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HIGHLIGHTS

� Neopetroside A preserved cardiac

hemodynamics and mitochondrial

respiration capacity ex vivo after

ischemia/reperfusion injury in rat hearts.

� NPS A significantly prevented cardiac

fibrosis in vivo in myocardial infarcted

mice.

� In vivo and ex vivo effects were caused by

preserved mitochondrial function.

� In vitro kinase screening assays, in silico

docking simulation studies, and SPR

binding assays demonstrated that NPS A

directly interacts with GSK-3b.

� GSK-3b inhibition regulates the NADD/

NADH ratio by activating the Nrf2/Nqo1

axis in a phosphorylation-independent

manner.
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ATP = adenosine triphosphate

GSK-3 = glycogen synthase

kinase–3

I/R = ischemia/reperfusion

MI = myocardial infarction

mPTP = mitochondrial

permeability transition pore

mTOR = mammalian target of

rapamycin

NADþ = nicotinamide adenine

dinucleotide
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Recent trends suggest novel natural compounds as promising treatments for cardiovascular disease. The authors

examined how neopetroside A, a natural pyridine nucleoside containing an a-glycoside bond, regulates mito-

chondrial metabolism and heart function and investigated its cardioprotective role against ischemia/reperfusion

injury. Neopetroside A treatment maintained cardiac hemodynamic status and mitochondrial respiration capacity

and significantly prevented cardiac fibrosis in murine models. These effects can be attributed to preserved

cellular and mitochondrial function caused by the inhibition of glycogen synthase kinase-3 beta, which regulates

the ratio of nicotinamide adenine dinucleotide to nicotinamide adenine dinucleotide, reduced, through activation

of the nuclear factor erythroid 2–related factor 2/NAD(P)H quinone oxidoreductase 1 axis in a phosphorylation-

independent manner. (J Am Coll Cardiol Basic Trans Science 2022;7:1102–1116) © 2022 The Authors.

Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

H = nicotinamide adenine

leotide, reduced
NAD

dinuc
NPS A = neopetroside A

Nqo1 = NAD(P)H:quinone

oxidoreductase 1

Nrf2 = nuclear factor erythroid

2–related factor 2

OCR = oxygen consumption
I schemia/reperfusion (I/R) injury causes struc-
tural and functional changes in cardiomyocytes,
disrupting their mitochondrial function and

inducing myocardial damage. Mitochondria are
essential regulators of cellular biogenesis, and envi-
ronmental stimuli such as oxygen tension, hormones,
and nutrients are critical for their function and ho-
meostasis.1 Thus, protecting mitochondrial function
to enhance cardiac energy supply is considered to
be the primary function of next-generation therapeu-
tics for heart failure.2 Investigation of novel natural
products and their effects on mitochondrial function
during or after I/R injury may lead to new pharmaceu-
tical approaches for cardiovascular disease treatment.

Sponges belonging to the genus Neopetrosia
contain diverse bioactive metabolites.3 In a previous
study, we isolated 2 new pyridine nucleosides from
Neopetrosia sp, both containing a-glycosidic bonds
and an acyl substituent at C-50. One of these nucleo-
sides, neopetroside A (NPS A), differed from its
isomeric analog (b-NPS A) only at the b-glycoside
bond.4 In the same study, we showed that NPS A
improved mitochondrial function without cytotox-
icity. Considering the ability of NPS A to regulate
mitochondria, we hypothesized that this compound
would be promising for the treatment of cardiovas-
cular disease.

Cellular metabolism involves several mitochon-
drial processes, many of which require the universal
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cofactor nicotinamide adenine dinucleotide
(NADþ). NADþ is a coenzyme composed of 2
nucleotides joined by their respective phos-
phate groups: an adenine base and a nico-
tinamide.5 Oxidation of mitochondrial NADþ,
reduced (NADH), occurs when its electrons

are donated to complex I (NADH:ubiquinone oxido-
reductase) of the electron transport chain.6 F0F1-
adenosine triphosphate (ATP) synthesis allows the
re-entry of protons into the matrix and is important
for driving ATP synthesis. NADH and NADþ are vital
to the formation of ATP and must be held in an
optimal ratio to maintain mitochondrial
metabolism.7

Glycogen synthase kinase-3 (GSK-3) is a serine/
threonine protein kinase regulated by phosphoryla-
tion, intracellular translocation, and the formation of
complexes with other proteins. GSK-3 plays important
roles in glycogen metabolism and in cell proliferation,
growth, and death.8-10 There are 2 GSK-3 subtypes,
GSK-3a and GSK-3b, and GSK-3b plays a more impor-
tant role in the heart. Thus, GSK-3b inhibition may be
a strategy to limit infarct size upon myocardial
reperfusion in pharmacologic and ischemic pre-
conditioning.11 Such intervention induces GSK-3b
phosphorylation at the serine residue 9.12-14 Further-
more, GSK-3b plays an important role in the nuclear
factor erythroid 2-related factor 2 (Nrf2) pathway.15

Nrf2 is a key regulator of several genes, including
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NAD(P)H:quinone oxidoreductase 1 (Nqo1).16 Specif-
ically, GSK-3b gene knockdown or inhibition up-
regulates Nrf2 and its target genes in neuronal
cells.17 However, the role of NPS A in the regulation of
cardioprotective mechanisms through the mitochon-
dria remains unknown.

In this study, we examined the clinical potential of
NPS A to confer cardioprotection against I/R injury
and analyzed its effects on mitochondrial oxidative
phosphorylation. We also determined the effects of
NPS A on a series of kinases and showed that GSK-3b
is a molecular target of NPS A. Docking simulation
studies and binding assays revealed that NPS A may
bind directly to GSK-3b. Our findings suggest that NPS
A regulates the NADþ/NADH ratio via the Nrf2-Nqo1
pathway.

METHODS

COMPOUNDS. NPS A (C20H18F3NO10; molecular
weight ¼ 489 g/mol) (Figure 1A) was isolated from
Neopetrosia sp and synthesized as previously
described.4 GSK-3b inactivators lithium chloride
(LiCl) (Merck) and SB216763 (Sigma-Aldrich) were
used to inhibit GSK-3b expression.

ANIMAL EXPERIMENTS. For in vivo treatment of
compounds, 3 mg/kg NPS A (dissolved in distilled
H2O), SB216763 (dissolved in dimethyl sulfoxide), or a
combination of both SB216763 and NPS A was
administered intraperitoneally to 8-week-old C57BL/6
mice every 2 days for a total of 4 weeks.

For the myocardial infarction (MI) model in C57BL/
6 mice, 8-week-old mice were anesthetized with 1.5%
to 2% isoflurane, and sham and MI procedures were
performed according to a published protocol.18 After
MI surgery, mice were injected with 3 mg/kg (bolus,
intraperitoneal) NPS A or phosphate-buffered saline
every 2 days for 4 weeks. The 3 mg/kg dose was
calculated on the basis of the blood volume in mice,
which is equivalent to 3.48 mmol/L NPS A (molecular
weight ¼ 489 Da). Euthanasia by excision of the heart
was performed while mice were under anesthesia;
thereafter, the hearts were reserved for subsequent
experiments.

All experimental procedures involving animals
were performed according to the Guide for the
Care and Use of Laboratory Animals, and the pro-
tocols were approved by the Institutional Review
Board of Animals of the Inje University College of
Medicine.

ISOLATION OF RAT HEARTS. The protocol for isola-
tion of 8-week-old rat hearts is described in the
Supplemental Appendix.
CELL CULTURE AND SMALL INTERFERING RNA

TRANSFECTION. Rat cardiomyoblast H9c2 cells
(American Type Culture Collection) were cultured in
Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum, 50 U/mL penicillin, and 50 mg/mL
streptomycin (all from Lonza). Lipofectamine 2000
(Thermo Fisher Scientific) was used for small inter-
fering RNA delivery.
MEASUREMENT OF CELL VIABILITY. H9c2 cells were
seeded at a density of 2 � 104 cells/well in 96-well
culture plates. After 16 hours, the cells were treated
with NPS A for 24 hours at doses ranging from 1 to
300 mmol/L. Cell viability was assessed using a 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide assay kit (Sigma-Aldrich) according to the
manufacturer’s instructions.

MEASUREMENT OF NADD/NADH RATIO. NADþ/NADH
ratio was measured using the NADþ/NADH-Glo assay
(Promega) according to the manufacturer’s in-
structions. Cells were seeded in 96-well culture
plates and treated with NPS A after 16 hours. After 1
hour, the assay solution was added, and lumines-
cence was measured using a luminometer (Molecu-
lar Device).

MEASUREMENT OF OXYGEN CONSUMPTION RATE.

Isolated mitochondria from hearts were analyzed us-
ing an XF24 analyzer (Seahorse Bioscience) or an
Oroboros Oxygraph-2k system (Oroboros Instruments)
for simultaneous measurement of extracellular acidi-
fication rate and oxygen consumption rate (OCR) or
for measurement of OCR.19,20 The complete protocol is
described in the Supplemental Appendix.

KINASE ASSAY. Kinase assays were performed us-
ing the Eurofins KinaseProfiler service according to
the protocols detailed by Davies et al.21 A single
dose of NPS A was used during the initial kinase
screening assay to identify its target enzymes,
resulting in 69 potential candidates. Targets
regulated at a minimum of a 20% threshold and
statistically significant at a value of P < 0.05
were selected.
DOCKING STUDY. AutoDock version 4.01 was used
for all docking simulations. The complete protocol is
described in the Supplemental Appendix.

WESTERN BLOT. Lysates were centrifuged at
14,000 rpm for 15 minutes at 4�C. A Bradford protein
assay (Bio-Rad) was performed following the manu-
facturer’s instructions to determine protein concen-
trations; then 30 mg protein was loaded per lane onto
10% sodium dodecyl sulfate polyacrylamide gels. Gels
were transferred onto nitrocellulose membranes
(Whatman) and incubated with specific antibodies
(Nqo1 [Abcam]; GSK-3b, phosphorylated GSK-3b [Ser9]

https://doi.org/10.1016/j.jacbts.2022.05.004
https://doi.org/10.1016/j.jacbts.2022.05.004
https://doi.org/10.1016/j.jacbts.2022.05.004


FIGURE 1 NPS A Is Not Toxic in Vitro and in Vivo

(A) Chemical structure of neopetroside A (NPS A). (B) Stability of NPS A in vivo following intravenous administration, measured at the

indicated time points. Data represent the average of 3 independent experiments. (C) Effects of increasing concentrations (0-300 mmol/L) of

NPS A on H9c2 cell viability. Four independent in vitro experiments were performed. (D, E) Single-cell contractility assay in the presence and

absence of 3 mmol/L NPS A. Data represent the average of 3 independent experiments. Data were analyzed using 1-way analysis of variance

followed by the Bonferroni multiple-comparisons test (C) and Student’s t-test (D).
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[Cell Signaling]; and glyceraldehyde-3-phosphate de-
hydrogenase [Santa Cruz Biotechnology]). Protein
bands were detected by western blot using AbSignal
(AbClon) and a LAS-3000 Plus imager (Fuji
Photo Film).
SURFACE PLASMON RESONANCE BINDING ASSAY.

Direct target binding of free NPS A was assessed using
a dual-channel surface plasmon resonance instru-
ment (Biacore T200, Cytiva). The complete protocol is
described in the Supplemental Appendix.
ISOLATION OF CARDIOMYOCYTES AND FLUORESCENCE

STAINING. Hearts of 8-week-old male C57BL/6 mice
were perfused with normal Tyrode’s solution with
collagenase on a Langendorff system to obtain single
cardiomyocytes.22 Isolated cardiomyocytes were
incubated with 10 mmol/L CM-H2DCFDA (General
Oxidative Stress Indicator, Thermo Fisher Scientific)
for 30 minutes. The resulting fluorescence intensity
was detected using an LSM-800 confocal microscope
(Carl Zeiss).

https://doi.org/10.1016/j.jacbts.2022.05.004


FIGURE 2 NPS A Elevates Glycolysis, OCR, and Metabolic Processes in Rat Cardiomyoblast H9c2 Cells

Continued on the next page
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HISTOLOGIC ANALYSES. Mouse hearts were excised,
washed with phosphate-buffered saline, and fixed in
10% paraformaldehyde. For assessment of myocardial
fibrosis, sections were sent to Histoire for Masson’s
trichrome collagen staining. Sections were photo-
graphed using a NanoZoomer Digital Slide Scanner
(Hamamatsu Photonics). The relative fibrotic area
(percentage of total area) was measured quantita-
tively using ImageJ version 1.48.

SIMULATED I/R INJURY. Simulated I/R was initiated
in cardiac cell lines or isolated mouse ventricular
myocytes, as previously described.22,23 The complete
buffer composition and protocol are described in the
Supplemental Appendix.

STATISTICAL ANALYSIS. Data are presented as mean
� SEM. Differences between 2 groups were analyzed
using unpaired 2-tailed Student’s t-tests. Differences
between more than 2 groups were analyzed using 1-
or 2-way analysis of variance followed by Bonferroni
post hoc tests for multiple pairwise comparisons.
Statistical significance was set at P < 0.05. The log-
rank Mantel-Cox test was performed to compare
survival among the groups. Analyses were performed
using Origin version 8.0 (OriginLab) and Prism
version 9.0 (GraphPad Software).

RESULTS

NPS A IS NONTOXIC IN VIVO AND IN VITRO. In the
investigation of in vivo stability (Figure 1A), admin-
istration of synthesized NPS A (6 mg/kg) resulted in
undetectable NPS A levels in the blood (data not
shown). When administered intraperitoneally at
3 mg/kg, NPS A was detected in the circulation but
rapidly decreased to 10% of its initial concentration
within 30 minutes (Figure 1B). In the cellular H9c2
model, NPS A did not exhibit any toxic effects at
doses #300 mmol/L (Figure 1C). In the examination of
FIGURE 2 Continued

(A) Left: Extracellular acidification rate (ECAR) output of H9c2 cells and

10 mmol/L 2-deoxyglucose (2DG). Right: Effects of increasing concentr

and glycolytic reserve on the basis of data derived from the left panel. F

control cells. (B) Left: Representative graph of oxygen consumption rate

cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and 1 mmol/L rot

concentrations of NPS A on mitochondrial function parameters (adenosi

chondrial oxygen maximal capacity, and mitochondrial OCR [mtOCR]) on

in vitro experiments were performed. #P < 0.05 vs control cells. (C) AT

represent the average of 4 independent experiments. (D) OCR (y-axis) a

independent in vitro experiments were performed. #P < 0.05 vs control

independent in vitro experiments were performed. Data were analyzed u

comparisons test (A to D) and Student’s t-test (E). ADP ¼ adenosine dip

maleate; S ¼ succinate.
electric stimulation–induced sarcomere shortening in
single cardiac myocytes, treatment with NPS A did
not affect the single-cell contractility (Figures 1D
and 1E).

NPS A INCREASES GLYCOLYSIS, OXIDATIVE PHOS-

PHORYLATION, AND ATP PRODUCTION IN VITRO.

We then examined whether NPS A treatment enhances
glycolysis. As measured by extracellular acidification
rate, cells treated with 10 mmol/L NPS A exhibited the
greatest increases in glycolysis, glycolytic capacity,
and glycolytic reserve (Figure 2A). We next measured
changes in OCR after NPS A treatment. Compared with
control, treatment with 10 or 20 mmol/L NPS A
enhanced mitochondrial function, such as ATP-linked
respiration and mitochondrial OCR and increased
mitochondrial oxygen maximal capacity (Figure 2B).
Furthermore, NPS A treatment caused cellular ATP
levels to be elevated for 3 hours before returning to
baseline levels (Figure 2C).

Treatment with lower concentrations (3 and
10 mmol/L) of NPS A resulted in similarly high OCR
and extracellular acidification rate (Figure 2D,
Supplemental Figures 1B to 1D), without affecting
mitochondrial membrane potential (Supplemental
Figure 1A). However, in isolated mitochondria, we
observed no difference in OCR between the untreated
and 3 mmol/L NPS A–treated groups (Figure 2E). These
data indicate that NPS A treatment enhances glycol-
ysis and oxidative phosphorylation, causing the
transient up-regulation of energy metabolism rather
than directly affecting mitochondrial function.

NPS A AMELIORATES I/R INJURY EX VIVO. In the
ex vivo Langendorff-perfused system experiment,
impaired left ventricular pressure and heart function
were mitigated by NPS A treatment after I/R treat-
ment (Figures 3A and 3B). The mean left ventricular
developed pressure and maximum dP/dt after 30 mi-
nutes of reperfusion were significantly lower in the
response to 10 mmol/L glucose (G), 1 mmol/L oligomycin (O), and

ations of neopetroside A (NPS A) on glycolysis, glycolytic capacity,

our independent in vitro experiments were performed. #P < 0.05 vs

(OCR) of H9c2 cells in response to 1 mmol/L O, 1 mmol/L carbonyl

enone with 1 mmol/L antimycin (R/A). Right: Effects of increasing

ne triphosphate [ATP]–linked respiration, proton leakage, mito-

the basis of data derived from the left panel. Four independent

P levels after treatment with NPS A for the indicated times. Data

gainst ECAR (x-axis) according to concentration of NPS A. Four

cells. (E) OCR measurement in isolated cardiac mitochondria. Three

sing 1-way analysis of variance followed by the Bonferroni multiple-

hosphate; ATPase ¼ adenosine triphosphatase; G/M ¼ glutamate-
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FIGURE 3 NPS A Preserves Decreased LVDP After Global I/R Injury

(A, B) Representative recordings of left ventricular (LV) pressure in perfused hearts without (A) or with (B) 3 mmol/L neopetroside A (NPS A)

treatment following ischemia. (C, D) LV developed pressure (LVDP) and maximum dP/dt were determined before ischemia and during

reperfusion in the presence and absence of NPS A. n ¼ 5 per group. ****P < 0.0001 vs preischemia in the control, and ###P < 0.001 vs

reperfusion in the control. (E, F) Representative photographs and quantitative analysis of rat hearts comparing infarct sizes in animals with

and without NPS A treatment after ischemia/reperfusion (I/R) injury. n ¼ 6 per group. Evaluated points for I/R: n ¼ 12 in each group. *P <

0.05 vs non–NPS A–treated control. (G) Representative images and quantitative analysis of nontreated and NPS A–treated isolated car-

diomyocytes stained with CM-H2-DCFDA during basal conditions or after I/R injury. Control n ¼ 3, I/R n ¼ 4 per group. *P < 0.05 vs pre-

ischemia in the control, and #P < 0.05 vs reperfusion in the control. In A, B, and G, a and b are zoomed images of the recordings from the

representative Figures. Data were analyzed using 2-way analysis of variance followed by the Bonferroni multiple-comparisons test (C, D,

Gb) and Student’s t-test (F).
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hearts treated with NPS A than in the preischemia
group (Figures 3C and 3D). Moreover, NPS A-treated
hearts exhibited significantly smaller infarct size
and lower reactive oxygen species levels than un-
treated I/R hearts (Figures 3E to 3G). These findings
suggest that NPS A reduces infarct formation after
global I/R injury by preserving hemodynamic status
and mitochondrial respiration capacity and by sup-
pressing reactive oxygen species generation.

NPS A REDUCES INFARCTION IN VIVO TO INCREASE

SURVIVAL RATE. Next, we investigated whether NPS
A prevents MI in vivo (Figure 4A). The survival rate of
MI control mice was 53% (8 of 15) at the end of the
experiment, whereas mice treated with NPS A
exhibited a survival rate of 80% (12 of 15). The sham
group exhibited 100% survival (15 of 15) (Figure 4B).
The survival curves of the groups were significantly
different (P ¼ 0.011).

NPS A-treated mice showed a distinct reduction in
infarction at 3 weeks post-MI (Figure 4C). Detailed
histologic analysis of Masson’s trichrome staining of
heart longitudinal and cross sections showed that NPS
A treatment reduced MI (Figure 4D). NPS A treatment
during MI did not increase heart weight indexed to
body weight or heart weight indexed to tibia length,
indicating that NPS A did not protect against cardiac
hypertrophy (Figures 4E and 4F, Supplemental
Figure 2A). However, NPS A treatment decreased the
expression of fibrotic markers collagen type I alpha 1
chain and a–smooth muscle actin compared with that
in MI. (Supplemental Figure 2B). Overall, our results
showed that NPS A confers cardioprotection againstMI
in vivo by decreasing the infarct area (Figure 4G).

NPS A INHIBITS GSK-3b ACTIVITY. We then screened
energy metabolism pathways targeted by NPS A using
in vitro kinase activity assays. Among the 69 kinases
identified in the presence of NPS A, NPS A treatment
was associated with reduced kinase activity of GSK-3b
and mammalian target of rapamycin (mTOR)
(Figure 5A). To determine the half maximal inhibitory
concentration of NPS A, we measured the kinase ac-
tivity of GSK-3b and mTOR after NPS A treatment at
different doses. NPS A exhibited a half maximal
inhibitory concentration of 121 mmol/L against GSK-3b
(Figure 5B); however, the kinase activity of mTOR did
not respond to increasing doses of NPS A (Figure 5C).
The mTOR inhibitory effect of NPS A shown in kinase
screening was therefore considered a pseudo-effect.

NPS A DIRECTLY BINDS WITH GSK-3b. To elucidate
the possible mechanism of interaction between NPS A
and GSK-3b, we performed molecular docking simu-
lations using AutoDock version 4.01.24 Among the
various GSK-3b complexes in the Protein Data Bank,
we selected 1Q4L because its small-molecule ligand is
similar to NPS A, with 2 aromatic rings, 1 of which has a
carboxylic acid function (inhibitor I-5). First, we
simulated the docking of inhibitor I-5 to its binding
site. After 60 runs, we found a cluster containing 44
conformations, from which the lowest binding energy
was �9.6 kcal/mol. The average root mean square de-
viation in Cartesian coordinates from the starting
structure was approximately 1.0 Å. Using isothermal
titration calorimetry, the experimental free energy of
binding was previously measured at �9.7 kcal/mol.25

In docking simulations for NPS A and its b-isomer, 60
runs produced 2 major clusters with a total of 29 con-
formations. Both clusters suggested contact between
the carboxylic group of NPS A and Arg141 of GSK-3b but
differed in the orientation of the p-hydroxybenzoyl
substituent within the binding site. The lowest bind-
ing energy for this interaction was �9.4 kcal/mol.

Given that NPS A shares a similarity with the
structure of I-5, we also performed docking simula-
tions to determine possible binding behavior. Our
results indicated that NPS A may bind to GSK-3b,
similar to inhibitor I-5. Both NPS A and I-5 exhibited
interactions with Arg141, Val135, and Tyr134
(Figure 5D, Supplemental Figures 3A to 3C).

In surface plasmon resonance binding assays with
GSK-3b and increasing concentrations of NPS A, a
general increase in binding signal was observed with
increasing NPS A. Calculation of the dissociation
constant KD indicated direct binding of NPS A with
GSK-3b at 92.4 mmol/L (Figure 5E).

NPS A INCREASES NADD/NADH RATIO THROUGH

THE GSK-3b/Nrf2/Nqo1 AXIS. NPS A treatment
in vitro was associated with significantly increased
NADþ/NADH ratios at concentrations of 3 and
10 mmol/L (Supplemental Figure 4A). Application of
the known GSK-3b inhibitor SB216763 resulted in a
dose-dependent increase of the NADþ/NADH ratio in
the treated cells, with a 10 mmol/L dose resulting in a
significant ratio increase (Supplemental Figure 4B).

NPS A had no effect on GSK-3b phosphorylation at
Ser9 or Tyr216 in vitro. (Supplemental Figure 5A). We
also observed that GSK-3b phosphorylation was un-
changed during NPS A treatment in vivo. Addition-
ally, the downstream targets b-catenin, Nrf2, and
Nqo1 significantly increased in all treatment groups in
both in vitro and in vivo models (Figures 6A and 6B,
Supplemental Figures 5B and 5C).

To examine whether the observed increase in
the NADþ/NADH ratio was dependent on the Nrf2-
Nqo1 pathway, we treated cells with small inter-
fering RNA against Nrf2 or Nqo1 (Supplemental
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FIGURE 4 NPS A Protects Against MI

(A) In vivo protocol of the 4-week myocardial infarction (MI) model in 8-week-old C57BL/6 mice. Arrows indicate intraperitoneal (i.p.) in-

jection. (B) Survival rates of model animals. Start of the analysis, n ¼ 15 mice per group. **P < 0.01 vs sham group. (C) Representative heart

morphology after MI surgery. Arrows indicate coronary occlusion. (D) Representative photograph of Masson’s trichrome–stained mouse heart

(top 2 rows, longitudinal section; bottom 2 rows, cross section; longitudinal section: black scale bar ¼ 5 mm, white scale bar ¼ 40 mm; cross

section, black scale bar ¼ 1 mm, white scale bar ¼ 100 mm). (E) Heart weight (HW)/body weight (BW) and (F) HW/tibia length ratios after

sham, MI, and MI plus neopetroside A (NPS A) treatment. n ¼ 5 mice in each group. **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs sham

group. (G) Infarct analysis of infarct area on the basis of Figure 3D. n ¼ 4 mice in each group. **P < 0.01 and ****P < 0.0001 vs sham group.

Data were analyzed using 1-way analysis of variance followed by the Bonferroni multiple-comparisons test (E to G).
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FIGURE 5 NPS A Inhibits GSK-3b Kinase Activity in Vitro and Interacts With GSK-3b in Molecular Docking Simulations

(A) An in vitro kinase activity screen was performed to determine which kinases were modulated by neopetroside A (NPS A). Three inde-

pendent in vitro experiments were performed. #P < 0.05 vs control. (B, C) Inhibitory activities of increasing concentrations of NPS A on

glycogen synthase kinase–3b (GSK-3b) and mammalian target of rapamycin (mTOR), with half maximal inhibitory concentration (IC50) values.

Three independent in vitro experiments were performed. #P < 0.05 vs control. (D) Overlay of the docked NPS A conformation (red) and the

crystallographic conformation of I-5 (yellow). Corresponding interactions with GSK-3b are shown in red and yellow dashes, respectively.

(E) Surface plasmon resonance (SPR) binding assay for NPS A and GSK-3b. Data were analyzed using 1-way analysis of variance followed by

the Bonferroni multiple-comparisons test (A).
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Figures 6A and 6B). Compared with SB216763, NPS A
treatment led to a greater ratio increase. Moreover,
down-regulation of both Nrf2 and Nqo1 abolished the
NPS A–induced increase in the NADþ/NADH ratio
but did not affect the SB216763-induced increase
as considerably (Figure 6C). NPS A and SB216763
cotreatment induced a higher NADþ/NADH ratio than
NPS A treatment alone, suggesting that GSK-3b in-
hibitors exerted additive effects on the NADþ/NADH
ratio (Figure 6D). Our data suggest that the inhibition

https://doi.org/10.1016/j.jacbts.2022.05.004


FIGURE 6 NPS A Increases the NADþ/NADH Ratio Through the Nrf2/Nqo1 Pathway In H9c2 Cells

Continued on the next page
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of GSK-3b contributed to changes in the NADþ/NADH
ratio.

Upon examining the effect of GSK-3b downstream
gene inhibition, we found that OCR was increased by
NPS A treatment and decreased by knockdown of Nrf2
or Nqo1 in the presence of NPS A (Figure 6E). To
examine whether the cardioprotective effects of NPS A
aremediated by Nrf2 or Nqo1, the cells were exposed to
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simulated I/R conditions in the presence of NPS A,
Nrf2, or Nqo1 small interfering RNA. NPS A conferred
cardioprotection during simulated I/R, and this effect
was abolished by knockdown of Nrf2 or Nqo1. Knock-
down of Nrf2 and Nqo1 during simulated I/R NPS A
treatment resulted in viability levels similar to those
observed during Nrf2/Nqo1 knockdown during simu-
lated I/R only. The levels in Nrf2/Nqo1 knockdown
during simulated I/R only represented the maximal
damage I/R can confer on the cells, and knockdown of
Nrf2 or Nqo1 did not confer any additional damage.
Overall, the results indicate that NPS A targeted the
Nrf2/Nqo1 axis to confer cardioprotection in cells after
I/R injury through a GSK-3b phosphorylation-
independent mechanism (Figure 6F).

DISCUSSION

Our findings demonstrate that NPS A exerted anti-
fibrotic and cardioprotective effects against acute I/R
injury and in MI conditions by improving cardiac he-
modynamic status and mitochondrial respiration ca-
pacity. NPS A increased mitochondrial oxidative
phosphorylation and ATP production in the treated
cardiac cell line but did not directly increase mito-
chondrial oxygen consumption in the isolated mito-
chondria, suggesting that the increased mitochondrial
function occurredvia changes to intracellular signaling
pathways. The phosphorylation-independent inhibi-
tion of GSK-3b regulated the NADþ/NADH ratio by
activating Nrf2/Nqo1 to improve cellular and mito-
chondrial functions.

Using an in vitro cell-free kinase screening assay,
molecular binding simulation studies, and surface
plasmon resonance analysis, we identified GSK-3b as a
direct molecular target of NPS A. GSK-3a and GSK-3b
have similar biochemical properties and substrate
recognition, but the 2 are not always functionally
identical or interchangeable.26 Although the
FIGURE 6 Continued

(A, B) In vivo and in vitro representative western blots of neopetroside

respectively, and their respective quantitative analysis. In vivo (A): n ¼
performed. *P < 0.05 vs control and **P < 0.01 vs control. (C) Nicotinam

reduced (NADH) levels as determined with control, nuclear factor erythr

(Nqo1) small interfering RNA (siRNA) treatment in the presence or abse

experiments were performed. *P < 0.05 vs control, †P < 0.05 vs siCon þ
of NADþ/NADH ratio after treatment with SB216763 and/or NPS A. Six

control, **P < 0.01 vs control, and †P < 0.05 vs NPS A. (E) Basal oxyg

control, Nrf2, or Nqo1 siRNA in the presence or absence of NPS A. Four

respective controls. (F) Cell viability after simulated ischemia/reperfusion

presence or absence of NPS A. Five independent in vitro experiments we

with NPS A treatment. (G) Proposed mechanism of the protective role o

analyzed using 1-way analysis of variance (ANOVA) followed by the Bonfe

by the Bonferroni multiple-comparisons test (C, F), and Student’s t-test
cardioprotective effect of GSK-3b is well reported,
recent studies have also demonstrated that GSK-3a
plays an important role in aging hearts and in
different heart failure models, including pressure
overload, lipotoxic cardiomyopathy, and MI.27-32

Some proposed cardioprotective mechanisms of
GSK-3a inhibition include mTOR inhibition, mito-
chondrial permeability transition pore (mPTP) open-
ing, or peroxisome proliferator-activated receptor a-
mediated lipotoxicity.28-30 However, findings on the
role of GSK-3a remain contradictory. For example,
rapid deterioration of the heart and its cardiac pa-
rameters was noted in GSK-3a�/� mice, but GSK-3a
deficiency also induced cardiac hypertrophy and
contractile dysfunction in an aging mouse model.28,32

These findings suggest the diverse responses and
pathophysiological roles of GSK-3a in various disease
states.

Although GSK-3a may be involved in the NPS A-
induced cardioprotective mechanism, the results of
the present study demonstrate that its effect is
exerted by GSK-3b inhibition through the Nrf2/Nqo1
axis to regulate the NADþ/NADH ratio. Further-
more, NPS A did not affect mTOR activity
(Figure 5C) and mPTP opening (Supplemental
Figure 7). There have been no studies demon-
strating a relationship between GSK-3a inhibition
and NADþ/NADH regulation through the Nrf2/Nqo1
mechanism; nonetheless, our present findings pro-
vide strong evidence that NPS A-induced inhibition
of GSK-3b has cardioprotective effects rather than
GSK-3a inhibitory effects. Future studies should
study the inhibitory effect of NPS A on GSK-3a and
how this can regulate cardiac function and down-
stream signaling to confer cardioprotection in a
heart failure model. Furthermore, obesity-induced
lipotoxicity is a different experimental model, and
thus the mechanisms involved are outside of the
scope of the present study.
A (NPS A) and SB216763-treated C57BL/6 mice and H9c2 cells,

5, all groups. In vitro (B): 5 independent in vitro experiments were

ide adenine dinucleotide (NADþ)/nicotinamide adenine dinucleotide,

oid 2–related factor 2 (Nrf2), or NAD(P)H quinone oxidoreductase 1

nce of 10 mmol/L NPS A or SB216763. Four independent in vitro

NPS A, and ###P < 0.001 vs siCon þ SB216763. (D) Measurement

independent in vitro experiments were performed. *P < 0.05 vs

en consumption rate (OCR) in H9c2 cells following treatment with

independent in vitro experiments were performed. *P < 0.05 vs

(sI/R) injury in cells treated with control, Nrf2, or Nqo1 siRNA in the

re performed. ****P < 0.0001 vs siCon and ####P < 0.0001 vs sI/R

f NPS A in I/R injury. Created with BioRender.com. Data were

rroni multiple-comparisons test (A, B, D), 2-way ANOVA followed

(E).
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The action of NPS A on GSK-3b is of special interest,
as GSK-3b is a protein kinase that participates in the
pathogenesis of hypertrophy, fibrosis, heart fail-
ure,14,33,34 and I/R injury. Moreover, ischemic pre-
conditioning induces phosphorylation and inhibition
of GSK-3b, and its pharmacologic inhibition mimics
the cardioprotective effects of preconditioning.14,35

Pharmacologic inhibition of GSK-3b protects against
I/R-induced damage in the heart, and as a result, in-
hibitors of GSK-3b have been investigated both for
therapeutic use and to better understand how GSK-3b
activity is regulated in the heart.

GSK-3b inhibition prevents the opening of mPTPs
under oxidative stress conditions.36 GSK-3b inhibi-
tion decreases the binding of cyclophilin D to adenine
nucleotide translocase, which significantly reduces
the opening threshold of mPTP.26 NPS A treatment
did not prevent Ca2þ-induced mPTP opening, which
indicates that NPS A-induced GSK-3b inhibition con-
fers cardioprotection through an mPTP-independent
mechanism (Supplemental Figures 7A and 7B). Inhi-
bition of GSK-3b may also confer cardioprotection
through the reduction of oxidative stress under I/R
conditions. Known GSK-3b inhibitors, such as LiCl
and inhibitor II, can reduce mitochondrial reactive
oxygen species production by targeting mitochon-
drial complexes and Rieske subunits.36 Another GSK-
3b inhibitor, SB216763, reduces I/R-induced reactive
oxygen species generation and mPTP opening in an
age-dependent manner in rat hearts.37

GSK-3b activity is regulated by phosphorylation or
competitive inhibition at its ATP-binding site.25 The
effect of NPS A appears to have a mechanism different
from that of conventional GSK-3b inhibitors in that it
is independent of GSK-3b phosphorylation regula-
tion.38 We found that NPS A inhibited GSK-3b activity
via direct binding, similar to the ATP mimetic
competitive inhibitor I-5.35 Previous studies have re-
ported that Arg141 interacts with the I-5 carboxylate
group in the GSK-3b/I-5 complex, in which the side
chains of Arg141 rotate to interact with the carbox-
ylate oxygen atoms of the inhibitor.25 This type of
interaction may serve as a mechanism underlying the
observed NPS A action.

Our results are the first to demonstrate the regula-
tion of NADþ/NADH ratios in the heart through a
GSK-3b-related mechanism, which was previously
observed only in the brain.39 We have demonstrated
that NPS A exerts its effect on metabolic processes by
altering the NADþ/NADH ratio in cardiomyocytes.
Furthermore, the NPSA-induced increase in the NADþ/
NADH ratio is likely a cause, rather than a conse-
quence, of mitochondrial function preservation.
Cellular NADþ/NADH ratio determines the oxidative
capacity of cells, controls the activities of key cellular
respiration enzymes, and can confer protection
against cardiotoxins. Generally, NADþ homeostasis is
reduced in heart failure models. Studies have sug-
gested that the NAD pool is related to cardiac remod-
eling and mitochondrial dysfunction in the heart, and
targeting intracellular NADþ is a possible intervention
strategy to address cardiac dysfunction.40,41 Stimu-
lating NADþ to restore and preserve cardiac function
has been successful in recent studies. NAD biosyn-
thesis is commonly stimulated through the use of
NADþ precursors, which are sourced mainly from
vitamin B3 nicotinamide and nicotinamide riboside.42

The supplemental use of these precursors has been
shown to stabilize myocardial NADþ levels in the
failing heart and inhibit the progression of heart failure
by restoring cardiac bioenergetics.43,44

We also demonstrated that the up-regulation of
the Nrf2/Nqo1 axis is responsible for increasing
NADþ/NADH ratio by NPS A-induced GSK-3b inhibi-
tion. GSK-3b activates Nrf2 degradation and inhibits
its downstream target, Nqo1.45 Nqo1 itself is known to
augment NADþ levels and confers protection against
cardiotoxins.46 In addition, GSK-3b inhibition using
LiCl was found to activate Nrf2 and protect against
ventricular arrhythmias,47 further strengthening our
hypothesis regarding the inhibitory effect of NPS A
on GSK-3b. b-catenin, a known mediator of fibrosis
through phosphorylated GSK-3b,48 also contributed
to this regulation, considering that the NADþ/NADH
ratio was observed to be decreased in the ethanol
intoxication model of b-catenin deficiency.49

STUDY LIMITATIONS. The current study has several
limitations that need to be addressed. First, our study
only performed analysis on I/R and MI models.
Considering heart failure is a multi-step, multi-facto-
rial disease, the effects of NPS A on other in vivo
models of cardiovascular disease and heart failure
should be performed. Second, the exact mechanism
how NPS A induces a phosphorylation-independent
mechanism still needs to be determined. Third,
although the results of the current study have estab-
lished that the inhibitory effects of NPS A on GSK-3b
courses through the Nrf2/Nqo1 axis, detailed analysis
on the inhibitory effect of GSK-3a and related down-
stream proteins and how this can regulate cardiac
function to confer cardioprotection should also
be considered.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: GSK-3b is

fundamental in cardiac development and in the pathogenesis of

hypertrophy, fibrosis, heart failure, and I/R injury. Pharmacologic

inhibition of GSK-3b confers protection against various heart

pathologies and thus has been an attractive avenue for cardiac

therapeutics.

TRANSLATIONAL OUTLOOK: NPS A treatment is an effective

pharmacologic intervention strategy for protecting the human

heart against acute I/R damage and myocardial fibrosis in the

treatment or prevention of heart failure. These findings are

essential for the future development of GSK-3b-targeting drugs

for cardiac medicine.
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CONCLUSIONS

In summary, our findings suggest that the novel
pyridine nucleoside NPS A enhances mitochondrial
function and protects tissue integrity after I/R-
induced cardiac damage, presumably via modulation
of GSK-3b activity. This effect is mediated by the up-
regulation of the NADþ/NADH ratio via activation of
the GSK-3b/Nrf2/Nqo1 signaling axis (Figure 6G).
Although the precise mechanism by which NPS A in-
duces phosphorylation-independent regulation of
GSK-3b has not yet been elucidated, the pharmaco-
logic effects of NPS A differ from those of existing
phosphorylation-based GSK-3b inhibitors, providing
important information for the development of drugs
to treat cardiovascular injury.
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