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A B S T R A C T

Background: Adriamycin (ADR) is a powerful chemotherapeutic agent extensively used to treat various human
neoplasms. However, its clinical utility is hampered due to severe adverse side effects i.e. cardiotoxicity and
heart failure. ADR-induced cardiomyopathy (AIC) has been reported to be caused by myocardial damage and
dysfunction through oxidative stress, DNA damage, and inflammatory responses. Nonetheless, the remedies for
AIC are even not established. Therefore, we illustrate the role of NAD+/NADH modulation by NAD(P)H quinone
oxidoreductase 1 (NQO1) enzymatic action on AIC.
Methods and results: AIC was established by intraperitoneal injection of ADR in C57BL/6 wild-type (WT) and
NQO1 knockout (NQO1−/−) mice. All Mice were orally administered dunnione (named NQO1 substrate) before
and after exposure to ADR. Cardiac biomarker levels in the plasma, cardiac dysfunction, oxidative biomarkers,
and mRNA and protein levels of pro-inflammatory mediators were determined compared the cardiac toxicity of
each experimental group. All biomarkers of Cardiac damage and oxidative stress, and mRNA levels of pro-
inflammatory cytokines including cardiac dysfunction were increased in ADR-treated both WT and NQO1−/−

mice. However, this increase was significantly reduced by dunnione in WT, but not in NQO1−/− mice. In
addition, a decrease in SIRT1 activity due to a reduction in the NAD+/NADH ratio by PARP-1 hyperactivation
was associated with AIC through increased nuclear factor (NF)-κB p65 and p53 acetylation in both WT and
NQO1−/− mice. While an elevation in NAD+/NADH ratio via NQO1 enzymatic action using dunnione recovered
SIRT1 activity and subsequently deacetylated NF-κB p65 and p53, however not in NQO1−/− mice, thereby
attenuating AIC.
Conclusion: Thus, modulation of NAD+/NADH by NQO1 may be a novel therapeutic approach to prevent
chemotherapy-associated heart failure, including AIC.

1. Introduction

Anthracyclines are the most widely available antineoplastic drugs
for cancer chemotherapy [1]. Among them, adriamycin (ADR; doxor-
ubicin), a cytotoxic chemotherapeutic drug, widely used to treat a
variety of cancers, including both human solid tumors and hematolo-
gical malignancies [2]. However, the cumulative dose-dependent

cardiotoxic side effects of the drug can eventually lead to serious heart
failure and limit its clinical use. The pathogenic mechanisms implicated
in ADR-induced cardiomyopathy may include oxidative stress induced
by reactive oxygen species (ROS) production, DNA damage, induction
of apoptosis, alteration of mitochondrial metabolism, calcium dysre-
gulation [3], and inflammation [4], which lead to cardiac remodeling
and dysfunction. In ADR-induced cardiotoxicity, oxidative stress

https://doi.org/10.1016/j.yjmcc.2018.10.001
Received 3 April 2018; Received in revised form 18 September 2018; Accepted 2 October 2018

⁎ Corresponding author at: Department of Microbiology, Wonkwang University School of Medicine, 460 Iksan-Daero, Iksan, Jeonbuk 54538, Republic of Korea.

1 These authors contributed equally to this work.
E-mail address: jeanso@wku.ac.kr (H.-S. So).

Journal of Molecular and Cellular Cardiology 124 (2018) 45–57

Available online 03 October 2018
0022-2828/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/00222828
https://www.elsevier.com/locate/yjmcc
https://doi.org/10.1016/j.yjmcc.2018.10.001
https://doi.org/10.1016/j.yjmcc.2018.10.001
mailto:jeanso@wku.ac.kr
https://doi.org/10.1016/j.yjmcc.2018.10.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yjmcc.2018.10.001&domain=pdf


induced by ROS generation, accompanied with depletion of antioxidant
substances and increased lipid peroxidation lead to a systemic in-
flammatory response through the recruitment and release of pro-in-
flammatory mediators. As coincidental activation of nuclear factor
(NF)-κB p65 and p53 has been linked to both apoptosis and in-
flammatory responses [5,6], which could be a significant factor in ADR-
mediated cardiac injury.

Both intracellular NAD+ and NADH levels are the fundamental
metabolic regulators of cellular homeostasis and energy metabolism
[7]. Regulation of cellular NAD+ levels may have therapeutic benefits
through its effect on NAD+-dependent enzymes, including sirtuins
(SIRTs), and poly (ADP-ribose) polymerases (PARPs) [8]. Particularly,
PARPs are plentiful ADP-ribosyl transferases that utilize NAD+ to
produce abundance of poly (ADP-ribose), which makes the staffing of
DNA repair factors [9]. In response to DNA damage, PARP-1 can be
mainly triggered by various patho-physiological conditions, such as
ROS generation and inflammatory responses. Interestingly, cellular
NAD+ levels diminish due to the hyperactivation of PARP-1, which
ultimately leads to apoptosis [10]. SIRT homologs (SIRT1–7), NAD+-
dependent protein deacetylases regulate a variety of cellular processes,
ranging from metabolism and energy stress response to tumorigenesis
and aging [11]. Especially, nuclear SIRT1 is activated via energy stress
conditions, namely exercise, fasting, or low glucose availability, and
acts a vital role in metabolism, neurogenesis, hormone-stress response,
and cell death [7] through deacetylation of substrates, i.e. p53, NF-κB
and histones [12].

NAD(P)H quinone oxidoreductase 1 (NQO1) is an antioxidant fla-
voprotein enzyme that catalyzes the reduction and detoxification of
quinones to hydroquinones by utilizing both NADH and NADPH as an
electron donors, which thus increases cellular NAD+ levels [13]. The
elevated NAD+/NADH ratio induced by NQO1-mediated NADH oxi-
dation can ameliorate the chief indications of metabolic symptoms
[14]. Numerous NQO1 substrates have been recognized, including
mitomycin C, RH1, AZQ, coenzyme Q10, idebenone, and β-lapachone
[15,16]. Dunnione, an orange-red pigment extracted from Streptocarpus
dunnii Mast, is usually recognized as an anti-fungal and anti-tumor
agent, but has lately been shown to act as a powerful substrate of
NQO1, leading to an increase in the intracellular NAD+/NADH ratio by
NQO1 action, resulting in SIRT1 activation by using increased NAD+ as
a co-substrate [17]. Although the association between NAD+-depen-
dent molecular and cellular events and various diseases is evident, it is
unclear whether modulation of NAD+ levels affects ADR-induced car-
diomyopathy (AIC). In this study, we investigated the protective effects
of dunnione on AIC in WT and NQO1−/− mice. Therefore, we found
that dunnione protects against ADR-induced cardiac dysfunction and
this effect is mediated by SIRT1 through NQO1 enzymatic action.

2. Methods

2.1. Drugs and chemicals

ADR was provided by Sigma-Aldrich Co. (St. Louis, MO, USA), and
was dissolved in 0.9% sterile saline to achieve a final concentration of
2.0 mg/mL. Dunnione was chemically synthesized by Erum
Biotechnologies, Inc. (Suwon, Korea) and micronized as particles.
Antibodies against γH2AX, H2AX, acetyl-NF-κB-p65, acetyl-p53, NF-κB-
p65, p53, and SIRT1 were purchased from Cell Signaling Technology,
Inc. (Beverly, MA, USA) and the internal control, β-actin was obtained
from Santa Cruz Biotechnology, Inc. (CA, USA).

2.2. Mice

8–10 weeks-old-aged C57BL/6 male wild-type (WT) mice were ob-
tained from the Central Laboratory Animal, Inc. (Seoul, Korea). On a
C57BL/6 background, NQO1 knockout (NQO1−/−) mice were kindly
provided by C.H. Lee (Animal Model Center, Korea Research Institute of

Bioscience and Biotechnology, Daejeon, Korea). All experiments were
performed with same-aged healthy mice weighing between 22 and 24 g,
and mice were age-matched within 5 days. All mice were fed a normal
commercial diet and allowed free access to water during the experiment
period, while kept at an ambient temperature of 20 ± 2 °C and a re-
lative humidity of 50 ± 5% under a 12/12 h light/dark cycle in a
specific pathogen-free facility. Mice studies were approved by the
Animal Care and Use Committee of the Wonkwang University, Republic
of Korea conducted in keeping with the standard guidelines.

2.3. Experimental designs

The experimental mice were arbitrarily categorized into four
groups; group I: control group (n=5) received only normal saline,
group II: ADR group (n=5) received three times intraperitoneal ADR
injections (cumulative dose of 12mg/kg i.p.; 4 mg/kg every day for 3
consecutive days), group III: ADR plus dunnione group (n=5) received
intraperitoneal ADR injections and orally dunnione (20mg/kg) ad-
ministration, and group IV: dunnione alone group (n=5) received only
dunnione orally administration over a period. ADR was in-
traperitoneally administrated on days 4 through 6 after 1 h exposure of
dunnione. Body weight was measured every other day and also weighed
on the day of sacrifice. After the last ADR injection on the fourth day, all
mice were sacrificed by cervical dislocation. The heart tissues were
immediately isolated, washed with phosphate buffered saline (PBS),
and weighed. The heart tissue was excised; a portion of the left ventricle
(LV) was rapidly frozen in liquid nitrogen, and then stored at −80 °C
until further analyses.

2.4. Echocardiography

At the end of the treatment period, cardiac function in mice was
analyzed by transthoracic echocardiography on day 4 after the last dose
of ADR administration using a digital ultrasound system (Vivid S5
cardiovascular ultrasound system, GE healthcare, Yorba Linda, CA,
USA) with a 30-MHz high frequency transducer. Briefly, the M-mode
and two-dimensional echocardiography studies were evaluated along
the short axis of the LV at the level of the papillary muscles after an-
esthetization in mice by inhalation of 1.5% isoflurane. The parameters
of echocardiograms such as LV internal dimension-diastolic (LVIDd), LV
internal dimension-systolic (LVIDs) and fractional shortening in per-
centage (FS%) were then assessed. All measurements were carried out
at least three consecutive beats.

2.5. Histopathological analysis

For microscopy evaluation, heart tissues from mice were fixed in 4%
formaldehyde and embedded in paraffin blocks. Paraffin embedded
Sections (5-μm thick) were deparaffinized in xylene, and rehydrated
through ethanol-graded concentrations. Sections were stained with
Hematoxylin and Eosin (HE) staining to observe the morphological
changes of gross myocardial injury under a light microscope (IX71;
Olympus, Japan) with DP analyzer software, using standard protocols.
The histological cardiac injury scores of HE-stained heart sections were
analyzed under a light microscope and scored based on the grade of
myocardial degeneration (Supplemental Table S1). The samples were
evaluated in a blinded manner by a single observer and ranked on a
scale from 0 to 5; results are expressed as means± standard deviation
(SD) of 10 representative fields/group. The morphological criteria for
cardiac necrosis displaying myofibrillar loss and cytoplasmic vacuoli-
zation were defined in the method described previously [18].

TUNEL assay was used for the visualization of apoptotic cardiac
cells using TUNEL TMR apoptosis detection kit; (Roche, Mannhein,
Germany) according to the manufacture's instruction. Briefly, sections
(5-μm) were deparaffinized, rehydrated and then incubated with pro-
teinase K (20mg/mL). After blocking with endogenous peroxidase,
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sections were incubated with 2% H2O2 in methanol for 30min at room
temperature and washed in PBS, and then again incubated at 37 °C with
labeling solution for 1 h. Nuclei were counterstained with DAPI (0.5 μg/
mL; Molecular Probes, Eugene, OR, USA) at room temperature and fi-
nally examined under a fluorescence microscope (1×71; Olympus,
Tokyo, Japan).

2.6. Measurement of plasma enzyme, oxidative marker, and pro-
inflammatory cytokine levels

The blood was collected for determination of routine cardiac en-
zyme markers. The plasma levels of creatine phosphokinase (CPK),
creatine kinase myocardial bound (CKMB), lactate dehydrogenase
(LDH), and cardiac troponin I (cTnI) were estimated by using the
commercial assay kits according to manufacturer's instructions
(BioVision, USA). Oxidative damage in the cardiac tissues following
various treatments was estimated by monitoring the levels of in-
tracellular ROS, superoxide dismutase (SOD), reduced glutathione
(GSH), and lipid peroxidation; malondialdehyde (MDA) in 10% tissue
homogenates in PBS. The total intracellular ROS production was as-
sessed according to the procedure described by Kim et al. [12]. In
briefly, the fresh portions of heart tissues (100 μL) were incubated at
37 °C with 20 μM H2-DCFDA (2′, 7′-dichlorodihydrofluorescein diace-
tate; Invitrogen, San Diego, CA, USA) for 1 h. Quantification of ROS
level in the cardiac tissue was determined by DCF-F assay under a
fluorescence spectrophotometer (excitation at 485 nm and emission at
525 nm). The fluorescence intensity was recorded under a CytoFluo
series 4000 fluorometer and normalized in fold change with the control
value. Determination of cardiac activities of reduced GSH, catalase, and
SOD, and quantification of lipid peroxidation (MDA) were done by
using their specific colorimetric assay kits (BioVision, USA) according
to the manufacturer's instructions. Furthermore, the plasma protein
levels of major pro-inflammatory cytokines, namely tumor necrosis
factor-alpha (TNF-α), interleukin (IL)-1β, and IL-6 were quantified
using the commercially available mouse ELISA analysis kit (Quantikine
Kit; R&D Systems, Minneapolis, MN, USA) according to the manufac-
turer's instructions.

2.7. Determination of NQO1 enzymatic activity and NAD(P)+/ NAD(P)H
ratio

The assay was measured using heart cytosolic fractions as described
previously [19]. Concisely, NQO1 activity was analyzed by measuring
the conversion rate of NADH to NAD+ using 2,6-di-
chlorophenolindophenol (DCPIP) (Sigma). The decrease of NADH levels
was calculated at 600 nm over 2min. NQO1 activity was determined in
a 1mL reaction volume mixture containing cardiac cytosolic fractions,
200 μM NADH (Sigma-Aldrich), 40 μM DCPIP, Tris-HCl buffer (25mM
Tris-HCl, pH 7.4), and 0.7 mg/mL bovine serum albumin. Moreover,
dicumarol (Sigma) was used to block NQO1 enzymatic reaction. The
NAD(P)H/NAD(P)+ ratio was determined using a commercial NADP+/
NADPH assay kit (ECNP-100; BioAssay Systems, CA, USA) or NAD+/
NADH assay kit (E2ND-100; BioAssay Systems). Briefly, the tissues
were homogenized in either acidic extraction buffer for extraction of
NAD(P)+ or alkaline extraction buffer for extraction of NAD(P)H.
Homogenates were heated at 60 °C for 5min and then neutralized by
addition of the opposite extraction buffer. An initial reading at 565 nm
of a working reagent mix containing glucose-6-phosphate dehy-
drogenase (for NAD+/NADH) or lactate dehydrogenase plus diaphorase
(for NADPH/NADP+) was taken immediately. Another reading was
taken after a 15-min incubation period at room temperature. Calcula-
tion of total pyridine nucleotides was performed using an NAD(P)+

standard curve.

2.8. Determination of SIRT1 activity

SIRT1 activity was measured using a fluorescent SIRT1 detection kit
(Enzo Life Sciences International, Inc., PA, USA) following the manu-
facture's protocol. In briefly, the SIRT1 activity was assayed using heart
homogenates (40 μg/well), Fluor de Lys-SIRT1, NAD+, and SIRT1 assay
buffer [25mM Tris-HCl (pH 8.0), 137mM NaCl, 2.7mM KCl, 1mM
MgCl2, and 1mg/mL BSA] in a 96-well plate. All reactions were ori-
ginated by adding each substrate solution. After incubation at 37 °C for
1 h, the plate was further incubated with developing solution for 5min.
The deacetylated as a substrate was calculated by using the CytoFluor
series 4000 fluorometer (PerSeptive Biosystems, Inc., Framingham, MA,
USA) with the excitation (360 nm) and emission (460 nm) wavelengths.

2.9. Determination of PARP activity

PARP activity assay was determined using the Universal
Chemiluminescent PARP assay kit (Trevigen, Gaithersburg, MD, USA)
according to the manufacturer's protocols. The total tissue lysates
(30 μg/well) were added into the wells containing PARP buffer cocktail,
and then incubated at room temperature for 1 h. All wells were washed
thrice with PBS plus 0.1% Triton X-100 (PBST), followed via incubation
with a streptavidin-horseradish peroxidase in strep diluent buffer
(1:1000 dilution) for 1 h. After extensively washes with PBST, chemi-
luminescent detection was performed. The background readings were
subtracted from the readings of samples, and PARP activity was ana-
lyzed using a standard curve.

2.10. Western blotting

For protein analysis, heart tissues were homogenized with cold lysis
buffer and lysates were calculated using the Bio-Rad protein assay kit
(Bio-Rad Laboratories, Hercules, CA, USA). Equal amount of protein
lysates (40 μg) were subjected to electrophoresis on 10% sodium do-
decyl sulfate-polyacrylamide gels (SDS-PAGE) for 3 h at 20mA, and
then transferred to nitrocellulose membranes. The membranes was
blocked with 5% dried milk protein in tris buffered saline PBS con-
taining 0.04% Tween 20 (TBST) for 1 h, washed 3 times with TBST
every 10min. The membranes treated with primary antibodies (1:1000)
were incubated at 4 °C overnight. After extensively washing with TBST,
membranes were again incubated at room temperature with appro-
priate secondary antibodies for 1 h and washed with TBST 3 times. The
protein bands on membranes were developed using enhanced chemi-
luminescent reagents (Supersignal Substrate; Pierce, Rockford, IL, USA)
following the manufacturer's instructions. The densities of detected
protein bands were quantified with densitometric analysis by Scion
Image program (Epson GT-X700; Tokyo, Japan). All values were nor-
malized by setting the density of control samples as 1.0.

2.11. Quantitative real-time PCR (qRT-PCR) for miR-34a and pro-
inflammatory cytokines

For determination of miR-34a expression, the RNA fractions was
extracted from isolated cardiac cells using a mirVana miRNA isolation
kit (Ambion, Austin, TX, USA) according to the manufacturer's in-
structions. This extracted total RNA was reverse transcribed by using
Taqman miRNA Reverse Transcription Kit, and then amplified in a
20mL PCR with primer set for amplification of miR-34a (Assay ID:
000426) and U6 (Assay ID: 001093) by using TaqMan® miR assays
according the kit's protocol. The amplification step pursued by 40 cycles
of denaturation at 95 °C for 15 s and then annealing at 60 °C for 1min,
were carried out on the LightCycler PCR system (Roche Applied
Science) using the TaqMan Universal PCR master Mix. All relative le-
vels were evaluated using the ∆∆Ct (threshold cycle value) method with
U6 as an endogenous control. For evaluation of pro-inflammatory cy-
tokines, RNA was isolated from heart tissues (20mg) using TRIzol
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(Invitrogen, CA, USA) following the manuscript's instruction. Total RNA
(2-3 μg) was translated to cDNA using First strand cDNA synthesis
Superscript kit (Invitrogen) according to the manuscript's protocol. The
resulting cDNA was performed to RT-PCR (LightCycler® Nano software)
using SYBR Green Mastermix (Invitrogen). The qRT-PCR used primers
were as follows: TNF-α,5′-CTGAGGTCAATCTGCCCAAGTAC-3′ and
5′-CTTCACAGAGCAATGACTCCAA AG-3′; IL-1β, 5’-TCTTTGAAGTTGA
CGGACCC-3′ and 5′-TGAGTGATACTGCCTGCCTG-3′; IL-6, 5′-TCGTGG
AAATGAGAAAAGAGTTG-3′ and 5′-AGTGCATCATCGTTGTTCAT
ACA-3′; COX-2, 5′-GGGTTAAACTTCCAAAGGAGACATC-3′ and 5′-CAG
CCTGGCAAGTCTTTAA CCT-3′; MCP1, 5′-GCT GGAGAGCTACAAGAG
GATCA-3′ and 5′-ACAGACCTCTCTCTTG AGCTTGGT-3′; iNOS, 5′-GGG
CTGTCACGGAGATCA-3′ and 5′-CCATGATGGTCACATT CTGC-3′;
GAPDH, 5′-TCCCACTCTTCCACCTTCGA-3′ and 5′-AGTTGGGATAGGG
CCTCT CTTG-3′. GAPDH was used for normalization, and all relative
mRNA expressions were quantified by ∆∆Ct method. All results were
carried outexpressed as change in fold relative to control.

2.12. Assessment of NOX activity

NOX activity was quantified based on the reduction of cytochrome c
in heart tissues. Reduction of cytochrome c was determined by reading
the absorbance changes at 550 nm for 3min in the presence or absence
of the NOX inhibitor diphenyleneiodonium (DPI; 100 μM). DPI-in-
hibitable activity [(absorbance changes in the absence of
DPI)− (absorbance changes in the presence of DPI)] was taken as NOX
activity. The results were expressed as fold change.

2.13. Statistical analysis

Statistical differences of all results were determined by one-way
analysis of variance (ANOVA), and p values were reported. Each ex-
periment was performed at least thrice, and all results stand for
mean ± standard error of the mean (SEM) of triplicate analyses. All
statistical data were calculated using OriginPro 6.1 software by a
master level biostatistician, and considered statistically significant
when p values were < 0.05.

3. Results

3.1. Dunnione has a cardioprotective effect on mice treated with ADR, and
attenuates ADR-induced cardiac dysfunction

To determine the effect of dunnione on ADR-induced cardiomyo-
pathy (AIC), we treated C57BL/6 J WT and NQO1−/− mice with dun-
nione, ADR, or ADR plus dunnione as described in Supplemental Fig.
S1A. We first assessed the cardiac function by echocardiography in WT
and NQO1−/− mice on day 4 after the last ADR exposure. As shown in
Fig. 1A and Supplemental Fig. S1B, both LVIDd and LVIDs significantly
increased in the ADR group of WT mice, but the cardiac contractility
reflected by the FS in WT mice decreased. However, these changes were
remarkably restored in WT mice treated with ADR plus dunnione. Since
dunnione is a substrate for NQO1, we next conducted similar experi-
ments using NQO1−/− mice to investigate whether the protective effect
induced by dunnione is mediated by the NQO1 enzymatic action. In
contrast, we found that changes in cardiac dysfunction in ADR-treated
NQO1−/− mice were not improved by dunnione (Fig. 1B-Supplemental
Fig. S1B). Moreover, the changes in mean body weight, heart weight,
and heart-to-body weight ratio indicated signs of cardiac atrophy
among the four groups of WT and NQO1−/− mice (Fig. 1C–F), and
tended to decrease significantly by ADR administration. However,
dunnione improved these deleterious changes by ADR in WT, but not in
NQO1−/− mice (Fig. 1C–F). These results strongly suggest that the
cardioprotective effect of dunnione on ADR-induced cardiomyopathy is
mediated through NQO1.

3.2. Dunnione ameliorates ADR-induced acute myocardial injury

The pathophysiology of ADR-induced cardiac injury is defined as
myocardial degeneration or tissue destruction in the manner of myo-
fibrillar loss and cytoplasmic vacuolization [20]. To assess the protec-
tive effect of dunnione on ADR-induced cardiac damage, we examined
the cardiac section by H/E staining in an experimental WT and NQO1−/

− mice. As compared to control mice, ADR-treated WT mice histolo-
gically showed marked myocardial degeneration (i.e., myofibrillar loss
or disorganization and cytoplasmic vacuolization) in the ventricles
(Fig. 2A), which are characteristic features of myocardial cell damage
[3]. These pathological harmful effects were largely abolished by
dunnione in WT (Fig. 2A). We also quantified the cardiac injury score
via the assessment criteria described in the Methods section (Supple-
mental Table S1). As expected, ADR significantly increased the severity
of cardiac injury (2.65 ± 0.42) compared to the control, but dunnione
markedly alleviated the ADR-induced myocardial injury (0.69 ± 0.2)
(Fig. 2A). The characteristics of cardiologic histology in the dunnione
alone group were similar to those of the control group. We also ana-
lyzed the biochemical markers involved in myocardial damage and
histological features in ADR-treated NQO1−/− mice. Histologically,
ADR treatment of NQO1−/− mice also resulted in typical cardiac da-
mage similar as ADR-treated WT mice. Unlike the WT results, dunnione
did not show protective effects on ADR-induced cardiac damage in
NQO1−/− mice (Fig. 2B), including histological damage scores (ADR
alone: 2.8 ± 0.46; ADR plus dunnione: 2.9 ± 0.52). In addition, the
plasma concentrations of CPK, CKMB, cTnI, and LDH, the major clinical
endpoints of cardiac dysfunction and injury, were measured at day 4
after the last ADR treatment. ADR significantly elevated the plasma
levels of CPK, CKMB, cTnI, and LDH in ADR-treated WT mice as com-
pared to control mice (Fig. 2C). However, ADR plus dunnione group
showed significantly reduced plasma levels of all biochemical bio-
markers (Fig. 2C). Conversely, the increased plasma levels of all major
biomarkers in ADR-treated NQO1−/− mice showed no significant dif-
ferences from those observed in ADR-treated WT mice. However,
dunnione did not decrease the plasma levels of the biomarkers in-
creased by ADR in NQO1−/− mice (Fig. 2D). To confirmed the role of
NQO1 action in ADR-induced myocardial injury, we treated C57BL/6J
WT and NQO1−/− mice with β-lapachone (a well-known NQO1 sub-
strate), ADR, or ADR plus β-lapachone. As shown in Supplemental Fig.
S2, the changes in mean body weight and heart weight indicated signs
of cardiac atrophy among the four groups of mice, and tended to de-
crease significantly by ADR administration. However, β-lapachone
improved these deleterious changes by ADR in WT mice. In addition,
ADR plus β-lapachone group showed significantly reduced plasma le-
vels of CPK and cTnI in WT, but not in NQO1−/− mice (Supplemental
Fig. S2). These results indicate that NQO1 activation using dunnione or
β-Lap as substrates has protective effects against ADR-induced acute
cardiac damage.

3.3. Dunnione treatment protects against ADR cardiotoxicity, which is
mediated by cardiac cell apoptosis

A previous study indicated that increased cell death in cardiac tis-
sues contributes to the pathogenesis of ADR-induced cardiomyopathy
[21]. As Cardiac dysfunction and damage in WT mice was obviously
induced by ADR, but not in the mice treated with ADR plus dunnione
(Figs. 1–2), we next examined whether dunnione affected ADR-induced
apoptotic death of cardiac myocytes using TUNEL assay. Therefore, we
found that the number of TUNEL-positive nuclei in the ventricular
myocardium of WT mice, which implies apoptotic death of cells, was
increased by ADR exposure compared to normal control mice, but
significantly decreased in whole heart area during dunnione treatment
(Fig. 3A). Interestingly, unlike the WT results, increased numbers of
TUNEL-positive nuclei by ADR in the cardiac tissue of NQO1−/− mice
were not reduced by additional treatment with dunnione (Fig. 3B).
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Overall, this result strongly suggests that NQO1 is critically required for
the protective effects of dunnione against ADR-induced cardiac de-
generation and cardiotoxicity.

3.4. Dunnione attenuates PARP-1 hyperactivation by ADR-induced DNA
damage, and prevents reduced intracellular NAD+/NADH ratio

There are some evidences that ADR therapy induces higher ROS
production in the heart, which can lead to ADR-induced cardiac toxicity
through oxidative stress [22] and DNA damage [23]. Previous studies
have shown that NADPH oxidase (NOX) is a major source of ROS in
ADR-induced cardiac toxicity and is regulated by NADPH, a rate-lim-
iting substrate for NOX activation. Therefore, we examined the effects
of dunnione on the cellular ratio of NADPH/NADP+, NOX activity, and

oxidative stress related parameters including lipid peroxidation in
cardiac tissues of ADR-treated mice. As expected, ADR-treated WT mice
showed significantly increased intracellular NADPH/NADP+ ratio,
NOX activity and lipid peroxidation (MDA) compared to the control
group, but showed significantly reduced catalase, and SOD activity
(Fig. 4A). However, these deleterious effects were attenuated by dun-
nione (Fig. 4A). In contrast, the changes of NADPH/NADP+ ratio, NOX
activity and antioxidant enzymes in ADR-treated NQO1−/− mice were
not improved by dunnione (Fig. 4B). Consistently, the phosphorylation
of H2AX, which is indicative of DNA damage, was reduced by dunnione
in the heart tissue of ADR-treated WT mice, but not in NQO1−/− mice
(Fig. 4E–F).

As the excessive hyperactivation of PARP-1 shifts negatively
charged ADP-ribose groups i.e. PARylation from NAD+ to itself or

Fig. 1. Protective effect of dunnione on ADR-induced cardiac dysfunction. Dunnione (20mg/kg body weight) was orally administered daily from the first day of the
experiment. 1 h after administration of dunnione, ADR (12mg/kg body weight) was injected once a day for three consecutive days. A–B. Two-dimensional M-mode
echocardiograms and quantitative group data for echocardiographic measurements: LVIDd (cm), LVIDs (cm), and FS (%) were assessed by echocardiography on day 4
after the last dose of ADR injection in WT (A) and NQO1−/− (B) mice. C–F. The changes in daily body weight, heart weight, and heart weight/body weight ratio were
measured in WT (C–E) and NQO1−/− (D–F) mice. Data in grams (g) are presented as mean ± standard error of the mean (SEM). Red (*) and green (#) indicate
p < 0.05, by one-way ANOVA, suggesting statistically significant differences between baseline-corrected body weights of ADR- and saline-treated control mice at
day 5 through day 11. NS, not significant; (n=5). LVIDd, left ventricular internal dimension-diastolic; LVIDs, left ventricular internal dimension-systolic; FS,
fractional shortening. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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target proteins in response to DNA damage, and then regulates tran-
scription, DNA repair, and mitochondrial function. Therefore,
PARylation of PARP-1 facilitates the staffing of DNA repair factors [24].
However, hyperactivation of PARP-1 can deplete intracellular NAD+

and cause subsequent tissue damage [12]. We assessed the effect of
dunnione on PARP activation in the heart tissue of ADR-treated WT
mice (Fig. 5A). As compared to control, PARP activity was markedly
increased after ADR treatment, and this increase was significantly in-
hibited by dunnione in WT mice (Fig. 5A), but not in NQO1−/− mice
(Fig. 5B). Dunnione is a potent NQO1 substrate that oxidizes NADH to
NAD+, thus increasing the cellular NAD+/NADH ratio [17,25]. Thus,
we next examined the effect of dunnione on NQO1 activity and cellular
NAD+/NADH ratio in the cardiac tissue of ADR-treated WT mice or
NQO1−/− mice. As shown in Fig. 5C and D, the NQO1 activity and
intracellular NAD+/NADH ratio of WT mice were significantly lower
than those of control group after ADR exposure, and dunnione induced
this cellular NAD+/NADH ratio close to the control level (Fig. 5C–D).
On the other hand, the cellular NAD+/NADH ratio of the cardiac tissue

of NQO1−/− mice was significantly reduced by ADR similar to that of
WT mice. However, unlike the WT results, dunnione did not reduce the
decrease of cellular NAD+/NADH ratio after ADR exposure in NQO1−/

− mice (Fig. 5E).

3.5. Dunnione reinstates ADR-induced SIRT1 activity and protein
expression via the modulation of acetylated p53 and miR-34a expression

SIRT1, NAD+-dependent protein deacetylase, has been linked in
ADR-induced cardiac toxicity [26]. Since SIRT1 also uses NAD+ in cells
during stress response, PARP-1 activation has a significant effect on
SIRT1 function. Accumulating studies prove that miR-34a is a negative
regulator of SIRT1 as well as downstream effector of p53 [27]. It has
also been reported that p53-mediated miR-34a induction down-
regulates SIRT1 protein expression and activity in an acute pancreatitis
model, but increase in cellular NAD+ by NQO1 enzymatic action sup-
presses acute pancreatitis through modulation of the p53-mediated
miR-34a pathway [28]. Therefore, we examined whether dunnione

Fig. 2. Cardioprotective effect of dunnione on ADR-induced cardiac damage. Dunnione (20mg/kg body weight) was orally administered daily from the first day of
the experiment. 1 h after administration of dunnione, ADR (12mg/kg body weight) was injected once a day for three consecutive days. A–B. Mice were sacrificed at
4 days after the last dose of ADR injection, the heart tissues were isolated and stained with hematoxylin and eosin Y stain, and examined under a light microscope in
WT (A) and NQO1−/− (B) mice. Control, normal saline (0.9% NaCl)-treated group; ADR, 12mg/kg ADR only group; ADR+dunnione, ADR and 20mg/kg dunnione
combined group; dunnione, 20mg/kg dunnione only group. Damaged areas were indicated with black arrows, and 10 fields of 400× of cardiac injury were scored
using the quantitative evaluation method described in Supplemental Table 1. C–D. The plasma levels of CPK (U/L), CKMB (U/L), cTnI (ng/mL), and LDH (U/L) were
analyzed in WT (C) and NQO1−/− (D) mice. Data are presented as mean ± SEM. * and # indicate p < 0.05, by one-way ANOVA compared with the control (*) and
ADR alone group (#). NS, not significant; (n=5; Scale bar: 200 μm). CPK, creatine phosphokinase; CKMB, creatine kinase-MB; cTnI, cardiac Troponin I; LDH, lactate
dehydrogenase.
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affects SIRT1 expression and activity in the cardiac tissues of ADR-
treated WT or NQO1−/− mice. Although SIRT1 mRNA levels were not
affected by ADR or dunnione (data not shown), the protein expression
and activity of SIRT1 in the cardiac tissue of WT mice were significantly
reduced after ADR exposure, but were clearly prevented by dunnione
(Fig. 6A and C). However, ADR-induced decrease in SIRT1 protein ex-
pression and activity in the cardiac tissue of NQO1−/− mice was not
significantly prevented by dunnione (Fig. 6B–D). To confirm that SIRT1
was critically required for the protective effects of dunnione, we in-
vestigated cell viability in H9c2 cardiomyocytes after exposure of ADR
or dunnione in the presence of nicotinamide (SIRT1 inhibitor). As
shown in Supplemental Fig. S5, dunnione significantly ameliorated
ADR-induced cytotoxicity, as evidenced by an increase in cell viability.
However, pretreatment of the H9c2 cells with nicotinamide (NAM)
prior to the exposure to dunnione plus ADR abolished the protective
effect of dunnione, resulting in a significant decrease in cell viability.

These results suggest that SIRT1 is critically required for the protective
effects of dunnione against ADR-induced cardiotoxicity. In addition,
miR-34a expression was significantly elevated in the cardiac tissue
following ADR exposure, which was completely inhibited by dunnione
in WT mice but not in NQO1−/− mice (Fig. 6E–F). As previously de-
monstrated, ADR induces the activation of acetylated p53 [29], a key
mediator and upstream regulator of miR-34a [28]. Therefore, we as-
sessed whether dunnione reduced ADR-induced acetylation of p53 in
the cardiac tissue. As compared to control, western blot analysis in-
dicated that ADR treatment of WT mice significantly increased p53
acetylation without change in total p53 protein level, whereas dun-
nione completely suppressed acetylation of p53 (Fig. 6G). However,
this effect of dunnione was completely attenuated in NQO1−/− mice
(Fig. 6H).

Fig. 3. Effect of dunnione on ADR-induced apoptotic cell death in the heart tissues of C57BL/6 mice. Dunnione (20mg/kg body weight) was orally administered
daily from the first day of experiment. 1 h after administration of dunnione, ADR (12mg/kg body weight) was injected once a day for three consecutive days. A–B.
TUNEL-positive nuclei were identified by TUNEL staining and examined under a fluorescent microscope in WT (A) and NQO1−/− (B) mice. Apoptotic cells were
visualized as pink. Counterstaining for the nuclei was conducted with DAPI and visualized as blue. Control, normal saline (0.9% NaCl)-treated group; ADR, 12mg/kg
ADR only group; ADR+dunnione, ADR and 20mg/kg dunnione combined group; dunnione, 20mg/kg dunnione only group. Quantitative analysis of TUNEL-
positive nuclei in percentage (%). * and # indicate p < 0.05 by one-way ANOVA compared with the control (*) and ADR alone group (#), NS, not significant; (n=5;
Scale bar: 100 μm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

D. Khadka et al. Journal of Molecular and Cellular Cardiology 124 (2018) 45–57

51



3.6. Dunnione inhibits acetylation of NF-κB p65 and production of pro-
inflammatory mediators induced by ADR

Previous studies have demonstrated that NF-κB plays a crucial role
in regulating genes that contribute to the onset of ADR-induced oxi-
dative stress, pro-inflammatory responses, and apoptosis in cardiac
tissues [30,31]. Furthermore, NF-κB regulates the expression of various
pro-inflammatory cytokines and chemokines that are involved in ADR-
induced cardiac toxicity [32]. In addition, NF-κB activity is regulated
via post-translational modifications, namely phosphorylation and
acetylation. Current studies have suggested that the incapability of re-
duced SIRT1 activity to deacetylate the NF-κB subunit p65 at lysine-310
aggravates the inflammatory mediators [12,17,28]. Interestingly, the
level of acetylated NF-κB p65 was strongly increased in the cardiac
tissue of ADR-treated WT mice compared with control, and this effect
was significantly suppressed by dunnione (Fig. 7A). In contrast, in-
hibition of ADR-induced NF-κB p65 acetylation by dunnione was not
observed in NQO1−/− mice (Fig. 7B). The mRNA and protein expres-
sion levels of pro-inflammatory cytokines (TNF-α, IL-lβ, and IL-6) were
increased in the cardiac tissue of ADR-injected WT mice. However, their
levels were significantly attenuated in WT mice by dunnione treatment
(Fig. 7C-Supplemental Fig. S2A). Unlike the effect of dunnione in WT

mice, the increase in mRNA and protein levels of pro-inflammatory
cytokines after ADR exposure was not attenuated by dunnione in
NQO1−/− mice (Fig. 7D-Supplemental Fig. S2B). Similar to pro-in-
flammatory cytokine mRNA expression patterns, increased mRNA le-
vels of COX-2, iNOS, and MCP-1 induced by ADR were significantly
reduced by dunnione in the cardiac tissues of WT mice, but not in
NQO1−/− mice (Fig. 7E–F), suggesting that dunnione ameliorates
cardiac inflammation by downregulating NF-κB signaling. Taken to-
gether, these results strongly suggested that the induction of the cellular
NAD+ levels using dunnione attenuated ADR-induced cardiomyopathy
via the regulation of PARP-1 and SIRT1 activity.

4. Discussion

Despite the beneficial effects of ADR as a potent chemotherapeutic
agent, the onset of cardiomyopathy leading to heart failure remains an
important issue in oncology and cardiology [33,34]. Although the un-
derlying molecular mechanism has not been fully elucidated, an alter-
native approach to reduce its cardiotoxicity has important clinical re-
levance [35]. ADR cardiotoxicity is associated with oxidative stress
mainly by ROS production and is a complex multiple factor process
with increased antioxidant depletion and increased lipid peroxidation,

Fig. 4. Effect of dunnione on ADR-induced ROS generation and other major oxidative markers, and DNA damage. Dunnione (20mg/kg body weight) was orally
administered daily from the first day of the experiment. 1 h after administration of dunnione, ADR (12mg/kg body weight) was injected once a day for three
consecutive days. The heart tissue was isolated at day 4 after the last dose of ADR injection, and then NADPH/NADP+ ratio, NOX activity, MDA (nmol/mg), Catalase
(U/mg protein), and SOD (U/mg protein) were assessed by colorimetric assay kits in WT (A) and NQO1−/− (B) mice. C–D. DNA damage was analyzed by western
blotting using anti-γH2AX antibody in WT (C) and NQO1−/− (D) mice. * and # indicate p < 0.05 by one-way ANOVA compared with the control (*) and ADR alone
group (#), NS: not significant; (n=5). MDA, malondialdehyde; SOD, superoxide dismutase.
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leading to systemic inflammatory responses through the recruitment
and release of pro-inflammatory mediators. NF-κB p65 and p53 may be
important factors in ADR-mediated cardiac damage, since co-incidental
activation of these molecules is associated with inflammatory responses
and apoptosis [5,6]. It is generally believed that ROS generation plays a
critical role in ADR-induced p53 activation through oxidative DNA
damage [36]. Therefore, NF-κB and p53 have been illustrated as key
mediators of ADR-induced toxicity because of their contribution in DNA
damage, oxidative stress and inflammation via a mutual feedback
procedure of ‘cause and effect’. Of note, it has been reported that

activation of p53 and NF-κB p65 is associated with ADR-induced car-
diomyocyte apoptosis [37,38]. Furthermore, the activation of acety-
lated p53 was also critically involved in ADR-induced cardiac damage
[39]. In our study, we determined the effect of NAD+ metabolism on
ADR-induced cardiac dysfunction. Our results suggest that the reduc-
tion in SIRT1 activity and protein expression may be associated with
decreased intracellular NAD+ levels, and play an important role in
advance of ADR-induced cardiac dysfunction. Reduced SIRT1 activity
attenuated deacetylation of downstream targets namely p53 and NF-κB,
which are highly activated by acetylation, and exacerbated ADR-

Fig. 5. Effect of dunnione on PARP-1 activation, NQO1 activity, and cellular NAD+/NADH ratio in ADR-treated mice. Dunnione (20mg/kg body weight) was orally
administered daily from the first day of the experiment. 1 h after administration of dunnione, ADR (12mg/kg body weight) was injected once a day for three
consecutive days. A–E. The heart tissue was isolated at day 4 after the last dose of ADR injection. PARP activity, NQO1 activity and NAD+/NADH ratio were assayed
using the PARP, NQO1, and NAD+/NADH assay kits, respectively, in WT (A, C, D) and NQO1−/− (B, E) mice. * and # indicate p < 0.05 by one-way ANOVA
compared with the control (*) and ADR alone group (#). NS, not significant; (n= 5).
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induced cardiac dysfunction through inflammation responses and
apoptosis. However, dunnione prophylactically attenuated ADR-in-
duced cardiac dysfunction in an NQO1-dependent manner and de-
creased cardiac tissue damage by reducing ROS production and PARP
activation. Dunnione also reinstated cellular NAD+ levels and SIRT1
activity as well as improved deacetylation of p53 and NF-κB.

NQO1 has many biological activities such as scavenging superoxide
anion radicals and stabilizing tumor suppressor p53, which can be the
basis for potential intervention in the disease process [40]. However,
despite the important role of NQO1, mice lacking NQO1 gene expres-
sion showed no detectable phenotype and could not be distinguished
from WT mice except that menadione administration increased toxicity
compared to WT mice [41]. Interestingly, in this study, we found that
the myocardial cell cross-sectional area of NQO1−/− mice was sig-
nificantly increased compared to WT mice (supplemental Fig. S6). This
is consistent with a higher LVID during diastole in the NQO1−/− mice
(Fig. 1A). In addition, the total pool size of NAD (H), i.e. the sum of
NAD+and NADH, is reduced in NQO1−/− mice compared to WT mice.
These results suggested that deficiency of NQO1 has caused cardiac
stress in absence of ADR.

The role of NAD+ acts as a rate-limiting co-substrate and a central
metabolic cofactor for various enzymes involved in energy metabolism

and cellular homeostasis. Modulation of exogenous NAD+ biosynthesis
shows therapeutic benefits against tissue damage in animal models of
ischemia, cardiomyopathy [8], hearing impairment [12], and small
intestine injury [17]. Interestingly, intracellular NAD+/NADH ratio can
be easily controlled by NQO1 that carry out redox reactions by trans-
ferring electrons from NADH to its substrates [19,42,43]. Recently, it
has been reported that an increase in the NAD+/NADH ratio by dun-
nione, an analog of β-lapachone (a well-known NQO1 substrate), shows
beneficial effects on various metabolic syndromes [44], alcoholic ulcers
[45], and acute pancreatitis [28].

The cardiac tissue in patients with cancer who receive ADR therapy
is very sensitive to oxidative stress, such as ROS, caused by ADR [46].
Correspondingly, our data showed that ADR therapy significantly in-
duced DNA damage in the cardiac tissues through intracellular ROS
production. PARP-1, an NAD+-dependent DNA repair enzyme and
major NAD+ consumer, is activated by DNA damage under patholo-
gical circumstances. Though, excessive activation through severe oxi-
dative DNA damage rapidly reduces intracellular NAD+ levels, im-
pairing NAD+-dependent processes and ultimately leading to cell death
[47]. In this study, hyperactivation of PARP-1 was observed in ADR-
treated hearts and induced a decrease in cellular NAD+/NADH ratio
and SIRT1 activity. Likewise, inhibition of PARP activity with ABT-888

Fig. 6. Effect of dunnione on SIRT1 expression and its activity. Dunnione (20mg/kg body weight) was orally administered daily from the first day of the experiment.
1 h after administration of dunnione, ADR (12mg/kg body weight) was injected once a day for three consecutive days. A–B. The heart tissue was isolated at day 4
after the last dose of ADR injection. The level of SIRT1 protein was analyzed by western blotting in WT (A) and NQO1−/− (B) mice. Densitometric analysis is
presented as the fold induction of SIRT1 relative to β-actin. C-D. SIRT1 activity was measured using SIRT1 assay kit in WT (C) and NQO1−/− (D) mice. E–F. Levels of
miR-34a expression were analyzed by quantitative RT-PCR in WT (E) and NQO1−/− (F) mice. G–H. Acetylated p53 and total p53 levels were determined by western
blotting using anti-acetylated p53 and anti-p53 antibodies in WT (G) and NQO1−/− (H) mice. * and # indicate p < 0.05 by one-way ANOVA compared with the
control (*) and ADR alone group (#). NS, not significant; (n=5).
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significantly increased the levels of cellular NAD+, Sirt1 activity and
expression levels of Sirt1, and decreased miR-34a levels in ADR-treated
H9c2 cardiomyocytes (Supplemental Fig. S4). Both PARP-1 and SIRT1
can regulate many mutual cell pathways, each of which can affect ac-
tivity sharing the same intracellular NAD+ pool [47]. As a result, ac-
tivation of PAPR-1 may significantly affect SIRT1 activity by decreasing
NAD+ bioavailability [48]. This was further demonstrated in a recent
study in which the genetic deficiency of PARP-1 or the pharmacological
inhibition of PARP-1 activity increased intracellular NAD+ levels and
increased SIRT1 activity [49]. In addition, SIRT1 has a protective role
against ADR-induced toxicity [26]. In our study, simultaneous reduc-
tion of SIRT1 protein expression and its activity was observed in ADR-
treated cardiac tissue. The molecular mechanism by which ADR affects
SIRT1 expression is not yet well-known, but the expression of SIRT1
could be regulated by microRNAs (miRNAs). Among them, miR-34a is
the first recognized miRNA to regulate cell death and cellular senes-
cence by inhibiting mRNA translation by binding directly to 3′-UTR of
SIRT1 [27], and has recently been reported to be an important reg-
ulator of cardiac dysfunction [50]. It has also been suggested that miR-
34a pharmacological inhibition could be a future therapeutic option for
cardioprotection against ADR-induced cardiomyopathy [51]. Of note,
activation of p53, especially acetylated p53, is a key upstream regulator
for miR-34a [12]. Furthermore, during cellular stress response, the p53
tumor suppressor is an important transcription factor, which regulated

by nuclear SIRT1 through direct interaction with and succeeding dea-
cetylation of p53. The p53 acetylation accelerates sequence-specific
DNA-binding following recruitment of other transcription cofactors in
nucleus, and thereby improves the transcription of target genes [52],
including Ap53-induced gene 3, p53-upregulated modulator of apop-
tosis, and NADPH activator, all are included in ROS production through
apoptosis or mitochondrial dysfunction. The p53 deacetylation through
nuclear-localized SIRT1 deactivates transcriptional activity, and sup-
presses p53-mediated apoptosis and cell growth arrest in response to
oxidative stress and DNA damage [53]. In our study, we demonstrated
that a significant decrease in Sirt1 activity, which may be associated
with a decrease in cellular NAD+ levels and downregulation of Sirt1
expression, in ADR-induced cardiomyopathy. The decrease in Sirt1
activity permits an increase in p53 acetylation and p53 activity. Acti-
vation of p53 increases miR-34a transcription, which in turn suppresses
Sirt1 translation by binding directly to 3′-UTR of Sirt1. It is unclear
whether a decrease in Sirt1 activity is caused by downregulation of
Sirt1 expression or by a decrease in NAD+ levels, our results suggest
that ADR-mediated reduction of Sirt1 expression and NAD+ levels and
subsequent decrease of Sirt1activity may accelerate the p53-miR-34a
pathway through a positive feedback loop. In addition, an increase in
NAD+ levels by dunnione induced SIRT1 activation and reduced heart
damage by reducing oxidative stress and DNA damage through down-
regulation of p53 deacetylation and miR-34a expression.

Fig. 7. Effect of dunnione on the acetylation of NF-κB p65 and production of pro-inflammatory mediators. A–B. Acetylated NF-κB p65 and total NF-κB p65 levels
were determined by western blotting using anti-acetylated NF-κB p65 (K310) and anti-acetylated NF-κB p65 antibodies in WT (A) and NQO1−/− (B) mice. Total RNA
was isolated from the frozen heart tissues and reverse-transcribed using a transcriptor, and then the resulting cDNA was subjected to real-time PCR according to the
manufacturer's protocol. C–D. Quantitative real-time PCR was carried out using primers for the cytokines, TNF-α, IL-1β, and IL-6 in WT (C) and NQO1−/− (D) mice.
E–F. Quantitative real-time PCR was carried out using primers for the chemokines, COX-2, iNOS, and MCP-1 in WT (E) and NQO1−/− (F) mice. G. A working model
of the effect of dunnione on ADR-induced cardiomyopathy in mice. * and # indicate p < 0.05 by one-way ANOVA compared with the control (*) and ADR alone
group (#). NS, not significant; (n=5).

D. Khadka et al. Journal of Molecular and Cellular Cardiology 124 (2018) 45–57

55



It is now well-developed that NF-κB transcription factor plays cri-
tical roles in inflammation. NAD+-dependent SIRT1 physically inter-
acts with nuclear translocated NF-κB p65 and deacetylates the Lys-310
residue of NF-κB p65 to inhibit the transcriptional activity of NF-κB
[12]. In this study, we found that acetylation of NF-κB p65 in the ADR-
treated heart tissue was facilitated by reduced SIRT1 activity and ex-
pression induced by decreased intracellular NAD+ and increased miR-
34a levels. However, the increase in NAD+/NADH ratio by NQO1 using
dunnione as a substrate activated SIRT1, and thereby attenuated ADR-
induced acetylation of NF-kB p65 as well as production of pro-in-
flammatory cytokines (TNF-α, IL-1β, and IL-6) and chemokines (COX-2,
iNOS, and MCP-1).

In conclusion, we have shown that an increase in cellular NAD+ can
improve ADR-induced cardiac damage and dysfunction through mod-
ulation of the PARP-1, SIRT1, p53, and NF-κB signaling pathways
(summarized in Fig. 7G). Thus, pharmacological stimulation of NQO1
enzymatic action, which induces an increase of intracellular NAD+

level, may be a beneficial therapeutic strategy for patients with cancer
undergoing ADR chemotherapy.
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