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Abstract

Heart failure is associated with mitochondrial dysfunction so that restoring or improving
mitochondrial health is of therapeutic importance. Recently, reduction in NAD* levels and NAD™-
mediated deacetylase activity has been recognized as negative regulators of mitochondrial
function. Using a cardiac specific KLF4 deficient mouse line that is sensitive to stress, we found
mitochondrial protein hyperacetylation coupled with reduced Sirt3 and NAD™ levels in the heart
before stress, suggesting that the KLF4-deficient heart is predisposed to NAD*-associated defects.
Further, we demonstrated that short-term administration of Nicotinamide Mononucleotide (NMN)
successfully protected the mutant mice from pressure overload-induced heart failure.
Mechanically, we showed that NMN preserved mitochondrial ultrastructure, reduced ROS and
prevented cell death in the heart. In cultured cardiomyocytes, NMN treatment significantly
increased long-chain fatty acid oxidation despite no direct effect on pyruvate oxidation.
Collectively, these results provide cogent evidence that hyperacetylation of mitochondrial proteins
is critical in the pathogenesis of cardiac disease and that administration of NMN may serve as a
promising therapy.
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Introduction

The adult mammalian heart requires a continuous supply of ATP to sustain contraction. The
majority of the heart’s ATP (> 95%) is produced from mitochondria through oxidative
phosphorylation (OXPHOS) [1,2]. Given the fact that cardiac ATP reserve is very limited, a
robust uninterrupted ATP supply from mitochondrial is critical to maintain cardiac function
and failure to do so contributes to disease states such as heart failure [3-5]. The importance
of this adaptation is underscored by the severe cardiomyopathy seen in patients with inborn
errors of the mitochondrial fatty acid oxidation (FAQO) pathway [6]. In adulthood,
abnormalities in FAO and other mitochondrial functions also occur with aging and a variety
of acquired pathologic conditions (ischemia, hypertension, valvular disease, etc.) leading to
heart failure [2,7,8]. Accumulating experimental evidence from animal studies identifies
reduced cardiac oxidative metabolism as a signature of heart dysfunction and failure [9].
Clinical studies also find the myocardial [PCr]/[ATP] ratio correlates with heart failure
severity and is a strong predictor of cardiovascular mortality [10]. To date, mitochondrial
dysfunction has been recognized as critical for the pathogenesis of cardiac diseases and a
promising therapeutic target [11,12].

In addition to inborn genetic defects, mitochondrial dysfunction can result from accumulated
damage at the mitochondrial genomic DNA (mtDNA), protein, and lipid levels due to high
oxidative environment inside the mitochondria. However, clinical trials with a variety of
antioxidant strategies have failed to show beneficial effects [13]. In the last decade,
mitochondrial protein acetylation has emerged as an important mechanism that affects
mitochondrial homeostasis and organ function. Lysine-acetylation is a revisable
posttranslational modification of proteins that is determined by the balance between
acetyltransferase and deacetylase activity. In mitochondria, there are three NAD*-dependent
deacetylases, namely Sirt3, Sirt4 and Sirt5, forming a Sirtuin network that mediates the
acetylation of mitochondrial proteins and subsequently regulates mitochondrial function
[14]. Given that the reducing equivalents NADH (and FADH,) drives the mitochondrial
electron transfer chain (ETC), the equilibrium of NADH/NAD" is critical for mitochondrial
OXPHOS. Therefore, NAD* is at center of OXPHOS and protein acetylation, making it an
attractive target for heart failure treatment [12].

Kruppel-like factors (KLF) are a subclass of the zinc-finger transcription factors that bind a
consensus 5”-C(A/T)CCC-3" motif in the promoters and enhancers of various genes and
regulate critical cellular processes, such as cell proliferation, differentiation, survival,
apoptosis, metabolism and stemness. Members of the KLF family play important roles in
multiple cell types within the cardiovascular system [15-20]. In particular, our recent studies
have identified Kruppel-like factor 4 (KLF4) as a critical regulator of cardiac mitochondrial
homeostasis [20]. We previously showed that mice bearing cardiac deficiency of KLF4 were
sensitized to pressure overload-induced heart failure due to disruption of mitochondrial
homeostasis upon stress [18,20]. However, the underlying initial defects leading to such
rapid cardiac dysfunction remain unknown. Although mitochondrial function is reduced in
the KLF4-deficient hearts at baseline, transcriptomic studies did not reveal big changes at
transcriptional level (82 genes with FDR < 0.05 at baseline) [20]. These results strongly
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suggest that the posttranslational mechanisms are important contributors to the
mitochondrial defects. Here we show that hyperacetylation of mitochondrial proteins in the
KLF4-deficient hearts might be the underlying defects at baseline and administration of
Nicotinamide Mononucleotide (NMN), a precursor of NAD™, successfully preserved
mitochondrial homeostasis and rescued heart function during pressure overload.

2. Methods

2.1. Animal models

2.2.

2.3.

Mice with cardiac-specific deficiency of KIf4 (Myh6-Cre:KIf4" mice, designated CM-
K4KO) have been described previously, and the Myh6-Cre line (designated MHC-Cre) was
used as genetic control [20]. All mice are on a C57BL/6J background. Mice were housed in
a temperature- and humidity-controlled specific pathogen—free facility with a 12-hour-light/
dark cycle and ad libitum access to water and standard laboratory rodent chow. Transverse
aortic constriction (TAC) model and echocardiography were performed as described
previously [20]. In brief, mice were anaesthetized by ketamine xylazine cocktail (100 uL
£.p.) for TAC surgery and buprenorphine was administrated daily (/.p.) for first 3-days post-
TAC. For echocardiography, mice were anaesthetized by inhalation of 1% isoflurane
vaporized in 100% oxygen. In mice receiving NAD* supplement, NMN (B-Nicotinamide
Mononucleotide, Sigma, N3501) was injected intraperitoneally (7.p.) at 500 mg/kg/day (in
PBS). Vehicle group received equal volume of PBS.

RNA extraction and gPCR

Tissue samples were homogenized in QIAzol lysis reagent (Qiagen, 79306) with a
TissueLyser (Qiagen). Cell samples were directly dissolved in QlAzol lysis reagent. Total
RNA was extracted, treated with DNase | (Life Technologies, 18068015), purified using the
RNeasy MinElute Cleanup Kit (Qiagen, 74204), and reverse transcribed to complementary
DNA using the iScript Reverse Transcription Kit (Bio-Rad, 170-8841). gPCR was
performed with either the TagMan method (Roche Universal ProbeLibrary System) or the
SYBR green method on a ViiA 7 Real-Time PCR System (Applied Biosystems). Relative
expression was calculated using the AACt method with normalization to Gapah.

Mitochondrial isolation and Blue-Native PAGE

Cardiac mitochondria were isolated using differential centrifugation as described previously
[20]. In brief, heart from 3—4-month-old mouse was excised, washed in ice-cold Chappell-
Perry buffer, homogenized with a polytron homogenizer and subjected to two-step
differential centrifugation (500 g and 3000 g). Mitochondrial pellet from 3000 g
centrifugation was washed and subjected to further experiments. Mitochondria from cultured
cells were isolated using the Mitochondria Isolation Kit for Culture Cells (ThermoFisher
Scientific, 89874). To assess the integrity of mitochondrial respiration complexes,
mitochondrial protein was solubilized with 1% DDM and separated in 4-16%
NativePAGE™ Bis-Tris Gel (ThermoFisher Scientific, BN2005, BN1002BOX).
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Immunoprecipitation and Western blot

Immunoprecipitation of mitochondrial proteins was performed using a Mitochondrial
Protein Immunoprecipitation Kit (Sigma MTP001). Mitochondria were dissolved in
Mitochondrial Protein IP Buffer containing 1% DDM. Immunoprecipitation of acetylated
protein was done with acetyl-Lysine antibody (Cell Signaling, 9441) and Protein A + G
magnetic beads (Millipore, 16-663), followed by Western blot analysis.
Immunoprecipitation samples were boiled in 1x Laemmli Sample Buffer and subjected to
SDS-PAGE and Western blot analysis for SOD2 (Abcam, ab13533), CypD (Santa Cruz,
sc-376061) and LCAD (Abcam, ab128566). Total mitochondrial protein was solubilized
with 2% CHAPS (Sigma-Aldrich, C5070), boiled in 1x Laemmli Sample Buffer (Bio-Rad),
and subjected to SDS-PAGE and Western blot analysis with antibodies for acetyl-Lysine and
Sirt3 (Cell Signaling, 9441, 5490). Tom20, VDAC1 or CoxIV was blotted as loading control
for mitochondrial samples (Cell Signaling, 42460, 4661, 4s850).

2.5. Primary cardiomyocyte culture and Seahorse assay

Neonatal rat ventricular myocytes (NRVM) were isolated from day-2 Sprague Dawley rats
and cultured as previously described [20]. After 36 h of initial culture, cells were transferred
to serum free DMEM containing 1% ITS Liquid Media Supplement (Sigma 13146) and
treated with 2 mmol/L NMN for 24-48 h. Mitochondrial respiration rate was assessed using
an Agilent Seahorse XFp Extracellular Flux Analyzer with the Mito Stress Test Kit
(Agilent). Pyruvate + glucose was used as standard substrates to interrogate mitochondrial
respiration capacity. BSA-conjugated palmitate (Agilent, 102720-100) was used as long-
chain fatty acid substrate to interrogate the fatty acid oxidation pathway.

2.6. Transmission electron microscopy (EM)

2.7.

Small pieces of tissue from the LV free wall were fixed by sequential immersion in triple
aldehyde-DMSO, ferrocyanide-reduced osmium tetroxide, and acidified uranyl acetate;
dehydrated in ascending concentrations of ethanol; passed through propylene oxide; and
embedded in Poly/Bed resin (Polysciences Inc., 21844-1). Thin sections were sequentially
stained with acidified uranyl acetate, followed by a modification of Sato’s triple lead stain,
and examined with a JEOL 1200EX electron microscope.

Histology and biochemistry

Cardiac tissue samples were fixed in 10% neutralized formalin and embedded with paraffin
following standard protocol. TUNEL staining was performed with the ApopTag Peroxidase
In Situ Apoptosis Detection Kit following manufacturer’s protocol (Millipore, S7100) [18].
DHE staining was performed with OCT compound-embedded fresh frozen sections in
argon-buffered oxygen-free chambers [20]. Microscopic images were analyzed using
ImagePro software for quantification. To measure myocardial NAD+ levels, hearts were
freeze-clamped and powderized in liquid nitrogen before subjected to the NAD + assay
using a NAD/NADH Quantitation Colorimetric Kit (BioVision, K337).
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2.8. Statistics

Results are presented as mean + SEM. Two-tailed Student’s #test was used to compare the
differences between two groups. One-way ANOVA and Bonferroni post-test was used for
multiple comparisons. Statistical significance was defined as £< 0.05.

2.9. Study approval

The animal experiments were performed conform the NIH guide-lines (Guide for the care
and use of laboratory animals). All animal studies were approved by the Institutional Animal
Care and Use Committee of Case Western Reserve University.

3. Results

3.1. Hyperacetylation of mitochondrial proteins in KLF4-deficient hearts

We previously reported that cardiac KLF4-deficient mice (CM-K4KO) developed acute
heart failure and death in response to pressure overload induced by transverse aortic
constriction (TAC) due to disrupted mitochondrial homeostasis [18,20]. Consistently, the
transcriptomic study revealed ~4000 differentially expressed genes (FDR < 0.05) between
the MHC-Cre and CM-K4KO groups after 3-day of TAC, underscoring the sharp difference
observed in cardiac function upon stress [20]. However, at baseline, only ~80 genes were
identified as being differentially expressed between the MHC-Cre and CM-K4KO groups
suggesting minimal changes at the transcriptional level [20]. However, we did observe
reduced cardiac mitochondrial function at baseline despite overall heart function is normal in
those young adult mice (age: 8-16 weeks) [20]. Furthermore, these mutant mice gradually
developed age-related cardiomyopathy coupled with mitochondrial degeneration [20]. These
data suggest that posttranslational mechanisms might contribute to the mitochondrial
defects.

We first analyzed the mitochondrial electron transport chain (ETC) complexes by Blue-
Native-PAGE (BN-PAGE) and found no difference in ETC complex assembly between the
CM-K4KO and MHC-Cre groups at baseline (Fig. 1A). As protein acetylation has been
shown to negatively affect mitochondrial function, we subjected cardiac mitochondrial
proteins to Western blot analysis for acetyl-Lysine to assess overall protein acetylation levels
in the mitochondria. As shown in Fig. 1B, there was marked increase of protein acetylation
in the CM-K4KO group. Pressure overload induced by transverse aortic constriction (TAC)
further enhanced mitochondrial protein acetylation and the same hyperacetylation in CM-
K4KO group persisted even after TAC (Fig. 1C). Such hyperacetylation of mitochondrial
proteins was also associated with TAC-induced heart failure in C57BL6 WT mice (Fig. 1D),
suggesting a plausible relationship between hyperacetylation of cardiac mitochondrial
proteins and cardiac dysfunction.

To gain a further understanding of these hyper-acetylated proteins, we immunoprecipitated
all acetylated mitochondrial proteins by the anti-acetyl-Lysine antibody and probed for
Superoxide dismutase 2 (SOD2), Cyclophilin D (CypD) and long chain Acyl-CoA
dehydrogenase (LCAD), all of which are known Sirt3 targets and can be acetylated under
certain conditions [12,21-23]. As shown in Fig. 1E, all three acetylated proteins were
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enriched in the CM-K4KO group. Previous studies have reported that hyperacetylation of
these proteins are associated with mitochondrial dysfunction and heart failure [12,21-23].
As such, our data suggested that mitochondria in the KLF4-deficient cardiomyocytes were
likely predisposed to hyperacetylation-related defects. Previously we showed impaired
mitochondrial metabolic function in the KLF4-deficient heart [20], which can be partly
attributed to protein hyperacetylation.

Collectively, these data demonstrate that cardiac KLF4-deficiency led to hyperacetylation of
mitochondrial proteins, likely due to reduced deacetylation function. Such posttranslational
modification of mitochondrial proteins can profoundly impair mitochondrial metabolic
function at baseline, which may predispose the CM-K4KO hearts vulnerable to stress
[18,20].

Reduction of Sirt3, NAD* and NAMPT in the KLF4-deficient heart

Mitochondrial protein acetylation is mainly regulated mainly by micotinamide adenine
dinucleotide (NAD") and the Sirtuin family of NAD*-dependent deacetylases. Among all
known mammalian Sirtuin genes, we found the mRNA levels of Sirt3 and Sirt5 were
reduced in CM-K4KO heart (Fig. 2A). Of note, Sirt3 is the key deacetylase in the
mitochondrial matrix while Sirt5 is more of a deacylase rather than a deacetylase [24].
Hence, we focused on Sirt3 and found its protein levels were also reduced in the CM-K4KO
mitochondria (Fig. 2B). Although it is hard to determine if such subtle decrease of Sirt3
protein is rate-limiting, undoubtably Sirt3 insuffciency can contribute to mitochondrial
protein hyperacetylation [25].

Since NAD™ is critical for protein acetylation as well as mitochondrial respiration function,
we next sought to determine the NAD™ levels in cardiac tissue. NAD* levels were reduced in
CM-K4KO hearts and pressure overload further affect myocardial NAD* levels (Fig. 2C).
Not surprisingly, TAC reduced cardiac NAD™ levels to much lower levels in the CM-K4KO
group (Fig. 2C). NAD™ biosynthesis relies on two pathways, namely de novo and salvage
pathways (Fig. 2D). Because adult heart does not express TDO (tryptophan 2,3-
dioxygenase) or IDO (Indoleamine 2,3-dioxygenase), two rate-limiting enzymes in the de
novo pathway, nearly all cardiac NAD™ is generated from the salvage pathway [26].
Nicotinamide phosphoribosyltransferase (NAMPT), the key enzyme in NAD* salvage
pathway, was significantly lower in the CM-K4KO heart and it went further down after TAC
(Fig. 2E). These data strongly suggested a NAD™ deficient stage in the CM-K4KO heart,
especially after the onset of pressure overload.

The combination of reduced expression of Sirt3 and low NAD* concentration could result in
overall deacetylase activity deficiency in the mitochondria leading to mitochondrial protein
hyperacetylation. Moreover, NAD* is a key coenzyme of the tricarboxylic acid (TCA) cycle
and fatty acid B-oxidation, a depleted NAD™ pool would also impair mitochondrial
metabolism.

3.3. Administration of NMN corrects mitochondrial acetylation and rescues the heart

Given the mitochondrial hyperacetylation and NAD* deficiency observed in the CM-K4KO
hearts, we asked if NAD™ repletion could be beneficial to these animals. To bypass the
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NAMPT defect, we chose to use Nicotinamide Mononucleotide (NMN) as the exogenous
NAD™ precursor (Fig. 2D). As expected, NMN administration increased cardiac tissue NAD
* level (Fig. 3A). Further, NMN normalized the mitochondrial protein acetylation levels in
the hearts (Fig. 3B). Strikingly, administration of NMN at 500 mg/kg/day starting from one
day before TAC profoundly preserved the cardiac contractile function and completely
rescued the heart failure phenotype in the CM-K4KO group (Fig. 3C). NMN treatment did
not affect the expression of hypertrophic genes (i.e. ANF, p-MHC) but blunted the induction
of inflammatory genes (i.e. IL1B, CCL2 and 1L6) in CM-K4KO hearts (Fig. 3D), indicating
that administration of NMN maintained a normal hypertrophic response to pressure overload
but reduced cardiac injury. Due to high mortality rate of CM-K4KO mice after TAC [18], the
phenotypical comparison between NMN and PBS (Vehicle) administration were performed
within 5 days post-TAC but the CM-K4KO animals with TAC + NMN administration
exhibited 100% survival rate during the course of study (data not shown).

3.4. Administration of NMN improves mitochondrial fatty acid oxidation

It has been shown that long-term administration of NMN enhances overall metabolism at the
whole organism level. We next tested if short-term administration of NMN in present study
could affect mitochondrial respiration. We first treated primary neonatal rat ventricular
myocytes (NRVM) with NMN (2 mmol/L) for 24 h and assessed mitochondrial respiration
using a Seahorse extracellular flux analyzer. With glucose and pyruvate as substrates, we
observed no difference in either basal or maximal oxygen consumption rate (OCR) between
NMN-treated and control groups (Fig. 4A), suggesting short-term treatment of NMN does
not induce mitochondrial biogenesis or change mitochondrial respiration capacity. However,
when using Palmitate as a long-chain fatty acid substrate, both basal and maximal OCR
were significantly increased by NMN treatment (Fig. 4B), suggesting that NMN improved
fatty acid oxidation (FAO). We further confirmed that such short-term NMN treatment (24 h)
did not significantly induce the expression of FAO genes (i.e. PPARa, CD36, CPT1p, CPT2,
LCAD, MCAD) or mitochondrial biogenesis genes (i.e. PGC-1a, PGC-1p, ERRa) (Fig.
4C), suggesting a posttranslational effect of NMN on FAO rather than transcriptional
metabolic reprogramming.

In another set of NRVM experiments, KLF4 was silenced using adenoviral ShRNA to
recapitulate the cardiac KLF4 deficiency. Similar to the CM-K4KO heart, loss of KLF4 in
NRVM resulted in hyper-acetylation of mitochondrial protein (Fig. 4D). As expected,
silencing KLF4 led to reduced mitochondrial respiration in NRVM (Fig. 4E, no NMN
groups). Similar to studies on normal NRVM, NMN did not affect pyruvate oxidation but
significantly improved FAO (Fig. 4E, NMN-treated groups).

Collectively, these NRVM-based mitochondrial respiration studies demonstrated that NMN
treatment, even for a short-term, improved long-chain fatty acid oxidation. This effect of
NMN can be achieved by either deacetylation of key FAO enzymes, such as LCAD (Figs.
1E & 3B) [22], or increase of NAD™ supply for the TCA cycle (Fig. 3A). Nevertheless,
given that long-chain fatty acid is a major fuel of the heart, NMN can thus profoundly
improve cardiac energetics and heart function.
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3.5. NMN administration preserved mitochondrial ultrastructure and reduced cell death in
the pressure overloaded hearts

Upon pressure overload, the CM-K4KO mice developed acute heart failure with severe
disruption of mitochondrial homeostasis that manifested as dramatic alterations in
mitochondrial ultrastructure, including degeneration, fragmentation, crista swelling, and
heterogeneity (Fig. 5A). In contrast, no such change was observed in the MHC-Cre groups.
Strikingly, NMN administration almost completely restored mitochondrial ultrastructure to
the level comparable to the MHC-Cre group (Fig. 5B). These data were consistent with the
cardiac function observed by echocardiography (Fig. 3C) and indicated that NMN
successfully preserved mitochondrial homeostasis in the CM-K4KO hearts during pressure
overload leading to improved cardiac function.

Mitochondrial damage is often associated with ROS stress and cell death. We found that
TAC induced significant increase of ROS in the CM-K4KO myocardium and NMN
treatment diminished such ROS burst (Fig. 6). Further, TAC induced significant cell death in
the CM-K4KO hearts as > 10% nuclei showed TUNEL positive staining (Fig. 7). However,
such TAC-induced cardiac cell death was reduced to < 5% in the CM-K4KO mice that
received NMN treatment (Fig. 7). There was only minimal cell death detected in the MHC-
Cre groups and it was similar before and after TAC. Collectively, these data suggested that
short-term administration of NMN preserved cardiac mitochondrial function, reduced TAC-
induced mitochondrial damage, reduced myocardial ROS and prevented cell death. The
combined benefit of NMN-mediated effects at aforementioned multiple levels help maintain
normal functions of cardiac mitochondria, cardiomyocytes and ultimately the heart.

4. Discussion

In this study, we demonstrate that cardiac KLF4-deficiency leads to hyperacetylation of
mitochondrial proteins that predisposes the mitochondria and heart sensitive to stress. Short-
term administration of NMN, a precursor of NAD™, preserved mitochondrial homeostasis
and rescued heart function from pressure overload-induced heart failure. Our study thus
identified protein hyperacetylation as a cause of mitochondrial dysfunction as well as a
promising therapeutic target for heart failure. We demonstrate that administration of NMN
(or other NAD™ repletion reagents) is capable of rescuing the heart through preservation of
mitochondrial homeostasis.

Mitochondrial dysfunction has long been associated with heart failure. The investigation of
mitochondrial function in human and animal models of heart failure shows a variety of
mitochondrial alterations that point to defects at specific sites, i.e. the electron transport
chain (ETC), the phosphorylation apparatus, or the supercomplexes assembly [27]. Although
different etiology of heart failure leads to different presentation of mitochondrial
dysfunction, in general severe heart failure is associated with reduced mitochondrial
metabolic capacity and low ATP production [10]. Mitochondrial dysfunction is thought to be
a result of accumulative injury from ROS due to its high-level oxidative metabolism.
However, antioxidant therapy failed to be effective in clinical trials, suggesting novel
therapies are required to target mitochondrial dysfunction.
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Recently, mitochondrial protein hyperacetylation has been recognized as a common
mechanism underlying mitochondrial dysfunction in multiple organs including heart, liver,
brain, kidney and muscle [28,29]. In general, hyperacetylation of mitochondrial proteins is
believed to be detrimental to metabolism as demonstrated by numerous studies on the Sirt3-
deficient mice [21-23,25,29-34] and recently by studies in clinical heart failure samples
[12,28]. Conversely, deacetylation of mitochondrial proteins, i.e. by overexpression of Sirt3,
has been shown to enhance metabolism [25,35]. Pharmacologically, administration of NAD*
precursors, such as NMN and nicotinamide riboside (NR), could normalize the NADH/NAD
* ratio, restore protein acetylation and boost metabolic function [36]. However, there are also
studies suggested a correlation between increased acetylation and increased FAO enzyme
activity [37,38]. Such discrepancy may be due to the different metabolic models used in
different studies. In the studies that showed protein acetylation increases FAQO, they were
studying animals that are suffering obesity, diabetes or heart failure [38], conditions that are
known to have profound alterations in metabolism, FAO in particular.

In present study, we demonstrated that NMN rescued TAC-induced mitochondrial
dysfunction and cardiac failure in the KLF4-deficient heart. Our short-term administration of
NMN did not affect the mitochondrial biogenesis or metabolic capacity but dramatically
improved FAO, prevented mitochondrial damage and cell death. In studies that reported
increased metabolic function by NAD* precursors, the administration duration was often
long-term (weeks or months) where some reprograming of cellular metabolic machinery
including mitochondrial biogenesis could take place in multiple organs leading to the overall
metabolic rate change of the whole organism [36,39]. However, here we showed that even
short-term administration of NMN could be dramatically beneficial.

Obviously NMN can have impact at multiple levels as discussed below. We think the
therapeutic effect from NMN administration is a combination of all.

First, NMN administration can potentially correct metabolic defects or enhance metabolism
through repletion of intracellular NAD™ pools including the mitochondrial NAD* pool. NAD
*is a critical coenzyme for mitochondrial ATP production. NAD* gains two electrons at
multiple steps of TCA cycle to form NADH, which is the major reducing equivalent driving
ETC. As the TCA cycle and ETC require NAD* and NADH, respectively, an optimal NAD*/
NADH ratio is needed for efficient mitochondrial metabolism. Recent studies have
demonstrated that NAD™ levels are rate-limiting for mitochondrial respiration [40]. As such,
supplement of NMN can immediately boost mitochondrial function through increasing the
NAD*/NADH ratio. Further, Sirt3-NAD™*-dependent deacetylation of key FAO enzymes,
such as LCAD, can improve mitochondrial metabolic function as well [22]. NAD™ also can
activate Sirtl leading to deacetylation and activation of PGC1a, the master regulator of
metabolism and mitochondrial biogenesis [40]. Our mitochondrial respiration data from
NRVM demonstrated significant improvement in FAO by NMN but not in pyruvate
oxidation, suggesting short-term treatment of NMN might have a quick effect on NAD*/
NADH ratio and/or FAO enzymes deacetylation but not PGCla-mediated mitochondrial
biogenesis. Consistently, there was no significant changes in FAO or mitochondrial
biogenesis genes during the short-term NMN treatment. Finally, before entering the TCA
cycle all long-chain fatty acids are oxidized to Acetyl-CoA through p-oxidation that requires
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NAD* as coenzyme. As such, FAO may require higher NAD* concentration than pyruvate
oxidation and NMN therefore can have more impact on FAO.

Second, NMN administration can protect cardiomyocytes from stress-induced cell death. We
observed a strikingly high rate of cell death (> 10%) in CM-K4KO myocardium after stress,
which could be a key contributor to acute heart failure. Such massive cell death, however,
was significantly blocked by NMN administration (Fig. 7). It has been reported that,
mitochondrial NAD* levels, the highest among all intracellular NAD™* pools, dictate cell
survival [41]. Depletion of mitochondrial NAD* induces cell death and overexpression of
NAMPT protects against genotoxic cell death. Of note, NAMPT-mediated protection
requires Sirt3 and Sirt4, suggesting a mitochondrial acetylation-related mechanism [41]. In
present study, we found reduction in Sirt3, NAMPT and NAD™ levels in CM-K4KO
myocardium, all of which could contribute to cell death. Because of no detectable cell death
at baseline in CM-K4KO hearts, it is likely that the CM-K4KO heart has low but above
critical threshold level of NAD* at baseline. However, upon TAC stress, NAD™ level
declines and it may reach critical threshold level in CM-K4KO heart to trigger metabolic
problems and cell death. Conversely, supplement of NMN help replete the NAD* pools to
maintain mitochondrial function and prevent cell death.

Third, NMN administration can protect mitochondrial homeostasis. The mitochondria in
KLF4-deficient hearts suffered dramatic damage after TAC (Fig. 5). Consistently, there is
more inflammation and ROS in the CM-K4KO myocardium as well (Figs. 3D & 6). NMN
administration significantly rescued the mitochondrial ultrastructure, reduced ROS and
inflammation in CM-K4KO myocardium. In part, NAD*-mediated improvement of
mitochondrial metabolism could contribute here. Moreover, we found hyperacetylation of
CypD and SOD2 in KLF4-deficient cardiac mitochondria (Fig. 1E). It has been shown that
CypD hyperacetylation is associated with heart failure [12]. Acetylation of CypD promotes
its binding to oligomycin-sensitive conferring protein (OSCP) and increases the sensitivity
of mitochondrial permeability pore (mPTP) [12,42]. SOD?2 is the most important antioxidant
in the mitochondrial matrix, where it neutralizes the high toxic superoxide generated from
ETC. Sirt3-mediated deacetylation activates SOD2, while acetylation of SOD2 impairs its
function leading to ROS stress [21,43]. Both mPTP opening and ROS has been associated
with cell death, inflammation and the development of heart failure [12,44]. Therefore, NMN
can preserve mitochondrial homeostasis through stabilization of mPTP and reduction of
ROS.

Finally, NMN can reduce myocardial inflammation. Damaged mitochondria can be very
inflammatory, likely through ROS and its prokaryotic genomic DNA [45]. Inflammation is a
vicious positive feedback cycle in which the initial injury in cardiomyocytes would induce
infiltration of immune cells to further amplify myocardial inflammation. By protecting
mitochondria from stress-induced damage (SOD2, mPTP, etc.), NMN thus can cut off the
initial inflammatory signal, leading to reduced myocardial inflammation (Fig. 3D).

A surprising observation is that NMN did not exhibit detectable benefit in the Cre group. A
simple explanation could be that these Cre mice are in fact perfectly healthy having normal
NAD™ and protein acetylation levels at baseline. Although TAC does reduce cardiac NAD*
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levels (Fig. 2C), it may never become rate-limiting in a normal mouse heart at the early stage
of pressure overload hypertrophy (1-5 days in present study). Of note, this is quite different
than chronic heart failure patients who have already reached late stage of the diseases.
Reduced NAD* levels and hyperacetylation of cardiac mitochondrial proteins have been
observed in experimental heart failure models and clinical heart failure samples [12,28].
Further, normalization of NAD™* has been shown to be beneficial in mitochondrial mutant
and WT mice that suffered heart failure [12].

In summary, we employed the cardiac KLF4-deficient mice as a pressure overload-induced
acute heart failure model for a proof of principle study to demonstrate that administration of
NMN (even short-term) could be an effective therapy for heart failure.
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Fig. 1.

Hyperacetylation of mitochondrial proteins in KLF4-deficient hearts.

(A) Blue-Native PAGE showing mitochondrial ETC complexes.

(B-D) Mitochondxrial protein acetylation assessed by anti-acetyl-Lysine Western blot.
Cardiac mitochondria isolated from baseline 4-month old animals (B), animals that received
5 days TAC (C) and animals that developed heart failure (EF < 30%, data not shown) after 5-
weeks of high intensity TAC (D).
(E) Acetylation of SOD2, CypD and LCAD in cardiac mitochondria. Mitochondrial protein
was immunoprecipitated with anti-acetyl-Lysine antibody and probed for specific proteins as

indicated.
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Myocardial Sirt3, NAD* and NAMPT levels.

(A) Expression of mammalian Sirtuin genes in the heart. n = 5-7, *p < 0.05.
(B) Sirt3 protein in cardiac mitochondria isolated from 4-month old animals.
(C) Myocardial NAD* levels before and after 3-day TAC. n = 4, *p < 0.05.
(D) Outline of NAD™ synthesis pathway.

(E) NAMPT gene expression in the heart. n = 5-7, *p < 0.05.
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Administration of NMN corrected mitochondrial acetylation and rescued KLF4-deficient

heart from TAC-induced heart failure.
(A) Administration of NMN increased myocardial NAD
administration: 3 days.

+ levels. n =5, *p < 0.05. NMN

(B) Administration of NMN reduced mitochondrial protein acetylation in the heart.
(C) Echocardiography analysis showing cardiac contractility. Left ventricular contractile

function shown as fractional shortening (FS).
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(D) Expression of hypertrophy marker genes and inflammatory genes in the heart. n = 5-9,
*n <0.05.

TAC and NMN administration: 5 days. NMN was injected intraperitoneally at 500 mg/kg/
day. PBS was injected as vehicle control.

J Mol Cell Cardiol. Author manuscript; available in PMC 2018 November 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al. Page 19
A B
Glucose + Pyruvate Glucose + Pyruvate Palmitate Palmitate
300 Oligomycin ~ FCCP Rot/AA 3001 mmm Control s, 300 Oligomicin fCCP Roi/AA 300 g Control —*
= i I NVIN c E [ NMIN
£ £ £ £
8 200+ e~ Control 2 200+ 8 200+ -8~ Control FAO é 200
o o
£
E = NMN 8 g - NMN FAO g
o o o o
8] *
8 100 O 100 8 100 8 100 ——
o4 T T . 0 . o4 T r T S
0 20 40 60 80 basal maxi 0 20 40 60 80 basal maxi
Time (minutes) Time (minutes)
C D E
NRVM mitochondria Glucose + Pyruvate Palmitate
159 Ml Contol [l NMN 4 800 Oligomycin ~ FCCP Rot/AA 500 Oligomycin  FCCP Rot/AA
& A
§ | - - vl ¥ . R / '
— = .. € E —¥- Sh-EV
Sio -
2 ¢ | . S S 300 —— Sh-KLF4
] = . £ £
H € “= & 400 2 Sh-EV+NMN
o < - o
g — B o200 -o— Sh-KLF4+NMN
%05 sits | .- 3 3 H
£ 200
— 100
R N °5 20 40 60 0 ¥ "
Q2 59 ROV O O N KO o (2R 0 20 40 60 80
X O LN LO0 N A\ . .
Ko S Y L@ & o Time (minutes) Time (minutes)
Fig. 4.

NMN improves mitochondrial fatty acid oxidation.
(A, B) Mitochondrial respiration function in NRVM assessed by Seahorse Mito Stress test
using (A) Pyruvate + Glucose and (B) Palmitate (BSA-conjugated palmitate) as substrates,
respectively. OCR: oxygen consumption rate. Oligomycin: ATP synthase inhibitor. FCCP:
mitochondrial uncoupler. Rot/AA: rotenone and antimycin A, specific inhibitors for ETC
complex I and 111 respectively. Arrows indicate time for drug injection. Basal rate was
calculated as OCR before addition of Oligomycin. Maximal rate was calculated as the
highest OCR after addition of FCCP. NRVMs were treated with 2 mmol/L NMN for 24 h
(NMN) or left untreated (Control). n = 3, *p < 0.05.
(C) The expression of FAO and mitochondrial biogenesis genes in NRVM treated with 2
mmol/L NMN for 24 h.n=6, p = 0.43.
(D) Mitochondrial protein acetylation and Sirt3 levels in NRVMs that were infected for 72 h
with empty virus (Sh-EV) or virus expressing a ShRNA against rat KLF4 (Sh-KLF4).

(E) Mitochondrial respiration assessed using Pyruvate + Glucose and Palmitate (BSA-
conjugated palmitate) as substrates, respectively. NMN groups were treated with 2 mmol/L
NMN starting at 24 h post-infection and Seahorse assay was performed at 72 h post-
infection. n = 3, *p < 0.05.
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Fig. 5.

Agministration of NMN protected cardiac mitochondria from TAC-induced damage.

(A) EM images from PBS (vehicle) treated hearts after 5 days of TAC.

(B) EM images from NMN (500 mg/kg/day) treated hearts after 5 days of TAC. Scale bar: 1
um. Arrows indicate damaged or abnormal mitochondria. Each image was from individual
animal but different areas were chosen to display different phenotype. n = 3 in each group.
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Administration of NMN reduced TAC-induced ROS generation in KLF4-deficient hearts.

(A) Representative images showing myocardial DHE staining.
(B) ROS level was calculated as DHE positive cells per field. TAC and NMN administration:
5 days. n = 3-5 animals in each group. *p < 0.05.
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Fig. 7.
Administration of NMN reduced TAC-induced cell death in KLF4-deficient hearts.

(A) Representative TUNEL staining images from n = 3-5 animals in each group. TAC: 5
days. Apoptotic nuclei were stained in brown by DAB and normal nuclei were stained in
light blue by Methyl green counter stain.

(B) Cell death index was calculated as percentage of brown nuclei in all nuclei. n = 3-5, *p
< 0.05. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

J Mol Cell Cardiol. Author manuscript; available in PMC 2018 November 27.



	Abstract
	Introduction
	Methods
	Animal models
	RNA extraction and qPCR
	Mitochondrial isolation and Blue-Native PAGE
	Immunoprecipitation and Western blot
	Primary cardiomyocyte culture and Seahorse assay
	Transmission electron microscopy (EM)
	Histology and biochemistry
	Statistics
	Study approval

	Results
	Hyperacetylation of mitochondrial proteins in KLF4-deficient hearts
	Reduction of Sirt3, NAD+ and NAMPT in the KLF4-deficient heart
	Administration of NMN corrects mitochondrial acetylation and rescues the heart
	Administration of NMN improves mitochondrial fatty acid oxidation
	NMN administration preserved mitochondrial ultrastructure and reduced cell death in the pressure overloaded hearts

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.

