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Abstract 
 
Finding products with antiapoptotic activities has been one of the approaches for the treatment of 
neurodegenerative disorders. Serum/glucose deprivation (SGD) has been used as a model for the 
investigation of the molecular mechanisms of neuronal ischemia. Recent studies indicated that glucosamine 
(GlcN) and N-acetyl glucosamine (GlcNAc) have many pharmacological effects including antioxidant 
activities. The present study aimed to investigate the protective effects of GlcN and GlcNAc against SGD-
induced PC12 cells injury. The PC12 cells were pretreated with GlcN and GlcNAc for 2 h, and then exposed 
to SGD for 6, 12 and 24 h. Cell viability was evaluated by MTT assay. The level of intracellular reactive 
oxygen species (ROS) was determined by flow cytometry using 2',7'- dichlorofluorescin diacetate (DCFH-
DA) as a probe. SGD condition caused a significant reduction in cell survival after 6, 12, and 24 h (P < 
0.001). Pretreatment with GlcN and GlcNAc (0.6-20 mM) increased cell viability following SGD insult. A 
significant increase in cell apoptosis was observed in cells under SGD condition after 12 h (P < 0.001). 
Pretreatment with GlcN and GlcNAc (5-20 mM) decreased apoptosis following SGD condition after 12 h. 
SGD resulted in a significant increase in intracellular ROS production after 12 h. Pretreatment with both 
amino sugars at concentrations of 10 to 20 mM could reverse the ROS increment. Results indicated that 
GlcN and GlcNAc had a cytoprotective property against SGD-induced cell death via anti-apoptosis and 
antioxidant activities, suggesting that these aminosugers have the potential to be used as novel therapeutic 
agents for neurodegenerative disorders. 
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INTRODUCTION 

 
In spite of major progress in the prevention 

and treatment of cerebral ischemia, stroke still 
remains one of the most important leading 
causes of death in people under the age of               
65 years (1). Since the fundamental 
pathophysiology of the stroke is the decrease 
of glucose, O2 and other nutrients toward 
neurons, serum/glucose deprivation (SGD) can 
be used as a suitable in vitro model to evaluate 
the stroke process (2). Designing the 
neuroprotective agents can be performed with 
an effective in vitro model such as SGD which 

could correctly describe the molecular 
mechanism of brain injury during cerebral 
ischemia (3,4). PC12 rat pheochromocytoma 
cell line has been widely used as a useful 
model to investigate the SGD condition and to 
evaluate the mechanistic pathways underlying 
neural injury (5,6). Glucosamine (GlcN) and 
its acetylated derivative, N-acetyl glucosamine 
(GlcNAc), are naturally occurring amino sugars 
and prominent precursors of glycoproteins, 
proteoglycans and glycosaminoglycans.  
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They have a broad spectrum of biochemical 
and pharmacological functions mainly due to 
their antioxidant and anti-inflammatory 
activities (7-10). GlcN and GlcNAc are 
commonly used as dietary supplements for the 
prevention and/or treatment of many diseases 
including osteoarthritis (OA) (11).  

Scientific reports have well shown the 
antioxidant, strong chelating effect on ferrous 
ions, protection of macromolecules such as 
protein, lipid, and deoxyribose from oxidative 
damage induced by hydroxyl radicals and free 
radical scavenging activities of GlcN (12,13). 
It has also some other different 
pharmacological effects such as anti-
inflammatory, immunomodulatory, anti-
carcinogenic, cardio, chondro, liver and 
cytoprotective properties and also wound 
healing activity (14-18).  

In addition, recently the neuroprotective 
effect of GlcN in rat brain ischemia/ 
reperfusion injury and its beneficial effect on 
spatial learning and scopolamine-induced 
memory impairment has been suggested 
(8,19).  

GlcNAc has also been found to possess 
several pharmacological activities such as joint 
damage prevention, chondroprotective activity, 
inflammatory bowel disease (IBD) treatment 
(20,21) and wound healing enhancement                
(22-24).  

It can also inhibit superoxide release from 
human polymorphonuclear (PMN) leukocytes 
and acts as anti-inflammatory agent (25). 
Furthermore, GlcNAc can improve skin 
hydration, and also reduce melanin formation 
and the appearance of facial hyperpigmentation 
via up-regulation of epidermal turnover genes 
and antioxidant-related genes, and the 
downregulation of some melanosome transport 
involving genes (7,26).  

In addition, recent findings have revealed 
that the GlcNAc acts as an antioxidant and 
anti-apoptosis agent in human neuronal cells 
under hydrogen peroxide-induced oxidative 
stress condition. The neuroprotective effects of 
GlcNAc occur through the multiple 
mechanisms including the inhibition of the 
intracellular ROS generation and suppression 
of H2O2-induced apoptotic features by 
inhibiting the activation of caspase-3, poly 

ADP-ribose polymerase (PARP), and p38 
(27,28).  

Although, several studies revealed that 
GlcN and GlcNAc have many valuable 
properties correlated with their antioxidant 
capacity, but there is little information with 
respect to the neural protection effects of these 
amino sugars. Therefore, in this study we 
investigated the protective effect of GlcN and 
GlcNAc against the SGD-induced PC12 cells 
injury. 
 

MATERIALS AND METHODS 
 
Cell line and reagents 

PC12 cell line was purchased from Pasteur 
Institute (Tehran, Iran). PC12 is an adhesive 
and spiky cell line. This was used after                  
3 passages. 4, 5-dimethylthiazole-2-yl, 2, 5-
diphenyl tetrazolium (MTT), 2',7'-dichloro-
fluorescin diacetate (DCFH-DA) and 
Dulbecco’s phosphate-buffered saline (PBS) 
were procured from Sigma (St Louis, MO, 
USA).  

Glucose-high Dulbecco’s modified Eagle’s 
medium (DMEM), glucose free DMEM, 
penicillin/streptomycin, and fetal bovine 
serum (FBS) were supplied by Gibco (Grand 
Island, NY). Dimethyl sulfoxide (DMSO) was 
purchased from Merck (Darmstadt, Germany). 
Propidium iodide (PI), sodium citrate and 
Triton X-100 were obtained from Sigma               
(St. Louis, MO, USA).  
 
Cell culture  

PC12 cells were cultured in high glucose 
DMEM (4.5 g/L) supplemented with 10% FBS 
and 100 U/mL of penicillin/streptomycin. All 
cells were maintained in a humidified 
atmosphere (90%) containing 5% CO2 at 37 C. 
 
Induction of cell death by serum/glucose 
deprivation  

For SGD-induced cytotoxicity, PC12 cells 
were seeded overnight and then were exposed 
to SGD for 6, 12, and 24 h by replacing the 
standard culture medium (high glucose 
DMEM, 4.5 g/L) with the glucose-free DMEM 
(0 g/L), supplemented with 100 U/mL 
penicillin and 100 µg/mL streptomycin (29). 
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Cell proliferation MTT assay  
The cell viability was determined using 

MTT assay as described previously (30). 
Briefly, PC12 cells (5000/well) were seeded in 
a 96-well culture plate. After 24 h, the cells 
were pretreated with GlcN and GlcNAc              
(0.6-20 mM) for 2 h and then incubated 
subsequently for another 6, 12 and 24 h in 
serum and glucose free (SGD) condition. MTT 
solution in phosphate-buffered saline                        
(5 mg/mL) was added to each well at final 
concentration of 0.05%. After 3 h, the 
formazan precipitate was dissolved in DMSO. 
The absorbances at 570 and 620 nm 
(background) were measured using a Stat 
FAX303 plate reader. All treatments were 
carried out in triplicate.  
 
Cell apoptosis assay  

Apoptotic cells were detected using PI 
staining of small DNA fragments followed by 
flow cytometry. It has been described that a 
sub-G1 peak that is reflective of DNA 
fragmentation can be observed following the 
incubation of cells in a hypotonic phosphate-
citrate buffer containing a quantitative             
DNA-binding dye such as PI. Apoptotic cells 
that have lost DNA take up less stain and 
appear on the left side of the G1 peak in the 
histogram (29).  

PC12 cells were seeded in a 24-well plate 
and after 24 h, the cells were pretreated with 
GlcN and GlcNAc (5-20 mM) for 2 h and then 
incubated for another 12 h in SGD condition. 
Cells were then harvested and incubated at             
4 °C overnight in the dark with 750 µL of a 
hypotonic buffer (50 µg/mL PI in 0.1% 
sodium citrate with 0.1% Triton X-100). 
Finally, flow cytometry was carried out using 
a FACScan flow cytometer (Becton 
Dickinson). A total of 10000 events were 
acquired with FACS. All treatments were 
carried out in triplicate.  

 
Measurement of intracellular reactive oxygen 
species 

The intracellular reactive oxygen species 
(ROS) was monitored by measurement                   
of hydrogen peroxide generation (29).                       
PC12 cells were seeded in 24-well plates                      
(100,000 cells/well) and incubated overnight. 

Then, cells were pretreated with GlcN and 
GlcNAC (5-20 mM) for 2 h, afterwards they 
were exposed to SGD condition. After 12 h, 
cells were incubated with DCFH-DA (10 μM) 
for 30 min at 37 C.  

The medium was then transferred to a 
Falcon tube and the adherent cells were 
trypsinized and collected into the same tube. 
After washing twice with PBS, the intensity of 
DCFH-DA fluorescence and the oxidation 
product of DCFH-DA were determined by a 
FACScan flow cytometer (Becton Dickinson) 
at an excitation wavelength of 480 nm and an 
emission wavelength of 530 nm. 
 
Statistical analysis  

One-way analysis of variance (ANOVA) 
followed by Bonferroni’s post hoc test for 
multiple comparisons were used for data 
analysis. All results were expressed as              
mean ± SEM. P < 0.05 was considered 
statistically significant. 

 
RESULTS 

 
Effects of glucosamine and N-acetyl 
glucosamine on PC12 cell death  

Exposure to SGD for 6, 12 and 24 h caused 
a significant reduction in cell viability, as 
compared with control group (ܲ < 0.001). As 
shown in Fig. 1A, pretreatment with GlcN 
resulted in a time- and concentration-
dependent increase in cell viability subsequent 
to ischemic insult after 12 and 24 h                  
(P < 0.05 at concentration of 1.2 mM,                  
P < 0.001 at concentrations of 2.5-20 mM 
after 12 h and P < 0.001 at concentrations of 
0.6-20 mM after 24 h).  

Pretreatment with GlcNAc also 
significantly and concentration-dependently 
decreased SGD-induced cell death following 
12 and 24 h incubation (P < 0.01 at 
concentration of 1.2 mM, P < 0.001 at 
concentrations of 2.5-20 mM after 12 h and           
P < 0.05 at concentration of 5 mM and                
P < 0.001 at concentrations of 10-20 mM after 
24 h), (Fig. 1B).  

There were no significant toxic effects 
when PC12 cells were incubated with GlcN 
and GlcNAc at concentrations of 0.6 to 20 mM 
(Data are not shown).  
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Fig. 1. Effect of (A) Glucosamine and (B) N-acetyl glucosamine on PC12 cells viability exposed to serum/glucose 
deprivation for 6, 12 h and 24 h. The percentage cell viability (quantitated by MTT assay) was normalized against the 
control. ###P < 0.001 vs control. ***P < 0.001, **P < 0.01, *P < 0.05 vs serum/glucose deprived groups. Data are 
expressed as mean ± SEM of three separate experiments (n = 3). GlcN, glucosamine; GlcNAc, N-acetyl glucosamine; 
SGD, serum/glucose deprivation. 
 
Effects of glucosamine and N-acetyl 
glucosamine on cell apoptosis 

The results showed that exposure of PC12 
cells to SGD condition, significantly increased 
cell apoptosis compared with control cells               
(P < 0.001).  

A significant decrease in SGD-induced 
apoptosis was observed following pretreatment 
with high concentrations (10-20 mM) of GlcN 
and GlcNAc (ܲ < 0.001 at concentrations of     
5-20 mM of GlcN and GlcNAc). Results of 
apoptosis assay are illustrated in Figs 2A-C. 
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Fig. 2. Flow cytometry histograms of propidium iodide-stained PC12 cells pretreated with (A) Glucosamine and (B) N-
acetyl glucosamine for 2 h and then exposed to serum/glucose deprivation for 12 h. Sub-G1 peak as an indicative of 
apoptotic cells was induced in treated cells but not in the control. (C) The effects of glucosamine and N-acetyl 
glucosamine on apoptosis in PC12 cells using propidium iodide staining and flow cytometry. ###ܲ < 0.001 vs control, 
***ܲ < 0.001 vs serum/glucose deprived groups. GlcN, glucosamine; GlcNAc, N-acetyl glucosamine; SGD, 
serum/glucose deprivation. 
 
Effects of glucosamine and N-acetyl 
glucosamine on reactive oxygen species  

To determine the antioxidant effects of 
GlcN and GlcNAc, levels of intracellular ROS 

were measured using DCFH-DA fluorescence 
staining assay in PC12 cells. ROS production 
was measured following the exposure of cells 
to stressful conditions (SGD) for 12 h with or 
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without the pretreatment with GlcN and 
GlcNAc.  

As shown in Figs 3A-C, SGD for 12 h 
could significantly increase the number of 
DCFH-positive cells illustrating an elevation 

of ROS production compared to the control             
(P < 0.001). Pretreatment with GlcN and 
GlcNAc (10-20 mM) resulted in a significant 
attenuation of ROS production subsequent to 
SGD (P < 0.001). 

 

 
 

 
 

 
Fig. 3. Flow cytometry histograms of reactive oxygen species production assay in PC12 cells pretreated with (A) 
glucosamine and (B) N-acetyl glucosamine for 2 h and then exposed to serum/glucose deprivation for 12 h. Reactive 
oxygen species was measured using 2',7'-dichlorofluorescin diacetate by flow cytometric analysis. (C) The effects of 
glucosamine and N-acetyl glucosamine on intracellular reactive oxygen species production in PC12 cells using 2',7'-
dichlorofluorescin diacetate and flow cytometry. ###ܲ < 0.001 vs control, ***ܲ < 0.001 vs SGD. GlcN, glucosamine; 
GlcNAc, N-acetyl glucosamine; SGD, serum/glucose deprivation.  
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B 
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DISCUSSION 
 
Ischemic stroke is the third leading cause of 

mortality and disability in industrialized 
countries. Currently, therapeutic choices for 
the treatment of stroke are limited. Therefore, 
extensive efforts are being made to identify 
new neuroprotective agents with anti-apoptotic 
activities (31). PC12 rat pheochromocytoma 
cell line has been generally utilized as an              
in vitro model to study the SGD condition and 
other alterations in neural tissue (32).                     
Cell apoptosis and oxidative stress are                   
the characteristic features of many 
neurodegenerative diseases such as ischemic 
stroke (33).  

Antioxidants are beneficial for ischemic 
brain injury treatment due to the reduction of 
oxidative damage and scavenging free radicals 
(34). In the present study, the protective 
effects of GlcN and GlcNAc against SGD-
induced cell death were investigated in PC12 
cells for the first time. Results showed that 
these amino sugars have no cytotoxicity on 
PC12 cells at used concentrations (up to                 
20 mM). Moreover, we observed that about 
50% of cell loss was taking place under SGD 
condition after 12 and 24 h, which is in 
agreement with findings of previous studies 
(29,35). Furthermore, data showed that 
pretreatment with GlcN and GlcNAc 
significantly increased cell survival and 
decreased cell apoptosis under SGD condition 
in a concentration-dependent fashion.  

In the current study, pretreatment with 
GlcN and GlcNAc significantly decreased 
SGD-induced ROS production. These data 
confirmed the inhibitory effect of GlcN and 
GlcNAc on intracellular ROS generation 
which showed that the neuroprotective activity 
of these aminosugers may be mediated through 
their antioxidant activities. 

Recent studies have reported that GlcN and 
GlcNAc have several pharmacological 
properties including antiapoptotic, antioxidant 
and cytoprotective effects. Yan, et al. 
investigated antioxidative and 
immunostimulating properties of GlcN in vitro 
and in vivo. They reported that GlcN has 
strong antioxidant activities as manifested by 
excellent chelating effect on ferrous ions and 

protection of macromolecules including 
protein, lipid, and deoxyribose from oxidative 
damage induced by hydroxyl radicals (10).  

A study conducted by Jamialahmadi, et al. 
also has shown the antioxidant and scavenging 
ability of GlcN hydrochloride. The results of 
the aforementioned study showed that GlcN 
can efficiently suppress lipid/protein 
peroxidation and protect erythrocytes against 
oxidative damage induced by free radicals. 
Thus, GlcN could be recommended as a 
pharmaceutical supplement to alleviate 
oxidative stress (36). 

In another research, Jamialahmadi, et al. 
reported that GlcN at concentrations of 2.5-40 
mM exhibited a potent antigenotoxic effect 
and can protect human lymphocyte against 
DNA damage induced by hydrogen peroxide. 
In contrast to GlcN, its N-acetylated analog 
only indicated a slight antigenotoxic effect at 
concentration of 40 mM. GlcN protection 
activity might be related to the presence of 2-
NH2 functional moiety in its chemical 
backbone (18).  

In addition, recent findings have revealed 
that the GlcN at concentration of 5 mM 
protects neonatal cardiomyocytes from 
ischemia-reperfusion injury via increased 
protein O-GlcNAc and enhanced 
mitochondrial Bcl-2 translocation (17). 
Moreover, the neuroprotective effects of GlcN 
and GlcNAc have also been indicated in some 
studies. Hwang, et al. reported that GlcN 
exerts a neuroprotective effect through 
suppression of inflammation in rat brain 
ischemia/reperfusion injury (8). Recently, 
Choi, et al. also showed that the GlcNAc dose-
dependently decreased ROS production and 
inhibited H2O2-induced apoptosis in human 
neuronal cells (27). 

  
CONCLUSION 

 
The results of this study confirmed that 

GlcN and GlcNac have protective effects 
against SGD-induced cytotoxicity in PC12 
cells. These effects act possibly through their 
antioxidant and anti-apoptotic properties. 
However, more detailed studies are essential to 
elucidate the probable underlying mechanisms 
of these beneficial effects.  
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