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Abstract

Microvascular damage is a key pathological change in myocardial ischemia/reperfusion (I/R) injury. Using a rat model of
myocardial I/R, our current study has provided the first evidence that nicotinamide adenine dinucleotide (NAD™) administra-
tion can significantly attenuate myocardial I/R-induced microvascular damage, including reduced regional blood perfusion,
decreased microvessel density and integrity, and coronary microvascular endothelial cells (CMECs) injury. In studies with
primary cultured CMECs under hypoxia/reoxygenation (HR) and a rat model of I/R, our results suggested that the protective
effect of NAD™ on CMECs exposed to HR or I/R is at least partially mediated by the NAD*-induced restoration of autophagic
flux, especially lysosomal autophagy: NAD™ treatment markedly induced transcription factor EB (TFEB) activation and
attenuated lysosomal dysfunction in the I/R or HR-exposed cells. Collectively, our study has provided the first in vivo and
in vitro evidence that NAD™ significantly rescued the impaired autophagic flux and cell apoptosis that was induced by I/R

in rat CMECs, which is mediated in part through the action of TFEB-mediated lysosomal autophagy.
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Introduction

Despite prompt restoration of epicardial coronary flow after
myocardial infarction, normalization of flow at the myocar-
dial or microcirculatory level is not always assured. Esti-
mates of the percent of patients who achieve normal epicar-
dial flow but have some sign of suboptimal microcirculatory
perfusion, which has been widely considered an independent
risk factor for worse clinical outcomes, is up to 56.9% [6].
Thus, the reduction of microvascular damage is an important
target for adjunctive treatment in addition to reperfusion [17,
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18]. However, many approaches fail to be effective when
translated into clinical research [16, 17]. Therefore, strat-
egies to reduce coronary microvascular damage and final
infarct size need to be further developed.

Mechanisms underlying microvascular damage are multi-
ple and interacting during myocardial ischemia/reperfusion
(I/R), including coronary microvascular endothelial cells
(CMECs) swelling, alteration of the vasoregulation, platelet
activation, thrombosis formation, inflammatory cell adhe-
sion, endothelial barrier disruption, and external compres-
sion of capillaries due to regional edema [5, 13]. Whereas
the quantitative contribution of the different mechanisms to
coronary microvascular damage and infarction is not clear,
a role for CMECs death is decisive in all of them. Thus,
regulating the mode of endothelial cell death may present
specific targets for pharmacological cardioprotection.

Autophagic flux has been proposed as a pivotal mecha-
nism of cell death in myocardial I/R injury [10, 24]. It is
a process whereby degradation of damaged organelles and
proteins to ensure cellular homeostasis and survival [27, 35].
Autophagic flux is including the induction and formation
of autophagosomes and lysosomal autophagy, the latter of
which consists of autophagosomes fusing and degrading by
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lysosomes. The induction of autophagosomes is reflected by
increases in the abundance of key autophagic proteins light
chain 3B (LC3B) and p62. With the progress of autophagy,
the autophagic proteins per se will be degraded in lysosomes
and thus their abundance decreased. The cardioprotection
role of the early stage of autophagic flux in I/R injury has
been extensively studied [9, 20, 23], however, there is no
evidence showing that lysosomal autophagy (the late stage
of autophagic flux) is involved in the pathogenesis of I/R-
related endothelial injury. Recent studies have indicated
that enhanced lysosomal autophagy positively regulates
post-ischemic angiogenesis [7], and impaired lysosomal
autophagy leads to endothelial autophagic apoptosis [39].
These results imply that lysosomal autophagy plays a pivotal
role in the endothelial cell fate. Thus, development of alter-
native agents that ensure optimal regulation of lysosomal
autophagy may provide a new promising therapy for I/R-
related endothelial injury.

Nicotinamide adenine dinucleotide (NAD™), also known
as coenzyme I, has been shown involved in human umbili-
cal vein endothelial cell senescence and cancer cell death by
promoting lysosomal autophagy [12, 34, 38]. On the other
hand, NAD" has been suggested to profoundly alleviate the
myocardial I/R injury by mimicking ischemic precondition-
ing in human heart [37], as well as stimulating glycolysis
[30], attenuating oxidative stress, improving mitochon-
drial function [19], and reducing apoptosis [41] in mouse
or rat hearts. However, whether NAD™ could alleviate the
microvascular I/R injury through regulation of lysosomal
autophagy was unclear. The aim of this study was, therefore,
to investigate the role and potential mechanism of NAD™ in
I/R related microvascular damage.

Materials and methods

All of the chemicals were purchased from Sigma (St. Louis,
MO, USA), except where specified. All studies were per-
formed following recently published guidelines [2, 25].

Ethics statement

Animal studies were performed in accordance with the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and were approved by the Insti-
tutional Animal Care and Use Committee of the School of
Biomedical Engineering, Shanghai Jiao Tong University
(Permit Number: 2014001). All surgical procedures were
performed under sodium pentobarbital anesthesia (30 mg/
kg), in which all efforts were made to relieve animal
suffering.
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Myocardial ischemia and reperfusion

Male Sprague—Dawley rats (230-270 g) were provided by
the SLRC Laboratory (Shanghai, China). An animal ven-
tilator was used. Saline, NAD" (20 mg/kg, 100 mM) or
chloroquine (CQ, 10 mg/kg, 100 mM) was injected intrave-
nously right before ischemia or reperfusion, respectively.
The left anterior descending branch was occluded by liga-
tion after a left thoracotomy. After 90 min of ischemia,
the ligation was loosened. The sham control rats were
subjected to all same surgical procedure except ligation.
Rats were sacrificed 24 h after reperfusion, respectively.

Determination of myocardial no-reflow areas
and infarct size

Hearts were harvested after 24 h of reperfusion. Rats
received a 2% solution of the perfusion marker thioflavin-
S (1 ml/kg) through the veins. After 15 min, the rats were
euthanized and the hearts excised. The heart was sliced
into 1-mm thick transections. Thioflavin-S distribution
was visualized and photographed by ultraviolet transmis-
sion light (k=365 nm). Under ultraviolet transmission
light, the thioflavin positive areas were green and light
blue stained areas, and the thioflavin negative areas were
tawny stained areas. The no-reflow area (i.e. thioflavin
negative areas) was measured and analyzed using ImagelJ
(NIH, Bethesda, MD, USA). As for infarct size, hearts
were harvested 24 h after reperfusion and washed three
times with saline. The heart was also sliced into 1-mm
thick transections, then incubated in 1% 2, 3, 5-triphe-
nyltetrazolium chloride (TTC) for 20 min at 37 °C. Sub-
sequently, all transections were photographed, and the
infarct size was measured using Image J.

Isolation of primary rat CMECs

Primary CMECs cultures were prepared as described.
Hearts were removed from 20-day-old Sprague—Dawley
rats, the atria and great vessels were trimmed off, and tis-
sue was finely minced followed by sequential digestion
with 0.5 mg/ml collagenase and 0.25% trypsin (Thermo
Scientific, Waltham, MA, USA). CMECs were separated
from fibroblasts by differential plating and were transferred
in gelatin coated cell culture flasks in media containing
endothelial cell medium (Science Cell, Carlsbad, CA,
USA), 10% fetal calf serum, 100 mol/l penicillin, strepto-
mycin and heparin. When expanded CMECs reached 90%
confluence, they were passaged. CMECs cultured within
3-5 passages were used for this study.
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Hypoxia/reoxygenation (HR) modeling in vitro
and cell treatments

CMECs were subjected to hypoxia in vitro for 6 h by replac-
ing the culture medium with ‘ischemia buffer’ [137 mM
NaCl, 5 mM HEPES, 1.5 mM MgCl,-2H,0, 4 mM KCl,
1.5 mM CaCl,, and 20 mM Na-lactate (pH 6.2)] and incubat-
ing it in a three-gas incubator (Thermo Scientific) filled with
95% N, and 5% CO, to reduce the oxygen concentration
to 1%. Reoxygenation treatment, which followed hypoxia
and lasted for 18 h, was accomplished by replacing the
‘ischemia buffer’ with complete culture medium and incu-
bating it under normoxic conditions. All indicated agents
were administrated right before hypoxia. CMECs were
treated with HR and indicated drugs as shown in results,
respectively.

Assessment of cell viability

Cell death was determined with a flow cytometry based
Annexin V/7-amino-actinomycin D (7-AAD) assay and
intracellular lactate dehydrogenase (LDH) tests. The flow
cytometry based Annexin V/7-AAD assay was performed
using an ApoScreen Annexin V kit (Southern Biotech,
Birmingham, AL, USA) according to the manufacturer’s
instructions. For the intracellular LDH assay, cell survival
was quantified by measuring the intracellular LDH activ-
ity of the cells. Cells were lysed for 15 min in lysis buffer
containing 0.04% Triton X-100, 2 mM HEPES and 0.01%
bull serum albumin (pH 7.5). Then, 50 pl of cell lysate was
mixed with 150 pl of 500 mM potassium phosphate buffer
(pH 7.5) containing 0.34 mM NADH and 2.5 mM sodium
pyruvate. The A340 nm changes were monitored over 90 s.
The percentage of cell survival was calculated by normaliz-
ing the LDH values of samples to LDH activity measured in
the lysates of control (wash only) culture wells. A terminal-
deoxynucleoitidyl transferase mediated nick end labeling
(TUNEL) assay was performed using an Alexa Fluor 488
TUNEL Apoptosis Detection kit (Yeasen, Shanghai, China)
according to the manufacturer’s instructions. For double
staining of TUNEL and CD31, cryosections were fixed in
4% paraformaldehyde for 15 min and then blocked by 5%
bull serum albumin for 1 h. The sections were incubated in
CD31 (1:200, Santa Cruz, Dallas, TX, USA; sc-376764)
antibody solutions overnight at 4 °C, subsequently incubated
in equilibration buffer and working strength TdT enzyme
at 37 °C for 1 h. The sections were then incubated with
Alexa Fluor 594 conjugated secondary antibody (1:400,
Invitrogen, Waltham, MA, USA; A32744) and Alexa Fluor
488-12-dUTP Labeling Mix at room temperature for 1 h
before imaging. Nuclei were stained with 4',6-diamidino-
2-phenylindole (DAPI). The percentage of endothelial cell
apoptotic nuclei was calculated by counting the total number

of TUNEL positive nuclei divided by the total number of
DAPI stained nuclei on vascular wall (CD31 positive) in 6
fields for each animal at 40 X objective. Image acquisition
and quantification was performed by a researcher blinded to
the experimental design.

Assays for intracellular reactive oxygen species
(ROS) and mitochondrial membrane potential

Flow cytometric analysis was performed on a BD FACS-
can flow cytometer (FACS Aria II, BD Biosciences, San
Jose, CA, USA) with 10,000 events per sample as described.
Briefly, at the end of the culture period, the explants were
washed once and loaded with 2'7'-dichlorodihydrofluores-
cein diacetate (H2DCFDA, 10 pM) or 5,5',6,6'-tetrachloro-
1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-
1, 50 nM, Enzo Life Sciences, Farmingdale, NY, USA) at
37 °C in a humidified atmosphere of 95% air and 5% CO,.
After 30 min of incubation, the extracellular H2DCFDA and
JC-1 were washed away with hank’s balanced salt solution
and immediately determined by a FACScan flow cytometer
or confocal microscope (Leica, Wetzlar, Germany).

Immunofluorescence assay

The heart cryosections and the coverslips seeded with
CMECs were immunofluorescence stained following a rou-
tine procedure. The cryosections were fixed with 4% para-
formaldehyde for 15 min and then blocked with 5% bull
serum albumin for 1 h at room temperature. Slides were
incubated overnight at 4 °C with primary antibodies against
CD31 (1:200, Santa Cruz; sc-376764), Ve-cadherin (1:200,
Santa Cruz; sc-9989), alpha-smooth muscle actin (a-SMA,
1:200, Santa Cruz; sc-53142), von Willebrand Factor (vWF,
1:200, Santa Cruz; sc-365712), transcription factor EB
(TFEB, 1:500, Proteintech, Wuhan, China; 13372-1-AP),
LC3B (1:200, Abcam, Cambridge, UK; ab192890) and p62
(1:200, Proteintech; 18420-1-AP). After rinsing with phos-
phate buffer saline, slides were incubated with fluorescence
conjugated secondary antibodies for 1 h at room tempera-
ture. Slides were photographed using a confocal micro-
scope. Nuclei were stained with DAPI. The percentage of
TFEB nuclear translocation in endothelial cells in vivo was
calculated by counting the total number of TFEB positive
nuclei divided by the total number of DAPI stained nuclei
on vascular wall (CD31 positive) in 6 fields for each animal
at 40 x objective. The percentage of TFEB nuclear translo-
cation in vitro was calculated in 6 fields for each coverslip
at 40 X objective. The microvascular density and integrity
were calculated as the area (pm?) of CD31 and Ve-cadherin
puncta within each field, respectively, at least 6 fields for
each rat at 40 X objective were quantified. The threshold was
set. The a-SMA positive signal was quantified as the same
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way. The quantification of fluorescence intensity of LC3B
and p62 puncta on vascular endothelium (CD31 positive)
within each field was processed by Image J. For each rat,
at least 6 fields at 40 X objective were counted. All images
were acquired and processed by a researcher blinded to the
experimental design.

Assay for autophagic flux using tandem
RFP-GFP-LC3B

The autophagic flux in CMECs was assayed using the Premo
Autophagy Tandem Sensor Red Fluorescent Protein (RFP)-
Green Fluorescent Protein (GFP)-LC3B kit (Invitrogen) fol-
lowing the manufacturer’s instructions. 10* cells grown on
coverslips were incubated with 6 ml of BacMam reagents
containing tandem RFP-GFP-LC3B DNA overnight (16 h)
and then treated as indicated. Cells were washed and bathed
in phosphate buffer saline and visualized through sequential
scanning on a confocal microscope.

Western blot analysis

The primary cultured rat CMECs were collected and used
to prepare whole cell lysates with radio immunoprecipi-
tation assay buffer supplemented with protease inhibitor
cocktail (Roche, Basel, Switzerland). Nuclear and cyto-
plasmic proteins were extracted from primary rat CMECs
cultures using a nuclear and cytoplasmic protein extraction
kit (Beyotime, Jiangsu, China). Total proteins (30 pg) were
separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and then transferred onto nitrocellulose
membranes. The blots were blocked with 5% fat free milk
and incubated overnight at 4 °C with the primary antibod-
ies. Subsequently, the membranes were washed thrice, and
then incubated with corresponding horseradish peroxides
conjugated secondary antibodies for 1 h at room tem-
perature. Immunoreactive bands were visualized using an
enhanced chemiluminescence reagent (Thermo Scientific)
and quantified by a Gel-Pro Analyzer (Media Cybernet-
ics, Silver Spring, MD, USA). Primary antibodies against
the following proteins were used in the present study: Bax
(1:2000; Abcam; ab32503), p-tubulin (1:2000; Abcam;
ab6046), Active caspase 3 (1:2000; Abcam; ab32042), Bcl-
xL (1:2000; Abcam; ab32370), LC3B (1:1000; Santa Cruz;
$c-398822), p62 (1:1500; Santa Cruz; sc-55603), Lyso-
somal Associated Membrane Protein 1 (LAMP1 1:1000;
Santa Cruz; sc-20011), Lysosomal Associated Membrane
Protein 2 (LAMP2 1:1000; Santa Cruz; sc-20004), glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH 1:1000;
Abcam; ab8425), Cathepsin B (CTSB 1:1000; Santa Cruz;
sc-365558), TFEB (1:1000; Proteintech; 13372-1-AP),
lamin A (1:10,000; Abcam; ab8980).
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siRNA transfection

For knockdown of TFEB, cells were transfected with
TFEB small interfering RNA (siRNA) (Invitrogen) or
scramble siRNA using Lipofectamine™ RNAiMAX rea-
gent (Invitrogen). After 24-48 h, siRNA transfected cells
were assayed by immunoblotting.

Statistical analysis

All data are presented as the mean + standard error of
the mean. Data were assessed using unpaired Student’s
t test or One-way analysis of variance followed by Stu-
dent—-Newman—Keuls post hoc tests. All results were con-
sidered statistically significant if the two-tailed P values
were less than 0.05. Statistical analysis was performed
with SPSS 18.0 IBM, Armonk, NY, USA).

Result

NAD" infusion enhances microvascular density
and integrity and reduces no-reflow areas
and infarct size in I/R hearts

We first explored whether NAD™ affected coronary micro-
vascular density and integrity during I/R in the myocar-
dial infarct regions when infusion right before ischemia.
The microvascular density and integrity were significantly
decreased in the hearts of rats subjected to I/R as indi-
cated by the decreased positive signals of CD31 and Ve-
cadherin, respectively, which was prevented by NAD*
administration (Fig. 1a, b). The a-SMA positive signal was
not affected by I/R insult as well as NAD" administration
(Fig. 1a, b). We further evaluated the regional microvascu-
lar perfusion with thioflavin-S staining (thioflavin positive
areas, i.e. green and light blue stained areas). Massive no-
reflow areas (thioflavin negative areas, i.e. tawny stained
areas) were found in myocardial sections of rats subjected
to I/R, and NAD™ administration significantly attenuated
the no-reflow areas (Fig. Ic, €). We also observed obvious
protective effects of NAD™ on infarct formation, as indi-
cated by TTC staining (Fig. 1d, ). We further investigated
whether NAD™ also protected coronary microvascular den-
sity and integrity and reduced no-reflow areas and infarct
size during I/R when given first at reperfusion. NAD*
significantly prevented the decline of positive signals in
CD31 and Ve-cadherin that induced by I/R injury (Fig. 2a,
b). NAD" also reduced the myocardial no-reflow areas
and infarct size even given first at reperfusion (Fig. 2c—e).
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Fig.1 NAD" infusion enhances microvascular density and integrity
and reduces no-reflow areas and infarct size in ischemia/reperfusion
(I/R) hearts. a Representative immunofluorescence images of CD31
(red), Ve-cadherin (green), and a-SMA (red) in rats. Rats were given
either saline or NAD™ (20 mg/kg, 100 mM) and subsequently under-
went myocardial I/R. 24 h after the reperfusion, rats were sacrificed
and microvascular density, integrity, no-reflow areas, and infarct size
in rat hearts were evaluated. b Quantification of the area of CD31
(red), Ve-cadherin (green), and a-SMA (red) puncta on myocardial
sections of rats, NAD" significantly preserved the decline of positive
signals of CD31 and Ve-cadherin that induced by I/R injury, NAD*
seems have little effects on a-SMA positive signal, neither the I/R
treatment. =6 rats per group, *P <0.05 vs. I/R group. ¢ Representa-

Successful isolation of primary CMECs

Most isolated primary cells were found to have a spindle or
cobblestone like morphology at 5-15 days after cell seed-
ing. Further, most isolated primary cells from rat hearts were
positively stained by two endothelial cell markers (CD31 and
vWF) and co-stained with DAPI, confirming their status as
CMEC:s (Fig. 3a).
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tive thioflavin-S stained heart sections from the rats that were treated
with either saline or 20 mg/kg NAD™ and subsequently underwent
myocardial I/R. 24 h after the I/R, the heart sections were obtained
for thioflavin-S staining (thioflavin positive areas, i.e. green and light
blue stained areas). d Representative TTC stained heart sections
from the rats that were treated with either saline or 20 mg/kg NAD*
and subsequently underwent myocardial I/R. 24 h after the I/R, the
heart sections were obtained for TTC staining. e Quantifications of
the myocardial no-reflow areas (thioflavin negative areas, i.e. tawny
stained areas) and infarct size (TTC negative areas, i.e. pale areas).
NAD™ significantly reduced the myocardial no-reflow areas and
infarct size. n=6-10 rats per group, *P <0.05 vs. I/R group

NAD™* attenuates HR-induced CMECs apoptosis
changes in vitro

We studied the effects of three dosages of NAD™ (0 mM,
1 mM, 5 mM, and 10 mM) on HR injury of CMECs, show-
ing that NAD™" dose-dependently increased the survival of
CMECs after HR insult (Fig. 3b). NAD" administration
also significantly abrogated the HR-induced increase in
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Fig.2 NAD" preserves microvascular density and integrity and
reduces no-reflow areas and infarct size in ischemia/reperfusion (I/R)
hearts even given first at reperfusion. a Rats were given either saline
or NAD" (20 mg/kg, 100 mM) immediately at reperfusion after 1.5 h
of ischemia. 24 h after the reperfusion, the rats were sacrificed and
the microvascular density, integrity, no-reflow areas, and infarct size
were determined. Representative immunofluorescence images of
CD31 (red) and Ve-cadherin (green). b Quantification of the area of
CD31 and Ve-cadherin puncta on myocardial sections of rats, NAD*

Bax and active caspase 3 protein levels in the CMECs sub-
jected to HR. Bcl-xL is a pro-survival protein. We found
that NAD* administration significantly attenuated the
HR-induced decrease in Bcl-xL protein levels in CMECs
(Fig. 3¢, d). NAD" significantly decreased the percentage
of cells in apoptosis (Annexin V +), as showed in a FACS-
based Annexin V/7-AAD assay (Fig. 3e, f).
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significantly prevented the decline of positive signals in CD31 and
Ve-cadherin that induced by I/R injury. *P<0.05 vs. I/R group. ¢
Representative thioflavin-S stained heart sections. d Representative
TTC stained heart sections. e Quantifications of the myocardial no-
reflow areas (thioflavin negative areas, i.e. tawny stained areas) and
infarct size (TTC negative areas, i.e. pale areas). NAD" reduced the
myocardial no-reflow areas and infarct size even given first at reperfu-
sion. n=6-10 rats per group, *P <0.05 vs. I/R group

Impaired autophagic flux in association with CMECs
death after HR

First, we tested the hypothesis that impaired autophagic flux
causes CMECs death. Experimental inhibition of autophago-
some processing with CQ increased cell death in both the
basal state and under rapamycin stimulated autophagy
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conditions, as assessed by the LDH assay (Fig. 4a). We
further investigated the mechanism of cell death with
impaired autophagic flux induced by CQ. In CMECs, CQ
induced autophagosome accumulation and led to increased
ROS generation with decrease of mitochondrial membrane
potential, causing mitochondrial permeabilization and acti-
vating apoptosis and/or necrosis. Furthermore, CQ induced
ROS generation was found to persist after treatment with
cyclosporine A (CSA), an inhibitor of mitochondrial per-
meability transition pores, thereby implying that ROS gen-
eration occurs upstream of mitochondrial permeabilization
(Fig. 4b—d). Pretreatment with CSA significantly attenuated
CQ induced cell death (Fig. 4¢). We next investigated the
status of autophagic flux in CMECs after HR by determin-
ing the abundance of autophagic proteins in CMECs that
insulted by in vitro HR. We found that HR induced the
cumulative abundance of LC3B and p62, compared with
control cells, as assessed by western blot assay and immuno-
fluorescent staining (Fig. 5a, b). We also determined whether
HR induced impairment in autophagosome processing is suf-
ficient to induce cell death. Autophagosome accumulation
with HR was associated with ROS generation (Fig. 5d, e)
and mitochondrial permeabilization (Fig. 5d, f), although
mitochondrial permeabilization was blocked with CSA
treatment (Fig. 5d, f), ROS generation persisted (Fig. 5d,
e), indicating that ROS generation is upstream of mitochon-
drial permeabilization, analogous to the observations of CQ
induced ROS generation (Fig. 4b—d). Accordingly, CSA
attenuated HR-induced cell death (Fig. 5g), mirroring the
observations with CQ induced cell death (Fig. 4e). In addi-
tion, inhibition of autophagic flux with CQ did not affect the
cell death ratio that induced by HR injury (Fig. 5c¢).

NAD" restores the impaired autophagic flux caused
by HR in CMECs

Restoring autophagic flux is an emerging concept for cell
protection [12, 36]. The influence of NAD™ on autophagic
flux in CMECs was investigated via several approaches.
First, we found that NAD™ weakened the GFP fluorescence
in CMECs, as evidenced by Premo Autophagy Tandem
Sensor RFP-GFP-LC3B assay [40] (Fig. 6a). Second, we
found that NAD" alleviated the HR-induced accumulation
of LC3B and p62 proteins levels (Fig. 6b, c). Third, we
observed that CQ markedly blocked the effects of NAD*
on the GFP fluorescence in cells (Fig. 6a); likewise, CQ
blocked the effects of NAD" on the decrease in LC3B and
p62 protein levels, as western blot assays indicated (Fig. 6b,
c). Fourth, to test the hypothesis that restoring the impaired
autophagosome processing by NAD™ alleviated CMECs
death after HR, we found that NAD™ significantly allevi-
ated the cell death of CMECs insulted by HR injury, and

blocking autophagic flux by CQ blunted the protective effect
of NAD™ (Fig. 6d).

NAD" restores autophagic flux associated with TFEB
activation and the amelioration of lysosomal
autophagy function in vitro

To investigate the exact role of NAD™ on autophagic flux
after HR, we evaluated the status of TFEB in CMECs after
HR insulted. Under current HR conditions, we failed to find
TFEB nuclear translocation. But we observed increased
TFEB translocation from the lysosomes to the nuclei in
CMECs upon NAD* administration (Fig. 7a—c). TFEB has
been demonstrated to be a crucial regulator of lysosomal
autophagy [29, 33]. To further determine whether the acti-
vation of TFEB induced by NAD* makes a difference on
lysosomal function, we also used siRNA to downregulate
TFEB to confirm it from another direction. We examined
the expression of LAMP1, which closely tracks lysosome
numbers, and LAMP2, which is a crucial determinant of
autophagosome lysosome fusion [10]. We found that HR
induced a decline in the level of LAMP2, compared with
control cells, as assessed by western blot assay, and this was
significantly attenuated by NAD* administration (Fig. 7d,
e). We also evaluated lysosomal function by determining
the abundance of the proenzyme and activated forms of
CTSB. By detecting the protein abundance of CTSB, an
important lysosomal protease, with a western blot assay,
we found that the abundance of activated forms of CTSB
was significantly decreased in HR-treated cells, and this was
significantly attenuated by NAD" administration (Fig. 7d,
e). On the other hand, the data showed that downregulation
of TFEB in CMECs after HR significantly abolished the
protection of NAD" on autophagy lysosomal function as
evidenced by accumulated autophagosomes, LC3B and p62
proteins (Fig. 7d, e), and suppressed lysosomal function as
assessed by decreased expression of the lysosomal markers
LAMPI1, LAMP2 and CTSB (Fig. 7d, e). Knockdown of
TFEB also markedly exacerbated the HR insult, as indicated
by decreases of the intracellular LDH level (Fig. 7f). Con-
sequently, these observations suggested that NAD* induced
activation of TFEB significantly rescued the autophagy lyso-
somal dysfunction and CMECs injury induced by HR.

NAD" restores autophagic flux and reduces coronary
endothelial cell death after I/R in vivo

We first verified whether NAD™" restored the impaired
autophagic flux through TFEB mediated improvement in
lysosomal autophagy function after I/R in vivo by measuring
the levels of autophagic markers LC3B, p62 and TFEB in
vascular endothelium in vivo, as well as using CQ to down-
regulate lysosomal autophagy function to further confirm it.
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Immunofluorescence images showed markedly higher p62  reduced the accumulated p62 and LC3B levels. Blocking
and LC3B fluorescence intensity on vascular wall in the  lysosomal autophagy function by CQ blunted the effect of
damaged hearts as compared with the controls, and NAD* ~ NAD™ on those autophagic markers (Fig. 8a, b), which was
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«Fig.3 NAD™ attenuates hypoxia/reoxygenation (HR) induced coro-
nary microvascular endothelial cells (CMECs) apoptosis change. a
The most isolated primary cells were found to have a spindle or cob-
blestone like morphology at 5-15 days after cell seeding. Representa-
tive immunofluorescence images showed that the most isolated pri-
mary cells from rat heart were positively stained by two endothelial
cell markers ( CD31, red and vWF, green) and co-stained with DAPI
(blue), confirming their status as CMECs. b The NAD" administra-
tion produced dose dependent protection against HR injury: Both
5 mM and 10 mM NAD™ significantly increased the intracellular
LDH level. n=5-9 per group, *P<0.05 vs. HR. ¢ Western blots
for Bax, active caspase 3 and Bcl-xL in rat CMECs. CMECs were
treated with phosphate buffer saline or 5 mM NAD?* then underwent
HR. NAD" administration significantly decreased the protein level of
Bax, active caspase 3, and increased the protein level of Bcl-xL. d
Quantifications of protein level of Bax, active caspase 3 and Bcl-xL
after treatment with indicated treatments. n=35 per group, *P <0.05
vs. HR. e Representative images of flow cytometric based Annexin
V/7-AAD assay in CMECs. NAD" significantly decreased the per-
centage of the cells in apoptosis (Annexin V +). f Quantifications of
the percentage of Annexin V+cells. NAD" significantly decreased
the percentage of cells in apoptosis (Annexin V+). n=>5 per group,
*P<0.05 vs. HR

consistent with the in vitro data. In addition, we found that
the accumulated p62 and LC3B signals seemed predominant
in the vasculature as compared to the myocardium (Fig. 8a,
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Fig.4 Impaired autophagic flux is associated with cell death. a
Intracellular LDH level in coronary microvascular endothelial cells
(CMECs:) treated with rapamycin (Rapa, 5 pM for 24 h) or vehicle
control (Con) in the absence or presence of chloroquine (CQ, 10 pM
for 24 h). n=6 per group, *P <0.05 vs. Con, 5P <0.05 vs. Rapa treat-
ment. b Flow cytometric analysis of CMECs treated with CQ (10 pM
for 24 h) or Con in the absence or presence of cyclosporine A (CSA,
20 pM) and quantification of mean fluorescence for DCF for reactive
oxygen species (ROS), n=5 per group, *P<0.05 vs. Con. ¢ Flow

b).We further determined whether NAD™ plays a role in
TFEB activation in vivo by evaluating the status of TFEB
on vascular wall. We found that TFEB failed to translocate
to the nuclei after I/R insult but observed increased TFEB
translocation from the lysosomes to the nuclei in endothe-
lial cells upon NAD* administration (Fig. 8c). To test the
hypothesis that restoring the impaired autophagosome pro-
cessing by NAD™ alleviated endothelial cell injury after
I/R in vivo, we performed a TUNEL and CD31 colocali-
zation assay and found that NAD" significantly alleviated
the positive TUNEL signal on the vascular wall induced
by I/R injury. Furthermore, we used CQ to downregulate
the lysosomal function in vivo. CQ significantly abrogated
the NAD™ enhanced lysosomal autophagy function, as evi-
denced by accumulated fluorescence signal of LC3B and
p62 on vascular wall (Fig. 8a, b). CQ also markedly aggra-
vated the apoptosis of CMECs, as indicated by the decreased
fluorescence signal of CD31 and increased TUNEL positive
signal on vascular wall (Fig. 8d). In addition, CQ was not
found to affect TFEB status, indicating that the target of CQ
is downstream of TFEB (Fig. 8c).

cytometric analysis of CMECs treated with CQ (10 pM for 24 h) or
Con in the absence or presence of CSA (20 pM) and quantification
of mean fluorescence for JC-1. n=>5 per group, *P<0.05 vs. Con,
#P<0.05 vs. CQ treatment. d Representative images of CMECs
loaded with the ROS indicator H2DCFDA (green) and JC-1 (red)
after treated with Con or CQ (10 pM) in the presence or absence of
CSA (20 pM). e Intracellular LDH level in CMECs treated with CQ
(10 pM for 24 h) or Con in the absence or presence of CSA (20 pM),
n=6 per group, *P <0.05 vs. Con, *P <0.05 vs. CQ treatment
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«Fig.5 Autophagic flux in coronary microvascular endothelial cells
(CMECs) is impaired after hypoxia/reoxygenation (HR). a Repre-
sentative immunofluorescence images of rat CMECs expressing RFP-
GFP-LC3B and treated with HR or vehicle control (Con) for 24 h. b
Western blot analysis of LC3B and p62 in CMECs treated with HR
and Con for 24 h. Corresponding densitometric analysis of LC3B and
p62 bands with respect to each tubulin, n=35 per group, *P <0.05 vs.
Con. c¢ Intracellular LDH level in CMECs treated with Con, HR and
HR plus chloroquine (CQ, 10 pM) treatment for 24 h. *P <0.05 vs.
Con. d Representative images of CMECs loaded with the reactive
oxygen species (ROS) indicator H2DCFDA (green) and JC-1 (red)
after treated with HR and Con in the presence or absence of cyclo-
sporine A (CSA, 20 pM). e Flow cytometric analysis of CMECs
with quantification of mean fluorescence for ROS. n=>5 per group,
*P <0.05 vs. Con. f Flow cytometric analysis of CMECs with quanti-
fication of mean fluorescence for JC-1. n=>5 per group, *P <0.05 vs.
Con, *P<0.05 vs. HR. g Intracellular LDH level in CMECs treated
with HR (24 h) or Con in the presence or absence of CSA (10 uM for
24 h), n=5 per group, *P <0.05 vs. Con, *P <0.05 vs. HR

Discussion

The present study first demonstrated that NAD™ infusion
preserved the coronary microvascular density and integ-
rity, reduced no-reflow areas and infarct size, and rescued
CMEC:s injury in rat hearts insulted by I/R injury. Such
microvasculature protection was at least in part associated
with NAD" induced TFEB mediated lysosomal autophagy
function in CMEC:s after I/R insult.

Acute myocardial infarction is commonly complicated
with coronary microvascular damage, with a high incidence
of 50-70% [6]. Although interventional therapy can effec-
tively provide blood reperfusion, successful myocardial per-
fusion may remain incomplete due to microvascular dam-
age [31]. The coronary circulation is not only as a victim
of myocardial I/R injury but after restoration of coronary
blood flow it is also the target of I/R injury [16]. It has been
demonstrated that I/R induces significant structural dam-
age to the capillaries, such as reduced microvascular density
and impairment of endothelial integrity [11]. Targeting the
endothelial gap junction Ve-cadherin complex and preserv-
ing coronary endothelial integrity following acute myocar-
dial I/R have been reported to reduce infarct size [8]. In the
current study, we found that NAD* treatment significantly
preserved endothelial integrity as indicated by a marked
increase in Ve-cadherin signals in rat hearts subjected to
myocardial I/R. We also observed that NAD* prevented the
myocardial I/R-induced decrease in microvascular density
as indicated by a marked increase in CD31 signals. Further,
we investigated whether the beneficial effect of NAD* on
microvascular structure can translate to improved myocar-
dial blood flow and reduced the final infarct size. We showed
that NAD" significantly reduced the no-reflow area that
induced by I/R injury as evidenced by thioflavin-S staining
results, at least at this time point. We also confirmed promi-
nent protective effects of NAD* on the infarct formation in

current study. It is noteworthy that NAD* could also reduce
the I/R induced microvascular injury and infarct size even
when administered at reperfusion onset (Fig. 2).

We investigated whether the coronary microvascular
protection of NAD* was due to a direct vasculoprotective
effect of NAD* or was secondary to myocardial salvage.
Since we initially found NAD™ significantly rescued the loss
of Ve-cadherin and CD31 (endothelial cell marker) signals
induced by I/R injury, rather than a-SMA (vascular smooth
muscle cell maker) signals (Fig. 1a, b), we separated the
CMEC:s from the rat hearts and used an in vitro HR model
to simulate the acute myocardial infarction conditions and
investigate the role of NAD" on endothelial cell I/R injury.

Our studies have provided several lines of in vitro and
in vivo evidence suggesting that NAD* decreases CMECs
HR injury at least partially by decreasing apoptotic changes:
(1) NAD? treatment led to a marked increase in LDH lev-
els in rat CMECs that were subjected to simulated HR; (2)
NAD™ treatment could significantly increase cell survival
by decreasing early stage apoptosis; (3) NAD* administra-
tion exhibited a notable decrease in active caspase 3 signals
induced by HR; (4) NAD" profoundly attenuated the HR-
induced increase in Bax levels in rat CMECs; (5) NAD*
prevented the HR-induced decrease in Bcl-xL levels; and (6)
NAD" significantly alleviated the positive TUNEL signals
in CMECs of rat hearts insulted by I/R injury as indicated
by the colocalization of CD31 and TUNEL positive signals
(Fig. 8d). Together, these data first confirm that NAD™ can
directly exert protective effects on CMECs under HR and
I/R conditions.

The possible mechanisms recruited by NAD™ for pro-
tecting human and rat cardiomyocytes and reducing infarct
size in I/R have been associated with ischemic precondition-
ing [37], oxidative stress, mitochondrial permeabilization
[19], and cell death [41]. NAD™ also partially activates the
AMP-activated protein kinase, autophagy and SIRT1 path-
way involved in endothelial cell aging and neuron I/R injury,
respectively [4, 12, 34]. However, the potential mechanism
of NAD™ in I/R related CMECs death remained largely
unaddressed. In fact, there may rather be some common
pathomechanisms, such as damage by ROS, mitochondrial
permeabilization, and cell death, impact on the myocardial
and coronary microvascular compartment, rendering them
as targets to not only reduce infarct size but also improve
coronary blood flow [14, 15, 22]. Recent studies have indi-
cated that mitochondrial function is vital to maintenance of
rat coronary microvascular integrity and endothelial viabil-
ity [21, 42], which was also implied in current study. The
underlying regulatory mechanism responsible for mitochon-
drial permeabilization, ROS production and cell death was
multiple and interacting [22]. Several studies have indicated
that autophagic flux can serve as an independent mechanism
of cell death, or act as a trigger of apoptosis or necrosis [3].
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Notably, contemporary studies demonstrate that impaired
autophagic flux prevents the clearance of damaged intra-
cellular organelles and proteins, leading to increased ROS
generation, which causes mitochondrial permeabilization
and activation of cardiomyocyte and neuron apoptosis and/
or necrosis in I/R injury [3, 28]. Thus, in current study, we
investigated whether the autophagic pathway is recruited by
NAD" for protecting the I/R related microvascular injury.
First, we evaluated the status of autophagic flux and its role
in CMECs under HR conditions using several reliable assays
such as a tandem RFP-GFP-LC3B assay, JC-1 assay, ROS
assay, and LDH assay. We investigated the influence of HR
on autophagic flux, ROS generation, mitochondrial permea-
bilization and CMECs death by comparing the role of the
autophagic flux inhibitor CQ. We found that CQ induced
impaired autophagic flux and significantly induced cell
death. Similarly, we found that HR significantly enhanced
GFP signals as well as LC3B and p62 protein levels, imply-
ing impaired autophagic flux, and induced CMECs death.
Furthermore, HR exacerbated ROS generation, mitochon-
drial permeabilization and cell death, mirroring the observa-
tions with the autophagic flux inhibitor CQ. In addition, CQ
did not affect the CMECs death ratio induced by HR injury,
as indicated by LDH assay. The above observations led us
to conclude that HR and CQ may share a same mechanism
that induces CMECs death, such as defective autophagic
flux, consistent with a severe defective autophagic flux in
cardiomyocytes subjected to I/R injury [28]. Subsequently,
we investigated the role of NAD" on autophagic flux
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Fig.6 NAD" restores the impaired autophagic flux caused by
hypoxia/reoxygenation (HR) in coronary microvascular endothelial
cells (CMECs). a Cells underwent vehicle control (Con), HR, HR
plus NAD™ treatment (5 mM, HRN) and HR combined with NAD*
and chloroquine (CQ) co-treatment for 24 h (HRNC). Representative
immunofluorescence images of RFP-GFP-LC3B expressing cells. b

@ Springer

Fig.7 NAD™ restores autophagic flux associated with TFEB activa-
tion and the amelioration of lysosomal function in vitro. a Primary
coronary microvascular endothelial cells (CMECs) were transfected
with scramble RNA or TFEB siRNA (siTFEB) for 24 h, and then
underwent vehicle control (Con), hypoxia/reoxygenation (HR), HR
plus NAD" treatment (5 mM, HRN) for 24 h. Representative immu-
nofluorescence images depicting TFEB (green) and DAPI (blue). b
Quantification of TFEB nuclear positive cells. The percentages of
TFEB nuclear positive cells versus total cells are indicated. n=5 cov-
erslips per group, *P <0.05 vs. HR, #P <0.05 vs. HRN, at least 1000
cells were quantified per group. ¢ Immunoblot assays against TFEB
protein of total cytoplasmic and nuclear fractions obtained from
CMECs with the indicated treatment. d Representative immunoblot
images of LC3B, p62, LAMP1, LAMP2 and proenzyme and acti-
vated forms of Cathepsin B (CTSB). e Quantifications of protein level
of LC3B, p62, LAMP1, LAMP2 and activated forms of CTSB. n=5
per group, ¥P<0.05 vs. Con, *P <0.05 vs. HR, #P <0.05 vs. HRN.
f NAD' (5 mM) administration produced a protection against HR
injury as indicated by significantly increased the intracellular LDH
level, but this protection was abolished with knockdown of TFEB.
n=>5-6 per group, *P <0.05 vs. HR, ¥P <0.05 vs. HRN

in vivo and in vitro. Our study indicated that I/R impaired
autophagic flux, and NAD" could improve the autophagic
processing activity of CMECs after I/R injury, as indicated
by the downregulation of GFP, LC3B and p62 fluorescence
intensity as well as LC3B and p62 protein levels, which was
consistent with previous studies of NAD" in human heart
ischemic preconditioning [37] and human umbilical vein
endothelial cells aging [12]. Furthermore, the positive roles
of NAD™ in autophagic processing and cell viability were
abrogated under combined treatment with the autophagic
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Representative images from immunoblot assays against LC3B, p62
and GAPDH. ¢ Quantifications of protein level of LC3B and p62,
normalized to the GAPDH, n=3-5 per group, *P<0.05 vs. Con,
#P<0.05 vs. HR, *P<0.05 vs. HRN. d Intracellular LDH level in
CMECs that underwent the indicated treatments. n=5-6 per group,
#P <0.05 vs. HR, *P <0.05 vs. HRN
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flux inhibitor CQ in I/R-stressed cells. Together, our data The underlying mechanism by which autophagic flux is
indicated that NAD" reduced CMECs death via restoring ~ impaired by HR and how it is influenced by NAD* were
the autophagic flux after I/R. investigated in the current study. Autophagosome clearance

can be impaired if lysosome numbers decline or if there is
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«Fig.8 NAD" restores autophagic flux and reduces coronary endothe-
lial cell death after ischemia/reperfusion (I/R) in vivo. a Rats were
administered with saline or NAD" (20 mg/kg, 100 mM) or NAD*
plus chloroquine (CQ, 10 mg/kg, 100 mM) and subsequently under-
went myocardial I/R. 24 h after the reperfusion. High magnification
images of rat heart sections stained with antibodies against LC3B
(green) and CD31 (red), merged images include DAPI staining (blue).
Quantifications of LC3B fluorescence intensity on vascular endothe-
lium (CD31" cell) in the heart of rats, n=6 rats per group, at least
6 fields for each rat at 40X objective were calculated. *P <0.05 vs.
I/R, ¥P<0.05 vs. /R+NAD". b High magnification images of rat
heart sections stained with antibodies against p62 (green) and CD31
(red), merged images include DAPI staining (blue). Quantifications
of p62 fluorescence intensity on vascular endothelium (CD31% cell)
in the heart of rats, n=06 rats per group, at least 6 fields for each rat
at 40xobjective were calculated.*P<0.05 vs. I/R, *P<0.05 vs.
I/R+NAD". ¢ Images of rat heart sections stained with antibod-
ies against TFEB (green) and endothelial cell marker CD31 (red),
merged images include DAPI staining (blue). Quantification of CD31
and nuclear TFEB double positive cells, the percentages of double-
positive cells versus total CD31 positive cells are indicated. n=6 rats
per group, at least 6 fields for each rat heart at 40 X objective were
counted. ¥*P <0.05 vs. I/R. d Images of rat heart sections stained with
TUNEL (green) and endothelial cell marker CD31 (red), merged
images include DAPI staining (blue). Quantification of TUNEL and
CD31 double-positive cells, the percentages of double positive cells
versus total CD31 positive cells are indicated. n =6 rats per group, at
least 6 fields for each rat at 40 X objective were counted. *P <0.05 vs.
I/R, *P<0.05 vs. /R+NAD"

a impairment in autophagosome lysosome fusion or lyso-
somal function in I/R-related diseases, such as stroke and
acute myocardial infarction [26, 28]. In our CMECs HR
model, we observed that HR blocked autophagosome lyso-
some fusion, as indicated by the decreased level of LAMP2,
a critical determinant of autophagosome lysosome fusion,
which was consistent with previous studies in cardiomyo-
cyte I/R injury [1, 28]. Nevertheless, we also found that
HR induced the loss of lysosomal degradation activity,
with associated downregulation of the activated forms of
CTSB. However, NAD?" treatment restored the impaired
lysosomal function induced by HR. How NAD" repaired
the lysosomal function was unclear so far. Since variation
in TFEB translocation is closely associated with changes
in lysosomal autophagy function [26], it is reasonable to
assume that NAD" may influence TFEB nuclear transloca-
tion. As expected, the in vitro and in vivo data first showed
that NAD™ significantly activated the TFEB function and
exerted beneficial effects on lysosomal autophagy function
in CMECs. In further supporting that NAD™ repaired the
lysosomal function is at least partially dependent on TFEB,
we used an in vitro TFEB targeted siRNA to downregulate
TFEB expression. TFEB knockdown was effective in revers-
ing the NAD" alleviated accumulation of autophagosomes
and impaired lysosomal function. Moreover, we found that
knockdown of TFEB triggered a further loss of CMECs
in vitro. Furthermore, we used CQ to downregulate lysoso-
mal function in vivo. The lysosomal autophagy dysfunction

induced by CQ significantly abolished the NAD* alleviated
accumulation of autophagosomes and coronary endothelial
cell loss after I/R injury in vivo, suggesting that lysosomal
autophagy function is involved in NAD* regulated TFEB
signaling cascades. Collectively, the present study supports
the idea that NAD* induced TFEB-mediated activation of
lysosomal autophagy function may play a pro-survival role
in CMECs after I/R injury.

In summary, the current study has provided the first evi-
dence that exogenous NAD™ infusion preserved microvascu-
lar density and integrity, reduced no-reflow areas and infarct
size, and rescued CMECs injury in rat hearts insulted by
I/R. We also found that impaired autophagic flux at least
partially plays a role in I/R or HR-induced endothelial cell
death. Importantly, NAD™ significantly rescued the impaired
autophagic flux and cell death induced by I/R or HR in rat
CMECs, which appears to be mediated in part through
the action of TFEB mediated lysosomal autophagy. These
results identify NAD™" as a promising target for therapies
aimed at coronary microvascular I/R injury.

There are several limitations of our current study. First,
the no-reflow phenomenon can be seen within minutes after
reperfusion. In this context, protection by activation of
TFEB seems too slow for the early phase I/R injury. Second,
the no-reflow phenomenon changes dynamically and persists
long term after I/R [32]. Reduction of no-reflow areas at one
time point does not make sure long term improved myocar-
dial perfusion and prognosis. It requires further robust data
with time-course and dose—response relationships to confirm
NAD" is druggable and translatable for cardioprotection.
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