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Abstract. The aim of this study was to investigate suscepti-
bility to the neurotoxicity of local anesthetic agents in a model 
of gestational diabetes mellitus (GDM). SH-SY5Y cells were 
cultured at different concentrations of glucose and subse-
quently treated with 1 mmol/l bupivacaine for 6 h. Reactive 
oxygen species (ROS) production and apoptosis were assessed 
using flow cytometry in each group of cells. The MTT method 
was utilized to detect cell survival, and western blot analysis 
was used to examine changes in 78 kDa glucose‑regulated 
protein (GRP78) levels in neuronal cells. In all groups, levels 
of ROS production, cell survival and GRP78 expression were 
significantly different (P<0.01) following the addition of 
various concentrations of glucose and bupivacaine, as well 
as for the interaction between different concentrations of the 
anesthetic agents, demonstrating a statistically significant 
difference. In conclusion, the susceptibility of SH-SY5Y cells 
to the neurotoxicity of local anesthetic agents was enhanced in 
a model of GDM.

Introduction

Neurological complications occur in certain parturient females 
following intraspinal anesthesia. The incidence is increased in 
patients with gestational diabetes mellitus (GDM). Of all the 
severe neurological complications, spinal nerve dysfunction is 
the most common. The major manifestation is the enhanced 
susceptibility of patients with GDM to the neurotoxicity 
of local anesthetic agents (1). It has been demonstrated that 
following intraspinal anesthesia or analgesic therapy in patients 

with diabetes, the risk of neural damage is significantly higher. 
Alternatively, it may cause the existing polyneuropathy to 
deteriorate. However, little literature and few retrospective 
studies regarding the susceptibility of patients with GDM 
to the neurotoxicity of local anesthetic agents are available. 
Disciplines associated with the ultrastructure, metabolism and 
electrophysiological damage of nerve tissue in patients with 
GDM following the use of local anesthetic agents, as well as 
studies regarding how to reduce such damages, are likely to be 
of clinical concern.

GDM refers to a glucose tolerance anomaly that first 
appears or is first detected during pregnancy (2). According 
to global statistics, the incidence of GDM is 3‑5% among all 
pregnant females and is more common in the intermediate 
and late stages of pregnancy (3). It has been reported that the 
incidence of GDM in China has risen to 7% (4). GDM is a 
specific type of diabetes occurring in pregnant females and 
is different from type I and II diabetes, and from high blood 
sugar. The causes may be associated with higher levels of 
hormones that are antagonistic to insulin in the intermediate 
and late stages of pregnancy, including human placental 
lactogen, free cortisol, progestin and prolactin. Other factors 
may enhance the antagonism to insulin during pregnancy. A 
study revealed that endoplasmic reticulum (ER) stress may 
be associated with the metabolic disorder in diabetes (5). It is 
necessary for the internal environment of the ER to be stabi-
lized in order for it to fulfill its basic functions. The ER has a 
powerful homeostasis system, which is constantly challenged 
by numerous factors that lead to an imbalanced homeostasis; 
a possible consequence is ER stress. Females with GDM are 
usually in a state of overnutrition (3,6,7). Energy and nutrition 
surplus may cause ER stress (8), inhibit insulin, and eventually 
lead to stress on organelles and mitochondrial dysfunction. In 
response to this, reactive oxygen species (ROS) are produced. 
Enhanced levels of ROS in cells act as a positive feedback to 
ER stress, and further enhance ER stress. Therefore, chronic 
ER stress facilitates the toxic accumulation of ROS in cells, 
leading to apoptosis.

It has been experimentally demonstrated that local anes-
thetic agents trigger ER stress, and, in response, higher levels 
of intracellular ER stress are generated. Park et al (9) found that 
bupivacaine (0.5 mM) induces the generation of high levels 
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of ROS in Schwann cells, activating caspase 3 (a protease 
associated with apoptosis in cells) and, therefore, causing 
apoptosis. It may be inferred that the induction of apoptosis 
by bupivacaine proceeds via the increase in ROS levels. The 
presence of bupivacaine activates Schwann cells, leading to 
apoptosis through the production of ROS. Schwann cells, 
when damaged, block the conduction of nerve impulses, while 
minor damage to the myelin sheath or the Schwann cells may 
slow down the conduction. It was proposed by Park et al that 
bupivacaine serves as a trigger of apoptosis in Schwann cells 
by initiating ROS production. Zhou et al (10) demonstrated 
that ropivacaine was capable of increasing ROS production 
in SH‑SY5Y cells via 5' adenosine monophosphate‑activated 
protein kinase, leading to apoptosis.

ER stress effects changes in the expression of 78 kDa 
glucose‑regulated protein (GRP78), while severe, long‑term 
ER stress may ultimately result in apoptosis (11‑13). To date, 
the specific mechanism by which ER stress leads to the apop-
tosis of neuronal cells has yet to be elucidated.

In conclusion, two factors (GDM and the use of local 
anesthetic agents) promote ER stress and thus increase ROS 
production in cells, which leads to apoptosis. Furthermore, 
the pathophysiological mechanism as to how these two factors 
interact when intraspinal anesthesia is used in patients with 
GDM, leading to an increased susceptibility to the neuro-
toxicity of local anesthetic agents, has yet to be elucidated. 
However, few experiments have been conducted regarding this 
issue. The present study aimed to investigate the interaction 
between an in vitro cell model of GDM and local anesthetic 
agents. Experiments were performed to show the pathophysi-
ological mechanisms of susceptibility to the neurotoxicity of 
local anesthetic agents in a model of GDM.

Materials and methods

Cells and reagents. The SH‑SY5Y cell line was purchased 
from the Cell Resources Center, Shanghai Institute for 
Biological Sciences (Shanghai, China). The cells were cultured 
in 10 ml Dulbecco's modified Eagle medium with Ham's F12 
medium (DMEM/F12) containing 15% fetal bovine serum. 
DMEM/F12 culture medium and DMEM low‑sugar medium 
were purchased from Gibco-BRL (Carlsbad, CA, USA).

Analysis of ROS production of cells incubated at high glucose 
levels. DMEM containing glucose at concentrations of 5.6, 6.1, 
7.0, 7.8, 11.1 and 13.3 mmol/l, respectively, was prepared.

SH‑SY5Y cells were seeded in two 6‑well plates at 5x105 

cells/well. Control, positive, negative and blank wells were set 
up. Following incubation for one day, the glucose‑containing 
culture medium was replaced for each well and incubated for 
a further two days. The fluorescent probe, 2'‑7'‑dichlorodihy-
drofluorescein diacetate (DCFH‑DA), was diluted 1:1,000 with 
phosphate‑buffered saline (PBS) to reach a final concentra-
tion of 10 µg/l. The culture medium was removed and 100 µl 
DCFH‑DA was added to each well. Following incubation at 
37˚C for 20 min, the cells were washed with PBS three times, 
to remove any DCFH‑DA that failed to enter the cells. The 
cells were then re‑suspended to prepare single cell suspen-
sions. Flow cytometry (FCM) detection was performed with a 
FACSCalibur flow cytometer (BD Biosciences, New York, NY, 

USA) to measure the intensity of fluorescence in the cells. The 
excitation wavelength was 488 nm and the emission wavelength 
was 525 nm.

Analysis of ROS levels in cells treated with bupivacaine. 
DMEM containing glucose at concentrations of 5.6, 6.1, 
7.0, 7.8, 11.1 and 13.3 mmol/l, respectively, was prepared. 
SH‑SY5Y cells were seeded into two six‑well plates at 
5x105/well. Control, positive, negative and blank wells were 
set up. After one day, the culture medium was replaced for 
each well and the cells were incubated overnight. The cells 
were then treated with 1 mmol/l bupivacaine for 4‑6 h. The 
detection of ROS was then performed in accordance with the 
aforementioned method.

MTT assay of cell survival following incubation at high 
glucose levels. The cells were seeded into a 96‑well plate, 
which was divided into six  sections. To each well, 100 µl 
glucose solution was added. Sterilized PBS was used to fill 
the wells to the edge. A total of 20 µl MTT solution (5 mg/ml) 
was added to each well, and the cells were incubated at 37˚C. 
Four hours later, the supernatant was discarded and 150 µl 
dimethylsulfoxide was added into each well. The cells were 
agitated until all the purple crystals were dissolved.

MTT assay of the impact of local anesthetic agents on the 
survival of cells incubated at high glucose levels. The cells 
were seeded into a 96‑well plate, which was divided into 
six sections. To each well, 100 µl glucose medium was added. 
Sterilized PBS was used to fill the wells to the edge. The 
glucose‑containing medium was then replaced for each group, 
and the cells were incubated for one more day. The medium 
was subsequently removed, 100  µl bupivacaine solution 
(1 mmol/l) was added to each well and the plate containing the 
cells was incubated at 37˚C under 5% CO2 for 6 h.

FCM detection of apoptosis of cells incubated at high glucose 
levels. The concentration was adjusted to 5x105/ml by counting 
the cells. The cells were then seeded in a 24‑well plate and 
500 µl glucose solution was added to each well. The plate 
was incubated at 37˚C and under 5% CO2 for one day. The 
glucose‑containing medium of each section was replaced 
and the cells were incubated for one more day. The media 
in the 24‑well plate were removed and the cells were treated 
with 1 mmol/l bupivacaine for 6 h. Annexin V‑fluorescein 
isothiocyanate (FITC) (5 µl) and trypsin (5 µl) were added to 
each well, and the cells were incubated at room temperature 
for 5 min in the dark. The cells were then analyzed with flow 
cytometry using the FACSCalibur flow cytometer.

Western blot analysis of the expression levels of GRP78. The 
cell mixture was fully suspended by swirling and incubated 
on ice for 30 min. The mixture was then centrifuged at 4˚C 
for 20 min, the supernatant was removed and the pellet was 
subjected to the electrophoresis experiment. Briefly, the 
protein was subjected to polyacrylamide gel electrophoresis 
(PAGE), and transferred to a polyvinylidene fluoride (PVDF) 
membrane. After blocking, the PVDF membrane was washed 
with TBST for 5 min three times, then incubated with rabbit 
anti‑human GRP78 (Abcam, Cambridge, England) antibody 
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overnight and mouse anti‑rabbit secondary antibody (Abcam) 
for 1 h, respectively. Lastly, the PVDF membrane was devel-
oped with ECL chemiluminescence

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation. Data analysis was performed with SPSS 13.0 
statistical software (SPSS, Inc., Chicago, IL, USA). Cell 
survival, ROS content and apoptosis data were subjected to 
variance analysis by two‑factor factorial design. Inter‑group 
comparison was performed by the least significant difference 
test (homogeneity of variance) or Dunnett's T3 test (inhomo-
geneity of variance). P<0.05 was used to indicate a statistically 
significant difference.

Results

Analysis of ROS production of cells. As shown in Fig. 1, the 
number of ROS was enhanced with increasing glucose concen-
tration. There were statistically significant differences between 
the glucose and the glucose + bupivacaine groups at glucose 
concentrations of 5.56 mmol/l (P<0.01), 7.8 mmol/l (P<0.05), 
11.1 mmol/l (P<0.01) and 13.3 mmol/l (P<0.05); however, no 
statistically significant differences were identified in the 6.1 
and 7.0 mmol/l groups compared with the glucose + bupiva-
caine groups (P>0.05).

Cell survival assay. As shown in Fig. 2, the cell viability was 
assessed in an MTT assay. The cell viability was enhanced 
with increasing glucose concentration. There were statisti-
cally significant differences between the glucose and the 
glucose + bupivacaine groups at glucose concentrations of 
5.56 mmol/l, 6.1 mmol/l, 7.0 mmol/l, 7.8 mmol/l, 11.1 mmol/l 
and 13.3 mmol/l (P<0.001).

FCM detection of apoptosis. As shown in Fig. 3, apoptosis was 
investigated using FCM. The apoptosis rate was 0.014, 0.017, 
0.026, 0.029, 0.047 and 0.05 at glucose concentrations ranging 
between 5.56 and 13.3 mmol/l, respectively. The apoptosis rate 
was 0.018, 0.028, 0.033, 0.043, 0.063 and 0.079 in the 5.56 to 
13.3 mmol/l glucose + bupivacaine groups, respectively. There 
were statistically significant differences between the two 
groups.

Western blot analysis. GRP78 is located in the ER and ER 
stress may result in the upregulation of GRP78 expression. 
GRP78 protein expression is shown in Fig. 4. There were 
statistically significant differences between the glucose and 
glucose + bupivacaine groups at glucose concentrations of 
7.0 mmol/l, 7.8 mmol/l, 11.1 mmol/l, 13.3 mmol/l (P<0.001). 
However, no statistically significant differences were identi-
fied between the two groups at glucose concentrations 
of 5.56 mmol/l and 6.1 mmol/l (P>0.05).

Discussion

The incidence of neurological complications in pregnant 
females with GDM following intraspinal anesthesia is higher 
than in pregnant females with normal blood sugar levels (1). 
The risk of neuronal injury is significantly increased in the 
former case. The complication may be accompanied by an 

enhanced susceptibility, such as the aggravation of existing 
polyneuropathy. Thus, GDM is gaining increasing focus 
among anesthesiologists. Transient neurologic symptoms 
(TNS) are the most common clinical symptoms, marked by 
pain in the lower limbs, hyposthesia or allergy. Occasionally, 
this is accompanied by weakness in the lower limbs or urinary 
retention (14,15). Numerous studies have been conducted in 
regard to peripheral neurotoxicity. In vitro studies are usually 
performed with SH‑SY5Y cells (16,17). As a substrain of the 
SH‑SY cell line, SH‑SY5Y is derived from a malignant cancer 
of the human neural crest. SH‑SY5Y cells usually feature a 
small, round cell body with protruding short axons, a small 
quantity of cytoplasm and few dendritic processes. They grow 
in culture flasks in a cluster‑like manner. SH‑SY5Y cells are 
similar to normal neuronal cells with respect to morphology, 
physiology and biochemical function (18,19). Therefore, they 
are frequently used in in vitro experiments investigating the 
peripheral neurotoxicity of local anesthetic agents.

At present, topics including changes in the ultrastructure, 
metabolism and electrophysiology of neuronal tissues in 
patients with GDM as a result of the use of local anesthetic 
agents have evoked particular discussion. In addition, efforts 
have been made to reduce such damages caused by local anes-
thetic agents. GDM is a specific type of diabetes diagnosed 
in pregnant females, which is unlike type I and II diabetes 
mellitus or increased blood sugar levels. In females with 
GDM, the oxidation and stress levels are usually increased. 

Figure 1. Reactive oxygen species (ROS) production in cells. Levels of ROS 
were enhanced with increasing glucose concentration. #P>0.05, *P<0.05 and 
**P<0.01 vs. the glucose group.

Figure 2. Cell survival analysis. Cell viability was assessed in an MTT assay. 
The cell viability was enhanced with increasing glucose concentration. 
***P<0.001 vs. the glucose group.
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ER stress is associated with the metabolic disorder in diabetes 
mellitus. It has been suggested that pregnancy may result in an 
enhanced susceptibility of neuronal tissue to local anesthetic 
agents. However, little is known regarding the mechanism 
of how local anesthetic agents damage the spinal neuronal 
system.

The changes in expression of GRP78 in the ER were 
assessed in this study. When the cells were treated with 
glucose at low levels to induce the expression of GRP78, the 
homeostasis of the ER was able to be maintained. The upregu-
lation of GRP expression may be used as an indicator of ER 
stress  (20). With an increasing glucose concentration, ER 
stress is enhanced. As a result, the oxidative stress increases, 
causing the toxic accumulation of ROS in cells, and apoptosis 
may occur. In response to this, GRP78 expression begins to 
decline. As the glucose concentration continues to increase, 
the synthesis of large quantities of GRP78 is triggered due to 
enhanced ER stress, which activates a self‑repair mechanism. 
At this time, GRP78 expression is upregulated. However, an 
excessively high glucose concentration ultimately destroys the 

homeostasis of the ER under stress. In response to this, apop-
tosis is initiated, so that a reduced quantity of GRP78 is able 
to be produced. In the present study, when the glucose concen-
tration was 13.3 mmol/l, the production of GRP78 increased 
again following treatment with bupivacaine. This may have 
been a result of the self‑repair mechanism of the cells. This 
finding appears to indicate the existence of a biphasic effect of 
the unfolded protein response (UPR) on cell survival (21‑24). 
The expression of GRP78 is negatively correlated with the 
number of apoptotic cells. GRP78 has a crucial role in evading 
apoptosis caused by ER stress. The upregulated expression of 
GRP78 is capable of alleviating the damage of ER stress to 
cells, as GRP78 exhibits anti‑apoptotic activity. However, as 
the toxic accumulation of ROS continues, the protective effect 
of GRP78 appears to be inadequate.

In the present study, prior to the use of the local anesthetic 
agent, ROS production and the levels of apoptosis were 
enhanced with increasing blood sugar levels in SH‑SY5Y cells. 
The differences between the groups incubated at different 
glucose concentrations exhibited statistical significance. 

Figure 3. Flow cytometry (FCM) detection of apoptosis. The apoptosis rate was 0.014, 0.017, 0.026, 0.029, 0.047 and 0.05 in the 5.56 to 13.3 mmol/l glucose 
groups, respectively. Bn comparison, the apoptosis rate was 0.018, 0.028, 0.033, 0.043, 0.063 and 0.079 in the 5.56 to 13.3 mmol/l glucose + bupivacaine groups, 
respectively. FITC, fluorescein isothiocyanate; PI, propidium iodide.

Figure 4. Western blot analysis of the 78 kDa glucose‑regulated protein (GRP78). There were statistically significant differences between the two groups (glu-
cose and glucose+bupivacaine) at glucose concentrations of 7.0 mmol/l (P<0.001), 7.8 mmol/l (P<0.001), 11.1 mmol/l (P<0.001) and 13.3 mmol/l (P=0.001); 
however, no statistically significant differences were observed between the two groups at glucose concentrations of 5.56 mmol/l (P>0.05) and 6.1 mmol/l 
(P>0.05). Lanes: 1, 5.56 mmol/l; 2, 6.1 mmol/l; 3, 7.0 mmol/l; 4, 7.8 mmol/l; 5, 11.1 mmol/l; 6, 13.3 mmol/l.
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This suggests that ER stress is enhanced at increased blood 
sugar levels, triggering an upregulated expression of GRP78 
to maintain the homeostasis of the ER. As blood sugar levels 
continue to increase, ER stress is further enhanced, resulting in 
higher levels of oxidative stress. ROS accumulate in cells and 
cause apoptosis. Thus, the expression of GRP78 is ultimately 
reduced. The cells, which are no longer able to maintain the 
homeostasis of the ER, have no other fate but apoptosis. As a 
result, the production of GRP78 is significantly reduced.

Changes in GRP78 expression were observed in the ER of 
SH‑SY5Y cells following treatment with bupivacaine for 6 h. 
It was demonstrated that at lower glucose levels, homeostasis 
was effective to sustain the cell functions. However, as the 
blood sugar levels continued to increase, enhanced ER stress 
resulted in the increase of oxidative stress. ROS accumula-
tion in cells ultimately led to apoptosis and a reduction in the 
expression of GRP78.

Following bupivacaine treatment for 6 h, significant differ-
ences were observed in ROS production and the level of apoptosis 
in comparison with the glucose group. It may be concluded 
that bupivacaine significantly promotes ER stress in SH‑SY5Y 
cells to sustain homeostasis. When the ER stress continues to 
increase, the oxidative stress increases correspondingly, and 
more ROS accumulate. The same pattern was observed in the 
changes in the levels of GRP78 expression (statistically signifi-
cant) and apoptosis (statistically significant), as indicated by the 
results of the glucose and glucose + bupivacaine groups.

Following bupivacaine treatment, the levels of ROS genera-
tion and apoptosis increased with increasing blood sugar levels, 
and the difference was statistically significant. Therefore, the 
effect of high blood sugar levels on ER stress and apoptosis 
in SH‑SY5Y cells even persisted following bupivacaine treat-
ment. The combined effect of bupivacaine and high glucose 
levels exceeded that of either alone with regard to the levels of 
ROS generation and apoptosis. Thus, the interaction between 
bupivacaine and glucose contributes to the enhancement of ER 
stress and apoptosis. The changes in ROS production observed 
in this study demonstrate that the energy and nutrient surplus 
trigger ER stress. The stress on organelles and the mitochon-
drial dysfunction promotes further production of ROS, which, 
in turn, completes the cycle, as ER stress is further increased. 
The increased ER stress results in oxidative stress, and ROS 
accumulation in the cells, leading to toxicity. This persistent ER 
stress facilitates apoptosis and high blood sugar levels are the 
trigger of this cycle. The increase in ROS production following 
bupivacaine treatment indicates that bupivacaine is another 
trigger of the cycle. When SH‑SY5Y cells were exposed to the 
two factors (bupivacaine and high blood sugar levels) the levels 
of ROS production and apoptosis were significantly higher than 
in the case of only one factor being present. ROS production 
was markedly increased, leading to higher neurotoxicity and 
higher levels of apoptosis. The combined effects of the two 
factors further aggravated ER stress and the disturbance of the 
internal environment, as well as enhancing apoptosis.

It may be concluded that under the presence of a glucose 
stimulus, ER functions are altered in SH‑SY5Y cells, causing 
ER stress. At lower glucose concentrations, cells are able to 
maintain the stability of the internal environment of the ER 
through the upregulated expression of GRP78 due to the action 
of homeostasis. ER stress is enhanced with increasing glucose 

concentration and the stress is aggravated when combined with 
the use of anesthetic agents. The resulting increase in ROS 
production leads to enhanced cytotoxicity. When the protec-
tive effect of GRP78 is not able to further counteract the large 
quantities of ROS or remove the ROS, their cytotoxic effect 
causes the initiation of apoptosis. The induction of GRP78 
transcription is important for preventing apoptosis in response 
to ER stress in cells (25,26). Once the response to ER stress is 
triggered, the expression of GRP78 is upregulated to achieve 
the optimum level of damage protection of the ER. In this case, 
the cells are able to adapt to the stress and survive. Following 
the peak period of stress, GRP78 expression is reduced. 
However, with the persistent stress, the damage is aggravated 
and dysfunction of the ER occurs. At this time, ER stress is no 
longer able to be alleviated through the upregulation of GRP78 
expression, and therefore apoptosis is activated. It is indicated 
that normal glucose levels are the optimum conditions for 
the growth of neuronal cells and the recovery from toxicity 
damage caused by local anesthetic agents.

The limitation of this study lies in the fact that no primary 
SH‑SY5Y cells were used for the in vitro study, so the situation 
may deviate from clinical circumstances.

The present study shows that ER stress induced by high 
glucose levels in neuronal cells is associated with apoptosis. 
Inducing the expression of GRP78 may alleviate neuronal cell 
damage and apoptosis, and exert a protective effect on neuronal 
cells. Due to the fact that the mechanism of ER stress is asso-
ciated with the apoptosis of neuronal cells at high glucose 
levels, GRP78 may become a candidate target site. Inducing 
the expression of GRP78 is a potential means of therapy for 
treating the enhanced susceptibility to neurotoxicity caused by 
local anesthetic agents in patients with GDM.

In conclusion, the present study reveals the role of ROS in 
the susceptibility to neurotoxicity of local anesthetic agents in 
a model of GDM and provides an experimental basis for its 
treatment and control.
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