
ARTICLE

Exogenous NADPH ameliorates myocardial
ischemia–reperfusion injury in rats through activating
AMPK/mTOR pathway
Jiang Zhu1, Yi-fei Wang1, Xiao-ming Chai1, Ke Qian2, Ling-wei Zhang1, Peng Peng1, Pei-min Chen1, Jian-fang Cao1, Zheng-hong Qin2,
Rui Sheng2 and Hong Xie1

Our previous study shows that nicotinamide adenine dinucleotide phosphate (NADPH) plays an important role in protecting
against cerebral ischemia injury. In this study we investigated whether NADPH exerted cardioprotection against myocardial
ischemia/reperfusion (I/R) injury. To induce myocardial I/R injury, rats were subjected to ligation of the left anterior descending
branch of coronary artery for 30 min followed by reperfusion for 2 h. At the onset of reperfusion, NADPH (4, 8, 16 mg· kg−1· d−1, iv)
was administered to the rats. We found that NADPH concentrations in plasma and heart were significantly increased at 4 h after
intravenous administration. Exogenous NADPH (8−16mg/kg) significantly decreased myocardial infarct size and reduced serum
levels of lactate dehydrogenase (LDH) and cardiac troponin I (cTn-I). Exogenous NADPH significantly decreased the apoptotic rate
of cardiomyocytes, and reduced the cleavage of PARP and caspase-3. In addition, exogenous NADPH reduced mitochondrial
vacuolation and increased mitochondrial membrane protein COXIV and TOM20, decreased BNIP3L and increased Bcl-2 to protect
mitochondrial function. We conducted in vitro experiments in neonatal rat cardiomyocytes (NRCM) subjected to oxygen–glucose
deprivation/restoration (OGD/R). Pretreatment with NADPH (60, 500 nM) significantly rescued the cell viability and inhibited OGD/R-
induced apoptosis. Pretreatment with NADPH significantly increased the phosphorylation of AMPK and downregulated the
phosphorylation of mTOR in OGD/R-treated NRCM. Compound C, an AMPK inhibitor, abolished NADPH-induced AMPK
phosphorylation and cardioprotection in OGD/R-treated NRCM. In conclusion, exogenous NADPH exerts cardioprotection against
myocardial I/R injury through the activation of AMPK/mTOR pathway and inhibiting mitochondrial damage and cardiomyocyte
apoptosis. NADPH may be a potential candidate for the prevention and treatment of myocardial ischemic diseases.
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INTRODUCTION
Coronary atherosclerotic heart disease is one of the most common
diseases that poses a serious threat to human health and is one of
the leading causes of death in most countries [1]. The pathological
basis of coronary heart disease is coronary artery stenosis or
obstruction, leading to myocardial ischemia or necrosis. The main
strategy for the clinical treatment of myocardial ischemia is to
relieve angina symptoms and restore coronary blood flow.
However, during patency of the coronary artery, the myocardium
may be further damaged by a sudden increase in oxygen, a
process that is known as I/R injury [2]. Currently, the main
interventions for myocardial I/R injury in coronary heart disease
include surgery and drug treatment [3]. However, surgery has a
limited time window, while existing drug treatment often has side
effects, such as bleeding and arrhythmia. Therefore, there is an
urgent need to develop more effective and safer drug treatments
for myocardial I/R.

Reduced nicotinamide adenine dinucleotide phosphate (NADPH),
also known as reduced coenzyme II, is a phosphorylated derivative
of the 2′-position of the ribose ring attached to adenine in
nicotinamide adenine dinucleotide (NAD+) [4]. NADPH is produced
mostly through the pentose phosphate pathway in the body, and
another 20–30% of NADPH is generated via the citric acid-pyruvate
cycle [5]. NADPH is involved in a variety of anabolic processes, such
as the synthesis of lipids and nucleotides [6, 7]. NADPH acts as a
hydrogen donor in many biochemical reactions and is involved in
the biotransformation of drugs, poisons, and some sex hormones
[8]. Another important biological function of NADPH is to provide
redox capacity for the antioxidant system, thus protecting cells
against oxidative stress [9]. In addition, NADPH is involved in ATP
production. NADPH, together with NAD oxidized by the respiratory
chain, maintains cellular energy homeostasis.
Previous studies in our laboratory have shown that exogenous

NADPH supplementation showed short-term and long-term
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neuroprotection in rodent and monkey stroke models [10–12].
NADPH not only reduced the infarct volume after stroke but also
significantly decreased the long-term mortality and improved the
neurological deficit. In addition, overexpression of G6PD in
neurons in vivo and in vitro markedly reduced I/R injury. G6PD
may exert neuroprotection through increasing the pentose
phosphate pathway to generate NADPH [13]. Therefore, we
hypothesized that exogenous NADPH may have protective effects
against myocardial I/R injury. In the present study, we established
in vivo and in vitro models to investigate the effects of NADPH on
myocardial I/R injury and explore the possible mechanisms.

MATERIALS AND METHODS
Myocardial I/R in rats
All animals were used according to guidelines for the use of
animals, and the research protocol was approved by the Ethics
Committee of Soochow University. Adult male rats (250–300 g)
were purchased from the Experimental Animal Center of Soochow
University. The myocardial ischemia model was created by ligating
the left anterior descending branch of the coronary artery of rats
as described previously [14]. The rats were anesthetized with an
intraperitoneal injection of 5% pentobarbital sodium (70mg/kg).
After tracheotomy, a homemade endotracheal tube was inserted
and attached to a small animal ventilator (breath rate: 50–60 rpm,
tidal volume: 2 mL/100 g) (Taimeng Software Co., Ltd, Chengdu).
The chest and pericardium were dissected, and the heart was
exposed. Then, the left anterior descending branch of the
coronary artery was ligated with a polypropylene 6–0 suture,
which was passed through a small plastic tube. In the case of
ischemia, the tube was tightened against the heart surface to
occlude the left anterior descending branch. Intravenous catheters
were used for drug administration. The myocardial
ischemia–reperfusion model was induced by ischemia for 30 min
followed by reperfusion for 2 h. Blood pressures and electro-
cardiograms were monitored during I/R. A significant increase in
the ST segment was detected by electrocardiogram to confirm the
ischemia. The body temperature was maintained at 37 °C using a
thermostat (Taimeng Software Co., Ltd, Chengdu). Sham-operated
rats underwent the same treatment without ligation of the left
anterior descending branch of the coronary artery.

Cell culture
Neonatal rat cardiomyocytes (NRCMs) were acquired from
Sprague–Dawley rats 1–3 days after birth [15, 16] (Experimental
Animal Center of Soochow University, certificate No 20020008,
Grade II). Under sterile conditions, the hearts of neonatal rats were
removed and placed in precooled phosphate buffered saline (PBS).
The left ventricle was isolated, cut into pieces, and digested with
0.1% collagenase for 3min each time, 3–4 times in total. The cell
suspension was then centrifuged, and the supernatant was
discarded. High-glucose DMEM containing 10% FBS, 100mg/mL
streptomycin, and 100 U/mL penicillin was then added to the pellet
to resuspend the cells, and placed in a 37 °C incubator (5% CO2,
95% O2) for 45min. Afterward, the culture medium was transferred
to another dish, and 0.1mM 5-bromo-2-deoxyuridine (BrdU)
(Sigma) was added to inhibit noncardiomyocyte growth. The
medium was changed after 48 h. On day 3, the cardiomyocytes
were digested with 0.25% trypsin and counted. Then, the cell
density was adjusted, and the cells were seeded in 96-well plates,
24-well plates, or 25-mm dishes for subsequent experiments.

Oxygen–glucose deprivation and restoration (OGD/R) model
Cells were washed twice with PBS and then replaced with HBSS
(CaCl2 1.7 mM, KCl 3.5 mM, Hepes 10 mM, NaHCO3 5mM, KH2PO4

0.4 mM, NaCl 116mM, MgSO4 0.8 mM, and pH 7.2–7.4). Then, the
cells were placed into a hypoxic incubator chamber (Billups-
Rothenberg MC-101, USA) and treated with 95% N2 and 5% CO2 at

37 °C for 10 h. After oxygen–glucose deprivation (OGD), HBSS was
replaced with complete DMEM, and the cells were cultured under
normal conditions.

NADPH pretreatment in vivo and in vitro
NADPH is unstable in an acidic solution, so saline was first
adjusted to pH 8.0 with 10% NaOH, and then NADPH was
dissolved in the saline at pH 8.0 to the desired concentration
before administration. The NADPH solution was used as soon as
possible. In the myocardial I/R injury model, NADPH (Sigma) at 4,
8, and 16mg/kg (N4, N8, and N16) and diltiazem (Sigma) at 5 mg/
kg were administered intravenously at the onset of reperfusion.
The NRCMs were treated with HBSS containing different
concentrations of NADPH during OGD. After OGD, the cells
continued to be treated with medium containing the indicated
concentration of NADPH. The rats or cardiomyocytes in the I/R or
OGD/R group were treated with the same volume of vehicle.

Measurement of myocardial infarct size
Infarct size was evaluated using Evans Blue and 2,3,5-triphenylte-
trazolium chloride (TTC) double staining 2 h after reperfusion. The
tube was tightened to block the blood flow for 30min. Then, 1mL
of patent blue was injected into the vein, and the heart was
removed 2 h after reperfusion. The left ventricle was separated and
placed at −20 °C for 20min. Then, the left ventricle was cut into six
equal slices. Afterward, the heart slices were stained with 2% TTC for
15min at 37 °C and fixed in 4% formaldehyde overnight. The next
day, the heart slices were divided into blue parts and red parts and
weighed separately. The infarct volume was calculated using the
following formula. Infarct size (IS)= the weight of the white part.
Area at risk (AAR)= the weight of the white part+ the weight of the
red part. IS/AAR= the weight of the white part/(the weight of
the white part+ the weight of the red part) × 100%. AAR/LV= (the
weight of the white part+ the weight of the red part)/left ventricular
weight × 100% [17, 18].

Cell viability assay
Cells were seeded in 96-well plates. After treatment, 10 μL of cell
counting kit (CCK-8; Dojindo, Kumamoto, Japan) reagent was
added to a final volume of 100 μL of culture medium per well,
followed by incubation for another 2 h. Absorbance was measured
at 450 nm using a microplate reader (Gene Company Limited,
Hong Kong, China) [19].

Measurement of cardiac troponin I (cTn-I)
Blood samples were collected from the internal jugular vein 4 h
after myocardial I/R. The concentration of cTn-I in serum was
determined according to the kit instructions (Elabscience Biotech-
nology Co., Ltd., Wuhan). The OD value at 450 nm was measured
within 15min [20, 21].

Hoechst staining
Nuclei were stained with Hoechst and observed under a
fluorescence microscope (OLYMPUS IX71, Japan) according to
the Hoechst staining kit (Beyotime Biotechnology Co., Ltd.,
Shanghai). Nuclear shrinkage and bright staining were considered
apoptotic nuclei. The apoptosis rate was measured by the ratio of
the number of apoptotic cells to the total number of cells [4, 5].

Flow cytometry
The apoptosis rate was measured by flow cytometry (BD ARAIII,
USA) according to the instructions of the Annexin V-FITC/PI
Apoptosis Detection Kit (Multi Sciences (Lianke Biotech Co., Ltd.,
Hangzhou). Briefly, cells were trypsinized, and centrifuged at 5000
r/min for 5 min. Then, the supernatant was discarded, and the
pellets were resuspended in 1× diluted buffer. Annexin V (5 μL)
and PI (5 μL) were added to the cell suspension in the dark. The
suspension was then detected by flow cytometry within 15 min.
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The apoptosis rate was determined as the ratio of early apoptotic
cells (PI-negative, FITC/annexin V-positive) and late apoptotic cells
(FITC/annexin V- and PI-positive).

TUNEL analysis
Two hours after reperfusion, the myocardium of the ischemic area
was dissected and fixed in 4% paraformaldehyde at 4 °C overnight,
and then embedded in paraffin. TUNEL staining was performed as
described (Beyotime Biotechnology Co., Ltd., Shanghai) [22].
Cardiomyocyte apoptosis in the myocardium was observed by
confocal microscopy (Carl Zeiss, Germany).

Measurement of NADPH concentration
Normal rats were injected intravenously with NADPH (16mg/kg).
Blood samples (500 μL) were collected in the period 5min–4 h
after NADPH administration. Then, the rats were euthanized, and
the hearts were removed. NADPH concentrations in the plasma
and myocardium were measured using an NADP+/NADPH assay
kit (BioAssay Systems, Hayward, CA) following the manufacturer’s
directions. The OD values of the samples and standards at 565 nm
were measured at room temperature using a full-wavelength
microplate reader.

Transmission electron microscopy
Two hours after reperfusion, the left ventricle was removed, cut
into 1-mm3 tissue blocks and fixed in 2.5% glutaraldehyde at 4 °C.
The fixed tissue samples were sent to Shanghai Jiaotong
University for sectioning and staining. The ultrastructure of the
myocardium was observed under a transmission electron micro-
scope (JEOL, JEM-1230).

Western blotting
Cells and left ventricles were washed with precooled PBS. Then,
the samples were lysed and homogenized in lysate (10 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 1% Triton-100, 1% sodium deoxycho-
late, 10% SDS, and 5mM EDTA), and total protein was extracted. A
BCA Protein Assay Kit (Thermo Scientific, MA, USA) was used to
quantify the protein concentrations. Proteins were separated on
SDS-PAGE gels and transferred to nitrocellulose membranes. The
membranes were blocked with 5% milk dissolved in TBST (0.05%
Tween-20). The membranes were then incubated with primary
antibodies against GAPDH (1:1000; Biyuntian Biological Co., Ltd.
Shanghai AF0006), PARP (1:1000; CST #9542), Bcl-2 (1:500; Santa
Cruz D2513), cleaved caspase-3 (1:1000; CST #9661), caspase-3
(1:1000; Proteintech 66470–2-Ig), TOM20 (1:1000; CST #42406),
COXIV (1:1000; CST #11967), BNIP3L/Nix (1:1000; CST #12396),
mTOR (1:1000; CST #2972), p-mTOR (1:1000; CST; #5536), p-AMPK
(1:1000; CST #2535), and AMP-activated protein kinase (AMPK)
(1:1000; CST #2603) overnight at 4 °C. Next, the membranes were
incubated with secondary anti-mouse IgG or anti-rabbit IgG
(1:10 000; Li-Cor Bioscience, Lincoln, NE, USA) for 2 h in the dark at
room temperature. Images of the protein–antibody interactions
were captured using an Odyssey infrared imaging system (Li-Cor
Bioscience). GAPDH was used as the loading control.

Statistical analysis
The data were analyzed with GraphPad Prism 5.0 software. The
results are shown as the mean ± SD. One-way ANOVA with
Newman–Keuls post hoc test was carried out to compare data
from multiple groups. The differences were considered significant
when P < 0.05.

RESULTS
NADPH reduced myocardial I/R-induced injury in rats
To investigate the role of NADPH in myocardial I/R, a rat model of
myocardial I/R was established by ligating the left anterior
descending branch of the coronary artery. NADPH 4, 8, and

16mg/kg (N4, N8, and N16) and diltiazem 5mg/kg (positive
control) were injected at the onset of reperfusion. Serum lactate
dehydrogenase (LDH) activity was measured at 2 h after reperfu-
sion. The results showed that serum LDH levels were significantly
higher in the I/R group than in the sham group (P < 0.001), while
the I/R+ N16 group had significantly lower serum LDH levels
(compared with the I/R group, P < 0.001) (Fig. 1b). Serum cTn-I
concentrations were also examined at 4 h after reperfusion. The
cTn-I levels were significantly higher in the I/R group than in the
sham group (P < 0.01), and the cTn-I levels were significantly lower
in the I/R+ N16 group than in the I/R group (P < 0.05, Fig. 1c). The
infarct size was assessed using Evans blue and TTC double staining
at 2 h after reperfusion. There was no significant difference in the
risk area (AAR) between the groups, but the infarct size was
significantly higher in the I/R group than in the sham group (P <
0.001), while the infarct size was significantly lower in the I/R+
N16 group and the I/R+ N8 group than in the I/R group (P < 0.01,
P < 0.05). (Fig. 1a). These data indicate that NADPH can effectively
alleviate myocardial I/R injury.

NADPH protected cardiomyocytes from OGD/R injury
NRCMs were treated with NADPH at the indicated concentrations
and then subjected to the OGD/R model. The cell viability of
cardiomyocytes was measured by CCK8 assay. The CCK8 data
showed that cell viability was significantly lower in the OGD/R
group than in the control group (P < 0.001). However, administra-
tion of NADPH at concentrations of 20 nM–500 nM significantly
alleviated cell death, as evidenced by improved cardiomyocyte
morphology (Fig. 2a) and increased cell viability (Fig. 2b). These
data indicate that NADPH can also significantly protect against
myocardial I/R injury in primary NRCMs.

Exogenously administered NADPH enters the heart
To determine whether exogenously administered NADPH can
reach the heart, we examined the distribution of NADPH in the
blood and heart. Normal rats were injected intravenously with
NADPH (16mg/kg). Blood samples were collected at 5, 10, 30, 120,
and 240min after NADPH administration. NADPH concentrations
in the plasma and myocardium were measured using an NADP+/
NADPH assay kit. The results showed a significant increase in
serum NADPH levels at 5 min after NADPH administration (from
8 μM to 16 μM, P < 0.001, Fig. 3a), and NADPH levels remained
high at 4 h after administration (17 μM, P < 0.001). The concentra-
tion of NADPH in the myocardium also increased significantly at
4 h after NADPH administration (from 2.5 μg/mg to 5 μg/mg, P <
0.05, Fig. 3b). The above results suggest that NADPH may enter
the myocardium to exert cardioprotective effects.

NADPH inhibited myocardial I/R-induced apoptosis in
cardiomyocytes
We then asked whether NADPH has an effect on cardiomyocyte
apoptosis induced by I/R injury. NRCMs were treated with NADPH
and then subjected to OGD/R. Cells were harvested 24 h after
reperfusion. The results of flow cytometry (Fig. 4a) showed that
the apoptosis rate (early and late apoptosis) was significantly
higher in the OGD/R group than in the control group (P < 0.001),
and the apoptotic rate was significantly lower in the OGD/R+ N(L)
group than in the OGD/R group (P < 0.05). Cardiomyocyte nuclei
were stained with Hoechst 33342 and observed by fluorescence
microscopy. Similarly, the results showed (Fig. 4b) that compared
with those in the control group, many cardiomyocytes in the
OGD/R group showed apoptosis (P < 0.001), characterized by
brightly stained nuclei, nuclear condensation, and fragmentation.
NADPH treatment significantly reduced the number of apoptotic
cells (P < 0.01). Moreover, myocardial apoptosis induced by I/R in
rats was determined using TUNEL staining. The green fluorescence
in the myocardium was significantly enhanced in the I/R model,
indicating an increase in apoptosis in cardiomyocytes, while
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NADPH significantly reduced the myocardial apoptosis (Fig. 5a).
Western blotting was used to detect proteins involved in the
apoptotic cascade. The results showed that OGD/R or I/R increased
the cleavage of caspase-3 and PARP in cardiomyocytes, while
NADPH significantly reduced the cleavage of caspase-3 and PARP
(Figs. 4c, d, and 5b, c, P < 0.05 or P < 0.01). These results indicate
that NADPH can significantly inhibit cardiomyocyte apoptosis
induced by I/R injury.

NADPH protects against I/R-induced mitochondria damage
Transmission electron microscopy was used to analyze the
ultrastructure of the myocardium subjected to myocardial I/R. As
shown in Fig. 6a, some of the myofilaments were lysed and
disordered in the I/R group compared with those in the sham
operation group. The cell membrane of some cardiomyocytes was
destroyed. Mitochondria were severely damaged, and some
mitochondria were vacuolated. The pathology of the myocardium
in the NADPH group was significantly alleviated. The irregular

arrangement of myofilaments and mitochondrial swelling and
destruction were greatly improved, suggesting that NADPH may
protect against myocardial injury and mitochondrial damage
induced by I/R. BNIP3L regulates mitochondrial function by
binding to Bcl-2 [23]. Western blot results (Fig. 6b) showed an
increase in BNIP3L protein expression and a decrease in Bcl-2 after
I/R. After NADPH administration, the expression of BNIP3L
decreased, while the expression of Bcl-2 increased. Moreover,
the expression of the mitochondrial membrane proteins COXIV
and TOM20 indirectly represents the number and function of
mitochondria [24, 25]. The results showed that although I/R had a
tendency to reduce the expression of COXIV and TOM20, there
was no significant difference between the sham-operated and I/R
groups. However, NADPH treatment significantly increased the
expression of COXIV and TOM20 (Fig. 6c, d). These data, combined
with the mitochondrial ultrastructure and BNIP3L and Bcl-2 results,
suggested that I/R treatment impaired mitochondrial morphology
and function, but it might not significantly affect the number of

Fig. 1 NADPH reduced myocardial I/R-induced injury in rats. Myocardial I/R was established by ligating the left anterior descending artery in
rats. NADPH 4, 8, and 16mg/kg (N4, N8, and N16) and diltiazem were administered intravenously at the onset of reperfusion. The infarct size
was evaluated 2 h after reperfusion. Representative photographs (a) and quantitative analysis (b) showed that NADPH decreased the infarct
size. AAR area at risk, IS infarct size, LV left ventricle. c Cardiac function was evaluated by serum LDH at 2 h and cTn-I at 4 h after reperfusion.
LDH lactate dehydrogenase, cTn-I cardiac troponin I. n= 6~8 rats. The bars represent the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001 compared
with the I/R group
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mitochondria. Exogenous administration of NADPH can signifi-
cantly improve the morphology and function of mitochondria and
may also increase the number of mitochondria. The effect of
NADPH on mitochondrial quality control remains to be further
studied. These results suggest that NADPH may protect against
mitochondrial damage induced by myocardial ischemia/
reperfusion.

NADPH activates the AMPK-mTOR pathway in myocardial I/R
injury
To investigate whether NADPH shows cardioprotective effects
through the AMPK-mTOR signaling pathway, we examined
changes in protein expression by Western blotting. The results
(Fig. 7a, b) showed that AMPK phosphorylation was reduced after
OGD/R treatment compared with that in the untreated group (P <
0.01). NADPH administration significantly increased AMPK phos-
phorylation and inhibited mTOR phosphorylation (P < 0.05). The
results in the myocardium of rats (Fig. 7c, d) were consistent with
those in NRCMs. Compared with phosphorylation in the sham
group, AMPK phosphorylation was decreased (P < 0.01) and mTOR
phosphorylation was increased in the I/R group. NADPH admin-
istration significantly reversed the above changes (P < 0.01).
Next, to further verify that NADPH functioned through the

AMPK-mTOR signaling pathway, we used the AMPK inhibitor
compound C to inhibit AMPK activity. As shown in Fig. 8a, AMPK

phosphorylation was partially abolished after treatment with
compound C in both the N(L)+ CpC and N(H)+ CpC groups
(P < 0.001 vs. N(L) or N(H), respectively). Moreover, the cardiopro-
tective effects of NADPH against I/R were partially offset by
compound C (P < 0.001 vs. N(L) or N(H)) (Fig. 8b), suggesting that
NADPH may act by activating the AMPK pathway.
These data suggest that NADPH may inhibit cardiomyocyte

apoptosis induced by I/R by activating the AMPK-mTOR signaling
pathway.

DISCUSSION
Our previous studies have shown that NADPH has neuroprotective
effects on cerebral ischemic injury through antioxidative and anti-
inflammatory effects [10–12] However, whether NADPH has an
effect on myocardial ischemia has not been elucidated. Studies
have shown that NAD+ treatment significantly decreased
myocardial infarct size, reduced serum troponin levels, and
attenuated I/R-induced apoptosis in the myocardium [26]. In
addition, Reyes et al. found that NADPH was markedly depleted in
isolated rat hearts subjected to myocardial I/R [27]. Therefore, we
assume that exogenous NADPH may have protective effects
against myocardial I/R injury. In the present study, myocardial I/R
injury was produced by ligating the left anterior descending
branch of the coronary artery in rats. We found that exogenous

Fig. 3 Exogenous NADPH entered the heart. Normal rats were injected intravenously with NADPH (16mg/kg). NADPH concentrations in
plasma and myocardium were measured at the indicated time after NADPH administration. a NADPH concentration in the serum of rats.
b NADPH concentration in the myocardium of rats. n= 6 rats. The bar represents the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001 compared
with the CON group

Fig. 2 NADPH protected cardiomyocytes from OGD/R injury. Neonatal rat cardiomyocytes were treated with NADPH at the indicated
concentrations and then subjected to the OGD/R model. a Representative morphology of the cardiomyocytes. Bar= 100 μm. b Cell viability of
the cardiomyocytes was measured by CCK8 assay. n= 3 independent cultures. The bar represents the mean ± SD, *P < 0.05, ***P < 0.001
compared with the OGD/R group
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supplementation with NADPH significantly reduced the myocar-
dial infarct size induced by I/R injury. In addition, NADPH
administration reduced circulating LDH and cTnI levels. Similarly,
in NRCMs subjected to OGD/R, NADPH treatment significantly
increased cell viability and reduced cardiomyocyte injury.
The in vivo and in vitro results both indicate that NADPH
significantly inhibits myocardial I/R injury.
I/R injury leads to cardiomyocyte apoptosis, while prevention of

cardiomyocyte apoptosis may be an effective strategy to protect

against myocardial I/R injury [28, 29]. PARP, a DNA repair enzyme,
is the cleavage substrate of caspase-3, the primary executor of
apoptosis. The proteolytic cleavage of PARP through caspase-3 is
the prerequisite or early event in apoptosis [30]. Studies have
shown that the cleavage of caspase-3 and PARP mediates
myocardial ischemic injuries [31]. Our results showed that NADPH
administration in vitro and in vivo significantly reduced cardio-
myocyte apoptosis induced by I/R injury, and NADPH reduced
cleaved PARP and cleaved caspase-3. These results indicate that

Fig. 4 NADPH inhibited cardiomyocyte apoptosis induced by OGD/R. Neonatal rat cardiomyocytes were treated as described in the legend of
Fig. 2. N(L)= 60 nM, N(H)= 500 nM. a Representative graphs of cell apoptosis examined by flow cytometry. b Cardiomyocytes were stained
with Hoechst 33342 and observed by fluorescence microscopy. Scale bar= 15 μm. c NADPH reduced the cleavage of caspase-3
in cardiomyocytes. d NADPH reduced the cleavage of PARP in cardiomyocytes. n= 3 independent cultures. The bar represents the mean ± SD,
*P < 0.05, **P < 0.01, ***P < 0.001 compared with the OGD/R group
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NADPH can inhibit cardiomyocyte apoptosis induced by myocar-
dial I/R injury.
I/R injury induced mitochondrial dysfunction in cardiomyocytes,

resulting in decreased mitochondrial membrane potential and
increased mitochondrial permeability. At the same time,

mitochondria-localized Bcl-2 expression is decreased, while pro-
apoptotic proteins are increased to promote mitochondria-
dependent apoptosis [23]. In addition, BNIP3L is a mitochondrial
protein that binds to Bcl-2 and regulates mitochondrial function [32].
Studies have shown that mice lacking BNIP3 showed less

Fig. 6 NADPH ameliorated I/R-induced mitochondrial damage in rats. Rats were treated as described in the legend of Fig. 5. a Transmission
electron microscopy analysis of mitochondrial morphology in the myocardium. Scale bar= 1 μm. n= 3 rats. b NADPH reduced BNIP3L and
increased Bcl-2 in the myocardium. c NADPH increased COXIV in the myocardium. d NADPH increased TOM20 in the myocardium. n= 6 rats.
The bar represents the mean ± SD. *P < 0.05, **P < 0.01 compared with the I/R group

Fig. 5 NADPH inhibited cardiomyocyte apoptosis induced by myocardial I/R injury in rats. Rats were treated as described in the legend of
Fig. 1. The left ventricle was dissected at 2 h after reperfusion and subjected to Western blotting. a Cardiomyocyte apoptosis was detected by
TUNEL analysis. Scale bar= 100 μm. b NADPH reduced the cleavage of caspase-3 in the myocardium. c NADPH reduced the cleavage of PARP
in the myocardium. n= 6 rats. The bar represents the mean ± SD, *P < 0.05, **P < 0.01 compared with the I/R group
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cardiomyocyte apoptosis and left ventricular remodeling after I/R
[33]. In the present study, we found that in the myocardium
undergoing I/R, mitochondria were severely damaged and vacuo-
lated, mitochondrial membrane proteins COXIV and TOM20 were
significantly reduced, BNIP3L expression was increased, and Bcl-2
expression was decreased, indicating that I/R induces mitochondrial
damage in the myocardium. However, NADPH administration can
greatly reverse I/R-induced mitochondrial damage and apoptosis in
cardiomyocytes, suggesting that NADPH may protect mitochondria
to inhibit cardiomyocyte apoptosis induced by I/R.
The in vitro results showed that 20–500 nM NADPH could

protect primary cultured cardiomyocytes from OGD/R-induced
injury. We then selected 60 nM and 500 nM NADPH for further
mechanistic studies. Notably, 60 nM NADPH inhibited cardiomyo-
cyte apoptosis, while the effect of 500 nM NADPH was relatively
weak, suggesting that NADPH achieved the maximal effect at 60
nM. It is known that NADPH can be used as a substrate for NADPH
oxidase (NOX) to produce reactive oxygen species (ROS) under
certain stress conditions, and ROS are an important mediator
involved in ischemia/reperfusion injury [11]. Therefore, we
speculate that a high dose of NADPH may activate NOX to
produce ROS, which partially offsets the cardioprotective effects of
NADPH against myocardial ischemia/reperfusion injury.
AMPK is a serine/threonine protein kinase that responds to

energy stress in cells [34]. AMPK is a heterotrimeric complex

consisting of an α catalytic subunit and β and γ regulatory
subunits. Phosphorylation of the α subunit site is required for its
kinase activity. AMPK is activated by allosteric regulation of the
subunits and an increased AMP/ATP ratio. Activated AMPK then
shuts down the ATP depletion anabolic processes and initiates
catabolism to correct the energy metabolism balance [34]. Studies
have shown that activation of AMPK during myocardial
ischemia–reperfusion is beneficial for cardiomyocyte survival,
possibly due to the reduced apoptosis, increased ATP production
and improved glucose and fatty acid metabolism [35, 36].
Dominant-negative mutations of AMPK impair glucose transport
and fatty acid metabolism induced by ischemia, leading to
increased susceptibility to cell damage and left ventricular
dysfunction [37, 38]. In addition, AMPK has been shown to
enhance mitochondrial function during I/R. In AMPK-inactivated
hearts, mitochondrial ROS production is increased, while mito-
chondria show decreased resistance to mitochondrial permeability
transition pores (mPTPs). Activation of AMPK prevents mitochon-
drial ROS production and inhibits mPTP opening during I/R,
thereby protecting against mitochondrial damage and myocardial
injury [39, 40].
In addition, mTOR is generally thought to be downstream of

AMPK, which plays an important role in cell proliferation and
growth [41]. Activation of AMPK downregulates mTOR activity,
and AMPK participates in a variety of biological processes through

Fig. 7 NADPH activated the AMPK-mTOR pathway in myocardial ischemia/reperfusion injury. a, b Neonatal rat cardiomyocytes were treated
as described in Fig. 4. N(L)= 60 nM, N(H)= 500 nM. a NADPH increased the phosphorylation of AMPK in cardiomyocytes. b NADPH
reduced the phosphorylation of mTOR in cardiomyocytes. n= 3 independent cultures. c, d Rats were treated as described in Fig. 5. c NADPH
increased the phosphorylation of AMPK in the myocardium. d NADPH reduced the phosphorylation of mTOR in the myocardium. n= 6 rats.
The bar represents mean ± SD, *P < 0.05, **P < 0.01 compared with the OGD/R group or I/R group
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interacting with mTOR [42, 43]. Previous studies have shown that
oxidative stress activates the mTOR pathway, leading to apoptosis
[44]. In addition, Chen et al. found that cadmium induced robust
mTOR phosphorylation, while inhibition of mTOR phosphorylation
by rapamycin prevented cadmium-induced apoptosis, suggesting
that cadmium induces apoptosis by activating the mTOR
pathway [45].
Consistent with the above studies, we found that myocardial I/R

injury inhibited AMPK phosphorylation and increased mTOR
phosphorylation both in vivo and in vitro, whereas exogenous
NADPH activated AMPK phosphorylation and inhibited mTOR
phosphorylation.
We next applied the widely used AMPK inhibitor compound C

[46] to determine whether NADPH protects against myocardial I/R
injury through activating AMPK. The data showed that compound
C effectively reversed NADPH-induced AMPK phosphorylation.
Compound C also abolished the protective effect of NADPH on
myocardial I/R. These data suggest that NADPH may inhibit
cardiomyocyte apoptosis induced by I/R injury by activating the
AMPK/mTOR pathway. Several studies have found that AMPK
agonists could protect against myocardial infarction. High doses of
metformin protected the hearts of normal and diabetic mice from
ischemic injury through the activation of cardiac AMPK [46]. A
newly synthesized compound, A769662, which allosterically
activates AMPK through interacting with the β subunit, alleviated
ischemia–reperfusion injury in in vitro perfused hearts and in the
mouse coronary artery ligation reperfusion model [47]. AICAr, an
AMPK activator, could reduce the myocardial infarct size in a
rabbit model of ischemia–reperfusion injury [47]. These studies
combined with our data implied that activators of the AMPK-
mTOR signaling pathway may mimic the protective effect
of NADPH.
There are still some questions in this study that have not been

clearly answered. First, although administration of exogenous
NADPH significantly increased the NADPH concentration in both
the serum and myocardium of rats, it is unclear whether the

increased NADPH after administration is derived completely from
exogenous administration because NADPH is an important
endogenous biologically active substance. Isotopically labeled
NADPH will be applied to answer the question in the future.
Second, although the data showed that NADPH protects against
myocardial I/R injury through activation of the AMPK/mTOR
pathway, the mechanism by which NADPH increases AMPK
phosphorylation remains to be elucidated. AMPK activation
involves the phosphorylation of Thr-172 in the α catalytic subunit,
which has been widely demonstrated to be mediated by two
upstream kinases, LKB1 and CaMKKβ (Ca/calmodulin-dependent
protein kinase β) [48]. A recent study has shown that inhibition of
G6PD activity and decreased NADPH levels can inhibit L-type Ca
channel activity, while dialyzing NADPH into cells from a patch
pipette solution increases intracellular L-type Ca channel-
mediated calcium influx [49]. Therefore, we assume that NADPH
might increase intracellular calcium to activate CaMKKβ, leading to
the activation of AMPK. In addition, resveratrol has been reported
to activate SIRT1 [48] or SIRT3 [50], which may then deacetylate
and activate LKB1, resulting in AMPK phosphorylation and
activation as well as mitochondrial function improvement. There-
fore, we speculate that NADPH may also indirectly activate AMPK
through the SIRT1(SIRT3)/LKB1 network. Finally, whether NADPH
acts directly on a specific subunit of AMPK, leading to the
activation of AMPK, is also an important subject worthy of further
investigation. The exact mechanism by which NADPH activates
AMPK will be the focus of our future research.

CONCLUSION
In summary, our results suggest that exogenous NADPH shows
cardioprotective effects against myocardial I/R injury by activating
the AMPK/mTOR pathway and inhibiting mitochondrial damage
and apoptosis in cardiomyocytes. NADPH may become a potential
candidate for the prevention and treatment of myocardial
ischemic diseases.

Fig. 8 Inhibition of AMPK by compound C partly reversed the protective effects of NADPH against myocardial I/R. Neonatal rat
cardiomyocytes were treated as described in Figs. 1 and 4. N(L)= 60 nM, N(H)= 500 nM. Compound C (CpC, 5 μM) was added to the medium
at the onset of reperfusion. a CpC reduced AMPK phosphorylation in cardiomyocytes. b CpC abolished NADPH-induced protective effects in
cardiomyocytes. The bar represents the mean ± SD, n= 3 independent cultures. *P < 0.05, ***P < 0.001 compared with OGD/R, ###P < 0.001
compared with N(L), &&&P < 0.05 compared with N(H)
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