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Abstract  
A high glucose state readily causes peripheral axon atrophy, demyelination, loss of nerve fiber function, and delayed regeneration. However, 
few studies have examined whether nitration is also critical for diabetic peripheral neuropathy. Therefore, this study investigated the effects 
of high glucose on proliferation, apoptosis, and 3-nitrotyrosine levels of Schwann cells treated with butylphthalide. In addition, we explored 
potential protective mechanisms of butylphthalide on peripheral nerves. Schwann cells were cultured in vitro with high glucose then stim-
ulated with the peroxynitrite anion inhibitors uric acid and 3-n-butylphthalide for 48 hours. Cell Counting Kit-8 and flow cytometry were 
used to investigate the effects of uric acid and 3-n-butylphthalide on proliferation and apoptosis of Schwann cells exposed to a high glucose 
environment. Effects of uric acid and 3-n-butylphthalide on levels of 3-nitrotyrosine in Schwann cells were detected by enzyme-linked im-
munosorbent assay. The results indicated that Schwann cells cultured in high glucose showed decreased proliferation, but increased apoptosis 
and intracellular 3-nitrotyrosine  levels. However, intervention with uric acid or 3-n-butylphthalide could increase proliferation of Schwann 
cells cultured in high glucose, and inhibited apoptosis and intracellular 3-nitrotyrosine levels. According to our data, 3-n-butylphthalide may 
inhibit cell nitrification and apoptosis, and promote cell proliferation, thereby reducing damage to Schwann cells caused by high glucose. 
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Graphical Abstract   

Protective effects of 3-n-butylphthalide on RSC96 cells against injury induced by high glucose

Introduction 
Diabetes mellitus is currently a public health problem of 
global concern, and its incidence increases annually. Dia-
betic peripheral neuropathy is the most common and com-
plex complication in patients with type 2 diabetes. Diabetic 
peripheral neuropathy can affect sensory, motor, and auto-

nomic nerves, which seriously affects patient survival and 
quality of life. Recent studies (Barreiro et al., 2002; Hopkins 
et al., 2003; Liu et al., 2009; Huang et al., 2018) found that 
cell nitrosative stress develops during shock, atherosclero-
sis, sepsis, ischemia and reperfusion, amyotrophic lateral 
sclerosis, Parkinson’s disease, and diabetes mellitus. In the 
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presence of high concentrations of blood sugar, reactive 
oxygen species increase and react with reactive nitrogen 
species to generate peroxynitrite anions (ONOO–), which 
can react with free tyrosine or protein tyrosine residues to 
cause tyrosine nitration that produces 3-nitrotyrosine (3-
NT; Schonfeld and Wojtczak, 2012). Subsequent research 
showed that 3-NT, a specific marker of ONOO– in vivo 
(Corpas and Barroso, 2014), is induced by increased expres-
sion of ONOO–, H2O2, OH and NO, leading to denatured 
proteins and enzymes, DNA damage, and cell apoptosis. 
Additional research indicated that 3-NT has a positive effect 
on the course of diabetic nephropathy (Zhang et al., 2018). 
Furthermore, early studies (Sefi et al., 2012; Perez-Gallardo 
et al., 2014) implied that NO modulation is a viable alter-
native strategy for rescuing diabetic renal injury. However, 
with regard to the complications of diabetes mellitus, it re-
mains poorly understood if nitrosative stress has an effect on 
diabetic peripheral neuropathy.

3-N-butylphthalide (NBP), a component extracted from 
cress seeds in southern China, was approved by the Chinese 
State Food and Drug Administration for clinical use as an 
anti-cerebral ischemia agent in 2002 (Zhang et al., 2016a, b). 
Currently, anti-ischemic agents are widely used in clinical 
practice for ischemic stroke. They have shown a neuropro-
tective effect in Alzheimer’s disease and stroke animal mod-
els by reducing oxidative damage, improv ing mitochondrial 
function, reducing neuronal apoptosis, and inhibiting in-
flammation (Corpas and Barroso, 2014; Wang et al., 2016a). 
In recent studies, DL-NBP was demonstrated to improve 
vascular cognitive impairment caused by subcortical isch-
emic small vessel disease (Hu et al., 2016; Jia et al., 2016). Its 
multiple neuroprotective effects arise from reduced oxida-
tive stress (Dong et al., 2002), blocked inflammatory reac-
tions, and reduced neuronal apoptosis (Chang and Wang, 
2003). NBP was also shown to exert a protective effect on 
endothelial cells by suppressing production of peroxynitrite, 
superoxide, and nitric oxide in an acute hypoxia model (Li 
et al., 2009). Thus, it is hypothesized that NBP may alleviate 
high-glucose induced cell apoptosis in rat Schwann cells 
(RSC96).

To our knowledge, few studies have addressed the possible 
effects of NBP in development of diabetic peripheral neu-
ropathy. Thus, we hypothesized that high glucose increases 
3-NT levels, and treatment with NBP could modulate 3-NT 
levels in RSC96, further demonstrating the importance of 
nitration stress. This hypothesis was tested with in vitro ex-
posure of RSC96 to a high glucose condition.

Materials and Methods
Cell culture, inheritance, and experimental groups
Cells (RSC96) purchased from Boster Biological Tech-
nology (Wuhan, China) were resuspended in Dulbecco’s 
Modified Eagle’s Medium (DMEM; Hyclone, South Logan, 
UT) containing 10% fetal bovine serum (BI, Tel Aviv-Yafo, 

Israel) and 1% double antibiotic (penicillin 100 IU/mL and 
streptomycin 100 μg/mL; Biosharp, Shanghai, China), and 
incubated in a 37°C, 5% CO2 incubator. After 24 hours of 
cell adherence, the effect of the ingredient of freezing medi-
um on cells was halted by replacing the solution, which was 
replaced again 2 days later. When 80% of cells had adhered, 
800 μL of 0.25% trypsin (HyClone) was applied for approxi-
mately 2 minutes to digest cells, which were subcultured at a 
ratio of 1:4.

To establish an in vitro cell model of high glucose, RSC96 
were treated with DMEM containing 100 mM glucose for 48 
hours. Cells in logarithmic growth phase were cultured over-
night for adherence and grouped as follows: normal control 
group (DMEM containing 25 mM glucose), high-glucose 
group (DMEM containing 100 mM glucose), mannitol 
group (DMEM containing 25 mM glucose and 75 mM man-
nitol), uric acid (UA) (Biosharp, Shanghai, China) group 
(DMEM containing 100 mM glucose and 0.1, 1, 10 or 100 
μM of UA), and NBP (CSPC, Hebei, China) group (DMEM 
containing 100 mM glucose and 0.1, 1, 10 or 100 μM NBP).

Detection of cell proliferation with Cell Counting Kit-8
RSC96 cells were cultured in complete DMEM containing 
25 mM glucose. Cells in logarithmic growth phase were used 
to prepare cell suspensions (3 × 104 cells/mL) in complete 
medium. After seeding 200 μL of cell suspension per well in 
96-well plates (four wells per group), they were incubated 
overnight. After the medium was changed, the cell suspension 
was divided into groups according to different experimental 
conditions for 48 hours. The culture medium was discarded 
and replaced with 100 μL of standard medium (DMEM with-
out 10% fetal bovine serum) and 10 μL of Cell Counting Kit-
8 (Dojindo, Kumamoto, Japan), which were mixed in each 
well. After incubation for 2 hours at 37°C, a microplate reader 
(Thermo Fisher, Waltham, MA, USA) was used to detect the 
absorbance at 450 nm. This process was repeated three times, 
and an appropriate concentration of each drug was used in 
subsequent experimental treatment groups. 

Detection of apoptosis with Annexin V-FITC
RSC96 cells were cultured in complete DMEM containing 
25 mM glucose. Cells in logarithmic growth phase were used 
to prepare cell suspensions (5 × 104) cells/mL in complete 
culture medium, which were seeded into 6-well plates (3 
mL/well). After incubating cells overnight, the medium was 
replaced and the cell suspension was divided into normal 
control, high-glucose, UA (1 μM final concentration), and 
NBP (10 μM final concentration) groups. After 48 hours, 
cells were harvested with 0.25% trypsin digestion and 
washed twice with phosphate-buffered saline (PBS). Cells 
were collected and diluted to 1 × 106 cells/mL in 1× binding 
buffer. To 100 μL of this cell suspension, 5 μL of Annexin 
V-FITC and 5 μL of propidium iodide (BD Biosciences, 
Franklin Lakes, NJ, USA) were added, mixed, and incubated 
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for 15 minutes at room temperature in the dark. Next, 400 
μL of 1× binding buffer was added, and the percentage of 
apoptosis was analyzed by flow cytometry (BD FACSCanto 
II). This process was repeated three times. The upper left 
quadrant (FITC–/7-AAD+) contains necrotic cells, while 
the bottom left quadrant (FITC+/7-AAD–) contains normal 
living cells, the upper right quadrant (FITC+/7-AAD+) con-
tains cells in late apoptosis, and the lower right quadrant 
(FITC+/7-AAD–) contains early apoptotic cells. 

ELISA detection of 3-NT levels in cell culture supernatants
RSC96 cells were cultured in complete DMEM containing 25 
mM glucose. Cells in logarithmic growth phase were used to 
prepare cells suspensions with a density of 5 × 104 cells/mL in 
complete medium, which were inoculated in 10-cm cell cul-
ture plates (10 mL of cell suspension/dish). Cells were incu-
bated for 48 hours under different conditions, then scraped 
with a cell scratch, diluted to 1 × 106 cells/mL in 1× PBS, and 
frozen at −20°C overnight. After two rounds of freezing and 
thawing to destroy cell membranes, cell suspensions were 
centrifuged at 1000 × g and the supernatant was collected for 
detection. A 3-NT ELISA kit (CUSABIO, China) was used 
for detection in strict accordance with the manufacturer’s 
instructions and repeated three times. 

Statistical analysis
SPSS 17.0 software (SPSS, Chicago, IL, USA) was used for 
statistical analysis. Data are expressed as the mean ± SD. In-
ter-group comparisons were performed by one-way analysis 
of variance followed by the least significant difference post hoc 
test. A value of P < 0.05 was considered statistically significant.

Results
NBP protects RSC96 cell proliferation in a high glucose 
environment
Different concentrations of NBP were added to medium 
containing a final concentration of 100 mM glucose. After 48 
hours, the optical density (OD) of the high-glucose group was 
significantly lower than that of the normal control group (P 
< 0.01). However, there was no significant difference in OD 
value between mannitol and normal control groups (P > 0.05); 
thus, the effect of osmotic pressure on RSC96 cells cultured in 
high glucose was excluded. OD values for 0.1 and 1 μM were 
higher in the NBP group compared with the high glucose 
group (P < 0.05), while OD values for 10 and 100 μM in the 
NBP group were significantly higher than the high glucose 
group (P < 0.01). According to Figure 1, NBP promotes pro-
liferation of RSC96 cells in a high glucose environment, but 
the higher concentration of NBP was stronger; thus, 10 μM 
NBP was chosen as the most effective drug concentration.

ONOO_ inhibitor UA protects RSC96 cell proliferation in 
a high glucose environment
Various concentrations of UA were added to medium con-

taining a final concentration of 100 mM glucose. After 48 
hours, the OD value of the UA group was higher than that 
of the high glucose group, and only the 1 μM UA group was 
significantly different (P < 0.05). According to Figure 1, 1 
μM UA promoted proliferation of RSC96 cells cultured in 
high glucose, so the final concentration of 1 μM UA was se-
lected as the best drug concentration.

ONOO– inhibitors UA and NBP inhibit cell apoptosis
Compared with the normal control group, the high glucose 
group exhibited an increased percentage of early apoptotic 
cells (P < 0.05). Moreover, compared with the high glucose 
group, UA and NBP groups exhibited decreased percentages 
of early apoptotic cells (P < 0.05). Therefore, the ONOO– in-
hibitors UA and NBP can inhibit apoptosis of RSC96 cells in 
response to a high glucose concentration (Figure 2).

High glucose increases 3-NT levels, while UA and NBP 
decrease 3-NT levels
Levels of 3-NT in RSC96 cells cultured in a high glucose 
condition were significantly higher than in the normal 
control group (P < 0.01), suggesting that levels of nitration 
were increased in response to high glucose. Compared with 
the high glucose group, UA and NBP groups exhibited de-
creased 3-NT levels (P < 0.05, P < 0.01, respectively) (Figure 
3). These results suggested that high glucose could promote 
apoptosis of RSC96 cells through a mechanism involving 
nitration within cells. Consequently, UA and NBP could 
inhibit high glucose-induced ONOO– expression in RSC96 
cells.
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Figure 1 Effects of different concentrations of NBP or UA on OD 
values of RSC96 cells cultured in a high glucose environment. 
Data are presented as the mean ± SD (n = 6; one-way analysis of vari-
ance followed by the least significant difference post hoc test). *P < 
0.05, **P < 0.01, vs. high glucose group; ##P < 0.01, vs. normal control 
group. 1: Normal control group; 2: high glucose group; 3: mannitol 
group; 4: 0.1 μM UA/NBP group; 5: 1 μM UA/NBP group; 6: 10 μM 
UA/NBP group; 7: 100 μM UA/NBP group. OD: Optical density; UA: 
uric acid; NBP: 3-N-butylphthalide.
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Discussion
Diabetic peripheral neuropathy includes a group of hetero-
geneous diseases with complex pathophysiological mech-
anisms that can affect the autonomic nervous system and 
entire body (Wang et al., 2017). Metabolic disorder of the pe-
ripheral nervous system plays a key role in development and 
progression of diabetic neuropathy, including changes in pro-
tein kinase C activity and the polyol pathway in neuronal and 
RSC96 cells in response to high glucose (Singh et al., 2014; 
Yang et al., 2016). Recently, increased attention has been paid 
to nitration stress because it has been observed in diabetic 
complications (Yin et al., 2010; Xu et al., 2013). Nitric oxide is 
the body’s physiological gas and, even at low concentrations, 
it can combine with many molecules to play physiological or 
protective roles. However, under pathological conditions, ni-
tric oxide concentrations remarkably increase the role of in-
ducible nitric oxide synthase, which can react with surround-
ing oxygen free radicals to generate reactive oxygen-nitrogen 
compounds (reactive nitrogen species) that are strongly toxic 
to the body (Miranda et al., 2001; Kim et al., 2006; Coughlan 
et al., 2009; Drummond et al., 2011). ONOO– can effectively 

oxidize protein thiols, zinc-finger structures, and nitro-pro-
tein tyrosine residues to inactivate many important proteins, 
thus affecting cell metabolism by inhibiting respiratory chain 
enzymes, destroying mitochondrial structures, damaging 
DNA, and initiating lipid peroxidation; thus leading to tissue 
damage (Szabo et al., 2007). ONOO– is not only a potent oxi-
dant, but also undergoes nitration, which can cause nitration 
of protein tyrosine residues to produce 3-NT; such protein 
nitration can ultimately lead to structural and functional 
changes (Kuo et al., 2000; Turko and Murad, 2002; Yin et 
al., 2010). Negi et al. (2010) and others found that mediating 
DNA damage and PARP overactivation in high glucose envi-
ronments can reduce cell damage; accordingly, peroxynitrite 
catalysts and PARP inhibitors are protective against diabetic 
nephropathy. The present study shows that in previous re-
ports, nitration participated in myocardial ischemia-reper-
fusion injury and diabetic nephropathy (Yin et al., 2010; Xu 
et al., 2013). Moreover, the results of this study showed that 
compared with the normal control group, the high glucose 
group exhibited decreased cell proliferation and increased 
percentages of apoptotic cells, indicating that high glucose in-
hibits proliferation of RSC96 cells and promotes their apop-
tosis. Thus, high concentrations of glucose damage Schwann 
cells at the cellular level. Importantly, increased 3-NT levels 
in the high glucose group compared with the normal control 
group indicated that high glucose could induce apoptosis via 
nitration stress. However, the related molecular mechanisms 
require further investigation. 

NBP was developed and is produced by the China Hebei 
Pharmaceutical Group, which has proprietary intellectual 
property rights. NBP is classified as a National Class I new 
drug. After years of clinical trials, NBP has been shown to 
be effective and safe for treating ischemic stroke (Cui et al., 
2013). Therefore, its mechanism is worth in-depth study to 
provide a theoretical basis for its wider clinical application. 
Its protective mechanisms include reconstruction of isch-
emic circulation, reduction of infarct area (Liao et al., 2009), 
protection of mitochondria, inhibition of neural cell apopto-
sis (Chang and Wang, 2003), inhibition of calcium overload, 
free radical scavenging, anti-platelet aggregation, inhibition 
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Figure 3 Intracellular 3-NT levels of RSC96 cells from each group.
Data are presented as the mean ± SD (n = 6; one-way analysis of vari-
ance followed by the least significant difference post hoc test). *P < 
0.05, **P < 0.01, vs. high glucose group; ##P < 0.01, vs. normal control 
group. 1: Normal control group; 2: high glucose group; 3: UA group (1 
μM); 4. NBP group (10 μM). UA: Uric acid; NBP: 3-n-butylphthalide; 
3-NT: 3-nitrotyrosine.
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Figure 2 Effects of UA and NBP on apoptosis of RSC96 cells cultured in high glucose.
(A) Apoptosis of RSC96 cells cultured under different conditions for 48 hours was detected by measuring Annexin V and propidium iodide (PI) 
with flow cytometry. (B) Percentages of early apoptosis in each group. Data are presented as the mean ± SD (n = 6; one-way analysis of variance 
followed by the least significant difference post hoc test). *P < 0.05, vs. high glucose group; #P < 0.05, vs. normal control group. 1: Normal control 
group; 2: high-glucose group; 3: UA group (1 μM); 4: NBP group (10 μM); UA: uric acid; NBP: 3-n-butylphthalide.
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of thrombosis (Peng et al., 2004), inhibition of the inflam-
matory response, and protection of vascular endothelial cells 
(Thored et al., 2007). In-depth study of NBP has also demon-
strated protection in other areas; namely, it can improve 
cognitive function in Alzheimer’s disease and stroke by 
partially reversing the toxicity of amyloid in neuronal cells 
(Lei et al., 2014; Zhao et al., 2014). Moreover, administration 
of NBP resulted in upregulation of N-methyl-D-aspartic 
acid receptor 2B expression in streptozotocin-induced dia-
betic rats and improved cognitive function (Li et al., 2015). 
Furthermore, NBP was shown to slow the progression of 
hypertensive nephropathy and diabetic cataracts. Potential-
ly, this effect is associated with nuclear factor kappa B and 
tumor necrosis factor alpha signaling, as Feng et al. (2012a, 
b) reported increased expression of these factors in spinal 
cord tissues of amyotrophic lateral sclerosis model mice, and 
nuclear factor kappa B is an important transcription factor 
involved in inflammatory reactions capable of regulating 
inducible nitric oxide synthase expression. A high level of 
inducible nitric oxide synthase expression can promote pro-
duction of nitric oxide and ONOO–, thus eliciting a series 
of important signal activations. Therefore, NBP can protect 
motor neurons in the anterior horn by inhibiting expression 
of nuclear factor kappa B and tumor necrosis factor alpha in 
the spinal cord tissue of lateral sclerosis mice. In this study, 
NBP was used to treat RSC96 cells cultured in a high glucose 
environment, and the results indicated increased cell pro-
liferation, whereas apoptosis and intracellular 3-NT levels 
were reduced; thus, NBP had a protective effect on RSC96 
cells exposed to a high glucose environment.

With increased detection of nitration stress, interest in 
methods to reduce cellular and tissue damage caused by 
ONOO– has gradually increased. Some studies have demon-
strated that application of a protein nitration or ONOO– in-
hibitor can improve diabetic peripheral neuropathy (Cassuto 
et al., 2014; Stavniichuk et al., 2014). At physiological con-
centrations, ONOO– can dissociate into the highly reactive 
intermediates NO2 and CO3, which can be inactivated by UA, 
thereby inhibiting ONOO– activity to reduce protein nitra-
tion. Consequently, UA is considered a specific endogenous 
scavenger of ONOO– (Whiteman et al., 2002). In this exper-
iment, UA-stimulated RSC96 cells cultured in high glucose 
condition exhibited reduced effects of high glucose on cell 
proliferation and apoptosis; thus, ONOO– inhibition could 
mitigate the damage of high glucose levels on RSC96 cells. 
In addition, NBP could increase cell proliferation, reduce 
apoptosis, and decrease 3-NT levels of RSC96 cells cultured 
in high glucose, indicating that NBP had anti-nitrosylation 
effects. Simultaneously, these results provide a theoretical ba-
sis for clinical treatment of diabetic peripheral neuropathy by 
NBP, which had good effects for reducing in vitro damage of 
RSC96 cells. The protective effects of NBP on RSC96 cells cul-
tured in high glucose conditions may occur through a mech-
anism involving inhibition of inducible nitric oxide synthase 
activity to decrease production of nitric oxide and ONOO–, 

which subsequently reduces protein over-nitration. However, 
nitration stress must be further studied with regard to molec-
ular mechanisms and signal transduction pathways related to 
diabetic peripheral neuropathy to provide a stronger theoreti-
cal basis for identifying suitable effective drugs for prevention 
and treatment. As a first step, follow up of this study will 
include identifying the molecular pathway by which nitration 
was induced in RSC96 cells by high glucose.

In conclusion, nitration stress plays an important role 
in apoptosis of RSC96 cells under high glucose conditions. 
Moreover, NBP can protect RSC96 cells by inhibiting nitra-
tion stress in response to a high glucose environment. NBP 
has few adverse reactions, and is widely used in the clinic for 
stroke. Thus, if a conclusive protective mechanism of NBP 
in diabetic peripheral neuropathy is found, NBP can readily 
be applied for clinical treatment.
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