
 

 

Introduction 
 
NADH plays critical roles in multiple biological 
processes, including energy metabolism, mito-
chondrial functions and gene expression [1-3].  
It has also been shown that intracellular NADH 
is involved in modulating inositol trisphosphate 
(IP3)-gated Ca2+ channels [4, 5].  Excessive in-
creases in intracellular NADH levels can pro-
duce ‘reductive stress’, which results in oxida-
tive stress in cells by mechanisms such as mo-
bilizing iron from ferritin [6]. It has also been 
reported that NADH can be transported across 
the plasma membranes of murine astrocytes by 
a P2X7 receptor-dependent pathway [7]. How-
ever, there has been little information regarding 
the effects of NADH on cell survival.  
 
A large number of studies have indicated that 
oxidized nicotinamide adenine dinucleotide 
(NAD+) plays important roles in energy metabo-
lism, calcium homeostasis, gene expression, 

DNA repair and immunological functions [1, 8].  
It has also been found that NAD+ can induce 
apoptosis of certain population of T cells by acti-
vating P2X7 receptors [9, 10]. Our recent study 
has found that treatment of tumor cells includ-
ing C6 glioma cells with NAD+ significantly de-
creases the cell survival through oxidative 
stress [11], suggesting a novel property of 
NAD+. 
 
Because NADH is the reduced form of NAD+, 
and the structure of NADH is highly similar to 
that of NAD+, we hypothesized that NADH treat-
ment may also affect tumor cell survival through 
oxidative stress.  Many studies have indicated 
that oxidative stress induces cell death by ex-
cessively activating poly(ADP-ribose) poly-
merases (PARP), which leads to cell death by 
depleting intracellular NAD+ [12-15].  Based on 
these pieces of information, in this study we 
conducted experiments to test the hypothesis 
that NADH treatment can induce the death of 
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glioma cells, and to determine the potential 
roles of oxidative stress and PARP activation in 
the effect of NADH on the cell survival. Our stud-
ies indicate that NADH treatment can signifi-
cantly decrease glioma cell survival through 
oxidative stress- and PARP-dependent path-
ways. 
 
Materials and methods 
 
Cell cultures 
 
C6 glioma cells were purchased from the Cell 
Resource Center of Shanghai Institute of Bio-
logical Sciences, Chinese Academy of Sciences.  
The cells were plated onto 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 pyruvate) (Thermo Scientific, 
Waltham, MA, USA) that contains 1% penicillin 
and streptomycin (Invitrogen, Carlsbad, CA, 
USA) and 10% fetal bovine serum (PAA, Linz, 
Austria). The cells were used when the density 
of the cultures reached 60-80%.  
 
Experimental procedures 
 
Experiments were initiated by replacing the cul-
ture medium with those containing various con-
centrations of drugs. The cells were left in an 
incubator with 5% CO2 at 37 oC for 24 or 96 hrs.  
 
Lactate dehydrogenase (LDH) assay 
 
Cell survival was quantified by measuring LDH 
activity in cell lysates, as described previously 
[16]. In brief, cells were lysed for 20 min in 
lysing buffer containing 0.04% Triton-X100, 2 
mM HEPES, 0.2 mM dithiothreitol, 0.01% bo-
vine serum albumin, and 0.1% phenol red (pH 
7.5).  Fifty µl cell lysates were mixed with 150 µl 
potassium phosphate buffer (500 mM, pH 7.5) 
containing 1.5 mM NADH and 7.5 mM sodium 
pyruvate. Subsequently, changes of the A340nm 
of the samples were monitored over 90 s. Per-
centage cell survival was calculated by normaliz-
ing the LDH activity of a sample to that of con-
trol culture wells. 
 
Flow cytometry-based propidium iodide (PI) 
staining 
 
C6 glioma cells were digested with 0.1% trypsin 
and resuspended in 1 ml phosphate-buffered 

saline (PBS). After wash twice with PBS, the 
cells were incubated with propidium iodide (20 
µg/ml) at 37C for 30 min. Subsequently, the 
number of PI-negative and PI-positive cells was 
assessed by a flow cytometer (BD FACSAriaII).  
 
Dihydroethidium (DHE) assay 
 
Cells were incubated with 5 µM DHE for 30 min 
at 37C. Subsequently, the cells were washed 
with PBS, and the fluorescence signals of the 
cells were observed under a Leica fluorescence 
microscope at excitation wavelength of 545 nm 
and emission wavelength of 605 nm. 
 
Poly(ADP-ribose) (PAR) immunostaining  
 
PAR immnostaining was conducted as de-
scribed previously [13]. In brief, cell cultures 
were fixed in 10% ice-cold TCA for 15 min, fol-
lowed by washes with ice-cold 70%, 90% or 
100% ethanol, respectively. The cells were incu-
bated with monoclonal anti-PAR Ab (Trevigen, 
4335-AMC-050) diluted at 1:300 in 0.1 M PBS 
containing 5% goat serum and 0.05% Tween-20 
overnight at 4C. After three washes with PBS 
containing 0.1% Tween-20, the cells were incu-
bated with Alexa Fluor 488 goat anti-mouse 
secondary Ab diluted at 1:500 in blocking buffer 
(0.1 M PBS containing 10% goat serum and 
0.1% Tween-20) for 1 hr at RT. After the cells 
were washed three times with PBS containing 
0.1% Tween-20, the cells were counter-stained 
with PI (0.27 µg/ml) for 5 min at RT. Following 
washes with PBS, the fluorescence images of 
the cultures were photographed under a Leica 
fluorescence microscope.  
 
Statistical analyses 
 
All data are presented as mean + SE. Data were 
assessed by one-way ANOVA, followed by Stu-
dent-Newman-Keuls post hoc test.  P values less 
than 0.05 were considered statistically signifi-
cant. 
 
Results 
 
To determine the effects of NADH treatment on 
the survival of C6 glioma cells, we applied both 
LDH assay and flow cytometry-based PI assay.  
LDH assay showed that NADH treatment dose-
dependently decreased the number of surviving 
cells at 24 hrs after the NADH treatment (Figure 
1): NADH at concentrations of 1 – 1000 µM 
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decreased by 10-40% the survival of the glioma 
cells. Similar results were obtained by flow cy-
tometry-based PI assay (data not shown). The 
flow cytometry-based PI assay further showed 
that NADH treatment induced a significant in-
crease in the number of PI-positive (necrotic) 
cells (Figures 2A & 2B). We also determined the 
effect of long-term treatment of C6 glioma cells 
with various concentrations (1, 10, 100 and 
1000 µM) of NADH. Treatment of the cells with 
1000 µM NADH for 4 days decreased the sur-

Figure 1.  NADH treatment dose-dependently de-
creased the number of surviving C6 glioma cells.  
The cells were treated with 1, 10, 100 and 1000 µM 
NADH for 24 hrs, and subsequently the number of 
surviving cells was assessed by LDH assay.  N = 25. 
Data were pooled from 6 independent experiments. 
**, p < 0.01; ***, p < 0.001.    

Figure 2. (A) The graphs from 
flow cytometry-based PI as-
says showed that NADH treat-
ment induced an increase in 
the number of PI-positive C6 
glioma cells.  The P2 fraction 
and the P3 fraction indicate 
the number of PI-positive cells 
and PI-negative cells, respec-
tively.  The number of PI-
positive cells in the samples 
treated with 1000 µM NADH is 
greater than that in the con-
trols.  (B)  Quantifications of 
the results from the flow cy-
tometry-based PI assays 
showed that NADH treatment 
induced a significant increase 
in the number of PI-positive C6 
glioma cells.  The cells were 
treated with 1000 µM NADH 
for 24 hrs, and subsequently 
the number of PI-positive cells 
was assessed by flow cytome-
try-based PI assay.  N = 9.  
Data were pooled from 3 inde-
pendent experiments. ***,  p 
< 0.001. 
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vival of the cells by nearly 90% (Figure 3). 
 
Since oxidative stress is one of the key inducers 
of cell death under many conditions [17, 18], 
we tested the hypothesis that NADH induces 
glioma cell death by generating reactive oxygen 
species (ROS). By applying DHE assay that de-
tects superoxide levels in cells, we found that 
treatment of the cells with 10, 100 or 1000 µM 
NADH for 6 hrs induced increases in the red 
fluorescence signals (Figure 4), indicating in-
creased generation of superoxide in the cells.  
Trolox, a water-soluble derivative of vitamin E 
[19], and N-acetylcysteine (NAC) are two widely 
used antioxidants.  NAC can produce antioxida-
tion effects due to its capacity of increasing in-
tracellular glutathione levels via enhancing in-
tracellular cysteine [20]. We found that treat-
ment of the cells with NAC (Figure 5A) or Trolox 
(Figure 5B) significantly attenuated the effects 
of NADH on the cell survival. 
 
A number of in vitro and in vivo studies have 
indicated that PARP is a key enzyme in oxidative 
stress-induced cell death [1, 15]. We tested if 
PARP activation contributes to the effect of 
NADH on the cell survival. 4-dihydro-5-[4-(1-

Figure 3.  NADH treatment for 4 days profoundly de-
creased the number of surviving C6 glioma cells.  The 
cells were treated with 1, 10, 100 and 1000 µM 
NADH for 4 days, and subsequently the number of 
surviving cells was assessed by LDH assay.  N = 24, 
Data were pooled from 3 independent experiments. 
***,  p < 0.001. 

Figure 4.  NADH treatment increases the levels of ROS in C6 glioma cells.  The cells were treated with 10, 100 or 
1000 µM NADH for 6 hrs, and subsequently the ROS levels in the cells were assessed by dihydroethidium (DHE) as-
say.  The photos are representatives of the photos taken from three independent experiments. 
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Figure 5.  Antioxidants attenuated the effects of NADH treatment on the survival of C6 glioma cells.  The cells were 
pre-treated with N-acetyl cysteine (NAC) (A) or Trolox (B) for 30 min, followed by co-treatment with 100 or 1000 µM 
NADH for 24 hrs.  The percentage of cell survival was assessed by LDH assay.  N = 16. Data were pooled from 4 inde-
pendent experiments. *, p < 0.05, **, p < 0.01, ***, p < 0.001. 

Figure 6.  NADH induced increased poly(ADP-ribose) (PAR) formation in C6 glioma cells.  C6 glioma cells were pre-
treated with 25 µM DPQ for 30 min, followed by co-treatment with 1000 µM NADH.  Immunostaining for PAR forma-
tion in the cultures was conducted 2 hours after the NADH exposures.  Nuclei were counterstained with propidium 
iodide (PI). Overlaid images show that NADH induced PAR formation in the nuclei (yellow), which was attenuated by 
DPQ pre-treatment.  Results are representative of three independent experiments.  
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piperidinyl)butoxy]-1(2H-isoquinolinone)(DPQ) 
and 3-aminobenzaimde (3-AB) are two widely 
used PARP inhibitors [12, 21]. We found that 
treatment of C6 glioma cells with 1000 µM 
NADH for 2 hrs induced increased PAR forma-
tion in the cells, which is an index of PARP activ-
ity [22] (Figure 6). The PAR formation was pre-
vented by the PARP inhibitor DPQ (Figure 6), 
indicating that NADH induces PARP activation in 
the cells. We further determined if PARP inhibi-
tors can decrease the effect of NADH on the cell 
survival: The NADH-induced decrease in C6 
glioma cell survival was significantly attenuated 
by treatment of the cells with DPQ (Figure 7A) or 
3-AB (Figure 7B), suggesting a significant role of 
PARP in this effect of NADH.   

 
Discussion 
 
The key findings of this study include: (1) treat-
ment of C6 glioma cells with NADH can signifi-
cantly decrease the survival of the cells; (2) oxi-
dative stress mediates the effects of NADH on 
tumor cell survival, and (3) PARP activation also 
contributes to the effect of NADH on tumor cell 
survival.   
 
The finding that as low as 1 µM NADH can in-
duce a significant decrease in the number of 

surviving C6 glioma cells indicates a novel bio-
logical property of NADH: NADH treatment can 
induce decreases in glioma cell survival. Our 
study also indicated that NADH can significantly 
increase cell necrosis, as assessed by the flow 
cytometry-based PI assay.   
 
Our studies suggest that oxidative stress medi-
ates the effect of NADH on the cell survival.  
This was supported by the findings that (1) 
NADH can induce marked increases in ROS in 
the cells at 6 hours after NADH treatment; and 
(2) two structurally different antioxidants, Trolox 
and N-acetyl cysteine, can significantly attenu-
ate the effects of NADH. Because oxidative 
stress is one of the major factors in cell death 
under a number of physiological and pathologi-
cal conditions [23-25], it is not surprising that 
ROS also plays a significant role in the NADH-
induced tumor cell death.   
 
PARP-1 is a major member of PARP family pro-
teins [22].  This enzyme is rapidly activated by 
single-strand DNA damage, which leads to poly
(ADP-ribosyl)ation of target proteins such as 
histones and PARP-1 itself by consuming NAD+ 
[22]. PARP-1 plays important role in various 
biological functions, including DNA repair, gene 
expression, genomic stability, cell cycle, and 

Figure 7.  PARP contributes to the NADH-induced decreases in C6 glioma cell survival.  The cells were pre-treated with 
DPQ (A) or 3-aminobenzaimde (3-AB) (B) for 30 min, followed by co-treatment with 100 or 1000 µM NADH for 24 hrs.  
Subsequently, the cell survival was assessed by LDH assay.  N= 14-20.  Data were pooled from 3 independent experi-
ments. **, p < 0.01, ***, p < 0.001. 
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long-term memory [1, 22]. A number of studies 
have indicated that excessive PARP activation is 
a key factor in cell death induced by oxidative 
stress both in vitro and in vivo [1, 22]. Increased 
PARP activation leads to cell death by depleting 
intracellular NAD+, increasing mitochondrial 
permeability transition and inducing nuclear 
translocation of apoptosis-inducing factors [13, 
14, 26, 27]. Multiple studies, applying either 
pharmacological or genetic approaches to in-
hibit PARP-1, have also indicated that PARP-1 
inhibition can produce protective effects both in 
vitro and in vivo [12]. Our study indicated that 
PARP activation plays a significant role in the 
effects of NADH on cell survival. Together with 
our finding that oxidative stress mediates the 
NADH-induced decease in cell survival, our 
study suggests that NADH produces its effects 
on the cell survival by inducing oxidative stress 
and subsequent PARP activation.   
 
Malignant glioma is a major type of brain can-
cer, and most of the patients of malignant 
glioma have poor prognosis [28]. It is of great 
theoretical and clinical importance to find novel 
approaches to kill glioma cells. Our study has 
suggested that NADH is a novel agent that can 
profoundly decrease the survival of C6 glioma 
cells, suggesting that NADH might have thera-
peutic potential for treating gliomas.   
 
In summary, our studies demonstrate a new 
biological property of NADH. That is, NADH treat-
ment can significantly decrease glioma cell sur-
vival by inducing increases in oxidative stress 
and PARP activation. Our studies also suggest 
that NADH may be used for treating gliomas.  
Future studies are warranted to investigate the 
effect of NADH on tumor survival in animal mod-
els, and to further investigate the mechanisms 
underlying the effect of NADH treatment on tu-
mor cell survival. 
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