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ABSTRACT
This study investigated the neuroprotective effect of glucose metabolites against oxygen-glucose deprivation in primary cultured neurons. Pure neurons were isolated and
cultured from cerebral neocortices of embryonic mice at 15 days of gestation. Mature
cells grown for 7, 14, or 21 days after dissection were exposed to oxygen- glucose
deprivation (OGD) and supplemented with various concentrations of glucose
metabolites. It was confirmed that the level of neuronal injury was proportional to the
duration of exposure to hypoxia, and inversely proportional to oxygen concentration. In
particular, older cells (21 days after culture) were exceedingly susceptible to hypoxic/
anoxic injury. However, when supplemented with moderately high concentration of glucose (11 mM) or pyruvate (12 mM) the injury from OGD was significantly attenuated.
Our results demonstrate the possibility of pyruvate being a favorable alternative to glucose during OGD. Accordingly, a proteomic analysis via 2-D gel electrophoresis was
done with protein extracts from pyruvate-treated cells after OGD injury. 1500 spots
were identified from image analysis, revealing a total of 47 proteins standing out with
significantly different abundance after pyruvate administration, compared to cells injured
with no supplement. This differential expression was most prominent in those with size
around 66 kDa and pI values around 5.6. Especially, MMP-1 was identified via MALDITOF mass spectrometry to be one of the significantly upregulated proteins after pyruvate treatment.
Key words: proteomics, neuronal cell death, oxygen-glucose deprivation, hing glucose,
pyruvate

INTRODUCTION
Molecular oxygen is an essential factor for surviv-

*To whom correspondence should be addressed.
TEL: 82-2-2228-1643, FAX: 82-2-365-0700
e-mail: kapark@yumc.yonsei.ac.kr

al in mammals because it is a available as an electron acceptor for ATP production in oxidative
phosphorylation. Mammals possess genetic programs
that response to alterations in intracellular oxygen
tension in a tissue-specific fashion (Levy et al.,
1995). Neuron uses only glucose for energy source
during glycolysis, and needs aerobic metabolism of
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glucose and oxygen in the mitochondrial respiratory
chain. Most of ATPs are used for maintenance of
the intracellular homeostasis and ATP-driven membrane ion pumps for the stabilization of the transmembrane concentration gradients of Na＋, K＋, Ca2＋.
The evolution from reversible to irreversible damage
in necrosis involves progressive derangements in
energy and substrate metabolism.
＋
Under normal physiological conditions the NAD
molecules necessary to drive the glycolytic reactions are generated via the tricarboxylic acid (TCA)
cycle. However, glycogen is expected to be rapidly
depleted under anaerobic, and the TCA cycle cannot operate in the absence of oxygen so an alter＋
native source of NAD is provided through the conversion of pyruvate to lactate conditions (Swanson,
1992). This production of lactate has long been considered a by-product of maintaining glycolysis and,
furthermore, lactate has been implicated in acidosis,
which may contribute to neuronal degeneration
(Siesjo et al., 1996). Glycolysis is a general process
in most organisms, not requiring oxygen. Aerobic
respiration changes the most free energy remained
in pyruvate into ATP by using mitochondria. The
pyruvate in mitochondria joins in citric acid cycle to
be a part of acetyl coenzyme CoA. Without oxygen,
the pyruvate, wastes of glycolysis, is re-produced to
＋
＋
be lactate and NAD by joining with NADH and H .
Because the supply of NAD＋ for cells is limited,
glycolysis is no more possible unless the produced
＋
NADH is oxidized to be NAD again. It seems logical that in low oxygen conditions, glycolysis rate
should be enhanced in order to compensate oxidative energetic metabolism decay. Since in the absence of oxygen, glycolysis produces only two molecules of ATP per glucose oxidised, thus glucose
transport has to be improved to maintain a constant
energy supply (Loike et al., 1992) and pyruvate to
lactate transformation must be efficient in order to
＋
keep a high NAD /NADH ratio and therefore to allow continued glycolytic flux. Indeed lactate, after
conversion to pyruvate via a reaction catalyzed by
lactate dehydrogenase, can provide on a molar basis 18 ATPs through oxidative phosphorylation
(Pellerin and Magistretti, 1994). However, lactate
cannot fully utilize for glucose as a metabolic substrate for brain because of its limited permeability
across the blood-brain barrier (Larrabee, 1983).

Glucose taken up by astrocytes through the action
of glutamate is metabolized glycolytically in the
brain (Pellerin and Magistretti, 1994). A specific
transport system for lactate was described in neurons, suggesting that lactate and converted pyruvate from lactate may represent an adequate metabolic substrate (Dringen et al., 1993).
Ischemic injury declines the supply of glucose
and oxygen for brain, and only a small amount of
ATP is produced through anaerobic glycolysis.
Interruption of the blood supply to the brain results
in the energy failure. Meanwhile, the amount of glycogen stored in the brain was very small, and
therefore, glucose becomes exhausted within several
minutes after ischemic injury. Glycogen in the brain
is metabolized into lactate, and makes the intracellular environment acidosis and produces free
radical that damages the cells and serves as the
main cause of the death of brain cells (Siesjo et al.,
1996; Barrier et al., 2004).
In this study, the neuronal cell death under hypoxic condition, and the effects of glucose deprivation and the effect of glucose metabolites on the hypoxic neurons was investigated. If this experiment
helps to understand the changes in neurons based
on oxygen concentration, the effect of oxygen concentration by ages, the changes in the cells based on
the duration of exposure to hypoxia or anoxia, and
the mechanism of controlling metabolism of glucose
metabolites, it may be possible the investigation of
alternatives that can protect neurons from the injury
induced by hypoxia or anoxia. In this study, we attempted to identify the proteins that implicated in
primary cultured neurons administered by pyruvate
after ischemic-like injury using 2-D differential in-gel
electrophoresis for developing therapeutic agents.

MATERIALS AND METHODS
Primary neuronal cell culture
The cell cultures were prepared from fetal mice
(15 day gestation). Neocortices were freed of meninges and blood vessels. Tissue was suspended in
medium, trypsinized, triturated and plated in 24-well
plates coated with poly-D-lysine and laminin at a
density of 3.5 hemispheres per plate. Twenty four
to 48 hours after plating, 60% of the culture medium was replaced with glial conditioned medium
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(GCM), and cytosine arabinoside (Ara-C, 3 mM).
These cultures were used on days 7 (7D), 14 (14D)
and 21 (21D).
Annoxic and hypoxic injury
Cultures were transferred into an anaerobic chamber (Forma Scientific Co) [O2, tension ＜0.2% (0
ppm), 5% (1.5 ppm), 10% (3.0 ppm) and 20% (6.1
ppm)], washed into deoxygenated, glucose-free balanced salt solution (BSS0) and glucose-balanced
salt solution (BSS5.5) and incubated at 37oC within
the anaerobic chamber for 0.5, 1, 2, 5, 10 hrs.
OGD was ended by adding glucose to culture
medium to a final concentration of 5.5 mmol/L and
returning the cultures to the normoxic incubator for
24 h.
Treatment of glucose metabolites
Glucose (0 mM, 5.5.mM, 11 mM), pyruvate (1
mM, 6.mM, 12 mM) and lactate (1 mM, 6.mM, 12
mM) were added to the culture medium 30 minutes
before and after anoxic or hypoxic injury. Injury was
assessed at the end of reperfusion.
Evaluation of neuronal injury
Neuronal injury was evaluated morphologically by
phase-contrast light microscopy and staining of nonviable cells with propidium iodide. Live cells were
stained with Hoechst 33258 dye (Sigma). Cells were
observed in a Olympus diaphot microscope equipped for epifluorescence with a UV filter block.
Cell lysis was quantitated by assay of lactate dehydrogenase (LDH) activity released into the culture
medium (Koh and Choi, 1987). Total LDH release
corresponding to complete astrocyte death was determined at the end of each experiment following
o
freezing at 70 C and rapid thawing. Control cells
washed with BSS5.5 but not irradiated showed ∼
10% maximal LDH release at the end of the experimental period.
DNA fragmentation
Cells were washed with cold-PBS (pH 7.4),
scraped and pelleted. The pellets were digested
with DNA lysis buffer (100 mM Tris-HCl, pH 8.0,
200 mM NaCl, 5 mM EDTA, and 0.2% SDS) containing 5mg/ml proteinase K and Rnase A, and the
DNA extracted with phenol-chloroform. DNA frag-
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ments were separated on 0.8% agarose gels and
visualized with ethidium bromide staining.
Concentration of nitrite (NO2 ) and nitrate
(NO3 )
To assess NO production, the stable end-products of NO metabolism, nitrite (NO2 ) and nitrate
(NO3 ) were measured in medium from cultures using the Griess reaction. The absorbance of the reaction product was measured at 546 nm. Each experiment was repeated over 12 times with cells
from 3 different preparations.
Statistical analysis
Data are expressed as the mean±SD. Statistical
tests to determine differences between groups were
performed using SigmaStat (Jandel Corp., CA).
ANOVA followed by a multiple comparisons procedure, the Student-Newman-Keul's test was used
for the experiments.
Two-dimensional gel electrophoresis
Isoelectric focusing (IEF) and second dimension
SDS-PAGE were performed as described by Bjellqvist et al. (1994) with some modifications. Protein
samples (100 mg/strip) were applied to 23-cm immobilized pH gradient (IPG) strips (nonlinear, pH
gradient 4-10; Genomine, Pohang, Korea). For IEF,
the voltage was linearly increased from 150 to 3500
V during the first 3 h for sample entry, and then
maintained at a constant voltage of 3500 V for a
total of 98 kVh. Following IEF, proteins in the IPG
strips were subjected to second-dimension electrophoresis on a 10∼16% gradient SDS-polyacrylamide
gel (20624 cm) using the ISO-DALT 2-D gel system
(Amersham Biosciences). Prior to the second dimension, strips were incubated for 10 min in equilibration buffer (50 mM Tris-Cl, pH 6.8 containing 6
M urea, 2% SDS, and 30% glycerol), first with 1%
DTT and second with 2.5% iodoacetamide. The
equilibrated strips were inserted onto SDS-PAGE
gels (20∼24 cm, 10∼16%). The gel was then silver stained as described by Oakley et al. (1980)
except that the fixing and sensitization steps with
glutaraldehyde were omitted.
Image analysis of 2-DE gels
Quantitative analysis of the digitized images was
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carried out using the PDQuest software (version
7.0; Bio-Rad, Hercules, CA, USA) according to the
protocols provided by the manufacturer. The proteome profile of the reference gel was used as a
reference pattern for spot analysis, and each protein
spot was numbered. The spot file for the gel of
each sample was matched to the reference pattern,
and the quantity of each spot was normalized with
respect to the total spot intensity detected in the
gel. Protein spots were selected for the significant
expression of variation that deviated over around
two-fold in its expression level compared with the
control or normal sample. The 2-DE analysis was
repeated three times using independently grown
cultures, and mean values of spots obtained from
three gels were used for further analysis (Choi et
al., 2005).
Similarity analysis of protein profiles
The similarity between two protein profiles was
determined by calculating the Pearson correlation
distance using the equation where n is the number
of proteins in each cluster, and X and Y are the expression ratios of each of the protein spots (Kim et
al., 2006). For similarity comparisons of multiple
protein profiles, a pairwise metric of the Pearson
correlation distances was obtained and used to
construct similarity trees of the protein profiles by
the Tree View program (http://rana.Stanford.EDU/
software/).
In-gel enzymatic digestion and MALDI-TOF
analysis
Protein spots showing differential expression on
2-DE gels were excised from gels and enzymatically digested in-gel with sequence grade porcine
trypsin (Promega, Madison, WI, USA) essentially as
previously described (Mirgorodskaya et al., 1995).
Gel pieces were washed with 50% ACN to remove
SDS, salt, and protein stain. The washed gel pieces
were then vacuum-dried to remove solvent, rehydrated with trypsin (8∼10 ng/mL), and incubated
for 8∼10 h at 377C. Proteolysis was terminated by
addition of 5 mL 0.5% TFA. Tryptic peptides were
recovered by combining the aqueous phase from
several extractions of gel pieces with 50% aqueous
ACN. After concentration, the peptide mixture was
desalted using a ZipTip (Millipore, Bedford, MA,

USA), and the peptides were eluted in 1∼5 mL
ACN. An aliquot of this solution was mixed with an
equal volume of a saturated solution of CHCA in
50% aqueous ACN, and 1 mL of the mixture was
spotted onto the target plate.
Protein analysis was performed using an Ettan
MALDITOF (Amersham Biosciences). Peptides were
evaporated with an N2 laser at 337 nm using a delayed extraction approach. The peptides were accelerated with a 20-kV injection pulse for TOF
analysis. Each spectrum was the cumulative average
of 300 laser shots. The search program Pro-Found,
developed by Rockefeller University (http://129.85.19.
192/profound_bin/WebProFound.exe), was used to
search the Swiss-Prot and NCBI databases. Spectra
were calibrated with autodigested trypsin ion peaks
(m/z=842.510 and 2211.1046) as internal standards
(Choi et al., 2005).

RESULTS
The effect of oxygen concentration on neuronal cell death in different ages
The neurons were injured both under hypoxia
and anoxia, the degree of injury was increased as
the exposure time is lengthened from 30 minutes, 1
hour, 2 hours, 5 hours, and to 10 hours (data not
shown).
We investigated the effect of oxygen concentration on neurons in deoxygenated basic salt solution, BSS0/0, in which the oxygen concentration is
20% (6.1 ppm), 10% (3.0 ppm), 5% (1.5 ppm), and
0% (0 ppm), and deoxygenated basic salt solution,
BSS5.5, including 5.5 mM of glucose. As seen in
Fig. 1, young and old cells were not much affected
by differential oxygen concentration, while old cells
aged 21 days were severely injured in general.
Meanwhile, the death rate of the cells aged 14
days was increased as the oxygen was decreased
from normal concentration (20%) to 0% (Fig. 1 & 2).
The death rate of young and old cells was not
much increased despite the deprivation of glucose
when compared to the cases in which 5.5mM of
glucose was added (Fig. 1B). As for the old cells,
whether glucose is added induced large difference,
but a little difference in the degree of injury was observed based on oxygen concentration. On the other hand, the cells aged 14 days were much af-
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Fig. 1. The changes in the oxygen concentration of the neurons exposed for 1 hour and processed by
5.5 mM (A) or 0 mM (B) of glucose and in death rate based on age difference. Lactate dehydrogenase
(LDH) activity released into the bathing media by cortical neurons was measured after 24 h. Each point
is the mean±SD (n=12). This data is pooled from repetitions using cells from three different dissections.

Fig. 2. Photomicrographs of primary cultured neurons (DIV 14d) exposed hypoxic/ anoxic condition for
1 hr administrated by 5.5 mM (A) or 0 mM (B) of glucose. (a) Photomicrographs of Hoechst-Propidium
iodide nuclear staining. (b) Phase contrast photomicrographs. Bar=25μm.

fected by glucose concentration (Fig. 1 & 2).
DNA fragmentation observed during hypoxia/
anoxia as a sign of apoptotic cell death
In order to identify the pattern of cell death, DNA
fragmentation assay was performed for the effect of
hypoxia or anoxia on the apoptosis of neurons differed in ages. As the neurons get older, the DNA
ladder clearly shown in young cells is not revealed.

In the young cells aged 7 days that were cultured
in the cultures added by glucose, DNA segments
were observed under all the conditions regardless
of the oxygen concentration in the cultures. On the
other hand, in the old cells aged 21 days, no segment was observed regardless of glucose supply or
oxygen concentration (Fig. 3). The death rate was
relatively high when the glucose concentration was
decreased from 5.5 mM to 0 mM.
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Fig. 3. DNA fragmentation analysis on the neurons aged 7 days
(A), 14 days (B) and 21 days (C), and added by 5.5 mM (a) or
0 mM (b) of glucose.

NO2 /NO3 production mediated by hypoxia/
anoxia in different ages
In order to investigate the mechanism that induces
the apoptosis of neurons under anoxia/hypoxia, the
amount of produced NO2 /NO3 was quantified by
using Griess reagent. The NO2 /NO3 concentration was significantly increased only when neurons were exposed to anoxia, and no apparent difference was observed among the experimental
groups when oxygen was existed even at small
concentration (Fig. 4). It is interesting to note that

Fig. 4. Changes in the oxygen concentration of the neurons
exposed for 1 hour and added by 5.5 mM or 0 mM of glucose
and in the amount of NO2 /NO3 based on DIV 7days (A), 14
days (B), and 2.1 days (C) age difference.

the physiological level of NO2 /NO3 was slightly
higher in younger neurons (7 and 14 days) than in
older neurons (21 days). This connects to another
finding that the NO2 /NO3 level actually decreased
in younger neurons when oxygen level was lowered
from normal to 10%. Yet as stated earlier, lower
oxygen levels close to anoxia increased NO2 /NO3
significantly (Fig. 4). These findings demonstrate that
high levels of reactive oxygen species (ROS) are
produced during hypoxia/anoxia.
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Neuroprotective effect of glucose metabolites
against neuronal cell death by oxygen-glucose
deprivation
We investigated the effect of glucose metabolitesnamely glucose, pyruvate, and lactate-on neuronal
cell death during ischemia-like injury. Because cell
death was not prominent under hypoxia, the experiments were conducted under anoxia for pronounced
detection of drug effect. As seen in Fig. 5, administration of glucose and pyruvate in high concentration
alleviated neuronal cell death when exposed to anoxia (Fig. 5 & 6). Addition of 11 mM glucose or up
to 12 mM pyruvate during oxygen-glucose deprivation (OGD) increased the survival of cortical neurons,
but addition of lactate was not beneficial (Fig. 5).

Fig. 5. Effect of glucose metabolites on primary cultured neurons
after oxygen-glucose deprivation for 1 hr. Culture medium was
changed to deoxygenated BSS0. Lactate dehydrogenase (LDH)
activity released into the bathing media by cortical neurons was
measured after 24 h. Glucose (0 mM, 11 mM), pyruvate (1 mM,
6.mM, 12 mM) and lactate (1 mM, 6.mM, 12 mM) were added to
the culture medium 30 minutes before anoxic injury. *p＜0.001 by
one-way ANOVA. Data are expressed as mean±SD of 5 cultures.
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Proteomic analysis and identification of differentially expressed proteins after pyruvate
administration during oxygen-glucose deprivation.
Protein extracts from primary cultured neurons administered by pyruvate under oxygen-glucose deprivation (OGD) were processed for 2D gel electro-

Fig. 6. Photomicrographs of primary cultured neurons (DIV 14d)
exposed anoxic condition for 1 hr administrated by glucose metabolites. High glucose (11 mM) and pyruvate (1, 6, 12 mM) may
protect the neuron from glucose-oxygen deprivation. Bar=25μm.

Fig. 7. Two-dimensional eletrophoretic map. (A) 2-DE reference gel. (B) Representative images of 2-D electrophoresis. Spots
were detected on individual gels using the PDQuest software. A total of 41 differential protein spots were selected.
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Fig. 8. 2-DE images showing the over and under expression of proteins in primary cultured neurons administered by
pyruvate under oxygen-glucose deprivation (OGD). (A) Identification of differentially expressed proteins in pyruvate
treated group compared to no-treated group. (B) Relative optical density of different protein levels in pyruvate treated
group. *p＜0.05 vs. OGD group.

phoresis. Image analysis allowed the identification
of 1500 spots (Fig. 7). In all, 47 proteins exhibiting
significant differences in their abundances were
identified in the pyruvate-treated cells compared to
the no-treated cells (Fig. 8). Especially, the differentially expressed proteins were ∼66KDa-sized proteins and their pI value was 5.6 (Table 1). The extent of change on the lineages leading to the primary cultured neurons administered by pyruvate after
ischemic-like injury was 1.98-fold different (Fig. 8).
Two spots of interest were picked, digested with
trypsin and subsequent fragments analysed by
MALDI-TOF (Fig. 9). The potential candidate biomarkers found to be significantly up-regulated in
comparison to normal tissues were albumin, von
Willebrand factor, MMP-1, and down-regulated proteins were TTX-resistant sodium channel [Canis
familiaris], Deoxyribodipyrimidine photo-lyase (DNA
photolyase) (Photoreactivating enzyme), Prolactin
precursor (PRL) (Fig. 9, Table 2).

DISCUSSION
Neurons use glucose for energy source during
glycolysis. Under normal physiological conditions the
NAD＋ molecules necessary to drive the glycolytic
reactions are generated via tricarboxylic acid (TCA)
cycle. During anaerobic conditions, the TCA cycle
cannot operate in the absence of oxygen so an al＋
ternative source of NAD is provided through the
conversion of pyruvate to lactate. Interruption of the
blood supply to the brain results in energy failure.
During ischemia, deficiently of metabolites to the
brain is one of the primary factors that initiate a
cascade of cellular events that leads to cell death
through both apoptotic and necrotic mechanisms
(MacManus and Linnik, 1997; Dimagl et al., 1999;
Zipfel et al., 2000; Fujita and Ueda, 2003).
In order to identify the pattern of apoptosis in
neurons exposed to hypoxic conditions, DNA fragmentation assay was performed with primary cultured
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Table 1. List of proteins exhibiting different abudances in primary
cultured neurons administered by pyruvate under
oxygen-glucose deprivation
SSP
(Spot ID)

MR
(mw)

PI
OGD group OGD＋pyruvate
(isoelectric point)
Quantity
Quantity

206
207
303
407
503
508
510
607
628
1106
1406
1416
1514
2117
2216
2217
2221
2318
2401
2409

30.5
29.7
45.5
51.6
53.4
52.2
52.3
57.9
57.2
18.4
48.4
48.6
52.5
28.7
39.8
34.2
37.3
43.0
46.0
45.9

4.2
4.4
4.1
4.4
4.1
4.3
4.4
4.2
4.3
4.7
4.6
4.5
4.8
5.0
5.0
5.0
5.0
5.1
4.8
4.9

2.28
14.67
0.00
2176.16
74.52
1222.4
385.6
2381.09
4079.95
1023.35
3853.18
145.19
929.23
400
2878.89
121.78
228.48
1040.33
502.62
124.38

802.46
561.12
852.02
843.98
471.75
345.98
273.14
2989.79
5871.95
557.96
177.64
6633.31
1359.08
2871.07
0.00
772.35
444.86
173.03
2405.43
1343.03

2709

64.1

5.0

6616.92

0.00

2826
3212
3219
3223
3225
3310
3818
4323
4604
4801
5515

100.9
39.4
31.5
31.1
30.6
42.7
98.6
45.0
62.5
98.4
52.4

5.1
5.3
5.3
5.4
5.3
5.3
5.3
5.6
5.5
5.4
6.2

274.85
571.27
320.09
223.56
7.12
2564.79
223.28
758.68
30.06
292.19
816.8

0.00
0.00
2547.96
908.45
649.11
487.2
115.35
1445.02
474.46
132.82
465.96

5701

63.4

5.9

3514.74

1989.68

5704
5705
5717
5725
5726
5727
6615
6816
6817
8111
8502
8517
8609
9610

69.9
71.1
66.6
63.5
66.9
66.5
59.8
87.2
85.2
25.3
53.7
56.3
56.9
61.4

6.0
6.0
6.3
6.4
6.4
6.3
6.9
6.8
6.9
7.8
7.6
7.6
7.7
8.6

191.51
128.05
390.36
96.48
226.44
387.99
1218.23
86.1
8.25
1117.17
170.92
48.45
351.4
640.41

308.08
213.18
384.81
303.42
530.53
284.4
455.88
146.96
235.58
2328.88
80.47
182.75
350.79
1991

neurons differed in ages under hypoxic and anoxic
conditions. DNA segments were observed under all
conditions regardless of oxygen concentration in the
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cultures, and the death rate of the cells increased
as the oxygen concentration was decreased from
20% to 10%, 5%, and 0%. As the neurons age, the
DNA ladder, which was clearly visible in young
cells, was not revealed. Young neurons in 7 days
were relatively less injured than 14-day old neurons
or 21-day old neurons under anoxia/hypoxia, and
most of the injured cells were through apoptosis.
Old cells were much more injured under anoxia/hypoxia, regardless of the presence of glucose. Cell
death in animal models of a variety of neuronal
pathologies, including cerebral ischemia, Parkinson's
diseases and glutamate mediated excitotoxic injury,
appears to be a mixture of apoptotic and necrotic
process (Choi, 1988; Honig and Rosenberg, 2000).
Especially in kainite injury, 3-day old neurons showed
mostly apoptotic death. After 10 days in vitro neurons were more easily injured by kainite, but the
cell death had primarily necrotic characteristics (Glassford et al., 2002). It could be understood that kainite injury causes both apoptosis and necrosis, but
the trends of one being dominant over the other
depend on the age of the culture. This characteristic of kainite injury is consistent with our results in
anoxic/hypoxic injury.
It is necessary to understand the glucose metabolism, since neuronal activity is tightly coupled to
blood flow and energy metabolism. We observed
that when glucose was added in cell culture, the
neurons were barely injured under anoxic or hypoxic conditions. On the other hand, when glucose
and oxygen were removed, almost all cells were injured after 30 minutes exposure to hypoxia. Neurons were protected under hypoxia when glucose
and pyruvate were administered in high concentration (∼12 mM), and pyruvate, in particular, could
potentially be an alternative to glucose even in low
concentration. In contrast, lactate did not show any
protective effect when administered during oxygen
deprivation. Nevertheless, it is thought that lactate
could be used as an energy substrate once it is
converted to pyruvate under aerobic condition. In
this context, lactate could be an efficient energy
source for neurons and that it may significantly contribute to maintain synaptic transmission, particularly during periods of intense activity (Pellerin et
al., 1998). Yet, due to insufficient permeability of
lactate across the blood-brain barrier, blood-borne
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Fig. 9. Identification of differentially
expressed proteins in primary cultured neurons administered by pyruvate under oxygen-glucose deprivation (OGD). (A) Separation of two
protein spots (5701, 2709) from
pyruvate treated neurons by 2-D gel
electrophoresis. (B) MS/MS spectra
from spots.

Table 2. Results of MALDI-TOF for protein identification
spot No.

Protein name

Probability

%

pl

kDa

5701

Serum albumin precursor
von Willebrand factor
vanin-1
Fibroblast Collagenase (Mmp-1)

1.0.E＋00
3.9.E-14
4.2.E-16
2.5.E-16

23
11
7
11

5.8
6.3
5.3
5.3

71.27
45.43
57.82
42.79

2709

TTX-resistant sodium channel
Ubiquitin carboxyl-terminal hydrolase
Deoxyribodipyrimidine photolyase
Prolactin precursor (PRL)

9.50E-22
7.30E-24
6.60E-24
5.40E-24

5
12
11
28

5.7
5.3
8.6
6.2

223.08
56.36
62.35
26.16

Results of MALDI-TOF mass spectra and protein identification through searching the program Pro-Found, developed by Rockefeller
University (http://129.85.19.192/profound_bin/WebProFound.exe), was used to search the Swiss-Prot and NCBI databases.

lactate cannot be a significant source (Pellerin et
al., 1998). In present study, pyruvate was found to
be a potent neuroprotective agent for neurons
against ischemia-like injury. Although the exact role
of pyruvate yet remains unrevealed, many researchers in the world are conducting experiments on
pyruvate protection. Recently, several evidences also have reported that pyruvate or ethyl pyruvate, a
stable lipophilic pyruvate derivative, plays a pivotal
role in ischemic injury (DeBoer et al., 1993;
Gonzalez-Falcon et al., 2003; Fiskum et al., 2004;
Hlatky et al., 2004); and ethyl pyruvate also protects various tissue injuries related with lethal sepsis and systemic inflammation and increases the

survival rate (Woo et al., 2004).
Pyruvate is also a potent reactive oxygen species
(ROS) scavenger (Dobsak et al., 1999; Mallet, 2000).
The protective effects of pyruvate against oxidative
stress have been reported in various tissues including neurons (Maus et al., 1999; Lee et al., 2001;
Mallet et al., 2002). Pyruvate is capable of scavenging hydroxyl radical (Ulloa et al., 2002); in the
presence of hydrogen peroxide, pyruvate will decarboxylate to yield acetate, water, and carbon dioxide (Tawadrous et al., 2002). Studies have shown
that exogenous pyruvate administration diminishes
ischemic myocardial oxidative injury, apparently in a
dose-dependent manner (Yang et al., 2002). In
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present study, the amount of produced NO2 /NO3
was measured from the apoptotic neurons under
hypoxic condition. The NO2 /NO3 concentration
was significantly increased when neurons were exposed to anoxia. These findings demonstrate that
high levels of reactive oxygen species (ROS) are
produced during hypoxia/anoxia. However, the level
of NO2 /NO3 was not investigated in neurons administered by pyruvate under hypoxia/anoxia. ROS
scavenging of pyruvate is another interesting area
and needs further investigation.
To clarify the role of pyruvate as a therapeutic
agent, we conducted a proteomic analysis of protein extracts from pyruvate-treated cells under oxygen-glucose deprivation (OGD) injury. We identified
47 proteins exhibiting significant differences in their
abundances in the pyruvate-treated neurons compared to the non-treated neurons after OGD. The
differentially expressed proteins were ∼66 KDa-sized,
and their pI value was 5.6 on the 2-D gels. In
MALDI-TOF analysis, some potential biomarkers
were found to be significantly up- or down-regulated
in the pyruvate-treated cells compared to non-treated cells. The upregulated proteins were albumin,
von Willebrand factor, and MMP-1; and the downregulated proteins were TTX-resistant sodium channel, deoxyribodipyrimidine photo-lyase (DNA photolyase) (photoreactivating enzyme), and prolactin precursor (PRL).
Matrix metalloproteinases (MMPs) may contribute
to the pathophysiology of cerebral ischemia by degrading the matrix components in the neurovascular
unit. An early and significant pathological effect of
MMPs in cerebral ischemia is the disruption of the
blood-brain barrier (BBB) through the degradation of
the basal lamina that surrounds the cerebral blood
vessels (Cunningham et al., 2005). As a result, the
vascular basal lamina is lost, which is a constituent
of the extracellular matrix, which plays a critical role
in maintaining the integrity of the BBB on the endothelial cell wall by providing structural supports
(Morrissey and Klahr, 1997). MMP1 which is one of
the up-regulated proteins by pyruvate treatment is
an interstitial collagenase secreted by fibroblasts
and other cells, that catalyses collagen degradation,
and has been implicated in a variety of developmental, physiological, and pathological processes
including rupture of the fetal membranes during par-
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turition (Maymon et al., 2000; Fujimoto et al., 2002),
tumor invasion (Tower et al., 2003), and tissue remodeling/destruction associated with inflammation
(Woessner and Nagase, 2000; Nagavarapu et al.,
2002). However, further investigation is needed for
the exact mechanism of this up-regulation of MMP1
by pyruvate.
Down-regulated photolyase is a light-dependent
enzyme that repairs pyrimidine dimers in DNA. Two
types of photolyases have been found in frog
Xenopus laevis, one for repairing cyclobutane pyrimidine dimers (CPD photolyase) and the other for
pyrimidine-pyrimidone (6-4)photoproduct [(6-4)photolyase]. However, little is known about the former
type of the Xenopus photolyases (Batschauer,
1993; Todo, 1999). Functional characterization of
photolyase would also merit further studies, as this
protein may have additional roles besides the photorepair function (reviewed in Sancar, 2003). Regulation of the photolyase expression is another interesting area of research. In sum, we observed a
number of novel proteins being up- or down-regulated by pyruvate treatment after OGD injury, and
such changes in protein expression were not easily
predicted from known physiological changes. It was
the first study to incorporate 2-D analysis in studying the neuroprotective effect of pyruvate against ischemia-like injury. However, further investigation is
still needed to clarify the biomarker proteins for development of therapeutic agent to prevent and recover energy failure in neurons during ischemic
injury.
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