviates neuronal damage

© Med Sci Monit, 2019; 25: 10154-10163
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



implying the critical role of the Akt signaling pathway in the 
neuroprotective mechanism of BDNF.

Studies have shown that Thr308 and Ser473 is phosphorylated 
during activation of the Akt pathway. Thereafter, P-Akt will play 
a biological regulatory role through its kinase activity [22–24]. 
PCNA is a homotrimer with ring-shaped molecular structure 
that encircles the DNA of eukaryotic genomes [25]. It is closely 
involved in cell replication, consequently serving as an es-
sential marker in the monitoring of proliferation activity [26]. 

In the present study, the expression and activation of Akt and 
PCNA in SH-SY5Y cells under different treatments were inves-
tigated. The results showed that after being treated with BDNF 
or SC79, the concentration of Akt and PCNA both increased 
significantly, with this upregulation of expression being fur-
ther antagonized by API-2, revealing that Akt might be the 
key link in the neuroprotective effect of BDNF. The increase 
of p-Akt/Akt ratio following BDNF treatment also confirms the 
involvement of the Akt signaling pathway in the above proce-
dures on the signaling level.
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Figure 5. �Bax, Bcl-2, caspase-3 mRNA, and protein expression. (A) Gene content; (B) Protein band and protein expression level. 
Compared with the control group, * P<0.05, Compared with the Rop group, # P<0.05; Compared with BDNF+Rop group, 
& P<0.05
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Previous studies have reported that Bcl-2 can be modulated 
by BDNF, serving as a potential therapeutic target, and is fur-
ther upregulated by bone marrow stem cells in multiple scle-
rosis and ischemic stroke, resulting in inhibition of cell apop-
tosis [27]. Meanwhile, Bax and cleaved caspase-3 have been 
revealed to be apoptotic promoters and are widely involved in 
the regulation of neuronal survival [27]. We found that Bcl-2 
was significantly increased by BDNF, while Bax and cleaved 
caspase-3 decreased evidently. These trends were significantly 
reversed by Akt signaling pathway antagonists, which demon-
strates the mechanism of BDNF’s neuroprotective effects from 
the downstream molecular point of view.

Conclusions

This study suggests that BDNF can alleviate ropivacaine-induced 
neuronal damage, the mechanism of which involves the Akt 
signaling pathway.
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Figure 7. Concept map.
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