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ABSTRACT
We recently showed that ischemia/reperfusion (I/R) of the heart
causes CD38 activation with resultant depletion of the cardiac
NADP(H) pool, which is most marked in the endothelium. This
NADP(H) depletion was shown to limit the production of nitric
oxide by endothelial nitric oxide synthase (eNOS), which requires
NADPH for nitric oxide production, resulting in greatly altered
endothelial function. Therefore, intervention with CD38 inhibitors
could reverse postischemic eNOS-mediated endothelial dys-
function. Here, we evaluated the potency of the CD38 inhibitor
luteolinidin, an anthocyanidin, at blocking CD38 activity and
preserving endothelial and myocardial function in the post-
ischemic heart. Initially, we characterized luteolinidin as a
CD38 inhibitor in vitro to determine its potency and mecha-
nism of inhibition. We then tested luteolinidin in the ex vivo
isolated heart model, where we determined luteolinidin uptake

with aqueous and liposomal delivery methods. Optimal de-
livery methods were then further tested to determine the effect
of luteolinidin on postischemic NAD(P)(H) and tetrahydrobiop-
terin levels. Finally, through nitric oxide synthase–dependent
coronary flow and left ventricular functional measurements,
we evaluated the efficacy of luteolinidin to protect vascular
and contractile function, respectively, after I/R. With en-
hanced postischemic preservation of NADPH and tetrahydro-
biopterin, there was a dose-dependent effect of luteolinidin on
increasing recovery of endothelium-dependent vasodilatory
function, as well as enhancing the recovery of left ventricular
contractile function with increased myocardial salvage. Thus,
luteolinidin is a potent CD38 inhibitor that protects the heart
against I/R injury with preservation of eNOS function and
prevention of endothelial dysfunction.

Introduction
Myocardial ischemia/reperfusion (I/R) injury causes in-

creased oxidative stress and inflammation through the for-
mation of reactive oxygen species (Zweier et al., 1989; Ferrari
et al., 1990; Zweier and Talukder, 2006). Important contrib-
utors to reactive oxygen species formation in the heart include
the electron transport chain ofmitochondria, NADPH oxidase,
xanthine oxidase, and uncoupled endothelial nitric oxide
synthase (eNOS) within endothelial cells (Zweier et al.,
1988; Dumitrescu et al., 2007; Loukogeorgakis et al., 2010;
De Pascali et al., 2014). eNOS dysfunction occurs secondary to
oxidative depletion of its cofactor tetrahydrobiopterin (BH4)
and oxidation and glutathionylation of critical enzyme cyste-
ines that cause eNOS to switch from production of nitric oxide
(NO) to superoxide (Dumitrescu et al., 2007; Chen et al., 2010,
2011).

Oxidative stress accompanying I/R injury also signals the
activation of degradative enzymatic pathways, including the
recently identified postischemic process of CD38 activation,
that can deplete the NADP(H) and NAD(H) pools (Fig. 1).
CD38, an ectoenzyme endowed with NAD(P)1ase and ADP-
ribosyl cyclase activity, is activated in the heart after I/R,
causing severe enzymatic depletion of the myocardial and
endothelial NADP(H) pools (Reyes et al., 2015). In the post-
ischemic heart, NADPH, which is the reducing substrate re-
quired for eNOS to produce vasorelaxant and anti-inflammatory
NO (Palmer et al., 1987), limits NO production from eNOS
(Reyes et al., 2015), causing impaired vasodilation and de-
creased myocardial perfusion (see Fig. 1). Until recently, there
was a lack of known highly effective CD38 inhibitors. Relatively
nonspecific inhibitors, such as a-NAD or nicotinamide, had
been used and require high dosage levels. Thus, there is a
need to identify and characterize potent biocompatible
inhibitors of CD38.
Flavonoid anthocyanidin compounds were recently shown

to inhibit CD38 with relatively high potency compared with
previously used inhibitors, with luteolinidin found to be the
most potent of the flavonoids tested (Kellenberger et al., 2011;
Escande et al., 2013). Anthocyanidins, such as luteolinidin,
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are a subgroup of the broad family of flavonoids, which has
thousands of known compounds (Nijveldt et al., 2001) (Fig. 2).
They have been shown to function as potent antioxidants and
radical scavengers in vitro. Many studies have shown that
increased dietary intake of flavonoid-rich foods decreases
myocardial I/R injury in vivo (Hung et al., 2004; Ikizler
et al., 2007; Toufektsian et al., 2008; Yamazaki et al., 2008),
with many others showing protection by direct addition of
flavonoids to the blood or perfusate in ex vivo isolated hearts
(Amorini et al., 2003; Aneja et al., 2004; Fantinelli et al., 2005;
Hirai et al., 2007; Scarabelli et al., 2009).
In this study, we first tested the potency of luteolinidin as a

CD38 inhibitor using a high-throughput, fluorescence-based
activity assay. We then performed Lineweaver–Burk and
nonlinear regression analysis to determine the mode of in-
hibition of CD38 by luteolinidin. High-performance liquid
chromatography (HPLC) measurements were then performed
to determine the cellular uptake of luteolinidin using different
delivery methods to the isolated heart. The optimal delivery
method was then used to determine the ability of the
treatment to protect postischemic levels of the NAD(P)(H)
pools. These studies were then followed by measurements of
myocardial cGMP and BH4 levels and NOS-dependent coro-
nary flow (CF) in the perfused heart as a means of testing
NOS-dependent vasodilatory function. Finally, the dose-
dependent cardioprotective abilities of luteolinidin were
tested with measurements of left ventricular functional re-
covery and infarct size. It was shown that luteolinidin
enhanced postischemic myocardial function and decreased
infarction.

Materials and Methods
All chemicals were purchased from Sigma (St. Louis, MO), except

recombinant humanCD38 (rCD38) (provided by Hon-Cheung Lee and
Yong Juan Zhao, Shenzhen, China; Munshi et al., 1997), BH4 and
dihydrobiopterin (BH2) (Schircks Laboratories, Jona, Switzerland),
and luteolinidin (Extrasynthese, Lyon, France).

CD38 Activity Assay. rCD38 was used for measuring CD38
activity in vitro. rCD38 (0.1 mg/ml), truncated of its single-pass
transmembrane domain, N-glycosylation sites, and N-terminal tail,
was added to a 100-ml reaction mixture containing varying concentra-
tions (5–200 mM) of CD38 substrate nicotinamide 1,N6-ethenoadenine
dinucleotide («-NAD) and/or CD38 inhibitor luteolinidin (1–50 mM).
Fluorescence was monitored at emission and excitation wavelengths
of 300 nm and 410 nm, respectively, for the conversion of «-NAD to
the strongly fluorescent product «-ADP-ribose on a plate reader
(SpectraMaxM5;Molecular Devices, Sunnyvale, CA). Lineweaver–Burk
analysis was performed, in conjunction with a nonlinear regression
program (GraphPad Prism; GraphPad Software Inc., La Jolla, CA),
to determine the mode of enzyme inhibition and estimates of Vmax,
Km, and Ki.

Langendorff-Perfused Heart. Male Sprague-Dawley rats
(Envigo, Indianapolis, IN) weighing 275–300 g were used for these
experiments. Animals were given an intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (15 mg/kg) and hearts were
excised and cannulated via the aorta and perfused in a retrograde
manner with Krebs-Henseleit buffer (KHB) (119 mM NaCl, 17 mM
glucose, 25 mMNaHCO3, 5.9 mMKCl, 1.2 mMMgCl2, 2.5 mMCaCl2,
and 0.5 mM NaEDTA). A small latex balloon connected to a pressure
transducer (AD Instruments, Colorado Springs, CO) was placed in the
left ventricle and measured left ventricular developed pressure
(LVDP), end systolic pressure, end diastolic pressure, and heart rate.
A flow probe (Transonic, Ithaca,NY)was placed in-line tomeasureCF.
Animal protocols were approved by the Institutional Animal Care
and Use Committee of The Ohio State University and conformed to
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Drug Delivery. Both aqueous solution (dissolved in KHB) and
liposomal formulations were tested for effective delivery of luteolini-
din. Liposomes were prepared from L-a-phosphatidylcholine. One-
hundred milligrams of solid L-a-phosphatidylcholine was dissolved in
2 ml chloroform and placed into a glass rolling jar. Under argon, the
chloroform was fully evaporated while the glass jar was slowly rolled,
leaving a thin film of L-a-phosphatidylcholine around the side of the
jar. The desired concentration of luteolinidin dissolved in 2.5 ml KHB
(pH 8.5) was then added to the jar. The jar was then sealed and rolled
on a jar roller (755RMV; US Stoneware, East Palestine, OH) for
1 hour. After multilaminar layers were formed, they were filtered
through an extruder system (Avestin, Ottawa, ON, Canada) to form
liposomes of approximately 200 nm. Liposomal formulations contain-
ing luteolinidin were then diluted 1:1 with KHB to achieve the final
desired luteolinidin concentration. The liposomal luteolinidin prepa-
ration of 5 mL volume was infused by sidearm at 1/20 of CF until
completely infused. In the case of aqueous solution delivery, luteoli-
nidin was dissolved in KHB and infused at 1/20 of CF. At the end of
infusion, the 30-minute ischemia time course began.

Experimental Protocols. After 20 minutes of aerobic perfusion
and equilibration, hearts were subjected to treatment with either 5,
15, 25, or 50 mM luteolinidin in liposomes or with empty liposome
vehicle control. At the end of the infusion, 30-minute ischemia was
initiated. At the end of 30-minute ischemia, heartswere reperfused for
either an additional 30 minutes, at which time hearts were frozen in
liquid nitrogen for further analysis, or 120 minutes for measurements
of infarction (Dumitrescu et al., 2007; Reyes et al., 2015).

HPLC Analysis of Luteolinidin. To measure luteolinidin up-
take in hearts, reversed-phase HPLC (Atlantis T3 column; Waters,
Milford, MA) coupled to a UV-visible detector set at 480 nm was used.
Heart tissuewas ground in liquid nitrogen and transferred to a dounce

Fig. 1. Schematic depicting role of CD38 activation with I/R injury. After
I/R, depletion of the NAD(P)(H) pools occurs by enzymatic degradation of
NAD(P)+ by the NAD(P)+ase CD38. Low NADPH levels in turn contribute
to low BH4 levels due to the presence of NADPH-dependent enzymes in
both the de novo synthesis and recycling pathways for BH4. Together, low
NADPH and BH4 levels contribute to eNOS uncoupling where production
of NO is lost and generation of superoxide (O2

.-) occurs, leading to
endothelial dysfunction and myocardial injury.
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homogenizer. Then, 2 parts cold methanol and 0.8 parts cold water
were added, and the powdered tissue was homogenized. Then,
sequentially, 1 part chloroform, 1 part water, and, lastly, 1 part
chloroformwere added to the homogenizer, with brief homogenization
between each step. The resulting mixture contained, by ratio, 2:2:1.8
methanol/chloroform/water. Themixturewas sonicated, vortexed, and
centrifuged for 20 minutes at 20,000g to create an upper layer of
water/methanol and a lower layer of chloroform. The supernatant
(water/methanol mixture) was removed, diluted 1:1 with 50%
methanol/0.5% HCl (to acidify the sample), and injected into the
HPLC system. This stepwas critical to ensure a consistent absorbance
maximum for luteolinidin. Gradient elution of luteolinidin was
performed at 1 ml/min with a mobile phase A of 10% acetic acid in
water and a mobile phase B (MPB) of 10% acetic acid in 50%
acetonitrile. The gradient was performed as follows: 0–2 minutes,
12% MPB isocratic; 2–5.5 minutes, 12%–30% MPB; 5.5–8 minutes,
30% MPB, 8–11 minutes, 30%–40% MPB; 11–15 minutes, 40% MPB;
15–20 minutes, 40% to 12% MPB; and 20–23 minutes, 12% MPB.

HPLC Analysis of NAD(P)(H). Pyridine nucleotides were mea-
sured by HPLC with fluorescence detection as detailed previously
(Reyes et al., 2015). In this method, cyanide ion from potassium
cyanide is used to derivatize NAD1 and NADP1 to stable, fluorescent
analytes allowing for measurement of both the oxidized and reduced
nucleotides in one chromatographic run (Klaidman et al., 1995). Heart
tissue from isolated rat heart experiments was ground with a mortar
and pestle in liquid nitrogen and homogenized in a buffer consisting of
200 mM potassium cyanide, 60 mM KOH, and 1 mM diethylenetria-
minepentaacetic acid. The resulting homogenate was centrifuged for
10 minutes at 15,000g. The resulting supernatant was then filtered
using a 3000 molecular weight cutoff regenerated cellulose filter
(Millipore, Billerica, MA). Filtrates were injected onto a Waters
Atlantis T3 column (25 cm � 4.6 mm � 5 mm) with mobile phase A
of 200 mM ammonium acetate (pH 5.8) and MPB of 50% methanol.
Separation was achieved with an initial flow rate of 1.0 ml/min
consisting of 8% MPB and a linear methanol gradient (0.4% per
minute for 25 minutes). Analytes were detected via fluorescence
spectroscopy (excitation wavelength of 330 nm; emission wavelength
of 460 nm).

cGMP Measurements. Isolated hearts subjected to control treat-
ment, I/R with the empty liposome vehicle control, and I/R with
luteolinidin treatmentwere assayed for cGMP content (Li et al., 2012).
At the end of each protocol, hearts were treated with 1 mM acetylcho-
line to determine the ability of eNOS to increase cGMP. Heart tissue
was homogenized in 5 volumes of 0.1 N HCl and centrifuged at
10,000g. The supernatant was collected and used for enzyme-linked
immunosorbent assay detection of cGMP (Enzo Life Sciences,
Farmingdale, NY). The acetylated assay protocol was used to
improve sensitivity. Acetylation was performed by 1:20 addition of the
acetylating reagent (1:2 acetyl anhydride/triethylamine) to the sam-
ples, which were then subjected to the enzyme-linked immunosorbent
assay according to the manufacturer’s instructions, with endpoint
measurements performed on a Molecular Devices SpectraMax M5 at a
wavelength of 405 nm. Myocardial cGMP levels were expressed as
picomoles per milligram of protein in homogenates.

HPLC Analysis of BH4/BH2. The HPLC analysis of pteridines
BH4 andBH2was performed as previously reported using fluorescence
detection with an excitation wavelength of 348 nm and an emission
wavelength of 444 nm (De Pascali et al., 2014). This method was
chosen for its sensitivity and selectivity in the detection of BH4 and
BH2 after controlled oxidation to pterin and biopterin, respectively.
The HPLC analysis of pteridines was carried out using a Waters
Atlantis T3 reversed-phase column (4.6� 150mm). Isocratic elution
of pteridines was performed at a flow rate of 1.2 ml/min using a
buffer consisting of 100 mM KH2PO4, 6 mM citric acid, 2.5 mM
sodium octyl sulfate, and 2%methanol, pH 2.5. Peaks were assigned
by coelution with analytical standards, and quantitation was
performed with use of standard curves prepared from analytical
standards.

Infarct Size Measurements. At the end of 120-minute reperfu-
sion, hearts were collected and infarct size was measured by 2,3,5-
triphenyltetrazolium chloride staining in a manner similar to that
reported previously (Reyes et al., 2015). After the hearts were blot-
dried and then frozen for 30 minutes at 220°C, they were placed in a
heart matrix (Zivic Laboratories, Portersville, PA) and sliced with
steel blades. Slices were then stained in 1.5% 2,3,5-triphenyltetrazo-
lium chloride in phosphate-buffered saline for 20 minutes. Slices were
then incubated overnight in 10% neutral-buffered formalin and
digitally photographed on both sides for planimetry using ImageJ
1.43 software (National Institutes of Health, Bethesda, MD).

Statistical Analyses. Results are expressed as means 6 S.E.M.
Statistical significance was determined by analysis of variance
(followed by the Holm–Sidak test) for multiple groups. Paired or
unpaired t tests were used for comparison between two groups. In the
case of time-dependent data, analysis of variance with two-way
repeated measures was used to determine significance.

Results
Luteolinidin Inhibits CD38. Flavonoid luteolinidin (Fig.

2) was initially tested in vitro to characterize its potency as an
inhibitor of CD38. rCD38 (0.1 mg/ml) was incubated with
varying concentrations of substrate «-NAD (5–200 mM)
and luteolinidin (1–50 mM). The conversion of «-NAD to
«-ADP-ribose was monitored by increase in fluorescence.
Reactions were allowed to proceed for 10 minutes. Initial
rates of reaction were determined for the first minute of each
reaction, and the mode of inhibition (competitive versus
noncompetitive) of CD38 by luteolinidin was assessed by two
methods. First, Lineweaver–Burk analysis was performed to
determine the mode of CD38 inhibition by luteolinidin. This
graphical representation allows for estimates of Km and Vmax,
which can provide insights into the mode of inhibition of an
inhibitor. Modeling the data in this manner showed an
unchanging Km and decreasing Vmax with increasing inhibitor
concentration, consistent with noncompetitive inhibition (Fig.
3A) (Crane and Sols, 1954). The Km and Vmax values obtained
were 6.2 mMand 32 nmol/min permg protein (64,000 RFU/min
per mg), respectively. With Lineweaver–Burk analysis
strongly showing a noncompetitive relationship, we attemp-
ted to fit the enzyme inhibition data to a noncompetitivemodel
using nonlinear regression. Fitting the data this way yielded
well-fit curves for a noncompetitive equation (Fig. 3B), with a
calculated inhibitory constant (Ki) of 11.4 mM.
Tissue Uptake of Luteolinidin. Once we determined the

inhibitory potency of luteolinidin on CD38, methods were
devised for acute delivery of luteolinidin to isolated, perfused
rat hearts. These results would help determine the optimum

Fig. 2. General flavonoid and luteolinidin structures. (A) General
flavonoid structure showing a 15-carbon skeleton consisting of two phenyl
rings and a middle heterocyclic ring. (B) Luteolinidin, a member of the
3-deoxyanthocyanidins.
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strategy for testing effects of luteolinidin on recoveries of NAD
(P)(H) and cardiac function after I/R. Initially, tests weremade
to deliver luteolinidin by dissolution and delivery in KHB, but
neither tissue accumulation (Fig. 4, A andB) nor improvement
of postischemic function (Fig. 4C) occurred in a pilot group of
hearts. This is likely due to the polar nature of the poly-
phenolic structure of luteolinidin, which makes intracellular
delivery slow in aqueous solvent. Instead, liposomes, which
are spherical vesicles composed of a lipid bilayer surrounding
aqueous solution, were used as previously described for myo-
cardial delivery of polar compounds (Dumitrescu et al., 2007;
Reyes et al., 2015). Unlike aqueous luteolinidin delivery,
liposomal delivery was effective in elevating levels of luteoli-
nidin in the heart (Fig. 4, A and B). Compared with aqueous

delivery with infusion of 25 mM luteolinidin for 3 minutes,
which resulted in low tissue levels of 2.436 0.17 nmol/g tissue,
comparable delivery of 25 mM luteolinidin in liposomal
formulations resulted in far higher tissue levels of 52.84 6
14.72 nmol/g tissue. With the assumption that approximately
75% of the heart tissue is water (Aliev et al., 2002), a
concentration of approximately 70 mM luteolinidin is achieved
in our model. Based on the inhibition data (Fig. 3), this would
be expected to be sufficient to fully inhibit CD38.
Luteolinidin Preserves NADP(H) and NAD(H) Levels

in the Isolated Postischemic Rat Heart. To determine
how luteolinidin treatment affects postischemic recovery of
NADP(H) and NAD(H), hearts were subjected to either a
20-minute period of control perfusion or to I/R with either

Fig. 4. Tissue uptake of luteolinidin and postischemic protection. (A)
The levels of luteolinidin in heart tissue after 25 mM luteolinidin
delivery in KHB (aqueous) or liposomal solution. Although aqueous
delivery of luteolinidin failed to efficiently raise tissue luteolinidin
concentration, liposomal delivery was highly effective. *P , 0.05 (mean
6 S.E.M., n = 3). (B) Chromatograms showing the elution profile of
luteolinidin from homogenates of hearts receiving aqueous and
liposomal luteolinidin (25 mM) and from a 10 mM standard of
luteolinidin. (C) Functional recovery in untreated hearts subjected to
I/R (I/R), hearts treated with 25 mM luteolinidin in Krebs buffer (Free
Lut), and hearts treated with 25 mM liposomal luteolinidin (Lipo Lut).
Luteolinidin delivered in Krebs buffer (Free Lut) had no effect on the
recovery of LVDP, LVEDP, or CF after I/R, whereas liposomal
luteolinidin provided significant protection. *P , 0.05; ***P , 0.005
(Lipo Lut versus I/R or Free Lut versus I/R; mean 6 S.E.M., n = 3–10).

Fig. 3. Luteolinidin as a CD38 inhibitor.
(A) Lineweaver–Burk plot showing the
effect of changing inhibitor concentra-
tion on 1/Vmax (y-intercept) and 21/Km (x-
intercept) of rCD38 conversion of «-NAD
to «-ADP-ribose. Luteolinidin decreased
Vmax with an unchanging substrate Km
for the reaction, consistent with noncom-
petitive enzyme inhibition. (B) Nonlinear
regression using GraphPad software using
a noncompetitive model. The top graph
shows the full range of substrate concentra-
tions (0–200 mM), whereas the bottom
graph shows the 0–50 mM «-NAD concen-
tration range only. This model predicted a
Ki of 11.4 mM (95% confidence interval).
Each data point was the average of six to
eight independent experiments.
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empty liposomes (vehicle control) or liposomal formulations
containing luteolinidin (25 mM). At the end of the 30-minute
reperfusion period, hearts were snap frozen in liquid nitrogen
for HPLC measurements of the pyridine nucleotide pools
[NADP(H) and NAD(H)].
Levels of NADPH and NADP1 in control hearts were 27.84

6 1.40 and 5.57 6 0.23 nmol/g tissue, whereas the levels
of NADH and NAD1 were 29.34 6 10.09 and 137.12 6
22.52 nmol/g tissue. In the vehicle treatment I/R group, levels
of NADPH and NADP1 declined sharply to 9.91 6 0.59 and
1.98 6 0.12 nmol/g tissue, with levels of NADH and NAD1 of
29.036 4.32 and 52.316 4.26 nmol/g tissue. With luteolinidin
pretreatment, NADPH and NADP1, as well as NAD1, were
significantly higher, with levels of 21.36 6 1.35 and 4.26 6
0.48 nmol/g tissue for NADPH and NADP1 and 43.85 6
11.46 and 108.79 6 14.24 nmol/g tissue for NADH and
NAD1 (Fig. 5). Overall, the data show an impressive ability
of luteolinidin to protect postischemic levels of NADP(H) and
NAD(H) to levels close to preischemic levels.
Luteolinidin Dose-Dependently Preserves Total and

NOS-Dependent CF after Ischemia. With findings of
enhanced recovery of NADP(H) and BH4 in reperfusion,
experiments testing postischemic vascular function were
performed to determine the physiologic significance of the
findings. In these experiments, four doses of luteolinidin (5, 15,
25, and 50mM)were tested to determine the dose dependence of
the observed protection.At the 30-minute reperfusion endpoint,
the percent recovery of total CFwas 49.36%6 2.63% in vehicle-
treated hearts, 55.36% 6 4.85% in 5 mM luteolinidin–treated
hearts, 64.03% 6 2.00% in 15 mM luteolinidin–treated hearts,
62.12% 6 4.24% in 25 mM luteolinidin–treated hearts, and
67.19% 6 4.18% in 50 mM luteolinidin–treated hearts, demon-
strating significant protection of total CF after ischemia by
luteolinidin above 5 mM (Fig. 6A).
This prompted experiments to determine NOS-dependent

CF with Nv-nitro-L-arginine methyl ester (L-NAME; NOS
inhibitor) infusions. NOS-dependent CF is defined as the
amount of CF depletion in response to a 10-minute infusion of
L-NAME (1 mM) (Dumitrescu et al., 2007; Reyes et al., 2015).
Initially, these measurements were made in five hearts prior
to ischemia to establish a baseline value for NOS-dependent
CF (approximately 20% of baseline CF). The same measure-
ments were made in I/R hearts after either preischemic
vehicle or 5, 15, 25, or 50 mM luteolinidin treatment. Results
were shown as the percent recovery of NOS-dependent CF
using the data from control, nonischemic hearts as the
baseline value. Vehicle-treated hearts undergoing I/R had
severely depleted NOS-dependent CF (approximately 35%
recovery). However, hearts pretreated with luteolinidin
showed enhanced NOS-dependent CF recovery in a dose-
dependent manner. After 30-minute reperfusion, the percent
recoveries of NOS-dependent CF were 41.93% 6 6.45%,
62.06% 6 2.77%, 91.83% 6 3.72%, and 90.82% 6 7.82%,
respectively, for 5, 15, 25, and 50 mM luteolinidin (Fig. 6B).
This shows that NOS-dependent vasodilatory function is
protected with CD38 inhibition.
Luteolinidin Protects Acetylcholine-Induced cGMP

Production after I/R. Myocardial cGMP levels were mea-
sured after acetylcholine infusion (1mM) in hearts subjected to
control perfusion or I/R with either vehicle or luteolinidin
(50 mM) treatment as a means to measure the ability of the
endothelium to produce NO. Levels of cGMP in control hearts

after acetylcholine infusion were 9.906 2.83 pmol/mg protein.
These levels fell to 0.45 6 0.15 pmol/mg protein after I/R but
were protected in hearts subjected to I/R that were pretreated
with 50 mM luteolinidin (10.42 6 3.64 pmol/mg protein)
(Fig. 6C).
Luteolinidin Preserves BH4 after I/R. We have pre-

viously shown BH4 to be a highly redox-sensitive eNOS
cofactor that is severely depleted by the oxidative stress that
occurs following the onset of ischemia. The recovery of BH4

after ischemia may be regulated by levels of NADPH, as there
are NADPH-dependent enzymes in both the de novo synthesis
and recycling pathways (Bailey and Ayling, 2009; Gao et al.,
2009). De novo synthesis begins with GTP cyclohydrolase
I–catalyzed conversion of GTP to 7,8-dihydroneopterin triphos-
phate, continues with conversion of 7,8-dihydroneopterin tri-
phosphate to 6-pyruvoyl-BH4 and ends with NADPH-dependent
conversion of 6-pyruvoyl-BH4 to BH4 by sepiapterin

Fig. 5. NADP(H) and NAD(H) levels in hearts. Hearts were subjected to
20-minute control perfusion (control), 30-minute ischemia/30-minute
reperfusion (I/R) with preischemic vehicle control (empty liposomes),
and 30-minute ischemia/30-minute reperfusion with preischemic luteoli-
nidin treatment (Lut). (A) Luteolinidin treatment preserved levels of
NADPH and NADP+ compared with vehicle-treated I/R controls. (B) In the
same hearts, the levels of NAD+ were also preserved with luteolinidin
treatment compared with vehicle-treated I/R controls. **P , 0.01; ***P ,
0.001; †P , 0.05; †††P , 0.001 (mean 6 S.E.M., n = 5–7). (C) Chromatograms
depicting the enhanced recovery of NAD(P)(H) with luteolinidin treatment
prior to I/R. Two reaction products occur for NAD+ with potassium cya-
nide treatment due to addition of cyanide ion to different parts of the
nicotinamide ring.
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reductase. In the recycling pathway, the reversibly oxidized
BH4 product, BH2, is converted by dihydrofolate reductase in an
NADPH-dependent step to BH4.
BH4 levels after I/R were approximately 70% lower than in

control hearts. With luteolinidin treatment, however, BH4

levels were approximately 2-fold higher than in vehicle-
treated hearts subjected to I/R (Fig. 7). Thus, luteolinidin
treatment partially preserved BH4 levels, possibly due to
protected function of the NADPH-dependent enzymes sepiap-
terin reductase and dihydrofolate reductase with conserved
NADPH levels.
Luteolinidin Dose-Dependently Preserves Cardiac

Function after Ischemia. After vehicle or liposomal luteo-
linidin (5, 15, 25, or 50 mM) infusion, hearts were subjected to
30-minute global ischemia and 30-minute reperfusion. Hearts
that were treated with luteolinidin showed partially enhanced
recovery of contractile function throughout the reperfusion
time course compared with hearts receiving vehicle alone.
Although the 5-mM luteolinidin treatment group showed no
significant difference in the recovery of LVDP and rate-
pressure product (RPP) compared with the vehicle control
group, hearts treated with 15, 25, or 50 mM luteolinidin prior
to ischemia showed significant improvement. At 30-minute
reperfusion, hearts treated with vehicle had recoveries of
LVDP and RPP of 14.95% 6 3.02% and 14.81% 6 3.39%,
respectively, whereas hearts treated with 5, 15, 25, or 50 mM
luteolinidin had recoveries of 26.51%6 6.35% and 21.76%6
4.37%, 30.22% 6 2.12% and 32.16% 6 3.80%, 38.76% 6
6.15% and 34.04% 6 5.48%, and 40.95% 6 5.19% and
40.06% 6 5.16% for LVDP and RPP, respectively (Fig. 8, A
and B). In addition, hearts treated with luteolinidin dis-
played lower left ventricular end diastolic pressure (LVEDP)
after ischemia compared with the control, indicating preserved
myocardial relaxation. After 30-minute reperfusion, hearts

Fig. 7. BH4 levels in control nonischemic hearts and vehicle-treated or
luteolinidin-treated hearts after I/R. After I/R, BH4 levels were higher in
liposomal luteolinidin-treated hearts (25 mM Lut) compared with hearts
receiving vehicle of empty liposome-treatment (I/R). **P, 0.01; †P, 0.05 (with
respect to nonischemic control and I/R, respectively; mean6 S.E.M., n = 3–7).

Fig. 6. Total CF, NOS-dependent CF, and cGMP levels in luteolinidin-
treated and untreated hearts. (A) After 30-minute reperfusion, total CF
was significantly higher in hearts treated preischemia with 15, 25, and
50 mM luteolinidin compared with hearts receiving vehicle treatment
(I/R). (B) NOS-dependent CF was also higher in hearts pretreated with 15,
25, and 50 mM luteolinidin. Luteolinidin preserved eNOS functionality, as
much higher recovery of NOS-dependent CF was seen in hearts treated
with luteolinidin. (C) Consistent with higher NOS-dependent CF, cGMP
levels after stimulation with 1 mM acetylcholine were higher in
luteolinidin-treated hearts (50 mM) compared with vehicle-treated I/R
(I/R), which showed significant impairment of acetylcholine-induced
cGMP production. For (A) and (B), *P , 0.05; **P , 0.01; ***P , 0.001
(with respect to I/R; mean 6 S.E.M., n = 6–10). For (C), **P , 0.01; †P ,
0.01 (with respect to control and I/R, respectively; mean 6 S.E.M., n = 7).
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treated with the vehicle control had an average LVEDP of
119.8 6 4.7 mmHg. LVEDP was significantly lower in hearts
treated with 15, 25, and 50 mM luteolinidin, with values of
94.7 6 2.5 mmHg, 94.6 6 5.4 mmHg, and 83.1 6 7.9 mmHg,
respectively (Fig. 8C). The 5-mM luteolinidin treatment group
had an unchanged LVEDP, as it was not significantly different
statistically from the control. As described above, preservation
of total CF after ischemia was also seen with all luteolinidin
treatment doses above 5 mM (Fig. 8D).
We also evaluated the effect of vehicle infusion versus that

of luteolinidin-containing liposomes with a normal perfusion
protocol of sham I/R. At a time 15 minutes after vehicle or
luteolinidin treatment, LVDP values were not significantly
changed from baseline, with values of 100.7% 6 5.9% versus
101.3% 6 1.3% of baseline, respectively. Similarly, RPP
values of 97.3% 6 3.5% versus 97.6% 6 3.3% of baseline,
respectively, were observed. For CF, values of 96.2% 6 3.8%
versus 95.1% 6 1.3% of baseline were seen. No significant
differences were seen between the vehicle and luteolinidin
treatment groups with sham I/R out to 60 minutes post-
treatment.
Luteolinidin Lowers Infarct Size after I/R. Luteolini-

din (50 mM) was tested for its ability to lower infarct size
after 30-minute ischemia and 120-minute reperfusion. The
50-mM dose was used because it was most effective in
increasing cardiac contractile functional recovery. The per-
cent infarct of the left ventricle was greater than 30% in

vehicle-treated hearts but less than 16% in luteolinidin-
treated hearts (Fig. 9).

Discussion
Postischemic endothelial function in the heart is severely

impaired due to dysregulation of eNOS. While the levels of
eNOS are largely unaffected by I/R (Giraldez et al., 2000),
major depletion of the requisite cofactor, BH4, and reducing
substrate, NADPH, cause impaired eNOS function (Dumitrescu
et al., 2007; Reyes et al., 2015). Experiments investigating the
mechanism of NAD(P)1 consumption elucidated that CD38 is
activated by I/R (Reyes et al., 2015), leading to NAD(P)(H)
depletion and impaired postischemic endothelial function. CD38
activation was blocked by the CD38 inhibitor a-NAD, and
this preserved postischemic NADP(H) levels and enhanced
functional recovery after I/R. However, a-NAD was effective
only in the low millimolar range, either due to weak in-
hibition or bioavailability, making it a poor candidate for
further in vivo application. Several potent and naturally
occurring CD38 inhibitors were recently discovered, includ-
ing flavonoids (Kellenberger et al., 2011) (e.g., luteolinidin)
and anthranoids (Blacher et al., 2015), and others with even
higher potency have been developed, including some with
inhibition in the submicromolar range (Moreau et al., 2013;
Wang et al., 2014; Becherer et al., 2015; Haffner et al., 2015).
The naturally occurring flavonoid CD38 inhibitors are

Fig. 8. Postischemic myocardial recovery after 30-minute global ischemia and 30-minute reperfusion (I/R) with or without luteolinidin. Control hearts
were given similar vehicle control (empty liposomes). (A, B, and D) LVDP (A), RPP (B), and CF (D) are expressed as the percent recovery of the
preischemic (Pre-I) baseline value (100%). (C) LVEDP is expressed in mmHg. *P , 0.05; **P , 0.01; ***P , 0.001 (with respect to control I/R; mean 6
S.E.M., n = 6–10).
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particularly promising because of their biocompatibility with
minimal toxicity as well as their wide availability in common
agricultural foods (Awika et al., 2004).
Initial in vitro work confirmed the potency of the flavonoid

luteolinidin as a CD38 inhibitor (Fig. 3). AKi of approximately
11 mM for luteolinidin inhibition of CD38 was estimated. With
Lineweaver–Burk analysis, we found that CD38 noncompeti-
tively inhibits CD38with decreasingVmax and unchangingKm

with increasing inhibitor concentration. This is in contrast
with prior studies that identified luteolinidin as a competitive
inhibitor of CD38 (Kellenberger et al., 2011; Escande et al.,
2013). Consistent with noncompetitive inhibition, the de-
creasing Vmax cannot be overcome by increasing substrate
concentration, unlike with competitive inhibition (Michaelis
et al., 2011). Although both types of inhibitors theoretically
increase the intracellular pool of substrate NAD(P)(H) for
CD38, noncompetitive inhibitors are more effective at de-
creasing the amount of product. This is because the increased
intracellular substrate concentration, which occurs with
enzyme inhibition in general, can eventually outcompete a
competitive inhibitor. In the case of noncompetitive inhibition,
increasing the amount of substrate does not affect the level of
inhibition. This difference may be important in considering
the optimal inhibitor of CD38, since CD38 catalyzes reactions
that lead to a wide range of second messengers, some of which
are potent calcium (Ca21) mobilizers (Lee, 2012; Gul et al.,
2016). It remains possible that increased production of these
second messengers contributes to ischemia-induced Ca21

overload in myocytes (Zimmerman and Hülsmann, 1966;
Hausenloy and Yellon, 2013).
At the substrate level, CD38 inhibition leads to both higher

NADP(H) and NAD(H) levels. While NAD(H) is important for
cellular bioenergetics, NADP(H) is important for providing the
reducing equivalents for reductive biosynthetic reactions,
such as generating reduced glutathione from its oxidized form

(Winkler et al., 1986). NADPH is also critical in the production
of NO from eNOS, which catalyzes the flavin-mediated electron
transfer from the bound NADPH to the heme.
With I/R of the heart, we found marked depletion of myo-

cardial NADP(H) and a similar effect on NAD(H). With
preischemic luteolinidin treatment, both NADP(H) and NAD
(H) were salvaged (Fig. 5). Interestingly, we previously found
that CD38 inhibition with a-NAD had a greater effect on the
NADP(H) pools relative to the NAD(H) pools, probably due to
the significantly lower Km and higher Vmax of the CD38
reaction with NADP1 as substrate compared with NAD1

(Vu et al., 1996). Luteolinidin may provide a greater preser-
vation of the NAD(H) pool than a-NAD because the liposomal
formulations used provide a much more potent inhibition of
CD38 with good uptake throughout the heart. Alternatively,
luteolinidin could exert some additional effects on inhibition of
other pathways such as poly(ADP-ribose) polymerase, which
has been shown to cause severe depletion of the myocardial
NAD1 pool in I/R (Pieper et al., 2000; Liaudet et al., 2001;
Szabó et al., 2004; Geraets et al., 2007; Maeda et al., 2014;
Boesten et al., 2015).
In parallel with the NADP(H) depletion with I/R, NOS-

dependent CF was severely impaired (Fig. 6B). With the
finding that CD38 inhibition with luteolinidin protected
NADP(H) levels, we hypothesized that it may also protect
NOS-dependent vasodilatory function. By administering
L-NAME after I/R, we tested the dose-dependent effect of
luteolinidin on the preservation of NOS-dependent CF. Re-
covery of NOS-dependent CF after I/R was approximately 35%
in untreated hearts but was nearly fully recovered in hearts
pretreated with 25 or 50 mM luteolinidin prior to the onset of
ischemia (Fig. 6B). This suggests that NOS-dependent endo-
thelial function is limited by low NADPH levels in I/R and can
be prevented by CD38 inhibition.
Our previous work also highlighted the importance of BH4

for endothelial function after ischemia (Dumitrescu et al.,
2007). However, BH4 supplementation alone does not result in
complete recovery of NOS-dependent CF, although tandem
replenishment including NADPH does (Reyes et al., 2015). A
recent clinical study testing the effect of oral BH4 on endothe-
lial function in patients with coronary artery disease found
that systemic and vascular oxidation of BH4 limited its
protective effects (Cunnington et al., 2012). Considering this
finding, it is possible that NADPH-dependent reactions that
either salvage BH4 from its reversible oxidation products
through dihydrofolate reductase (Bailey and Ayling, 2009) or
complete its de novo synthesis through sepiapterin reductase
(Gao et al., 2009) are limited in I/R injury, perhaps by
diminished cellular NADPH levels. Consistent with this, we
see that luteolinidin-mediated inhibition of CD38, which
preserves NADPH levels after I/R, also preserves BH4. This
was also true with the previously tested CD38 inhibitor
a-NAD but over 100-fold higher levels were required (Reyes
et al., 2015). Thus, NADPH depletion may trigger an inability
to maintain BH4 levels, and this can be reversed by CD38
inhibition with luteolinidin.
We also observed with luteolinidin treatment that the

recovery of total CF was higher than in untreated hearts
(Figs. 6A and 8D). Furthermore, the greatly enhanced re-
covery of NOS-dependent CF with luteolinidin treatment
contributed to the increased total CF recovery observed after
I/R. Recovery of left ventricular contractile function was also

Fig. 9. Infarct size in vehicle-treated and luteolinidin-treated hearts.
After 30-minute ischemia and 120-minute reperfusion, hearts were
serially sectioned and stained with 2,3,5-triphenyltetrazolium chloride.
Liposomal luteolinidin-treated hearts (Lut) had significantly less in-
farction than liposomal vehicle-treated hearts (control) after I/R. **P ,
0.01 (mean 6 S.E.M., n = 6–8).
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higher through reperfusion in luteolinidin-treated hearts
compared with the control. Recovery of LVDP and RPP
increased dose dependently with the concentration of luteoli-
nidin administered, whereas LVEDP decreased in a similar
dose-dependent fashion (Fig. 8, A–C). We showed previously
that CD38 inhibition protected the heart from I/R in wild-type
hearts, but that these effects were severely blunted in hearts
from eNOS-deficient mice (Reyes et al., 2015). Although
luteolinidin protects the heart through its potent inhibition
of CD38, it could also exert other beneficial effects. It has been
suggested that flavonoids can be protective due to their
antioxidant activity (Necas et al., 2006; Chang et al., 2007).
In our experiments, the dose dependence of the protection
(from 5 to 50 mM) argues for relatively high potency and low
toxicity for luteolinidin. At the highest tested dose of 50mM, no
negative effects were observed in the acute phase of dosing,
and the protective effects were maintained after I/R.
Evidence that vegetarian diets promote cardiovascular

health can be attributed to a multitude of factors. The favor-
able macromolecular breakdown of plant-based diets, com-
pared with the common Western diet, is the most compelling
reason for its health-promoting effect. The presence of high
levels of biologically active polyphenolic compounds, such as
the flavonoids, is a likely health-promoting factor. Flavonoids
have repeatedly been shown to improve cardiovascular dis-
eases including hypertension, ischemic heart disease, and
stroke (Hertog et al., 1993; Keli et al., 1996; Perez-Vizcaino
et al., 2009). It has been further shown that flavonoids protect
and improve endothelial function (Engler et al., 2004; Vita,
2005; Hodgson, 2006; Grassi et al., 2013). This is of consider-
able importance because endothelial dysfunction is a hall-
mark of most types of cardiovascular disease, including
hypertension, diabetes, atherosclerosis, and ischemic heart
disease (Hadi et al., 2005; Vita, 2005; Deanfield et al., 2007).
Factors capable of improving endothelial dysfunction may
prove beneficial in each of these major disorders. While
several of these studies have shown the beneficial effect of
polyphenols on reducing oxidative stress, it is probable that
polyphenols effect their biologic actions through multiple
distinct mechanisms and the effects on the CD38 pathway
may be of particular importance (Williamson and Manach,
2005).
In summary, we demonstrate that luteolinidin inhibits

CD38 in vitro and that treatment of the ex vivo isolated heart
results in increased postischemic salvage of NADP(H) and
NAD(H) pools, and that this is directly correlated with
improved vascular and cardiac contractile function. Liposomal
delivery achieved rapid cardiac uptake and conferred marked
functional protection, accompanied by increased myocardial
salvage. There was no toxicity seen even at doses approxi-
mately 4-fold above the minimally effective dose. As such,
liposomal luteolinidin delivery could provide a potent thera-
peutic approach to prevent postischemic injury in the heart
and other organs. In the future, it will be important to
translate these findings to in vivo models of I/R and evaluate
the effects of pre- versus postischemic treatment.
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