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Abstract: Bupivacaine, an amide type long-acting local anaesthetic is commonly employed for epidural anesthe-
sia and as well for nerve blockades. However, studies have shown neurotoxicity following local administration of 
bupivacaine raising concerns over the use of the drug. Compounds that could minimize or inhibit toxic effects of 
bupivacaine are of high value in operative settings and in pain management. The present study aims to investigate 
if epigallo catechin gallate (EGCG) could inhibit or prevent bupivacaine toxicity in neuroblastoma cells (N2a and SH-
SY5Y). The viability of N2a and SH-SY5Y cells following exposure to EGCG (10-50 µM) were assessed by MTT assay 
and Annexin V/PI staining. The influence of EGCG on ROS generation was determined. The expression of apoptotic 
cascade proteins (Caspases-3, -8 and -9, Bcl-xL, Bad, Bax, Bcl-2) and PI3/Akt pathway proteins (Akt, p-Akt, GSK-3β, 
p-GSK-3β, PTEN) were analyzed by western blotting. EGCG improved the viability of the cells and inhibited apoptosis 
by potentially decreasing the expression of caspases and pro-apoptotic proteins. Bupivacaine induced ROS genera-
tions were reduced on EGCG exposure. EGCG significantly promoted the phosphorylation of Akt and GSK-3β and 
down-regulated PTEN, thus activating PI3/Akt signalling. EGCG effectively improved the cell viability and inhibited 
apoptosis of N2a and SH-SY5Y cells via suppression of ROS generation and modulation of PI3K/Akt signalling 
cascade.
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Introduction

Local anesthetics are a requisite in surgical 
procedures and also in post-operative pain 
management. However, accumulating evidenc-
es suggests that local anesthetics could possi-
bly cause neural injury and lead to neurological 
complications [1-4]. Bupivacaine, an amide 
type local anesthetic is frequently employed in 
regional anesthesia as spinal or epidural anes-
thetic for nerve blockade and postoperative 
pain management in patients. Previous studies 
have demonstrated that bupivacaine-induced 
neural injury and neurotoxicity involves necro-
sis and apoptosis [4-6]. Activation of mitogen 
activated protein kinases (MAPKs) [7] as 
p38MAPK [8], disruption of calcium homeosta-
sis [9] and generation of reactive oxygen spe-
cies (ROS) [10] have been reported to be 

involved in the pathogenesis of bupivacaine-
induced neurotoxicity. Nevertheless, the exact 
mechanism involved in bupivacaine-induced 
neuronal injury is yet to be understood com- 
pletely.

The phosphatidylinositol-3-kinase (PI3K)/threo-
nine serine protein kinase B (Akt) signalling cas-
cade is involved in regulation of cell survival 
[11, 12]. Phosphorylation of Akt and its down-
stream target glycogen synthase kinase 3β 
(GSK-3β), a serine/threonine kinase, results in 
increased cyclin D1 and Myc leading to cell sur-
vival [13]. Activation of Akt and GSK-3β has 
been reported to exhibit neuroprotective effects 
[14-16]. Akt activates another important signal-
ling factor, nuclear factor-κB (NF-κB). NF-κB is 
one of the most vital transcription factors that 
is involved in regulating cell proliferation and 
cell cycle progression [17, 18]. 
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Studies have reported that bupivacaine and 
lidocaine, two commonly used local anesthet-
ics suppresses the activation of PI3K/Akt sig-
nalling in neuroblastoma neuro 2a (N2a) cells 
[19, 20]. Thus compounds that could cause 
activation of PI3K/Akt signalling cascade could 
possibly reduce or inhibit anesthetic-induced 
neuroapoptosis [19, 20]. 

Previous investigations on dietary antioxidants 
have demonstrated the protective effects 
against local anesthetic induced neuronal inju-
ry [20-22]. Epigallocatechin gallate (EGCG) an 
ester of epigallocatechin and gallic acid, is a 
polyphenol present in several plants, mainly in 
green tea [23]. Previous studies on EGCG have 
reported that it possesses several beneficial 
effects under various pathologic conditions 
including diabetes, stroke and obesity. EGCG is 
a powerful antioxidant and anti-tumor effects 
of EGCG have also been well demonstrated [24, 
25]. Epidemiological and animal studies further 
indicate that EGCG shows neuroprotective 
activity in various neurological disorders [26-
30]. Considering the health effects of EGCG, in 
the study we investigated if EGCG could exert 
neuroprotective effects in bupivacaine-induced 
neuron injury using mouse neuroblastoma N2a 
and human neuroblastoma SH-SY5Y cell lines.

Experimental methods

Chemicals and reagents

Bupivacaine and epigallocatechin gallate were 
purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Antibodies for total Akt, phospho-Akt 
(p-Akt), total GSK-3β and phospho-GSK3β 
(p-GSK3,β) were obtained from Cell Signalling 
Technology (Beverly, MA, USA), Antibodies 
against phosphatase and tensin homolog 
(PTEN), caspase-3, caspase-8, capse-9, Bad, 
Bax, Bcl-2 and Bcl-xL were obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). 
Annexin V-FITC and propidium iodide (PI) 
(KeyGEN, China), 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2-tetrazolium bromide (MTT), 
2’,7’-dichlorofluorescein diacetate (DCFH-DA) 
and Hoechst 33258 (Beyotime, China). Other 
reagents that were used for the study are of 
analytical grade and were procured from 
Sigma-Aldrich (St. Louis, MO, USA) otherwise 
are specified. 

Cell lines

The SH-SY5Y and N2a cell lines was purchased 
from ATCC and were cultured in DMEM medium 
that was supplemented with fetal bovine serum 
(15%), penicillin (100 U/mL) and streptomycin 
(100 μg/mL) and was incubated in a humidified 
5% CO2 incubator at 37°C. The medium was 
renewed once every 48 h. 

MTT assay

SH-SY5Y and N2a cells were placed into 96-well 
plates having a density of 5×103 cells/well with 
100 μL culture medium/well. After reaching a 
confluence of 70%, the cells were exposed to 
EGCG at different concentrations (10-50 µM) 
for 3 h. The cells were then subjected to 1 mM 
bupivacaine treatment [20] in medium for 24 h. 
After treatment with bupivacaine, to each well 
20 μL MTT was added and incubated further 
for 4 h at 37°C. The supernatant was discarded 
after incubation and DMSO (150 μL) was added 
to each well to liquefy the formazan crystals. 
The absorbance was read using Synergy HT 
plate reader at 570 nm (Synergy HT, Bio-Tek, 
USA).

Assessment of apoptosis by Hoechst nuclear 
staining

Nuclear staining using Hoechest 33258 was 
performed to evaluate nuclear morphology. 
After treatment with EGCG and bupivacaine as 
in MTT assay, the cells were rinsed thrice using 
the PBS solution and was stained with Hoechst 
33258. The cells were observed under fluores-
cence microscopy (Nikon ECLIPSE TE2000-u, 
Japan) at 300-500 nm. Apoptotic cells were 
counted based on nuclear morphology changes 
in the form of chromatin condensation and 
fragmentation. 

Annexin V-FITC/PI staining for apoptosis detec-
tion

Annexin V-FITC/PI staining is used for detecting 
externalization of phosphatidylserine, indicator 
used for early stage apoptosis. Briefly, 1×106 
cells treated with EGCG and bupivacaine were 
subjected to annexin V staining. The cells were 
washed in PBS (phosphate buffered saline) and 
resuspended in binding buffer containing (100 
μL) annexin V-FITC and propidium iodide incu-
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bated for 20 min and analyzed by flow cytome-
ter y (FACS Calibur, BD Biosciences).

Measurement of ROS

The cells following treatment with EGCG were 
seeded at a density of 5×105 cells/well with 
500 μL culture medium into 24-well plates. 
Following 3 h of bupivacaine exposure, the 
intracellular reactive oxygen species (ROS) lev-
els were determined using DCFH-DA. Briefly the 
cells were incubated with 10 μM DCFH-DA at 
37°C for 20 min following bupivacaine treat-

membranes were rinsed and further incubated 
with horseradish peroxidase-conjugated anti-
rabbit immunoglobulin at a dilution of 1:1000 
for about 1 h. The immunoreactive bands were 
detected by enhanced chemiluminescence (GE 
Healthcare). The expression levels of proteins 
were normalized to that of β-actin.

Statistical analysis

The data are represented as mean ± S.D, taken 
from three or six individual experiments. The 
values were subjected to analysis by one-way 

Figure 1. Influence of EGCG on cell viability by MTT assay (A) and annexin V 
staining (B). EGCG effectively decreased apoptosis and improved the viability 
of cells. Values are represented as mean ± SD, n = 6. A represents statistical 
significance at P < 0.05 compared against respective controls and B-H rep-
resents significant difference (P < 0.05) between mean values within the 
groups of same cell line as determined by one-way ANOVA followed by DMRT 
analysis.

ment. The cells were then 
washed thrice, collected and 
suspended in PBS. The inten-
sity of fluorescence as a mea-
sure of ROS was determined 
by flow cytometry (BD FACS 
Calibur, USA) at excitation 
wavelength of 488 nm and at 
emission wavelength of 525 
nm. The data observed were 
analyzed with Cell Quest soft-
ware (Becton Dickinson, USA).

Western blotting

After exposure to EGCG and 
bupivacaine as described ab- 
ove, the N2a and SH-SY5Y 
cells were removed and lysed 
in RIPA lysis buffer containing 
protease inhibitor cocktail for 
30 min on ice. Cellular protein 
concentration was determin- 
ed using the Bio-Rad protein 
assay kit (Bio-Rad Labora- 
tories, USA). Extracted pro-
teins were subjected to frac-
tionation by SDS-PAGE and 
electro transferred to PVDF 
membrane and blocked with 
5% non-fat dry milk in tris-
buffered saline. The mem-
branes were then blotted with 
respective antibodies (clea- 
ved caspase-3, cleaved cas-
pase-8, cleaved caspase-9, 
Akt, phospho-Akt, GSK-3β, 
phospho-GSK-3β, Bcl-xL, Bcl-
2, Bad, Bax, PTEN and β-actin) 
and incubated overnight at 
4°C. Following incubation, the 
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ANOVA (analysis of variance) followed by 
Duncan’s multiple range test post-hoc analysis. 
All statistical analyses were performed using 
the SPSS software (version 22.0, SPSS, 
Chicago, IL, USA). The values at P < 0.05 were 
considered statistically significant. 

sation and apoptotic morphology (Figure 1). 
Also, the nuclear alterations were showed by 
Hoechst nuclear staining as condensed, and 
segmented nuclei were more markedly seen in 
cells exposed to bupivacaine alone (Figure 2). 
Striking decline in typical signs of apoptosis on 

Figure 2. EGCG reduced nuclear condensation and apoptotic morphology. 
EGCG significantly reduced the nuclear condensation and apoptotic 
morphology of the cells exposed to bupivacaine. Values are represented as 
mean ± SD, n = 6. A represents statistical significance at P < 0.05 compared 
against respective controls and B-H represents significant difference (P < 
0.05) between mean values within the groups of same cell line as deter-
mined by one-way ANOVA followed by DMRT analysis.

Figure 3. EGCG reduced bupivacaine-induced ROS generation. Values are 
represented as mean ± SD, n = 6. A represents statistical significance at P 
< 0.05 compared against respective controls and B-H represents significant 
difference (P < 0.05) between mean values within the groups of same cell 
line as determined by one-way ANOVA followed by DMRT analysis.

Results

EGCG improves the viability 
of N2a and SH-SY5Y cells

We examined the viability of 
N2a and SH-SY5Y cells by 
MTT assay. Severe apoptosis 
of the cells exposed to bupiva-
caine 24 h was observed 
(Figure 1). The viability decre- 
ased to 24.12% in N2a cells 
and 20.18% in SH-SY5Y cells 
as compared to control cells 
not exposed to bupivacaine. 
However, pretreatment with 
EGCG at (10-50 µM) signifi-
cantly (P < 0.05) improved the 
viable cell counts in both the 
cell lines. EGCG at 50 µM 
brought about significant ra- 
ise in cell viability percentage 
as compared to lower doses. 
The percentage of cell viabili-
ty increased to 29.82% at 10 
µM to 83.6% on exposure to 
50 µM EGCG in N2a cells and 
to 31.88% and 88.66% on 
exposure to EGCG at 10 and 
50 µM respectively in SH- 
SY5Y cells.

EGCG inhibited bupivacaine-
induced neuroapoptosis

Bupivacaine-induced apopto-
sis was also determined by 
nuclear condensation and an- 
nexin V/PI staining. Incubation 
of SH-SY5Y and N2a cells with 
bupivacaine for 24 h resulted 
in multi-fold increase in nucle-
ar condensation as compared 
with untreated cells (P < 
0.05). Pretreatment with EG- 
CG significantly (P < 0.05) 
attenuated bupivacaine-indu- 
ced apoptosis as observed by 
decrease in nuclear conden-
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EGCG treatment were observed at all the test-
ed concentrations, however decrease in apop-
totic cell counts was high at higher concentra-

tions than at 10-30 µM. These observations 
suggest the efficiency of EGCG in reducing neu-
roapoptosis induced by bupivacaine.

Figure 4. Effect of EGCG on the expressions of apoptotic pathway proteins. EGCG markedly modulated the expression 
of caspases and apoptotic pathway proteins. EGCG caused significant down-regulation of caspases and pro-apop-
totic proteins with enhanced expressions of Bcl-2 and Bcl-xL in N2a cells (A and C), SH-SY5Y cells (B and D). Values 
are represented as mean ± SD, n = 6. A represents statistical significance at P < 0.05 compared against respective 
controls and B-H represents significant difference (P < 0.05) between mean values within the groups of same cell 
line as determined by one-way ANOVA followed by DMRT analysis. (L1-Control; L2-Bupivacaine; L3-10 µM EGCG + 
Bupivacaine; L4-20 µM EGCG + Bupivacaine; L5-30 µM EGCG + Bupivacaine; L6-40 µM EGCG + Bupivacaine; L7-50 
µM EGCG + Bupivacaine).
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EGCG inhibited ROS generation 

Studies have shown the involvement of ROS 
generation in bupivacaine-induced apoptosis 

[10]. In line with previous reports, exposure to 
bupivacaine caused a multi-fold increase in 
ROS generation in N2a and in SH-SY5Y cells (P 
< 0.05) as compared to unexposed cells (Figure 

Figure 5. EGCG activated the PI3K/Akt signaling in N2a cells and SH-SY5Y cells. EGCG markedly elevated the 
expressions of total and phosphorylated Akt and GSK3β, suggesting activation of PI3K/Akt signaling while sup-
pressing PTEN expressions in N2a cells (A and C), SH-SY5Y cells (B and D). Values are represented as mean ± SD, 
n = 6. A represents statistical significance at P < 0.05 compared against respective controls and B-H represents 
significant difference (P < 0.05) between mean values within the groups of same cell line as determined by one-way 
ANOVA followed by DMRT analysis. (L1-Control; L2-Bupivacaine; L3-10 µM EGCG + Bupivacaine; L4-20 µM EGCG 
+ Bupivacaine; L5-30 µM EGCG + Bupivacaine; L6-40 µM EGCG + Bupivacaine; L7-50 µM EGCG + Bupivacaine).
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3). Rise of ROS levels upto 171.74% in N2a and 
186.90% in SH-SY5Y cells was observed. EGCG 
treatment however caused a marked (P < 0.05) 
reduction in ROS levels. Further EGCG brought 
more significant decrease at 50 µM. On treat-
ment with 50 µM, ROS levels decreased to 
116.61% and 110.36% in N2a and in SH-SY5Y 
cells. Antioxidant activities of EGCG have been 
reported previously [28]. Thus the decrease in 
ROS levels could be attributed to the antioxi-
dant properties of EGCG. 

EGCG modulated expression of apoptotic path-
way proteins

Apoptosis plays a crucial role in maintaining tis-
sue homeostasis. Influence of EGCG on the 
expression of proteins of the apoptotic pathway 
was analyzed by western blotting. Caspases 
and Bcl-2 family proteins play important role as 
regulators of apoptosis [31]. Bupivacaine expo-
sure caused up-regulation of caspases-cas-
pase-3, -8 and -9 (Figure 4A and 4B). EGCG 
exposure caused a multi-fold decrease in the 
expression of caspases. Further, EGCG dose 
dependently up-regulated the expression of 
anti-apoptotic proteins-Bcl-xL and Bcl-2 with a 
reduction in the expression levels of Bax and 
Bad (P < 0.05). Fifty µM EGCG caused nearly 
two-fold increased expression of Bcl-xL and 
Bcl-2 in comparison with cells not exposed to 
EGCG (Figure 4C and 4D). 

EGCG potentially regulated the PI3K/Akt sig-
nalling

Activation of the PI3K/Akt cascade is vital for 
cell survival [32, 33]. We examined the influ-
ence of bupivacaine on PI3K/Akt signalling. 
Bupivacaine suppressed the expression of Akt 
and p-Akt, thus inhibiting the activation of Akt 
signalling. GSK-3β is the down-stream protein 
that is regulated by Akt. Therefore, the total 
GSK-3β and p-GSK-3β expression levels were 
analyzed in N2a and also in SH-SY5Y cells. 
Significantly (P < 0.05) down-regulated expres-
sion of both total and phosphorylated forms of 
GSK-3β was observed following bupivacaine 
exposure (Figure 5). However, EGCG pretreat-
ment enhanced the expression of phosphory-
lated Akt and GSK-3β along with up-regulated 
Akt and GSK-3β. The elevated expressions of 
the proteins were observed to be dose-depen-
dent, with the 50 µM concentrations of EGCG 
exhibiting maximum effects. Further, the ex- 

pression of PTEN was inhibited significantly (P 
< 0.05) in both the cells by EGCG. PTEN, a 
potent negative regulator of Akt is thought to 
play a decisive role in controlling the activation 
of PI3K/Akt signalling cascade [34]. Bupi- 
vacaine-induced the expression of PTEN which 
was suppressed by EGCG, thus leading to acti-
vation of PI3K/Akt signal. 

Discussion

Bupivacaine is administrated for regional infil-
tration, epidural and intrathecal anesthesia [4]. 
Bupivacaine is a sodium channel blocker and 
all excitable neurons having action potential 
may possibly be suppressed by bupivacaine 
[20]. Numerous studies have reported that 
bupivacaine-induced neurotoxicity possibly 
occurs through apoptosis [4-6, 10]. The mouse 
neuroblastoma cell lines (N2a and N1E-115) 
and human neuroblastoma cell lines (SH-SY5Y 
and SKN-AS) are employed as in-vitro models 
for investigation of the local anesthetics - 
induced neurotoxicity [35, 36]. The present 
study investigated the effect of EGCG on bupi-
vacaine-induced neuronal injury in N2a and 
SH-SY5Y cells. 

Bupivacaine anesthesia caused apoptosis of 
the neuroblastoma cells. EGCG exposure ca- 
used a profound increase in the viability of neu-
roblastoma cells in a dose-dependent manner. 
The oxido-redox balance is known to be vital for 
the cell survival [20]. Studies have demonstrat-
ed that bupivacaine-induced neurotoxicity is 
associated with the generation of ROS [10]. 
Increased ROS levels on exposure to bupiva-
caine in Schwann cells [10] and SH-SY5Y cells 
[37] have been reported. In line with the previ-
ous reports, enhanced ROS levels were detect-
ed in our study following bupivacaine exposure 
in N2a and SH-SY5Y cells. Similar raised ROS 
generation upon exposure to local anesthetics 
were reported by Grishko et al. [38]. However, 
the striking reduction observed in ROS levels 
on pretreatment with EGCG, suggests the 
capacity of EGCG in curbing bupivacaine-
induced neurotoxicity. Also, the antioxidant 
capacity of EGCG could have possibly contrib-
uted in neutralising ROS. 

Apoptosis or the programmed cell death can be 
induced via the intrinsic and extrinsic path-
ways. Caspases are chief enzymes that are 
involved in the highly specific proteolytic cleav-
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age of cellular proteins leading to cell death 
[39]. In our study, local anesthetic, bupivacine-
induced caspase expression levels suggests 
the induction of apoptosis via caspase activa-
tion. Perez-Castro et al. [4], demonstrated acti-
vation of caspase-3/-7 in human neuroblasto-
ma cells following incubation with local anes-
thetics-ropivacaine, bupivacaine and lidocaine. 
Activation of caspase-9 and -8 suggests the 
involvement of both intrinsic and extrinsic path-
ways of apoptosis that sequentially lead to the 
activation of caspase-3 [40]. Nevertheless, 
EGCG markedly suppressed the expression of 
caspase-3, 8 and 9.

The Bcl-2 family is composed of pro-apoptotic 
and anti-apoptotic proteins and the balance 
between these proteins are largely involved in 
regulating the apoptotic pathway and the mito-
chondrial membrane potential [32, 41-44]. The 
pro-apoptotic Bcl-2-family proteins as Bax and 
Bak are involved in formation of pores in the 
outer mitochondrial membrane and induce 
apoptosis, while the anti-apoptotic proteins as 
Bcl-2 and Bcl-xL inhibit pore formation [45]. The 
down-regulation of Bcl-xL and Bcl-2 accompa-
nied with enhanced expression of the pro-
apoptotic proteins (Bax and Bad) was observed 
following bupivacaine exposure in N2a and in 
SH-SY5Y cells. The Bcl-2 and Bax protein levels 
are directly related to apoptosis regulation. The 
elevated Bax level promotes apoptosis, while 
enhanced Bcl-2 expressions inhibited cell 
apoptosis [46, 47]. EGCG treatment almost 
completely inhibited the expressions of pro-
apoptotic proteins and elevated the expres-
sions of Bcl-2 and Bcl-xL suggesting that EGCG 
prevented bupivacaine-induced apoptosis by 
modulating caspases and apoptotic protein 
expression. 

PI3K/Akt signalling pathway has been widely 
found in regulating cell survival. Akt is an essen-
tial kinase down stream of PI3K [33, 48]. 
Phosphorylation of Akt is necessary for its acti-
vation which subsequently regulates many cel-
lular responses [49]. p-Akt phosphorylates and 
deactivates downstream effector, GSK-3β [13]. 
Inactivation of Akt has been shown to be 
involved in apoptosis induction [14]. In brain 
ischemia/reperfusion model, calcineurin in- 
duced neuron apoptosis via Akt dephosphory-
lation is reported [50]. Akt also plays a crucial 
role in suppressing cellular apoptosis. Akt 
inhibits proapoptotic Bad and Bax levels and 

elevates Bcl-2 and, Bcl-xL expression [51]. The 
PI3K/Akt signalling enhances cellular replica-
tion and survival and inhibits apoptosis.

Suppression of PI3K/Akt signalling has been 
reported in myocytes, renal cells and in N2a 
cells exposed to bupivacaine or lidocaine [19, 
20, 52, 53]. Similar to the previous studies, 
bupivacaine exposure caused down-regulation 
of the PI3K/Akt signalling. Bupivacaine caused 
a decline in the expression of Akt, p-Akt, and 
GSK-3β and enhanced PTEN expressions. 
PTEN acts as a main negative regulator of the 
PI3K/Akt pathway [54]. However, significantly 
up-regulated levels of phosphorylated Akt and 
GSK-3β with suppression of PTEN were ob- 
served on treatment with EGCG, thus activating 
the PI3K/Akt signalling cascade. The activation 
of PI3K/Akt signalling plays important roles in 
the neuroprotection against variant stressors 
[20].

Collectively, the observations demonstrated 
neuroprotective effects of EGCG. EGCG at 
10-50 µM concentrations potentially inhibited 
bupivacaine-induced apoptosis of N2a and 
SH-SY5Y cells by up-regulating the anti-apop-
totic proteins and also modulating the expres-
sion of caspases and the proteins of PI3K/Akt 
signalling cascade. Thus, EGCG could be sug-
gested as a potent candidate drug for manage-
ment of bupivacaine-induced neuronal toxicity. 
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