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Abstract: NAD+ and NADH play pivotal roles in numerous redox reactions in cells. While increasing evidence has indi-
cated important roles of NAD+ in cell survival and cellular functions, there has been distinct deficiency in the studies 
regarding the biological functions of NADH. NADH shuttles mediate the transfer of the reducing equivalents of the 
cytosolic NADH into mitochondria. Cumulating evidence has suggested that malate-aspartate shuttle (MAS), one of 
the two types of NADH shuttles, plays significant roles in multiple biological processes such as glutamate synthesis 
in neurons. Because there has been no information regarding the roles of NADH shuttle in the energy metabolism, 
antioxidation capacity, and survival of any type of neural cells, in this study we used differentiated PC12 cells as a 
cellular model to investigate the roles of MAS in the energy metabolism, antioxidation capacity and survival of cells. 
We found that MAS inhibition led to a significant decrease in the levels of GSH – a major antioxidation molecule 
in cells, suggesting an important role of MAS in maintaining the antioxidation capacity of cells. Our study has also 
suggested that MAS could play critical roles in maintaining the intracellular ATP levels of the cells. Moreover, MAS 
inhibition was shown to significantly decrease the survival of differentiated PC12 cells. Collectively, our study has 
provided first evidence suggesting important roles of NADH shuttles in maintaining antioxidation capacity of cells. 
Our study has also suggested important roles of MAS in maintaining the intracellular ATP levels and survival of dif-
ferentiated PC12 cells. 
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Introduction

NAD+ and NADH (reduced form of NAD+) are 
major coenzymes for the electron transfer in 
numerous biochemical reactions, which play 
fundamental roles in a number of biological 
functions including energy metabolism, mito-
chondrial functions, and calcium homeostasis 
[1]. Numerous studies have indicated that NAD+ 
plays key roles in oxidative stress-induced cell 
death and such pathological processes as isch-
emic brain damage and traumatic brain dam-
age [2]. While increasing evidence has indicat-
ed critical roles of NAD+ in cell survival, there 
has been distinct deficiency in the studies 
regarding the roles of NADH in cell survival and 
cellular functions.

Previous studies have suggested that NADH 
may be used to decrease the symptoms of 
Parkinson’s disease (PD) and Alzheimer’s dis-
ease (AD) [3]. However, the mechanisms under-
lying the effects of NADH remain unclear. Our 
group has reported that NADH can be trans-
ported across the plasma membranes of astro-
cytes by P2X7 receptors [4], which can decrease 
poly(ADP-ribose) polymerase (PARP)-mediated 
cell death [5]. Moreover, our study has further 
indicated that NADH treatment can decrease 
the survival of C6 glioma cells by generating oxi-
dative stress [6]. 

NADH shuttles mediate the transfer of the 
reducing equivalents of the cytosolic NADH into 
mitochondria [7]. There are two major types of 
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NADH shuttles: Malate-aspartate shuttle (MAS) 
and glycerol-3-phosphate shuttle [1]. NADH 
shuttle may play critical biological roles due to 
the following reasons: First, cytosolic NADH lev-
els mediate glycolysis, since increased cytosol-
ic NADH/NAD+ ratios can lead to inhibition of 
glycolysis [7]. Second, NADH is a key electron 
donor to mitochondrial electron transport 
chain, which is the major driving force for mito-
chondrial ATP generation [7]. Third, excessive 
cytosolic NADH may lead to generation of oxi-
dative stress by providing substrate for NAD(P)
H oxidase [8]. Fourth, cytosolic NADH can regu-
late cytosolic calcium concentrations by acting 
at IP3-gated Ca2+ channels [9]. Cumulative evi-
dence has suggested that MAS plays signifi-
cant roles in multiple biological processes, 
including insulin secretion from β-islet cells, 
growth of breast cancer cells [10], and synthe-
sis of glutamate and glutamine in neurons [11]. 

However, there has been little information 
regarding the roles of NADH shuttles in the anti-
oxidation capacity, energy metabolism and sur-
vival of neural cells. In current study, we used 
differentiated PC12 cells as a cellular model to 
investigate the roles of NADH shuttles in the 
antioxidation capacity, energy metabolism and 
cell survival. Our study has suggested that MAS 
plays critical roles in maintaining the antioxida-

tion capacity, intracellular ATP levels, and sur-
vival of differentiated PC12 cells. 

Materials & methods

Materials

All chemicals were purchased from Sigma (St. 
Louis, MO, USA) except where noted. 

Cell cultures

Differentiated PC12 cells were plated into 
24-well cell culture plates at the initial density 
of 1×105 cells/mL in Dulbecco’s Modified Eagle 
Medium containing 4,500 mg/L D-glucose, 
584 mg/L L-glutamine, 110 mg/L sodium pyru-
vate (Thermo Scientific, Waltham, MA, USA), 1% 
penicillin and streptomycin (Invitrogen, Carls- 
bad, CA, USA), supplemented with 10% fetal 
bovine serum (PAA Laboratories, Austria). The 
cells were maintained at 37 °C in a 5% CO2 
incubator.

Intracellular lactate dehydrogenase (LDH) 
assay

Cell survival was quantified by measuring the 
intracellular LDH activity of the cells. In brief, 
cells were lysed for 20 min in lysing buffer con-
taining 0.04% Triton X-100, 2 mM HEPES, 0.2 
mM dithiothreitol, 0.01% bovine serum albumin 
(pH 7.5). Then 50 µl cell lysates were mixed 
with 150 µL 500 mM potassium phosphate 
buffer (pH 7.5) containing 1.5 mM NADH and 
7.5 mM sodium pyruvate. The A340nm change 
was monitored over 90 sec. Percentage of cell 
survival was calculated by normalizing the LDH 
values of samples to LDH activity measured in 
the lysates of control (wash only) culture wells.

ATP assay

Intracellular ATP levels were quantified using an 
ATP Bioluminescence Assay Kit (Roche Applied 
Science, Mannheim, Germany) following the 
standard protocol provided by the vendor. In 
brief, after washed once with PBS, the cells 
were lysed with the Cell Lysis Reagent, which 
was mixed with 50 µL of the Luciferase Reagent. 
A plate reader (Biotek Synergy 2) was used to 
detect the chemiluminescence of the samples. 
The ATP concentrations of the samples were 
calculated using an ATP standard, and normal-
ized to the protein concentrations of the sam-

Figure 1. Aminooxyacetic acid (AOAA) treatment can 
significantly decrease the intracellular ATP levels of 
differentiated PC12 cells. AOAA can dose-depend-
ently decrease the intracellular ATP levels of differ-
entiated PC12 cells, assessed 3 hrs after the AOAA 
treatment. N = 11. Data were collected from three 
independent experiments. ***, p < 0.001. 
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ples, which were determined using the BCA 
assay. 

GSH/GSSG determinations

Antioxidation capacity was assessed by mea-
suring the intracellular GSH/GSSG levels of the 
cells. By using a GSH and GSSG Assay Kit 
(Beyotime Institute of Biotechnology, Jiangsu, 

China), we measured the concentrations of 
total gulutathione (T-GSH), reduced glutathione 
(GSH) and oxidized glutathione (GSSG) of the 
cells. The concentration of T-GSH was deter-
mined by the 5,5-dithio-bis(2-nitrobenzoic) 
acid-glutathione disulfide (DTNB-GSSG) reduc-
tase recycling. After GSH of a sample was 
removed, the GSSG of the sample was reduced 
to GSH by glutathione reductase, which was 
assessed by measuring 5-thio-2-nitrobenzoic 
acid (TNB) produced from the reaction of GSH 
with 5,5-dithio-bis(2-nitrobenzoic) acid (DTNB). 
The rate of TNB formation was measured by a 
plate reader at the wavelength of 412 nm over 
15 min. The GSH concentration of the sample 
was determined by subtraction of GSSG from 
T-GSH.

Flow cytometry-based annexin V/7-AAD assay

Flow cytometry assay was performed to deter-
mine the levels of early-stage apoptosis, late-
stage apoptosis, and necrosis using ApoScreen 
Annexin V kit (SouthernBiotech, Birmingham, 
AL, USA) according to the manufacturer’s proto-
col. Briefly, differentiated PC12 cells were 
digested by 0.25% trypsin-EDTA, washed by 
cold PBS one time and resuspended in cold 1× 
binding buffer at concentrations between 
1×106 and 1×107 cells/ml. Five μL of labeled 
Annexin V was added into 100 μL of the cell 
suspension. After incubation on ice for 15 min, 
200 μL binding buffer and 5 μL 7-AAD solution 

Figure 2. AOAA treatment can significantly decrease the GSH levels of differentiated PC12 cells. AOAA can dose-
dependently decrease the levels of both GSH (A) and GSSG (B) of differentiated PC12 cells, assessed 6 hrs after 
the AOAA treatment. N = 7 - 10. Data were collected from three independent experiments. *, p < 0.05; **, p < 0.05; 
***, p < 0.001. The comparisons were made between AOAA-treated samples and controls. 

Figure 3. AOAA treatment can significantly decrease 
the intracellular lactate dehydrogenase (LDH) levels 
of differentiated PC12 cells. AOAA can dose-depend-
ently decrease the intracellular LDH levels of differ-
entiated PC12 cells, assessed 24 hrs after the AOAA 
treatment. N = 12. Data were collected from three 
independent experiments. ***, p < 0.001. The com-
parisons were made between AOAA-treated samples 
and controls. 
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were added into the cell suspensions. The num-
ber of stained cells was assessed immediately 
by a flow cytometer (FACSAria II, BD Biosci- 
ences).

Figure 4. AOAA treatment can significantly increase necrosis of differentiated 
PC12 cells. A: Flow-cytometry-based assay showed that AOAA induced an in-
crease in the number of AnnexinV-/7-AAD+ cells (necrotic cells). In the four 
fields of the original images from the flow cytometry-based study, the number 
of the dots indicates the number of AnnexinV-/7-AAD- (the bottom-left field), 
AnnexinV+/7-AAD- (the bottom-right field), AnnexinV-/7-AAD+ (the top-left field), 
and AnnexinV+/7-AAD+ cells (the top-right field), respectively. The dots in these 
four fields indicate the number of normal cells, cells in early-stge apoptosis, 
cells in late-stage apoptosis, and necrotic cells, respectively. B: Quantifications 
of the results from the flow-cytometry-based study showed that the AOAA treat-
ment induced a significant increase in the number of AnnexinV-/7-AAD+ cells, 
assessed 24 hrs after the AOAA treatment. N = 15. Data were collected from 
three independent experiments. ***, p < 0.001. The comparisons were made 
between AOAA-treated samples and controls. 

Statistical analyses

All data are presented as 
mean ± SE. Data were ass- 
essed by one-way ANOVA, fol- 
lowed by Student-Newman-
Keuls post hoc test. P values 
less than 0.05 were consid-
ered statistically significant.

Results

Aminooxyacetic acid (AOAA) 
treatment can decrease the 
intracellular ATP levels of dif-
ferentiated PC12 cells

Aminooxyacetate (AOAA) is a 
most widely used, specific 
inhibitor of MAS, which inhib-
its the shuttle by inhibiting 
aspartate aminotransferase 
- a key enzyme of the shuttle 
[12, 13]. We determined the 
effects of AOAA treatment on 
the intracellular ATP levels of 
differentiated PC12 cells, 
showing that AOAA dose-
dependently decreased the 
intracellular ATP levels of 
PC12 cells, assessed 3 hrs 
after the AOAA treatment 
(Figure 1). 

AOAA treatment can de-
crease the intracellular GSH 
and GSSG levels of differen-
tiated PC12 cells

We also determined the 
effects of AOAA on the GSH/
GSSG levels differentiated 
PC12 cells. We found that 
AOAA dose-dependently dec- 
reased the levels of both 
GSH and GSSG of differenti-
ated PC12 cells, assessed 
24 hrs after the treatment 
(Figure 2). 

AOAA treatment can de-
crease the intracellular LDH 
levels of differentiated PC12 

cells

We conducted intracellular LDH assay to 
assess the effects of AOAA on the survival of 
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differentiated PC12 cells. We found that AOAA 
dose-dependently decreased the intracellular 
LDH levels of differentiated PC12 cells, 
assessed 24 hrs after the treatment (Figure 3). 
We also determined the effects of AOAA treat-
ment on both apoptosis and necrosis of the 
cells by applying flow cytometry-based annexin 
V/7-AAD assay.  Our assay showed that AOAA 
induced a significant increase in the number of 
AnnexinV-/7-AAD+ cells, indicating that AOAA 
can significantly induce necrosis of the cells 
(Figure 4A and 4B).

Discussion

The major findings of our study include: First, 
MAS could play an important role in maintain-
ing the GSH levels of the cells; second, MAS 
also playWs significant role in maintaining the 
intracellular ATP levels of differentiated PC12 
cells; and third, MAS is of significance for main-
taining the survival of differentiated PC12 cells. 
To our knowledge, this is the first report sug-
gesting an important role of NADH shuttles in 
the antioxidation capacity of any type of cells. 
Our study has also suggested important roles 
of MAS in maintaining both the intracellular ATP 
levels and survival of differentiated PC12 cells. 

Previous studies have suggested that NADH 
may be used to decrease the symptoms of PD 
and AD [3], while the mechanisms remain 
unclear. Our group has reported that NADH can 
decrease PARP-mediated cell death [5]. 
However, there has been only insufficient infor-
mation regarding the roles of NADH in cell sur-
vival and cellular functions. Cumulating evi-
dence has suggested that MAS plays significant 
roles in several biological processes, including 
insulin secretion from β-islet cells [14], neu-
rotransmitter synthesis [11] and survival of 
breast cancer cells [10]. However, there has 
been little information regarding the roles of 
NADH shuttles in the antioxidation capacity, 
energy metabolism and survival of neural cells. 

Our study has suggested that MAS could play 
critical roles in maintaining the intracellular ATP 
levels of PC12 cells. Because ATP plays funda-
mental roles in cell survival and numerous bio-
logical functions such as protein phosporyla-
tion and ion transport [15, 16], our study has 
provided first evidence suggesting that MAS is 
actively involved in maintaining the energy 
metabolism of differentiated PC12 cells. 

We found that MAS inhibition also leads to 
decreased level of GSH – a major antioxidation 
molecule in cells. This observation has provid-
ed first evidence suggesting that MAS plays a 
significant role in antioxidation capacity of any 
type of cells. Because oxidative stress plays 
crucial roles in the tissue injury of various neu-
rological disorders, including brain ischemia 
and Parkinson’s disease [8, 17], our study has 
suggested that MAS may become a novel tar-
get for modulating the antioxidation capacity of 
cells. Because excessive cytosolic NADH may 
lead to generation of oxidative stress by provid-
ing substrate for NAD(P)H oxidase [8], MAS inhi-
bition might lead to decreased GSH levels by 
producing increased cytosolic NADH. Future 
studies are warranted to investigate the mech-
anisms underlying the effects of MAS inhibition 
on the GSH levels of the cells. 

Our study has also suggested that MAS could 
play a critical role in maintaining the survival of 
differentiated PC12 cells. Because decreased 
ATP plays a significant role in cell survival [15, 
16], the AOAA-induced ATP decrease (Figure 1) 
may contribute to the AOAA-induced decrease 
in cell survival (Figure 3). Because multiple 
mitochondrial proteins such as caspase-3, AIF, 
apaf-1 play important roles in cell death, MAS 
inhibition-produced blockage of NADH transfer 
from cytosol into mitochondria might affect the 
cell survival by producing alterations of mito-
chondrial functions. 

Aminooxyacetate (AOAA) is a most widely used 
specific inhibitor of MAS, which inhibits the 
shuttle by inhibiting the key enzyme of the shut-
tle - aspartate aminotransferase [12, 13]. It has 
been found that AOAA is specific for aspartate 
aminotransferase, particularly when GABA- 
nergic neurons are not present [13]. Since 
there are no GABAnergic neurons present in 
our study, AOAA has high specificity for MAS 
inhibitor in our study. In particular, in our study 
AOAA becomes effective in affecting the intra-
cellular ATP levels and apoptosis at concentra-
tions below 1 mM, which further raises the 
specificity of the drug on aspartate aminotrans-
ferase [13].

In summary, our study has provided first evi-
dence suggesting an important role of MAS in 
maintaining antioxidation capacity of cells. Our 
study has also suggested important roles of 
MAS in maintaining both the intracellular ATP 
levels and survival of differentiated PC12 cells. 
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