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Abstract: Acute myocardial infarction is one of the leading causes for death around the world. Although essential 
for successful interventional therapy, it is inevitably complicated by reperfusion injury. Thus effective approaches to  
reduce ischemia/reperfusion (I/R) injury are still critically needed. To test our hypothesis that intravenous admin-
istration of NAD+ can attenuate I/R injury by reducing apoptotic damage and enhancing antioxidant capacity, we 
used a rat mode of myocardial I/R. Our study found that administration of 10-20 mg/kg NAD+ can dose dependently 
reduce myocardial infarct induced by I/R, with an approximately 85% reduction of the infarct at the dosage of 20 
mg/kg NAD+. We further found that the injection of NAD+ can significantly decrease I/R-induced apoptotic damage 
in the heart: NAD+ administration can both decrease the TUNEL signals, Bax, cleaved caspase-3 levels and increase 
the Bcl-XL levels in the rats that are subjected to myocardial I/R injury. NAD+ administration can also significantly at-
tenuate I/R-induced decreases in SOD activity and SOD-2 protein levels in the hearts. NAD+ can profoundly decrease 
myocardial I/R injury at least partially by attenuating apoptotic damage and enhancing the antioxidant capacity, 
thus suggesting that NAD+ may become a promising therapeutic agent for myocardial I/R injury. 
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Introduction

Acute myocardial infarction is the leading cause 
of death with an estimated annual incidence  
of 0.735 million in the United States [1]. 
Although percutaneous coronary intervention 
(PCI) has been widely applied in clinical set-
tings, myocardial ischemia/reperfusion (I/R) 
injury remains poorly solved, which somehow 
brings about acute adverse events such as  
ventricular fibrillation, acute heart failure and 
death [2]. Many approaches tried to reduce the 
infarct volume in acute myocardial infarction, 
but so far none has been approved by FDA [3]. 
Therefore, it is critical to establish novel thera-
peutic strategies for myocardial I/R injury. 

It is generally accepted that the major patho-
logical factors in myocardial I/R injury include 

energy metabolism dysfunction, oxidative str- 
ess, mitochondrial permeability transition pore 
(mPTP), inflammation and calculim overload 
[4-6]. All those factors jointly induced the apop-
tosis and necrosis of myocytes in I/R condition. 
Thus, finding an approach to decrease the 
death of myocyte may be the final goal in this 
direction.

Cumulative studies have uncovered that NAD+ 
mainly or partly involved in maintaining the bal-
ance of energy, calcium, redox, and organelles 
under stress [7-10]. Previous observations of 
our lab and other laboratories have suggested 
that NAD+ treatment can profoundly decrease 
brain I/R injury and the death of myocytes 
under insults, respectively [11, 12]. How- 
ever, to our best knowledge, there has been no 
in vivo studies described that directly intrave-
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nous supplementation of NAD+ can profoundly 
protected hearts from I/R damage to date. 
Therefore, we aim to test that exogenous NAD+ 
can profoundly protect hearts from I/R insult 
and delineate the possible underlying mecha-
nisms in vivo. Our observations have suggested 
that exogenous NAD+ administration can pro-
foundly decrease I/R hearts injury, at least par-
tially by attenuating apoptotic cell death and 
enhancing antioxidant capacity. 

Methods and materials

Materials 

All of the chemicals were purchased from 
Sigma (St. Louis, Missouri, USA), except where 
specified.

Ethics statement

All aspects of animal protocols and experimen-
tation were approved by Animal Study Com- 
mittee of the School of Biomedical Engineer- 
ing, Shanghai Jiao Tong University (Permit 
Number: 2014001). All surgical procedures 
were performed under sodium pentobarbital 
anesthesia (30 mg/kg i.p.), in which all efforts 
were made to minimize animal suffering. 

Myocardial ischemia and reperfusion

A total of 102 adult male Wistar rats weighing 
250-280 g were purchased from SLRC La- 
boratory (Shanghai, China). The trachea was 
cannulated with a PE-90 catheter, and then ani-
mal ventilator was used with FiO2 of 0.80, a fre-
quency of 100 strokes/minutes, a tidal volume 
of 0.8-1.2 ml to maintain normal PO2, PCO2 and 
pH. Saline or NAD+ (5 mg/kg, 10 mg/kg, 20 
mg/kg, dissovled in saline) were injected intra-
venously right before ischemia [11]. The left 
anterior descending (LAD) branch was occlud-
ed by ligation with a 5-0 silk suture after a left 
thoracotomy. After 60 minutes of ischemia, the 
ligation loosened. The sham control rats were 
subjected to all same surgical procedure except 
ligation. Rats were sacrificed 6 hours or 24 
hours after reperfusion respectively as shown 
in Results except 7 rats died during the pro- 
cedure.

Determination of myocardial infarct size

Hearts were harvested 24 hours after reperfu-
sion and washed three times with saline. The 
tissue was sliced into 1-mm-thick transsection 

by a rodent model, and incubated in 1% 
2,3,5-triphenyltetrazolium chloride (TTC) for 20 
minutes at 37°C. Then all transsections were 
photographed. And the infarction was mea-
sured and analyzed using Image J (NIH, 
Bethesda, MD, USA).

Determination of serum cTni levels

Rats were sacrificed 6 hours after reperfusion, 
and the blood samples were obtained from the 
postcava vein with pro-coagulation tube (BD 
Biosciences, San Diego, CA, USA). Then the 
blood samples were centrifuged at 3000 RPM 
for 15 minutes after the blood condensed at 
room temperature. The concentration of cardi-
ac troponin I (cTni) in serum was measured 
under the Access RImmunoassay System (Be- 
ckman Coulter Inc., Brea, CA) [13, 14].

SOD activity assay

Tissue samples were obtained from the isch-
emia area for SOD activity using the SOD assay 
kit-WST (Dojindo Molecular Technology, Kuma- 
moto, Japan) [15-17]. SOD activity was assayed 
by utilizing Dojindo’s highly water-soluble te- 
trazolium salt, WST-1 (2-(4-Iodophenyl)-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazoli-
um, monosodium salt) that produces a water-
soluble formazan dye upon reduction with the 
superoxide anion. The rate of the reduction of 
WST-1 with O2

- is linearly related to the xanthine 
oxidase (XO) activity, and this reduction is inhib-
ited by SOD. Therefore, the IC50 (50% inhibition 
activity of SOD or SOD-like materials) can be 
determined by the colorimetric method. We 
conducted the assay according to the manufac-
turer’s directions. The final SOD activity was 
normalized to tissue wet weight.

Terminal deoxynucleotidyltransferase-mediat-
ed dUTP nick end labeling (TUNEL)

The TUNEL assay (Millipore, Billerica, MA, USA) 
was used to assess apoptosis-like DNA frag-
mentation in situ. We conducted the assay 
according to the manual of the kit with minor 
modifications [18]. Briefly, frozen sections were 
fixed in 1% PFA for 15 minutes. The endoge-
nous peroxidase activity of the sections was 
quenched by 3% hydrogen peroxide in PBS for 5 
minutes at room temperature. The sections 
were applied with equilibration buffer and work-
ing-strength TdT enzyme, incubated in a humid-
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ified chamber at 37°C for one hour and then 
incubated with anti-digoxigenin peroxidase for 
30 minutes at room temperature, which was 
detected by DAB. Sections were counterstain- 
ed in 0.5% (w/v) methyl green for 10 seconds at 
room temperature. After three washes with dis-
tilled water, the sections were dipped into 
100% N-butanol and dehydrated in xylene. 
After mounting, the sections were viewed under 
a microscope (Leica, Heidelberg, German). The 
slices of the brains obtained 24 hours after 

maldehyde for 15 minutes. The endogenous 
peroxidase activity of the sections was 
quenched by 3% hydrogen peroxide in methyl 
alcohol for 10 minutes at room temperature, 
and nonspecific binding was blocked with 10% 
goat serum in PBS. Sections were then incu-
bated overnight at 4°C with rabbit monoclonal 
anti-Bax antibody (1:50 dilution, Abcam, 
Cambridge, UK) and biotinylated secondary 
antibody (1:200 dilution, Vector Laboratories 
Inc.) in PBS containing 1% goat serum for 30 
minutes at room temperature, followed by a fur-
ther incubation with the Vectastain ABC 
Reagent (Vector Laboratories Inc.). Sections 
were counterstained in 0.5% (w/v) methyl green 
for 10 seconds at room temperature. After 
three washes with distilled water, the sections 
were dipped into 100% N-butanol and dehy-
drated in xylene. After mounting, the sections 
were viewed under a microscope (Leica).

Immunofluorescence assay

In brief, the frozen sections were fixed in 4% 
paraformaldehyde for 15 minutes, followed by 
three washes with PBS. The sections were incu-
bated in 10% goat serum for 1 hour at room 
temperature and then incubated with rabbit 
monoclonal anti-cleaved caspase-3 antibody 
(1:300 dilution, Cell Signaling, Danvers, MA, 
USA) in PBS containing 1% goat serum over-
night at 4°C and Alexa Fluor 488 goat anti-rab-
bit secondary antibody (1:500 dilution, Mole- 
cular Probes, Eugene, Oregon, USA) in PBS con-
taining 1% goat serum for 1 hour at room tem-
perature. Then the sections were countersta- 

Figure 1. NAD+ administration dose-dependently attenuated myocardial I/R-
induced heart injury. A. Representative TTC staining images of heart sections 
from the rats that were treated with either saline or three dosages of NAD+ 
(5 mg/kg, 10 mg/kg, 20 mg/kg) and subsequently underwent myocardial 
I/R. Twenty-four hours after the I/R, the heart sections were obtained for 
TTC staining. B. Quantifications of the myocardial infarct size. The NAD+ ad-
ministration produced dose-dependent protection against I/R: Both 10 mg/
kg and 20 mg/kg NAD+ significantly reduced the mycocardial infarct size. N 
= 5-9. **p < 0.01.

Figure 2. NAD+ administration attenuated the I/R-
induced increase in the cTni levels in rat hearts. Rats 
were intravenously injected with saline or 20 mg/
kg NAD+ and underwent I/R subsequently. Six hours 
after reperfusion, blood were collected for the cTni 
test. NAD+ administration significantly attenuated the 
I/R-induced increase in the cTni levels in rat hearts. 
N = 5-9. ***p < 0.001. 

middle cerebral artery occlu-
sion were used as positive 
controls. Negative control sa- 
mples were prepared as other 
samples except that the TdT 
enzyme was omitted in the 
procedures.

Immunohistochemistry stain-
ing

Immunohistochemistry stain-
ing was conducted according 
to the protocol of Vectastain 
ABC kit (Vector Laboratories 
Inc., Burlingame, California, 
USA) with some modifications. 
The heart cryosections (20 
μm) were fixed in 4% parafor-
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ined with DAPI for 5 minutes at room tempera-
ture. After three washes with PBS, the fluores-
cence images of the slices were scanned under 
a Leica confocal fluorescence microscope.

Western blot

The heart tissues from the ischemia were col-
lected 6 hours after reperfusion and lysed in 
Radio-Immunoprecipitation Assay (RIPA) buffer 

a Gel-Pro Analyzer (Media Cybernetics, Silver 
Spring, MD, USA). 

Statistical analysis

All data are presented as means ± standard 
errors (SEM). Data were assessed by analysis 
of variance (ANOVA) followed by the Student-
Newman-Keuls post hoc test. p values less than 
0.05 were considered statistically significant.

Figure 3. NAD+ administration attenuated myocardial I/R-induced increases 
in TUNEL signals in rat hearts. The rats were injected with saline or 20 mg/
kg NAD+ intravenously. Subsequently, the rats were submitted to myocardial 
I/R surgery. Six hours after the reperfusion, the sections of rat hearts were 
stained for detecting TUNEL signals. NAD+ treatment markedly reduced the 
I/R-induced increases in TUNEL signals. N = 6.

Figure 4. NAD+ administration attenuated myocardial I/R-induced increases 
in cleaved caspase-3 signals in rat hearts. The rats were administered with 
20 mg/kg NAD+ intravenously. Subsequently, the rats were exposed to myo-
cardial I/R surgery. Six hours after the reperfusion, the sections of rat hearts 
were stained for detecting cleaved caspase 3 (green fluorescence) positive 
signals. I/R induced a marked increase in cleaved caspase-3 signals, which 
was attenuated by the NAD+ treatment. N = 6.

(Millipore) containing Comp- 
lete Protease Inhibitor Cock- 
tail (CWBIO, Shanghai, China) 
and 1 mM phenylmethanesul-
fonyl fluoride. Total protein 
(60 ug) were electrophoresed 
through a 10% SDS-PAGE and 
then transferred to a PVDF 
transfer membrane (0.22 μm, 
Millipore). Membranes were 
blocked at room temperature 
with 5% fat-free milk in TBST 
and then incubated overnight 
at 4°C with primary antibod-
ies (rabbit monoclonal anti- 
rat Bax antibody, 1:1000 dilu-
tion, Abcam; rabbit monoclo-
nal anti-rat Bcl-XL antibody, 
1:1000 dilution, Abcam; rab-
bit polyclonal anti-rat SOD-2 
antibody, 1:1000 dilution, Sa- 
nta Cruz Biotechnology, Santa 
Cruz, CA, USA); rabbit mono-
clonal anti-rat β-tubulin anti-
body, 1:1000 dilution, Abcam) 
in TBST containing 1% bovine 
serum albumin (BSA). The me- 
mbranes were washed three 
times with TBST and incubat-
ed with goat anti-rabbit HRP-
conjugated secondary anti-
body (1:2000 dilutions, Hua- 
An Biotechnology, Hangzhou, 
Zhejiang, China) in TBST con-
taining 1% BSA at room tem-
perature for 1 hour. Immun- 
oreactive bands were visual-
ized using an enhanced che-
moluminescence (Thermo Sci- 
entific) and quantified by im- 
age analyzer (BioRad, Her- 
cules, CA, USA). The intensity 
analysis was carried out using 
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Results

We studied the effects of three dosages of 
NAD+ (5 mg/kg, 10 mg/kg, 20 mg/kg) on the 
myocardial I/R injury of rats. The rats were 

which was markedly blocked by the NAD+ 
administration (Figure 4). Our immunohisto-
chemistry assay also showed that NAD+ admin-
istration decreased Bax signals in the rat 
hearts that underwent myocardial I/R (Figure 

Figure 5. NAD+ administration profoundly decreased the Bax levels in the 
rat hearts that underwent myocardial I/R. A. Representative immunohisto-
chemical images of Bax in rat hearts 6 hours after reperfusion. Rats were 
administered with saline or 20 mg/kg NAD+ intravenously. Subsequently, the 
rats were subjected to myocardial I/R surgery. Six hours after the reperfu-
sion, the sections of rat hearts were stained for detecting Bax. N = 6. B. 
Western blot for Bax in rat hearts. Rats were treated with saline or 20 mg/kg 
NAD+ and underwent I/R subsequently. The heart tissues were harvested six 
hours after the reperfusion. NAD+ administration significantly decreased the 
protein level of Bax. N = 5. ***p < 0.001.

Figure 6. NAD+ administration markedly increased the Bcl-XL levels in rat 
hearts that were subjected to myocardial I/R. A. Western blot assay for Bcl-XL 
in rat hearts. Rats were administered with saline or 20 mg/kg NAD+ intrave-
nously. Subsequently, the rats underwent myocardial I/R. Six hours after the 
reperfusion, the Bcl-XL levels in the homogenates of the rat hearts were de-
termined by Western blot assay. B. Quantifications of the Bcl-XL protein level 
in the rat hearts. NAD+ administration significantly increased the protein level 
of Bcl-XL in the rat hearts. N = 5. *p < 0.05.

injected with NAD+ intrave-
nously. Subsequently, the rats 
were exposed to myocardial 
I/R injury. Twenty-four hours 
after reperfusion, the hearts 
were harvested for TTC stain-
ing which is widely used to 
identify infarct regions at 24 
hours or later after ischemia 
[19]. We observed obvious 
protective effects of 10 mg/
kg and 20 mg/kg NAD+ on the 
infarct formation (Figure 1A). 
Quantifications of the myocar-
dial infarct volume indicate 
that NAD+ dose dependently 
decreased infarct formation 
(Figure 1B). We also found 
that the NAD+ administration 
markedly attenuated the I/R 
induced increase in cTni -a 
gold standard for myocardial 
injury in clinical settings 
(Figure 2). 

We conducted studies to test 
our hypothesis that NAD+ 
administration can attenuate 
myocardial I/R induced incre- 
ases in apoptotic changes of 
the hearts. We found that the 
I/R induced a marked increa- 
se in TUNEL signals- an index 
of apoptosis-like changes, 
which was markedly attenuat-
ed by the NAD+ administration 
(Figure 3). 

Because cleaved caspase-3 
is a key factor in apoptotic 
cascade, we conducted imm- 
unofluorescence staining as- 
say to determine the effects 
of NAD+ administration on the 
levels of cleaved caspase-3 in 
the myocardial I/R injury. The 
I/R induced a notable in- 
crease in cleaved caspase-3 
signals (green fluorescence), 
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5A). Western blot assay for Bax in the rat hearts 
which were subjected to I/R also showed that 
NAD+ administration significantly attenuated 
the I/R induced increase in the Bax levels 
(Figure 5B). Bcl-XL is a key anti-apoptotic fac-
tor. We also found that NAD+ administration sig-
nificantly attenuated the I/R induced de- 
crease in the Bcl-XL levels in the rat hearts 
(Figure 6A and 6B).

To determine the effects of NAD+ administra-
tion on the antioxidant capacity of rat hearts in 
myocardial I/R condition. We applied both SOD 
activity assay and Western blot assay to detect 
SOD-2 protein levels. We found that myocardial 
I/R induced a significant decrease in the SOD 
activity, which was significantly attenuated  
by the NAD+ administration (Figure 7A). Our 
Western blot assays also showed that NAD+ 
administration markedly increased SOD-2 lev-
els in the rats that were subjected to myocardi-
al I/R (Figure 7B and 7C). 

est [21]. Therefore, it is of great clinical signifi-
cance to find novel therapeutic strategies for 
this debilitating illness. Our study has provided 
the first in vivo evidence indicating that exo- 
genous NAD+ administration can profoundly 
decrease myocardial I/R induced infarct forma-
tion. Compared with other drugs that have 
shown protective effects on myocardial I/R 
injury, the NAD+ produced 85% decrease in the 
infarct size has suggested that NAD+ is one of 
the drugs that have greatest capacity to 
decrease myocardial I/R damage [22-24]. 

Cumulating evidence has indicated that apop-
tosis-like changes play crucial roles in myocar-
dial I/R injury [25, 26]. There are multiple fac-
tors in the apoptotic machinery, including 
cleaved caspase-3, Bax and Bcl-XL. Our studies 
have provided several lines of evidence sug-
gesting that NAD+ decreases myocardial I/R 
injury at least partially by decreasing apoptotic 
changes: 1) NAD+ treatment led to a marked 

Figure 7. NAD+ administration attenuated myocardial I/R-induced decreases 
in SOD activity and SOD-2 protein levels in rat hearts. A. NAD+ administration 
significantly attenuated myocardial I/R-induced decrease in SOD activity in 
rat hearts. The rats were administered with saline or 20 mg/kg NAD+ in-
travenously. Subsequently, the rats were subjected to myocardial I/R injury. 
Six hours after the reperfusion, the SOD activity in the homogenates of the 
rat hearts were determined. NAD+ treatment significantly increased the SOD 
activity. B. NAD+ administration significantly increased SOD-2 levels in the 
rat hearts. The rats were administered with 20 mg/kg NAD+ intravenously. 
Subsequently, the rats underwent myocardial I/R. Six hours after the reper-
fusion, the SOD-2 protein levels in the homogenates of the rat hearts were 
determined. C. Quantifications of the SOD-2 protein levels in the rat hearts. 
NAD+ administration significantly increased the protein level of SOD-2. N = 5. 
*p < 0.05; ***p < 0.001.

Discussion

The major findings of this 
study include: First, NAD+ ad- 
ministration can profoundly 
attenuate the I/R induced 
myocardial infarct formation 
and the circulating cTni level; 
Second, NAD+ administration 
can markedly attenuate mul-
tiple I/R induced apoptotic 
changes in the heart tissue, 
including increased TUNEL si- 
gnals, cleaved caspase-3 and 
Bax and decreased Bcl-XL  
levels; And third, NAD+ admin-
istration can prevent the I/R 
induced decreases in the 
SOD activity and SOD-2 pro-
tein level in the heart. 

Acute myocardial infarction is 
always associated with myo-
cardial ischemia and reper- 
fusion injury. Although PCI 
can effectively provide blood 
reperfusion, there has been 
no effective therapy for myo-
cardial I/R injury to date. 
Moreover, I/R injury can also 
frequently result from heart 
surgery [20] and cardiac arr- 
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decrease in TUNEL signals in the rat hearts that 
were subjected to myocardial I/R; 2) NAD+ 
administration exhibited a notable decrease in 
cleaved caspase-3 signals induced by myocar-
dial I/R in the rat heart; 3) NAD+ profoundly 
attenuated the myocardial I/R induced increase 
in Bax levels in the rat hearts; and 4) NAD+ pre-
vented the myocardial I/R induced decrease in 
the Bcl-XL levels.

Different lines of evidence have pointed that 
I/R induced cell death can be mainly or at least 
partially explained by oxidative stress [27, 28]. 
And our previous study has suggested that 
NAD+ administration can enhance the GSH lev-
els in the liver of Dox-treated mice [18]. 
Therefore, in this study we determined if NAD+ 
can enhance the antioxidant capacity of hearts. 
We found that myocardial I/R induced signifi-
cant decreases in both SOD activity and the 
protein levels of SOD-2, which were significan- 
tly attenuated by the NAD+ administration. 
Therefore, our study has suggested that NAD+ 
may also produce its protective effects by ame-
liorating oxidative stress.

Conclusion

Our study has suggested that NAD+ administra-
tion is a promising therapeutic strategy for myo-
cardial ischemia. Our study has also suggested 
that NAD+ can profoundly decrease myocardial 
ischemic injury at least partially by attenuating 
apoptotic damage and enhancing the antioxi-
dant capacity. 
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