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Abstract: NADH shuttles, including malate-aspartate shuttle (MAS) and glycerol-3-phosphate shuttle, mediate the 
transfer of the reducing equivalents of cytosolic NADH into mitochondria. In our current study, we used BV2 microg-
lia as a cellular model to determine the roles of NADH shuttles in lipopolysaccharides (LPS)-induced microglial acti-
vation. We found that aminooxyacetic acid (AOAA), a widely used MAS inhibitor, significantly attenuated LPS-induced 
increases in the levels of nitric oxide-a hallmarker of microglial activation. Our Western Blot assays also showed that 
AOAA blocked the LPS-induced increases in the protein levels of iNOS, TNF-α and COX-2. Furthermore, we found that 
AOAA decreased LPS-induced nuclear translocation of NF-κΒ. Collectively, our study has suggested that AOAA may 
be a new agent for inhibiting microglial activation. Our study has also suggested that MAS may be a novel target for 
modulating microglial activation under pathological conditions.
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Introduction

NADH, the reduced form of nicotinamide ade-
nine dinucleotide (NAD), plays important roles 
in multiple biological processes including ener-
gy metabolism, calcium homeostasis and anti-
oxidation [1]. Since the inner mitochondrial 
membrane is impermeable to cytosolic NADH, 
NADH shuttles, including malate-aspartate 
shuttle (MAS) and glycerol 3-phosphate shut-
tle, transfer the reducing equivalents of cyto-
solic NADH into mitochondria thus increasing 
mitochondrial ATP production [1, 2]. MAS is 
considered the major NADH shuttles in the 
brain [3]. Previous studies have suggested that 
MAS plays important roles in multiple biological 
processes, including glial synthesis of gluta-
mate and glutamine [4], glucose-stimulated 
insulin secretion from β-islet cells [5], and calci-
um-dependent regulation of mitochondrial res-
piration in intact cortical neurons [6]. Aspartate 
aminotransferase (AST), a pyridoxal phosphate-
dependent transaminase, is the rate-limiting 
enzyme of MAS [7]. AOAA is the inhibitor of AST, 
which is a widely used inhibitor of MAS [8].

Microglial activation is one of the key events in 
neuroinflammation in multiple major neurologi-
cal diseases, including cerebral ischemia, 
Alzheimer’s disease and Parkinson’s disease 
[9, 10]. A number of studies have suggested 
that neuroinflammation can produce both detri-
mental effects and beneficial effects in such 
diseases as ischemic brain injury [11, 12]. 
Therefore, it is of significant theoretical and 
clinical significance to search for the new strat-
egies for modulating microglial activation.

So far there has been no direct evidence indi-
cating the roles of NADH shuttles in microglial 
activation. Because NADH plays significant 
roles in various biological processes including 
calcium homeostasis and antioxidation [1], 
which may significantly affect microglial activa-
tion [2], we proposed our hypothesis that NADH 
shuttles may affect microglial activation. In our 
current study, we used a BV2 microglia as a cel-
lular model to test this hypothesis. Our study 
has suggested that AOAA may be a new agent 
for inhibiting microglial activation under patho-
logical conditions. Our study has also provided 
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direct evidence suggesting that MAS may play  
a significant role in LPS-induced microglial 
activation.

Materials and methods

Cell cultures

Microglia BV2 cells were plated into 6-well, 
12-well or 24-well cell cultures plates at the ini-
tial density of 1×106 cells/mL in Dulbecco’s 
Modified Eagle’s Medium containing 4500 
mg/L D-glucose, 584 mg/L L-glutamine (Ther- 
mo Scientific, Waltham, MA, USA), 1% penicillin 
and streptomycin (Invitrogen, Carlsbad, CA, 
USA), supplemented with heat-inactivated 
(56°C for 30 min) 10% fetal bovine serum 
(Gemini, USA). The cells were maintained at 
37°C in a 5% CO2 incubator.

Nitric oxide assay 

Nitric oxide (NO) content was assessed by 
determining the levels of the nitrite accumulat-
ed in the culture media using Griess Reagent 
(Beyotime, Jiangsu, China), according to the 
manufacturer’s instructions. Briefly, 50 µl of 
culture media of the cells or culture media con-
taining various concentrations of sodium nitrite 
(as standards) was mixed with 50 µl of Griess 
reagent I, and then with 50 µl of Griess reagent 
II. After 5 min at room temperature, A540nm of 
the samples and standards was assessed 

using a plate reader (Biotek Instruments Inc., 
Vermont, USA). The nitrite concentrations of 
the samples were calculated using the stan-
dards and normalized to the protein concentra-
tions of the samples, which were assessed by 
the Bicinchoninic Acid (BCA) assay.

Western blotting

BV2 microglia were harvested and lysed in 
Radio-Immunoprecipitation Assay buffer (Mi- 
llipore, Temecula, California, USA) containing 
complete protease inhibitor cocktail (Roche 
Diagnostics, Mannheim, Germany) and 1 mM 
phenylmethanesulfonyl fluoride. After quantifi-
cations of the protein samples using BCA 
Protein Assay Kit (Pierce Biotechnology, Rock- 
ford, Illinois, USA), 30 µg of total protein was 
electrophoresed through a 10% SDS-polyacry- 
lamide gel and then transferred onto a 0.45-
µm pore-size nitrocellulose membrane. The 
blots were incubated overnight at 4°C with pri-
mary antibodies (rabbit polyclonal iNOS anti-
body, 1:500 dilution, Santa Cruz Biotechnology, 
Santa Cruz, California, USA; rabbit polyclonal 
COX-2 antibody, 1:800 dilution, WANLEI Biote- 
chnology, Shenyang, China; rabbit polyclonal 
NF-κB p65 antibody, 1:800 dilution, Abcam; 
goat polyclonal Lamin A/C antibody, 1:500 dilu-
tion, WANLEI Biotechnology, Shenyang, China; 
and rabbit polyclonal TNF-α antibody, 1:800 
dilution, WANLEI Biotechnology, Shenyang, 
China) in TBST containing 1% bovine serum 
albumin (BSA) and then incubated with horse 
radish peroxidase-conjugated secondary anti-
body (1:2000 dilution, Hua An Biotechnology, 
Zhejiang Province, China) in TBST containing 
1% BSA at room temperature for 1 h. Protein 
signals were detected using the ECL detection 
system (Pierce Biotechnology, Rockford, Illinois, 
USA). An anti-β-Actin antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) was used 
to normalize sample loading and transfer. The 
intensities of the bands were quantified by den-
sitometry using the Gel-Pro Analyzer (Media 
Cybernetics, Rockville, Maryland, USA).

Intracellular lactate dehydrogenase (LDH) 
assay

Cell survival was quantified by measuring the 
intracellular LDH activity of the cells. In brief, 
cells were lysing buffer containing 0.04% Triton 
X-100, 2 mM HEPES, 0.2 mM dithiothreitol, and 
0.01% BSA (pH 7.5). Subsequently 50 µl cell 
lysates were mixed with 150 µl 500 mM potas-
sium phosphate buffer (pH 7.5) containing 1.5 

Figure 1. AOAA treatment significantly attenuated 
LPS-induced NO production by BV2 microglia. BV2 
microglia were pre-treat with 0.1, 0.25 or 0.5 mM 
AOAA for 0.5 h, followed by co-treatment with 1 μg/
mL LPS for 23.5 h. The NO levels in the medium were 
determined by using Griess agent. Data were collect-
ed from three independent experiments. N = 12. **P 
< 0.01; ***P < 0.001.
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mM NADH and 7.5 mM sodium pyruvate. The 
changes of A340nm were monitored over 90 s, 
using a plate reader (Synergy 2, BioTek). 
Percentage of cell survival was calculated by 
normalizing the LDH values of sample to LDH 
activity measured in the lysates of control 
(wash only) culture wells.

Statistical analyses

All data are presented as mean ± SEM. Sta- 
tistical analyses were assessed by one-way 
ANOVA, followed by Student-Newman-Keuls 
post-hoc test. P values less than 0.05 were 
considered statistically significant.

Results

AOAA treatment dose-dependently decreased 
the LPS-induced NO production by BV2 microg-
lia

We determined the effects of treatment of 0.1, 
0.25 and 0.5 mM AOAA on LPS-induced NO 

We also determined if 0.1-0.5 mM AOAA may 
affect the survival of LPS-treated BV2 microg-
lia. Our experiments did not find that 0.1 and 
0.25 mM AOAA can produce significant decre- 
ases in the intracellular LDH levels of the LPS-
treated BV2 microglia, while 0.5 mM AOAA 
decreased the intracellular LDH of the cells by 
less than 20% (Supplementary Figure 2).

AOAA blocked the LPS-induced increases in 
the protein levels of iNOS, TNF-α and COX-2

We determined the effects of LPS and AOAA on 
the protein levels of iNOS and TNF-α in BV2 
microglia, which are also major hallmarkers of 
microglial activation [16, 17]. We found that 
LPS induced significant increases in the pro-
teins levels of iNOS (Figure 2A and 2B) and 
TNF-α (Figure 2C and 2D), which were prevent-
ed by co-treatment of LPS with 0.5 mM AOAA 
(Figure 2A-D). We also determined the effects 
of LPS and AOAA on the protein levels of COX-2 

Figure 2. AOAA treatment prevented LPS-induced increases in the protein 
levels of iNOS and TNF-α of BV2 microglia. A. Representative Western blots 
showing the effect of AOAA on the iNOS level of the BV2 cells. B. Quantifica-
tions of the Western blots indicated that 0.5 mM AOAA treatment prevented 
1 μg/mL LPS-induced increase in the iNOS level of the cells. C. Representa-
tive Western blots showing the effect of AOAA on the TNF-α level of the BV2 
cells. D. Quantifications of the Western blots indicated that 0.5 mM AOAA 
treatment prevented 1 μg/mL LPS-induced increase in the TNF-α level of the 
cells. The BV2 microglia were pre-treat with 0.5 mM AOAA for 0.5 h, followed 
by co-treatment with 1 μg/mL LPS for 23.5 h. The protein levels of iNOS and 
TNF-α of the cells were determined by Western blots. Data were collected 
from three independent experiments. N = 6. ***P < 0.001.

production in the BV2 cell cul-
tures. AOAA was shown to 
dose-dependently attenuate 
the LPS-induced NO produc-
tion by the BV2 cells (Figure 
1). While AOAA is a most wide-
ly used MAS inhibitor, its 
major side effect is acting as 
an inhibitor of GABA-T [7]. 
Because GABA-T is present in 
both astroglia and microglia 
[13], we conducted experi-
ments to exclude the possibil-
ity that modulation of GABA-T 
by AOAA is involved in the 
effect of AOAA on the LPS-
induced NO production. BV2 
cells were co-treated with 1 
mg/ml LPS and 150 µM Vig- 
abatrin, a specific GABA-T in- 
hibitor at its widely used con-
centration in reported studies 
[13-15]. Our study did not 
show that Vigabatrin was 
capable of decreasing either 
the levels of LPS-induced NO 
production by the BV2 cells 
(Supplementary Figure 1A) or 
the cell survival (Supplement- 
ary Figure 1B). Therefore, our 
study has suggested that 
MAS may be a new mediator 
of LPS-induced NO produc-
tion by BV2 microglia.
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in BV2 microglia, showing that AOAA significant-
ly attenuated the LPS-induced increase in the 
COX-2 level of the cells (Figure 3).

AOAA treatment decreased the LPS-induced 
nuclear translocation of NF-κB protein levels

We further determined the effects of LPS and 
AOAA on the nuclear translocation of NF-κB-a 
key factor in neuroinflammation-in microglia 
BV2 cells [18, 19]. LPS induced a significant 
increase in the nuclear level of NFκB, which 

was significantly attenuated by co-treatment of 
LPS with 0.5 mM AOAA (Figure 4).

Since previous studies have suggested that 
CD38/cADP-ribose signaling system plays a 
significant role in microglial activation [20] and 
survival [21, 22], we also determined the poten-
tial roles of CD38/cADP-ribose signaling sys-
tem in the AOAA-mediated changes of LPS-
induced microglial activation. Our study did not 
observe significant effects of 30 µM Br-cADPR, 
an antagonist of cADPR-activated ryanodine 
receptors, on the AOAA-produced changes of 
LPS-induced NO production (Supplementary 
Figure 3A and 3B).

Discussion

The major observations of our current study 
include: First, AOAA, a widely used MAS inhibi-
tor, significantly attenuated LPS-induced 
increases in the levels of nitric oxide-a hall-
marker of microglial activation-by BV2 microg-
lia. Second, AOAA prevented the LPS-induced 
increases in the protein levels of iNOS, TNF-α 
and COX-2. Third, AOAA decreased LPS-induced 
nuclear translocation of NF-κB. In addition, our 
study has shown that neither 0.1 mM AOAA nor 
0.25 mM AOAA significantly affected the sur-
vival of BV2 microglia (Supplementary Figure 
2), while both 0.1 mM AOAA nor 0.25 mM AOAA 
significantly decreased LPS-induced NO pro-
duction (Figure 1), thus arguing against the 
possibility that AOAA decreased LPS-induced 
microglial activation by decreasing cell number. 
Collectively, our study has suggested that AOAA 
can significantly inhibit LPS-induced microglial 
activation. Our study has also suggested that 
MAS may play a significant role in LPS-induced 
microglial activation.

Because microglial activation is one of the key 
events in neuroinflammation in multiple major 
neurological diseases [10, 21], it is of both the-
oretical and clinical importance to search for 
the new strategies for modulating microglial 
activation. Our current study has suggested 
that AOAA can markedly decrease LPS-induced 
microglial activation, suggesting that AOAA may 
become a new agent for inhibiting microglial 
activation.

AOAA is a most widely used MAS inhibitor, while 
its major side effect is acting as an inhibitor of 
GABA-T [7]. However, our current study did not 

Figure 3. AOAA treatment prevented LPS-induced 
increases in the protein levels of COX-2 of the BV2 
microglia. A. Representative Western blots showing 
the effect of AOAA on the COX-2 level of the BV2 cells. 
B. Quantifications of the Western blots indicated that 
0.5 mM AOAA treatment prevented 1 μg/mL LPS-
induced increase in the COX-2 level of the cells. The 
BV2 microglia were pre-treat with 0.5 mM AOAA for 
0.5 h, followed by co-treatment with 1 μg/mL LPS for 
23.5 h. The protein level of COX-2 of the cells was 
determined by Western blots. Data were collected 
from three independent experiments. N = 6. ***P 
< 0.001.
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observe that the inhibitor of GABA-T could 
affect the effects of AOAA on LPS-induced 
microglial activation (Supplementary Figure 1). 
Therefore, our study has suggested that MAS 
may be a new mediator of LPS-induced microg-
lial activation. Previous studies have suggested 
that MAS plays important roles in various bio-
logical processes, such as glial synthesis of 
glutamate and glutamine [4] and calcium-
dependent regulation of mitochondrial respira-
tion in intact cortical neurons [6]. Our previous 
study has also found that AOAA can both 
decrease the intracellular ATP levels and induce 
apoptosis of resting and LPS-activated BV2 
microglia [2]. In comparison with our previous 
study, our current study has provided the first 
evidence indicating that AOAA can block the 
increases in the multiple markers of LPS-
induced microglial activation, including the lev-
els of iNOS, TNF-α, COX-2, and nuclear translo-
cation of NF-κB.

While our study has suggested a significant role 
of MAS in LPS-induced microglial activation, it 
remains unclear how MAS may be involved in 
mediating LPS-induced microglial activation. 
Because NADH plays significant roles in a vari-
ety of biological processes including calcium 
homeostasis and oxidative stress [23], which 
can affect microglial activation [2], MAS may 
affect microglial activation by modulating the 
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Supplementary Figure 1. A. Vigabatrin, a specific GABA-T inhibitor, did not affect the LPS-induced NO production 
by BV2 microglia. B. Vigabatrin did not produce a decrease in the cell survival of BV2 microglia. The cells were pre-
treated with 150 μM Vigabatrin for 0.5 h, followed by co-treatment with 1 μg/mL LPS for 23.5 h. N = 6. Data are 
representative of two independent experiments. ***P < 0.001.

Supplementary Figure 2. Effects of AOAA and LPS on the intracellular LDH of BV2 microglia. BV2 microglia were pre-
treated with 0.1, 0.25 or 0.5 mM AOAA for 0.5 h, followed by co-treatment with 1 μg/mL LPS for 23.5 h. The intra-
cellular LDH levels were determined by the intracellular LDH assay. N = 12. *P < 0.05; **P < 0.01; ***P < 0.001. 
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Supplementary Figure 3. Br-cADPR, an antagonist of cADPR-activated ryanodine receptors, did not affect the AOAA-
mediated changes of LPS-induced microglial activation. The cells were pre-treated with 0.5 mM AOAA for 0.5 h, 
followed by co-treatment with 1 μg/ml LPS and 30 μM Br-cADPR for 23.5 h. N = 6. Data are representative of two 
independent experiments. **P < 0.01; ***P < 0.001.


