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Abstract 

Objective  To study the effect of glutamate on metabolism, shifts in glycolysis and lactate release in rat 
astrocytes. 

Methods  After 10 days, secondary cultured astrocytes were treated with 1 mmol/L glutamate for 1 h, 
and the oxygen consumption rates (OCR) and extra cellular acidification rate (ECAR) was analyzed using 
a Seahorse XF 24 Extracellular Flux Analyzer. Cell viability was then evaluated by MTT assay. Moreover, 
changes in extracellular lactate concentration induced by glutamate were tested with a lactate 
detection kit. 

Results  Compared with the control group, treatment with 1 mmol/L glutamate decreased the 
astrocytes’ maximal respiration and spare respiratory capacity but increased their glycolytic capacity 
and glycolytic reserve. Further analysis found that 1-h treatment with different concentrations of 
glutamate (0.1-1 mmol/L) increased lactate release from astrocytes, however the cell viability was not 
affected by the glutamate treatment. 

Conclusion  The current study provided direct evidence that exogenous glutamate treatment impaired 
the mitochondrial respiration capacity of astrocytes and enhanced aerobic glycolysis, which could be 
involved in glutamate injury or protection mechanisms in response to neurological disorders. 
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INTRODUCTION 

he mammalian brain has high energy 
requirements. Approximately 20% of the 
oxygen and 25% of the glucose consumed 

by the human body are consumed by cerebral 
metabolism, yet the brain constitutes only -2% of the 
total body weight[1]. In addition to this extremely 
high energy consumption, the brain appears to have 
very limited energy storage. Energy supply and 
expenditure are tightly coupled with neurovascular 
and neurometabolic mechanisms. Astrocytes,   
which are the most abundant cells in the mammalian 
brain and vastly outnumber neurons, are important 
in the neurovascular coupling of neuronal activity 
and cerebral blood flow (CBF), which provides    
an uninterrupted supply of oxygen and glucose    
to meet the high metabolic demand of the 
neurons[2-3]. 

Glutamate, an important excitatory 
neurotransmitter in the central nervous system, has 
several functions in the nervous system. It acts both 
pre- and postsynaptically by activating glutamate 
receptors, which are responsible for excitatory 
neurotransmission and are pivotal elements of 
complex systems underlying synaptic plasticity, 
learning, memory and other fundamental 
events/functions in neurophysiology[4]. In addition to 
being an excitatory transmitter, much of the 
glutamate taken up by glutamate transporters in 
astrocytes is destined for oxidative phosphorylation 
to generate energy, which requires conversion to the 
tricarboxylic acid (TCA) cycle intermediate 
a-ketoglutarate[5]. 

Astrocytes are important in glutamate uptake, 
metabolism, and release in the central nervous 
system. Recent studies indicated that disturbance of 
astrocyte metabolism is a significant cause of 
neuronal dysfunction and neurodegenerative 
processes[6-7]. Glutamate is also involved in 
pathological conditions such as cerebral ischemia 
and other neurodegenerative diseases. In these 
instances, extracellular glutamate levels are 
increased significantly, resulting in neurotoxic effects. 
Numerous studies have shown that nervous system 
diseases could be regulated by the dysfunctions of 
glutamate receptors and/or glutamate uptake[8-9]. 
Although previous studies have shown that 
glutamate administration could increase glycolysis 
and acidification in astrocytes[10-11], the effect of 
glutamate on cellular metabolism and changes in 
glycolysis in rat astrocytes remains to be fully 

characterized. In the current study, astrocytes were 
cultured, identified and exposed to glutamate. The 
respiration and glycolysis changes in cultured 
astrocytes were analyzed using a Seahorse XF-24 
Metabolic Flux Analyzer. Lactate release was also 
detected to confirm the shift to glycolysis in 
astrocytes after glutamate exposure. 

MATERIALS AND METHODS 

Materials 

All of the rats were provided by the Institute of 
Laboratory Animal Science affiliated with the 
Chinese Academy of Medical Sciences [Certificate No, 
SCSK (Beijing) 2005-0013]. The animal protocol was 
approved by the Animal Care and Use Committee of 
Beijing Neurosurgical Institute and was consistent 
with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. Dimethyl 
Sulphoxide (DMSO) and 3-(4,5-dimethyl-thiazol- 
2-yl)-2,5-diphenyltetrazoliumbromide (MTT) were 
obtained from Sigma (St.Louis, MO, USA). Trypsin, 
Minimum Essential Medium (MEM) and fetal bovine 
serum (FBS) were obtained from GIBCO-BRL (Grand 
Island, NY, USA). Rabbit anti-glial fibrillary acidic 
protein (GFAP) was purchased from Dako (Glostrup, 
Denmark). Mounting medium containing 
4',6-Diamidino-2-phenylindole dihydrochloride DAPI 
(ZLI-9557) and goat anti-rabbit secondary antibodies 
conjugated to fluorescein isothiocyanate (FITC) 
(ZF-0311) were obtained from ZSGB-BIO (Beijing, 
China). Cell Lysis Buffer and Enhanced BCA Protein 
Assay Kit were obtained from Beyotime (Haimen, 
China). The XF Glycolysis Stress Test Kit, XF Cell Mito 
Stress Test Kit, and XF Base Medium were acquired 
from Seahorse Bioscience (North Billerica, MA, USA). 
Sodium pyruvate, glucose and L-glutamine were 
purchased from Sigma-Aldrich (Saint Louis, MO, USA). 
The Lactate Assay Kit was obtained from Biovision 
(California, USA). 

Astrocyte Culture and Identification 

Astrocyte cultures were prepared according to a 
previously described method[12] with slight 
modifications[13]. One-day-old Sprague Dawley rats 
were anesthetized with ether, and then dipped into 
75% alcohol for sterilization. The cerebral cortex was 
removed from the skulls, and the meninges were 
carefully stripped away. The cerebral tissues were 
cut into small pieces and dissociated into single cells 
by gentle pipetting. After filtering, the isolated cells 
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were maintained in MEM supplemented with 10% 
FBS. All of the cultures were incubated with at 37 °C 
in air containing 5% CO2 , and the culture medium 
was replaced every 3-4 d. To obtain more astrocytes, 
subculturing was performed when the cultured 
astrocytes were confluent on the tenth day of 
primary culture, and the secondary cultured 
astrocytes were used in all of the experiments.  

The purities of the cultured astrocytes were 
confirmed by immunofluorescence staining for GFAP, 
a marker of astrocytes. Astrocytes were fixed with 
95% ethanol for 15 min at room temperature. Next, 
the astrocytes were incubated with polyclonal rabbit 
antibody against GFAP (1:50) diluted in PBS 
overnight at 4 °C. After three 3 min washes in PBS, 
the astrocytes were incubated with FITC-conjugated 
goat anti-rabbit IgG (1:200) for 1 h at room 
temperature. Nuclei were counterstained with DAPI. 
Images were acquired using an inverted Zeiss Axio 
Observer fluorescence microscope.  

Cellular Bioenergetic Assay 

The oxygen consumption rate (OCR) and 
extracellular acidification rate (ECAR) were 
measured using a Seahorse XF-24 Metabolic Flux 
Analyzer (Seahorse Bioscience, North Billerica, MA). 
Astrocytes were plated at 5000 cells/well and 
cultured on Seahorse XF-24 plates for 24 h. On the 
day of analysis, cells were pretreated with 1 mmol/L 
glutamate for 1 h and then changed to base medium 
supplemented with 25 mmol/L glucose, 2 mmol/L 
sodium pyruvate, and 2 mmol/L glutamine (pH 7.4) 
followed by incubation at 37 °C in a non-CO2 
incubator for 1 h. All of the medium and injection 
reagents were adjusted to pH 7.4 on the day of assay. 
The initial 35 min reading established the baseline. 
Three subsequent injections followed, comprising  
1 μmol/L oligomycin (complex V inhibitor), 1 μmol/L 
carbonyl cyanide phospho- (p)-trifluoromethoxy 
phenylhydrazone (FCCP, a proton gradient uncoupler 
that collapses proton electrochemical gradients and 
allows the respiratory chain to operate maximally), 
and 0.5 μmol/L rotenone/ antimycin (complex I 
inhibitor). After each injection, 4 time points were 
recorded with approximately 35 min between each 
injection. The OCR and ECAR were automatically 
recorded and calculated by the Seahorse XF-24 
software. 

For the ECAR assay, astrocytes were plated at 
5000 cells/well and cultured on Seahorse XF-24 
plates for 24 h. Cells were pretreated with 1 mmol/L 
glutamate for 1 h and then changed to base medium 

supplemented with 2 mmol/L glutamine (pH 7.4) and 
incubated at 37 °C in a non-CO2 incubator for 1 h. 
Glucose, oligomycin and 2-deoxyglucose (2-DG) (a 
glucose analog, which inhibits glycolysis through 
competitive binding to glucose hexokinase, the first 
enzyme in the glycolytic pathway) were 
subsequently injected into the medium to final 
concentrations of 10 mmol/L, 1 μmol/L, 50 mmol/L, 
respectively. 

MTT Assay  

Astrocyte viability was determined using the 
MTT assay. Cells were plated on 96-well plates at  
2.5 × 104 cells/well. Approximately 20 μL of MTT at  
5 mg/mL was added to each well immediately after 
either 1 h or 24 h of glutamate treatment. Plates 
were incubated for 4 h at 37 °C. The medium was 
aspirated from each well, and 100 μL of DMSO was 
added to dissolve the formazan crystals. The optical 
density of each well was read at 492 nm using a 
microplate reader (M200 Pro, Tecan). The results are 
presented as percentages of the control group, 
which was defined as 100%. 

Lactate Concentrations in Cell Culture Media 

Astrocytes were plated at 5000 cells/well and 
cultured on 96-well plates for 24 h. Cells were 
pretreated with glutamate (0.1, 1, and 10 mmol/L) 
for 1 h or 24 h, and the lactate concentration was 
measured with a colorimetric kit according to the 
manufacturer’s instructions with a microplate reader 
(M200 Pro, Tecan). Then cells were lysed with Cell 
Lysis Buffer and protein concentration was 
measured using a BCA Protein Assay Kit. The lactate 
concentration in the samples was calculated from a 
standard curve and normalized by total protein 
content. 

Statistical Analysis 

 Data are expressed as the mean ± SD of at least 
3 independent experiments. Group results were 
analyzed for variance using ANOVA. Comparisons of 
two groups were performed using Student’s t-test. 
All analyses were conducted with GraphPad Prism 
5.0 software. P < 0.05 was defined as statistically 
significant.  

RESULTS 

Identification of Astrocytes 

The monolayer cultures of astrocytes were 
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presented as uniform shapes by 
immunofluorescence staining, which revealed that 
over 95% of cells were GFAP-positive (Figure 1A). 
With the treatment of 1 mmol/L glutamate for 1 h, 
there was no significant change in cell numbers and 
cell morphology (Figure 1B). 

Glutamate Decreased Respiration in Astrocytes  

The optimal FCCP concentration was first 
determined using Seahorse Metabolic Analyzer. As 
shown in Figure 2A, after sequentially injecting 
oligomycin and FCCP (0-2 μmol/L), cells get the 
maximal OCR. Compared to each group, 1 μmol/L 
FCCP could obtain the maximal OCR, which was 
basically the same with that in 2 μmol/L FCCP group. 
So 1 μmol/L FCCP was used as the optimal 
concentration in further research.  

Then we determined the OCR and ECAR in 
astrocytes using Seahorse Metabolic Analyzer and 
analyzed the results using the XF Mito Stress Test / 
Glycolysis Stress Test Report Generator provided by 
Seahorse Bioscience. The spare respiratory capacity 
indicates the capability of the cell to respond to an 
energetic demand as well as how closely the cell is to 
respiring to its theoretical maximum, which can be 
an indicator of cell fitness or flexibility. Spare 
respiratory capacity was calculated by subtracting 
the basal OCR from the maximum OCR after FCCP 
addition. As shown in Figure 2B and C, the basal OCR 
was not affected by the glutamate, whereas upon 
addition of FCCP, the maximal respiration decreased 
from 343.5 ± 41.8 to 253.2 ± 51.4. In addition, the 
spare respiratory capacity in the glutamate group 
was only half that of the control, which decreased 
from 199.2 ± 53.3 to 100.0 ± 52.6 (Figure 2D), 
indicating that the astrocytes’ respiration was 
impaired by the glutamate treatment. 

Glutamate Increased the Glycolytic Function in 
Astrocytes 

We then determined the ECAR by sequential 
injection of glucose, oligomycin, and 2-DG in either 
control astrocytes or astrocytes pretreated with 
glutamate. Glycolytic capacity is the maximum ECAR 
rate reached by cells following the addition of 
oligomycin, effectively shutting down oxidative 
phosphorylation and driving the cell to use glycolysis 
to its maximum capacity. Glycolytic reserve indicates 
the capability of a cell to respond to an energetic 
demand as well as how close the glycolytic function 
is to the cell’s theoretical maximum, and equal to 
glycolytic capacity divided by basal ECAR. Figure 3A 
showed that when combined with oligomycin, a 
mitochondrial aerobic respiration inhibitor, 
glutamate treatment significantly increased the 
ECAR value. Further analysis showed that the 
glycolytic capacity and glycolytic reserve in 
astrocytes increased nearly 4-fold and 2-fold, 
respectively. Our results indicating that the 
glutamate treatment increased the glycolytic 
functions in astrocytes. 

Glutamate Increased Extracellular Lactate 
Concentration 

Glycolysis is closely related to the extracellular 
lactate concentration. Cell viability was first evaluated 
using the MTT assay (Figure 4A), which showed that 
astrocyte viability was not affected by glutamate 
treatment. Lactate release into the astrocyte culture 
medium was detected at 1 h and 24 h after glutamate 
treatment. As shown in Figure 4B, 1 h treatment with 
glutamate (0.1-10 mmol/L) significantly increased the 
lactate concentration, which was further increased 
after 24 h of glutamate treatment. 

 

 

Figure 1. Immunofluorescence imaging of GFAP and DAPI stained rat astrocytes. Representative 
immunofluorescence microscopies of GFAP (green) and DAPI (blue) staining in (A) control group, (B) 1 
mmol/L glutamate treated group in cultured astrocytes. 
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Figure 2. Effect of glutamate on mitochondrial respiration in astrocytes. (A) The optimal FCCP 
concentration was first determined by sequentially injecting oligomycin (1 mmol/L) and FCCP (0-2 
μmol/L). 1 μmol/L FCCP was used as the optimal concentration for the following research. (B) 
Astrocytes were pretreated with 1 mmol/L glutamate for 1 h and then changed to base medium 
supplemented with 25 mmol/L glucose, 2 mmol/L sodium pyruvate, and 2 mmol/L glutamine (pH 7.4) 
followed by incubation at 37 °C in a non-CO2 incubator for 1 h. Three subsequent injections followed, 
comprising 1 μmol/L oligomycin, 1 μmol/L FCCP, and 0.5 μmol/L rotenone/ antimycin. The OCR value 
was automatically recorded and calculated by the Seahorse XF-24 software. The oxygen consumption 
rate (OCR) (B), maximal respiration (C), and spare respiratory capacity (D) changes in astrocytes treated 
with or without glutamate were shown. Error bars represent the mean ± SD, (n = 5). *P < 0.05 versus 
the control group. 

 

 

Figure 3. Effect of glutamate on the glycolytic activity of astrocytes. Astrocytes were pretreated with or 
without 1 mmol/L glutamate for 1 h and then changed to base medium supplemented with 2 mmol/L 
glutamine (pH 7.4) and incubated at 37 °C in a non-CO2 incubator for 1 h. Glucose (10 mmol/L), 
oligomycin (1 μmol/L) and 2-DG (50 mmol/L) were subsequently injected into the medium. The ECAR 
value was automatically recorded and calculated by the Seahorse XF-24 software. Changes in the 
glyolytic function (A), glycolytic capacity (B), and glycolytic reserve (C) in astrocytes induced by 
glutamate. Error bars represent the mean ± SD, n = 5. *P < 0.05 versus the control group. 
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DISCUSSION 

Although many studies have focused on the 
dysfunction of glutamate receptors and/or 
glutamate uptake during brain ischemia, less is 
known about the effect of glutamate on astrocyte 
metabolism. In the current study, we directly 
demonstrate that exogenous glutamate treatment 
could impair astrocyte respiration and enhance 
aerobic glycolysis (as measured by a metabolic 
analyzer) as well as further increase in lactate 
release.  

Glutamate is the principal excitatory 
neurotransmitter in the brain. One of the most 
essential roles of astrocytes is to maintain a low 
resting glutamate concentration of 1-10 mmol/L by 
removing glutamate from the synaptic cleft after 
neuron depolarization and convert it to glutamine 
within astrocytes[14-15]. When the extracellular 
concentration of glutamate becomes pathologically 
elevated, it acts as a neurotoxin and can induce 
severe neurological damage[16]. Previous studies 
have shown that in rat cortical neurons, glutamate 
exerted its excitotoxicity effect at a concentration of 
20 mmol/L[17-18]. In contrast to neurons, the current 
study showed that the viability of astrocytes after 
exposure to 1 mmol/L glutamate was not decreased, 
which is consistent with a previous study[19]. In 
addition, the shift in astrocyte metabolism after 
glutamate treatment was monitored and calculated 
by measuring the extracellular oxygen consumption 
rate with a Seahorse Metabolic Analyzer, and we 

found that the maximum respiration capacity and 
reserve capacity were significantly reduced in 
astrocytes upon treatment with 1 mmol/L glutamate. 
These results showed that glutamate could impair 
astrocytic respiration, which was consistent with 
previous studies on glutamate-induced deficiencies 
in neuronal respiration[20]. 

A former study has also shown that acute 
addition of glutamate lowered mitochondrial pH and 
mitochondrial respiration, suggesting that the 
inhibition of astrocytic respiration by glutamate was 
related to the mitochondrial matrix pH as well as the 
intracellular acidification[10]. As glucose consumption 
by mitochondrial oxidative phosphorylation not only 
fuels astrocytes and neuronal activity but also 
provides substrates for the biosynthesis of proteins, 
lipids, nucleic acids and amino acids. We speculated 
that inhibition of astrocytic respiration could impair 
the synthesis of neurotransmitter precursors and 
further reduced energy generation derived by 
oxidation, which could reduce glutamate uptake, 
and may further enhance glutamate-induced 
damage to the brain[21].  

The rate of glycolysis increases significantly 
during neurological disorders and is also a 
recognized feature of cerebral metabolism 
immediately after injury[22-23]. Glutamate content is 
upregulated during brain injuries, including cerebral 
ischemia, tumors and traumatic brain injury[24-25], 
which suggests that increased glutamate may lead to 
the change in the glycolysis rate and be involved in 
the pathological changes in the brain. In the present 

 

 

Figure 4. Effect of glutamate on cell viability and lactate production. (A) Astrocyte viability was 
determined immediately after 1 h or 24 h of glutamate (0.1 mmol/L, 1 mmol/L, and 10 mmol/L) 
treatment. Cell viability was determined by MTT assay. The results are presented as percentages of the 
control group, which was defined as 100%. (B) Astrocytes were pretreated with glutamate (0.1, 1,   
and 10 mmol/L) for 1 h or 24 h, and the lactate concentration in culture medium was calculated from   
a standard curve and normalized by total protein content. Error bars represent the mean ± SD, n = 3.  
**P < 0.01 vs. the 1-h control group; ##P < 0.01 vs. the 24-h control group; ###P < 0.001 vs. the 24-h 
control group. 
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study, we directly proved that glutamate enhanced 
aerobic glycolysis by improving the cellular glycolytic 
reserves. The increased glycolytic capacity was 
further confirmed by the detected changes in lactate 
release, which was consistent with previous 
studies[11,26-27]. 

 However, under physiological conditions, the 
glycolysis and lactate release was an important 
regulator to maintain metabolic homeostasis in the 
brain. Exogenous glutamate uptaken by astrocytes 
via glutamate transporters requires Na/K-ATPase 
pump and ATP, and further increases glucose 
transport, glycolysis, glycogen degradation, and the 
production of lactate[28]. A recent study has indicated 
that mitochondrial respiration inhibition induced 
ATP reduction in astrocytes could be compensated 
by the enhanced glycolysis, and this process could be 
regulated by the NAD(P)H/NAD(P)+ redox state and 
the mitochondrial electrochemical gradient[29]. It is 
also known that the lactate taken up by neurons can 
be used as an energy source[30-32]. The uptake of 
glutamate induced glycolysis and lactate release in 
astrocytes could be used as metabolism substrate 
for the neighboring neurons to be metabolized[6]. As 
the product of glycolysis, lactate could be shuttled 
into mitochondria via the mitochondrial 
monocarboxylate transporter (MCT) where it is 
oxidized to pyruvate and entered into the TCA cycle 
to be converted into a series of organic acids with 
the liberation of carbon dioxide[33]. In addition, the 
lactate was also related to learning and long-term 
memory formation[31,34]. So our research may 
provide new insight into the bioenergetics of 
astrocytes and their contribution to the neuron 
astrocyte lactate shuttle. Moreover, the lactate 
could also be a cytoprotective agent for astrocytes. A 
recent study demonstrated that lactate could also be 
a neuroprotective agent during glutamate-induced 
excitotoxicity, which required the functional 
malate-aspartate NADH shuttle[35]. We speculate 
that the cytoprotective effect of lactate might 
explain why the astrocytes’ viability was not affected 
by the glutamate treatment.  

Glutamate in the brain acts as a ‘double-edged 
sword’, both as an essential neurotransmitter and as 
a contributor to a variety of neurological diseases by 
acting as a neurotoxin. Glutamate metabolism in 
astrocytes is complex; therefore, further research on 
other metabolic pathways and the regulatory 
mechanisms of glutamate function in astrocytes is 
still required. 

In conclusion, we found that glutamate 

treatment could inhibit cell respiration and enhance 
aerobic glycolysis in astrocytes. The changes in 
cellular metabolism and lactate release after 
glutamate treatment might uncover the mechanisms 
of glutamate injury or protection in neurological 
disorders. However, further studies are still 
necessary to investigate the pathogenesis and 
mechanisms related to astrocytic glutamate 
metabolism in central nervous system disorders. 
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