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Abstract

Background: Diabetes is a risk factor of heart failure and promotes cardiac dysfunction.
Diabetic tissues are associated with NAD* redox imbalance; however, the hypothesis that NAD*
redox imbalance causes diabetic cardiomyopathy (DCM) has not been tested. This investigation
employed mouse models with altered NAD* redox balance to test this hypothesis.

Methods: Diabetic stress was induced in mice by streptozotocin. Cardiac function was measured
by echocardiography. Heart and plasma samples were collected for biochemical, histological and
molecular analyses. Two mouse models with altered NAD™* redox states (cardiac-specific knockout
mice of Ndufs4, cKO; nicotinamide phosphoribosyltransferase transgenic mice, NAMPT) were
used.

Results: Diabetic stress caused cardiac dysfunction and lowered NAD*/NADH in wild-type
mice. Mice with lowered cardiac NAD*/NADH without baseline dysfunction, cKO mice, were
challenged with chronic diabetic stress. NAD* redox imbalance in cKO hearts exacerbated systolic
(FS: 27.6% vs 36.9% at 4-week, male cohort, P<0.05) and diastolic dysfunction (E’/A’: 0.99

vs 1.20, P<0.05) of diabetic mice in both sexes. Collagen levels and transcripts of fibrosis and
extracellular matrix-dependent pathways did not show changes in diabetic cKO hearts, suggesting
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that the exacerbated cardiac dysfunction was due to cardiomyocyte dysfunction. NAD* redox
imbalance promoted superoxide dismutase 2 acetylation, protein oxidation, troponin-l1 S150
phosphorylation and impaired energetics in diabetic cKO hearts. Importantly, elevation of cardiac
NAD™ levels by NAMPT normalized NAD™ redox balance, alleviated cardiac dysfunction (FS:
40.2% vs 24.8% in cKO:NAMPT vs cKO, P<0.05; E’/A’: 1.32 vs 1.04, P<0.05) and reversed
pathogenic mechanisms in diabetic mice.

Conclusions: Our results show that NAD* redox imbalance to regulate acetylation and
phosphorylation is a critical mediator of the progression of DCM, and suggest the therapeutic
potential for DCM by harnessing NAD* metabolism.

Introduction

Diabetes is characterized as a loss of glycemic control, and is a risk factor of heart failure.
Epidemiological studies show a positive correlation of hyperglycemia with the increased
risk of heart failure in both Type 1 and Type 2 diabetes patients. Diabetic cardiomyopathy
(DCM) is defined as diabetes-associated cardiac dysfunction independent of coronary artery
diseases or other confounding cardiovascular diseases 1. Mechanisms such as mitochondrial
dysfunction and oxidative stress have been identified 2. However, how altered metabolism in
diabetes, in particular NAD*-dependent pathways, leads to cardiac dysfunction is not fully
understood.

NAD*-dependent pathways have emerged to play critical roles in metabolism-driven disease
progression 3. NAD* mediates electron transfer and redox reactions in metabolism. The
oxidized form of NAD™ is converted to the reduced form (NADH) to mediate substrate
catabolism via many oxidoreductase-dependent enzymes. The recycling of NADH to NAD®,
and NAD" redox balance (high NAD*/NADH ratio) are essential to maintain catabolism
and ATP synthesis. The functions of NAD* have been expanded with the discovery of
NAD*-consuming enzymes, such as Sirtuins, a family of NAD*-dependent deacylases.
Sirtuins remove acyl modifications on proteins by turning NAD* into nicotinamide (NAM)
and acyl-adenosine diphosphate ribose. Activation of Sirtuins is generally cytoprotective
and inhibition of Sirtuins promotes pathogenesis in many metabolic diseases 3-°. The
availability of NAD™ to Sirtuins, via changes in the NAD*/NADH or the NAD* pool,

is crucial to regulate mitochondrial and cellular functions. To replenish the loss of

NAD™* consumed by Sirtuins, NAD™ is synthesized by several biosynthetic pathways. The
NAD™ salvage pathway is the dominant pathway in a mouse heart 6: NAM generated

from the reactions of Sirtuins is recycled to synthesize nicotinamide mononucleotide
(NMN) by nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting enzyme

of salvage pathway. NMN is then converted into NAD* by nicotinamide mononucleotide
adenylyltransferases (NMNATS). Elevating NAD™ levels by activation of the NAD*
biosynthetic pathways is therapeutic to multiple diseases /14, We previously showed

that NAD*-dependent acetylation contributes to pressure overload-induced heart failure,
and elevation of NAD* levels alleviates the cardiac dysfunction 1% 16, Hyperglycemia

is associated with decreased NAD*/NADH ratio, and promotes protein hyperacetylation
and mitochondrial dysfunction in diabetic organs 10 17-21 Although these data support a
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hypothesis that NAD* redox imbalance in diabetic hearts promotes cardiac dysfunction, this
hypothesis has not been directly tested.

We previously generated a mouse model of mitochondrial dysfunction by deleting Ndufs4,
a complex | protein, only in the hearts (cardiac Ndufs4-KO, cKO) 1°. Complex |
deficiency in cKO mice leads to lowered cardiac NAD*/NADH, but surprisingly these
mice have normal cardiac function and energetics under unstressed condition 15 16, |n

this study, we challenged this mouse model of latent cardiac NAD* redox imbalance with
streptozotocin (STZ)-induced diabetic stress and examined DCM progression. We found
that cKO mice showed exacerbated cardiac dysfunction in response to diabetic stress.
Furthermore, elevation of cardiac NAD™ levels with cardiac-specific NAMPT transgenic
mice (NAMPT) 22 ameliorated the cardiac dysfunction in both diabetic cKO and control
mice. The exacerbated cardiac dysfunction in diabetic cKO was associated with increased
levels of acetylation of antioxidant enzyme SOD2, oxidative stress, troponin | (Tnl) S150
phosphorylation and impaired energetics. Importantly, NAMPT overexpression normalized
NAD*/NADH ratio in diabetic cKO hearts and reversed these pathogenic mechanisms.

Research Design and Methods

Data supporting the findings of this study are available from the corresponding author upon
reasonable request. Detailed animal care and experimental methods described below were
available in Supplement.

Animal care and experiments

All animal procedures were approved by the IACUC at Oklahoma Medical Research
Foundation and University of Washington.

Tissue harvest, processing and NAD* quantification

Experiment details were available in Supplement.

Analysis of mMRNA levels

Total RNA was extracted and quantified. To assess expression of genes related to fibrosis,
cDNA samples were synthesized, and quantitative PCR reactions were performed using RT2
Profiler PCR Array for mouse extracellular matrix and adhesion molecules genes (Qiagen,
Cat. No. 330231 ID: PAMM-0132).

Western blotting

Pulverized cardiac tissues were homogenized in RIPA buffer (Sigma) with a protease,
phosphatase and deacetylase inhibitor cocktail. Experiment details were available in
Supplement.

Sample analyses by LC-MS/MS

Experiment details for metabolite analysis were available in Supplement. Briefly, samples
were subjected to protein precipitation and metabolite extraction, and followed by
centrifugation. The supernatants were collected and dried. The dried samples were
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reconstituted with 40% PBS/60% ACN. A pooled sample was used as the quality-control
sample. The targeted LC-MS/MS method was used 2325,

Heart tissues were cut cross-sectionally at the mid-section and fixed with paraformaldehyde.
Experiment details for histology were available in Supplement.

Statistical analysis

Results

For comparisons involving two groups, unpaired 2-tailed t-tests were used. For analysis of
sex-dependent changes, two-way ANOVA was used. All analyses were performed using
GraphPad Prism 8.0. All data are expressed as mean = SD, and a p<0.05 was considered
significant. Metabolite levels were statistically analyzed by MetaboAnalyst 4.0. Adjusted P-
value (FDR) cutoff for the dataset was set at 0.05. Raw data are available as supplementary
materials. Heatmaps were generated by Morpheus.

16 weeks of diabetic stress impaired cardiac function and lowered NAD*/NADH ratio

We subjected C57BL/6 wildtype mice (WT) to STZ-induced diabetic stress for 16 weeks,
as systolic and diastolic dysfunction has been demonstrated in mice at 16 weeks after

STZ treatment 26, STZ treatment in WT mice led to significant increase in fasting blood
glucose levels (STZ mean glucose 640+/-64, vehicle glucose 103+/-15, P<0.01) at 16
weeks after treatment (Figure 1A). We showed that 16 weeks of diabetic stress in WT mice
led to decline in systolic and diastolic function of the heart. Systolic function represented
by fractional shortening (FS) decreased (STZ mean FS 33+/-7, vehicle mean FS 53+/-5,
P<0.01) in STZ-treated diabetic mice (Figure 1B). E’/A’ ratio decreased (STZ mean E’/A’
1.0+/-0.1, vehicle mean E’/A’ 1.5+/-0,1, P<0.01), e/E’ ratio and isovolumic relaxation time
(IVRT) increased in diabetic mice, indicating diastolic dysfunction (Figure 1C-F). These
declines in cardiac function were accompanied by a lowered NAD*/NADH ratio (STZ mean
ratio 3.3+/-1.2, vehicle mean ratio 6.7+/-1.1, P<0.05, Figure 1G). An /n vitro study has
shown that the effects of STZ are not specific only to the beta cells, and that STZ treatment
impairs contractile function of isolated rat cardiomyocytes 27. To determine if STZ injection
causes acute toxicity in the heart, we examined the acute effects of STZ treatment on the
heart. We observed that acute STZ treatment (1 day) did not affect cardiac function, NAD*
pool size, and fasting glucose levels (Supp. Figure I-A-D). STZ is rapidly metabolized and
excreted by rodents 28, Therefore, the lowered NAD*/NADH ratio and cardiac dysfunction
at 16 weeks after STZ treatment should be caused by chronic diabetic stress (Figure 1A),

as observed in other diabetic tissues 19-17-21 put not direct STZ-mediated toxicity to the
heart. To determine if the decrease in NAD*/NADH ratio precedes cardiac dysfunction, WT
mice were subjected to 2-week, STZ-induced diabetic stress. We found that NAD*/NADH
ratio decreased in hearts after 2-week diabetic stress, while systolic function and diastolic
function remained unchanged (Figure 1H-L).
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Latent NAD* redox imbalance exacerbated dysfunction of diabetic hearts

Although diabetic hearts displayed NAD* redox imbalance and dysfunction, the causal role
of the lowered NAD*/NADH ratio induced by diabetic stress to cardiac dysfunction has not
been established. Therefore, we employed cardiac-specific Ndufs4-KO mice (cKO), a mouse
model with lowered cardiac NAD*/NADH ratio, normal cardiac function and energetics, 1°
to determine how NAD™ redox imbalance changes the progression of DCM. Male control
and cKO mice were subjected to 8-week, STZ-induced diabetic stress (Figure 2A). STZ
treatment led to insulin depletion, and the extent of insulin depletion was similar in control
and cKO mice (Supp. Figure 11-A). Fasting blood glucose levels of control and cKO mice
at 8 weeks after STZ treatment were up-regulated to similar levels (Supp. Figure 11-B).

To assess the systemic metabolic changes induced by STZ treatment, we next analyzed
plasma samples collected from these mice by quantitative metabolomics. Metabolic stress
phenotypes, including increased circulating glucose and ceramide levels, were observed

in STZ-induced diabetic control mice, when compared to non-diabetic control mice (Data
Set 1). Of the 159 aqueous and 85 lipid metabolites surveyed, no significant changes in
levels were observed between diabetic control and diabetic cKO mice (Supp. Figure 11-C-D,
FDR cutoff < 0.05, data available in Data Set 2). The results of the plasma metabolomic
analyses suggest that cardiac-specific Ndufs4 deletion did not affect peripheral metabolism,
and diabetic control and diabetic cKO hearts experienced similar metabolic stress induced
by STZ. Despite the similar extent of metabolic stress, diabetic cKO mice exhibited reduced
cardiac NAD*/NADH ratio compared to diabetic control mice (diabetic cKO mean ratio
3.7+/-0.7, diabetic control 7.3+/-0.8, P<0.01, Figure 2B). The diabetic stress promoted a
decline in systolic function of control mice, which was exacerbated in cKO mice 2, 4, and

8 weeks after STZ injection (Figure 2C, Supp. Figure I11-A, Supp. Table I). The diabetic
cKO mice also exhibited exacerbated diastolic dysfunction represented by a lowered E’/A’
ratio, increased e/E’ ratio (diabetic cKO mean e/E’ 40.5+/-7.0, diabetic control, 24.5+/-6.9,
P<0.05) and IVRT (diabetic cKO mean IVRT 22.6+/-4.6, diabetic control, 14.0+/-3.8,
P<0.05), and an elevated myocardial performance index (MPI) compared to diabetic control
mice (Figure 2D-G, Supp. Table I). Left ventricular dilation, cardiac hypertrophy and lung
edema did not change in diabetic cKO hearts compared to diabetic controls (Figure 2H-J).

We performed the same diabetogenic protocol (Figure 2A) on female control and cKO
mice. Similarly, diabetic stress induced systolic and diastolic dysfunction in female diabetic
control mice, which was significantly worsened in female diabetic cKO mice (Figure 3A-C,
Supp. Figure 3B, Supp. Table I). IVRT, MPI, left ventricular dilation, cardiac hypertrophy,
and lung edema were not different between female diabetic control and cKO mice (Figure
3D-H). To determine if cardiac-specific Ndufs4 deletion mediates any sex-dependent
changes on DCM progression, we compared the effects of STZ on cardiac function and
geometry of male and female diabetic control and cKO mice. Although Ndufs4 deletion
only significantly worsened IVRT and MPI in male diabetic cKO mice but in not female
diabetic cKO mice, there were no significant interactions between sex and genotype by
two-way ANOVA (Supp. Table I1). Overall, the results suggest that NAD* redox imbalance
is a positive regulator for the progression of DCM in both sexes.
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Tissue fibrosis was not associated with exacerbated DCM induced by NAD* redox

imbalance

Diabetic hearts are often associated with increased fibrosis, which contributes to cardiac
dysfunction, especially diastolic dysfunction 29, We therefore quantified tissue collagen
contents of mid-sectioned heart slices by trichrome staining. We observed similar fibrosis
levels (~4%) in diabetic control and diabetic cKO hearts (Figure 4A). There was also no
difference in cardiomyocyte size between the two groups (Figure 4B). Consistent with the
fibrosis levels, expression of extracellular matrix (ECM)-related genes were similar between
diabetic control and diabetic cKO hearts: transcript levels of Adamts proteinases, integrins,
laminins, matrix metalloproteinases and collagen subtypes (Figure 4C-D, Supp. Figure IV—
A-C) were not different. These results suggest that altered ECM environment and fibrosis
do not account for the exacerbated dysfunction, but cardiomyocyte dysfunction may be the
culprit.

Elevated SOD2 acetylation promoted oxidative stress in diabetic cKO hearts

NAD?* redox

NAD" is required for deacetylation by Sirtuins, and NAD* redox imbalance has been
associated with protein hyperacetylation. Therefore, we explored the roles of NAD* redox
imbalance in regulating protein acetylation in diabetic hearts. Consistent with the lowered
NAD*/NADH ratio, global protein acetylation increased in diabetic cKO hearts compared to
diabetic controls (Figure 5A, Supp. Figure IV-D). Specifically, we observed that acetylation
levels of superoxide dismutase 2 at lysine-68 (SOD2-K68Ac) were elevated in diabetic

cKO hearts (diabetic cKO mean SOD2-K68Ac levels 2.8+/-0.6, diabetic control 1.2+/-0.2,
P<0.01, Figure 5B, Supp. Figure IV-E). SOD2-K68Ac is known to suppress its antioxidant
activity 30, suggesting that diabetic cKO hearts could be more prone to oxidative stress.
Consistently, levels of protein carbonylation, an irreversible protein oxidative modification
used as a marker of oxidative stress, were elevated in diabetic cKO hearts (Figure 5C, Supp.
Figure IV-F). Transcript levels of NADPH oxidase (Nox) isoforms, key ROS generating
proteins, were similar in diabetic control and diabetic cKO hearts (Figure 5D). These results
suggest that NAD* redox imbalance promotes oxidative stress through SOD2 acetylation in
diabetic hearts.

imbalance regulated Tnl phosphorylation

We then examined if phosphorylation of myofilament proteins, which control cardiomyocyte
contraction and relaxation, were altered by NAD™ redox imbalance in diabetic hearts.
Phosphorylation states of troponin | (Tnl) and myosin binding protein ¢ (MyBPc) can
modulate contractile and relaxation properties of the myocardium in diseased hearts 31 32,
Tnl is an inhibitory subunit of troponin, and phosphorylation of Tnl at S150 and at S23/24
(Tnl-S150Pi and Tnl-S23/24Pi) has been shown to coordinately regulate myofilament
calcium sensitivity as an adaptive response in ischemic hearts 33 34, Diabetic cKO hearts
displayed increased levels of Tnl-S150Pi compared to diabetic controls, while levels of Tnl-
S23/24Pi were not different (diabetic cKO mean TnI-S150Pi levels 0.52+/-0.16, diabetic
control 0.29+/-0.09, P<0.05, Figure 5E-F, Supp. Figure IV=G—H). As TnI-S150Pi prolongs
calcium dissociation 33, these results suggest that NAD* redox imbalance induces TnlI-S150
phosphorylation to exacerbate diastolic dysfunction in DCM (Figure 2D-F). AMPK, a key
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sensor of cellular energy states, has been shown to phosphorylates Tnl-S150 35, AMPK-
T172 phosphorylation is known to activate AMPK and AMPK-S485 phosphorylation is
known to suppress AMPK activity 36. Phosphorylation levels at both sites were not different
between diabetic control and diabetic cKO hearts (Supp. Figure IV-1-J) and AMPK activity
assay detected similar AMPK activities in lysates of diabetic control and diabetic cKO
hearts (Supp. Figure 1V=K). In addition to the regulation by phosphorylation, AMPK is
also allosterically activated by AMP binding, which is competitively inhibited by ATP
36,37 Despite normal energetics in unstressed cKO hearts 15, we found that ATP levels
decreased and AMP/ATP ratio increased in diabetic cKO hearts, compared to diabetic
controls (Figure 5G,H). AMP and ADP levels trended to increase in diabetic cKO hearts
(Supp. Figure IV=L,M). These results indicated lowered cellular energy status in diabetic
cKO hearts compared to diabetic controls. The impaired energetics in diabetic cKO hearts
potentially mediates AMPK activation allosterically and leads to increased phosphorylation
of Tnl-S150.

MyBPc is a sarcomeric protein that interacts with myosin and actin, and phosphorylation
of MyBPc fine-tunes actin-myosin cross-bridge cycling to regulate cardiac contraction and
relaxation. MyBPc S282 phosphorylation (MyBPc-S282Pi) is critical for normal cardiac
function, and reduced MyBPc-S282Pi has been observed in failing hearts 32. Levels of
MyBPc-S282Pi were unchanged in diabetic cKO hearts (Figure 51, Supp. Figure 1V-N),
suggesting that it is not responsible for the worsened cardiac function.

Elevation of NAD* levels ameliorated dysfunction of diabetic hearts

To validate the causal role of cardiac NAD* redox imbalance in DCM, we examined the
effects of elevation of cardiac NAD™ levels by cardiac NAMPT over-expression on DCM
development. Transgenic mice expressing NAMPT in the heart (NAMPT) were crossed
with cKO or control mice 6. The same diabetogenic protocol was used on these mice
(Figure 6A). Over-expression of NAMPT in the heart increased NAD*/NADH ratio and
NAD™ pool in diabetic cKO hearts, and improved systolic and diastolic dysfunction (Figure
6B-D, Supp. Figure V-A). These improvements occurred despite the similar extents of
hyperglycemia in cKO and cKO:NAMPT mice (Supp. Figure V-B). The body weight
changes at 8 weeks after diabetes induction were similar (Supp. Figure V-C). Heart rate,
left ventricular dilation, hypertrophy, and lung edema were also unchanged, while IVRT
and MPI1 were improved by cardiac-specific NAMPT over-expression (Supp. Figure V-
D-1). Importantly, NAMPT over-expression lowered the levels of SOD2-K68Ac (diabetic
cKO:NAMPT mean SOD2-K68Ac levels 0.54+/-0.06, diabetic cKO 1.07+/-0.12, P<0.01)
and Tnl-S150Pi (diabetic cKO:NAMPT mean Tnl-S150Pi levels 0.41+/-0.21, diabetic cKO
0.83+/-0.26, P<0.05) in diabetic cKO hearts, while levels of Tnl-S23/24Pi were similar
(Figure 6E-G, Supp. Figure V-J-L). To determine if preventing NAD* redox imbalance
also ameliorates DCM progression in control mice, we compared the impacts of diabetic
stress on cardiac function of cardiac-specific NAMPT transgenic mice and their control
littermates. Diabetic stress induced systolic and diastolic dysfunction in control mice, which
was ameliorated by cardiac NAMPT overexpression (Figure 6H,1). NAMPT expression did
not change ATP levels, AMP/ATP ratio, AMPK activity, AMPK-T172Pi and AMPK-S485Pi
levels (Supp. Figure V-M-Q). At the same time, levels of Tnl-S150Pi were not different
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between diabetic NAMPT compared to diabetic controls (Supp. Figure V-R). The extent
of cardiac dysfunction in diabetic controls was relatively modest compared to that of
diabetic cKO mice and diabetic control hearts did not display depleted ATP levels (Supp.
Figure V-S). These results suggest that the energetic stress-induced AMPK activation and
Tnl-S150 phosphorylation pathogenic axis was not activated in diabetic control hearts, and
was not sensitive to NAMPT expression in this condition. Overall, the data from this report
collectively support the causal roles of NAD* redox imbalance in the progression of DCM.

Discussion

Diabetes increases the risk of heart failure and causes DCM. Although pathogenic
mechanisms such as lipotoxicity, oxidative stress and mitochondrial dysfunction have

been demonstrated in diabetic hearts 2, the mechanisms by which diabetes-induced
metabolic stresses lead to cardiac dysfunction are not fully understood. Hyperglycemia and
dyslipidemia are the hallmarks of diabetes, and diabetes alters cardiac metabolism such as
substrate utilization 2. NAD* is an important redox cofactor for glucose and lipid oxidation.
Changes in NAD* metabolism such as NAD* redox imbalance emerges as critical mediators
of disease pathogeneses 15 16, NAD* redox imbalance has long been observed in tissues
from diabetic mice 10:17-19 puyt the hypothesis that diabetes-driven NAD™ redox imbalance
promotes DCM remains to be tested. In this study, we demonstrated the causal role of
NAD™ redox imbalance in promoting DCM (Figure 7). The key findings in supporting this
notion are that 1) cardiac NAD*/NADH ratio decreases and precedes cardiac dysfunction
after diabetic stress; 2) a pre-existing, lowered cardiac NAD*/NADH ratio exacerbates the
progression of DCM, which is alleviated by elevating NAD* levels; and 3) NAD* redox
imbalance mediates dysfunction of diabetic hearts in part by increased oxidative stress,
impaired energetics and Tnl-S150 phosphorylation, but not by enhanced cardiac fibrosis.

Diabetic stress is associated with lowered NAD*/NADH ratio, also known as
pseudohypoxia, in various tissues including hearts 18: 38, Functional decline in diabetic
hearts has also been reported in parallel 2. However, whether NAD* redox imbalance causes
DCM has not been directly tested. We found that 16-week diabetic stress lowered cardiac
NAD*/NADH ratio, accompanied by systolic and diastolic dysfunction. We also showed that
the decline in cardiac NAD*/NADH ratio occurred before cardiac dysfunction. Importantly,
we observed that a mouse model with lowered cardiac NAD*/NADH ratio (due to Ndufs4
deficiency in hearts) exhibits exacerbated DCM, and that cardiac dysfunction in diabetic
cKO or control hearts can both be rescued by restoration of NAD*/NADH ratio (Figure
2,3,6). This is the first direct evidence to support the causal role of NAD* redox imbalance
in the progression of DCM. A recent report showed the role of hepatic NAD* reductive
stress (low NAD*/NADH ratio) in regulating changes in diabetes-induced metabolite levels
(alpha-hydroxybutyrate) and insulin resistance in vivo 39, supporting the pathogenic role of
NAD™ redox imbalance in diabetes and its complications. We previously demonstrated that
NAD* redox imbalance is a critical mediator in pressure overload-induced heart failure 16
Whether diabetes and hypertension have additive or synergistic effects on cardiac NAD™*
redox imbalance to promote cardiac dysfunction remains to be determined.
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While the causal role of NAD™ redox imbalance for DCM is well-supported by our current
data, the mechanism by which diabetic stress induces NAD™* redox imbalance is not well-
established. Previous studies have provided evidence that hyperglycemia and dyslipidemia
promote NAD™ redox imbalance 21 40, Mitochondrial dysfunction and impaired NAD*-
dependent malate aspartate shuttle (MAS) have been shown as important mediators of the
lowered NAD*/NADH ratio 21 4142 MAS delivers cytosolic NADH to electron transport
chain for ATP generation. Interestingly, MAS activity is suppressed in hypertrophied hearts
in a NAD* redox balance-dependent manner 16:43. 44 \Whether MAS activity decreases in
diabetic hearts and leads to NAD™* redox imbalance requires further investigations.

Fibrosis is a hallmark of heart disease of different etiologies, especially in diabetic hearts
29 and we did observe a slight increase in fibrosis in STZ-treated diabetic hearts (Supp.
Figure IV-0). However, we did not observe increased fibrosis associated with exacerbated
dysfunction of diabetic cKO hearts. The similar extents of fibrosis in diabetic control

and diabetic cKO hearts suggest that other mechanisms, e.g. cardiomyocyte dysfunction,
is responsible for the exacerbated DCM. Our results suggest that the exacerbation can

be mediated by cardiomyocyte dysfunction induced by elevated SOD2 acetylation and
oxidative stress in diabetic cKO hearts. Other NAD*-sensitive protein acetylation, e.g.

sensitized permeability transition pore by acetylation, may play a role in DCM progression
16

Our data showed that diabetic cKO hearts displayed elevated Tnl-S150Pi, exacerbated
diastolic dysfunction and prolonged IVRT, which are all restored by NAMPT over-
expression. AMPK-dependent Tnl-S150Pi increases myofilament calcium sensitivity and
prolongs calcium dissociation 31: 33. 34 while TnlI-S23/24Pi decreases calcium sensitivity
and accelerates calcium dissociation 31, Combination of Tnl-S150Pi and Tnl-S23/24Pi
retains calcium sensitivity and accelerates calcium dissociation, playing an adaptive role
during ischemic injury 3. Increased Tnl-S150Pi and unchanged Tnl-S23/24Pi in diabetic
cKO hearts would suggest that NAD* redox imbalance promotes Tnl-S150Pi to play a
maladaptive role in diastolic dysfunction. Although unstressed cKO hearts have normal
energetics 1, we detected impaired energetics, indicated by depleted ATP levels and
increased AMP/ATP ratio, in diabetic cKO hearts (Figure 5G,H). AMP binding activates
AMPK via both enhancing T172 phosphorylation and allosteric activation independent of
T172 phosphorylation, while ATP competitively inhibits AMP binding to AMPK 3745,
The increased AMP/ATP ratio and unchanged T172 phosphorylation in diabetic cKO
suggest that the impaired energetics potentially leads to allosteric activation of AMPK

to promote Tnl-S150Pi. Although we measured AMPK activities of heart lysates, the
assay did not preserve the endogenous energetic environment and the effect of increased
AMP/ATP ratio on allosteric activation of AMPK in diabetic cKO hearts /n vivo cannot
be determined. Our results suggest that NAD™ redox imbalance predisposes cKO hearts
to diabetic cardiomyopathy by promoting energetic stress-dependent AMPK activation and
Tnl-S150Pi. Oxidative stress has also been shown to activate AMPK 46, We showed that
diabetic cKO hearts exhibit increased oxidative stress, however, whether increased oxidative
stress in cKO hearts contributes to AMPK activation requires further investigation.
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We showed that cardiac NAMPT over-expression improved cardiac function in diabetic
cKO mice, supporting that NAD* redox imbalance is responsible for the exacerbated DCM
progression. The observation that cardiac NAMPT over-expression also improved cardiac
function in diabetic control mice without Ndufs4 deletion further supports a causal role of
NAD™ redox imbalance in DCM progression. NAMPT over-expression in cardiomyocytes
has been shown to promote hypertrophy and inflammation via secreted form of NAMPT
(eNAMPT) 47, In this study, we observed no change in eNAMPT levels in plasma of mice
with or without NAMPT over-expression (Supp. Figure V=T). Therefore, eNAMPT and

its role in cardiac hypertrophy and inflammation did not play a role in the interpretation

of this study. It is conceivable that disease mechanisms of DCM involve other NAD*-
dependent pathways beyond NAD™ redox imbalance and protein acetylation reported here.
NAD* metabolism involves metabolites and enzymes in the NAD* consumption, synthesis
and redox pathways, coordinating cellular NAD* homeostasis #8. Our study employed
cardiac-specific perturbations of NAD™ redox balance (cKO and NAMPT) and demonstrated
the roles of cardiac NAD* redox imbalance in DCM. However, we cannot rule out the
contributions of NAD*-derived metabolites and systemic changes in NAD* metabolism in
promoting DCM progression. Metabolites in the NAD™* salvage pathway, e.g. nicotinamide
mononucleotide or nicotinamide riboside, are prime agents for pharmacologic elevation of
NAD™ levels as therapeutics for heart disease 1. In addition, the benefit of activation of
NAD™ synthesis by harnessing the de novo pathway and the role of NMRK2 up-regulation
in cardiomyopathy have been reported 4. Therefore, further assessments of changes in
NAD* metabolism in DCM are warranted, and will likely identify new targets for therapy.
A limitation of this study is that we employed a STZ-induced Type 1 diabetic model, and
the roles of NAD™* redox imbalance in Type 1 DCM progression cannot be generalized

to cardiomyopathy induced by Type 2 diabetes or aging. These risk factors have been
associated with abnormal NAD™ metabolism; however, specific mechanisms that alter NAD*
metabolism (redox state, synthesis or consumption) in these conditions and their roles in
cardiac dysfunction require further investigations.

This study establishes the causal role of NAD* redox imbalance in DCM. Our results
support that NAD* redox imbalance mediates cardiac dysfunction in DCM in both sexes.
This highlights the importance to identify adaptive and maladaptive mechanisms triggered
by NAD™ redox imbalance in DCM. Our pre-clinical data also demonstrate the potential
benefit of expanding the NAD™ pool as a therapy for DCM.
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NADH
NAM
NMN
NAMPT
NMNAT
ATP
ADP
AMP
DCM
STz

FS
IVRT
MPI
SOD2
Tnl
MyBPc
ECM
Nox
AMPK

MAS

nicotinamide adenine dinucleotide

reduced nicotinamide adenine dinucleotide
nicotinamide

nicotinamide mononucleotide
nicotinamide phosphoribosyltransferase
nicotinamide mononucleotide adenylyltransferase
adenosine triphosphate

adenosine diphosphate

adenosine monophosphate

diabetic cardiomyopathy

streptozotocin

fractional shortening

isovolumic relaxation time

myocardial performance index

superoxide dismutase 2

troponin |

myosin binding protein ¢

extracellular matrix

NADPH oxidase

AMP-activated protein kinase

malate aspartate shuttle
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What is new?

. Latent NAD™* redox imbalance in the heart exacerbates systolic and diastolic
dysfunction in responses to chronic diabetes.

. NAD™ redox imbalance elevates global protein and SOD2 acetylation, which
promotes oxidative stress in diabetic hearts.

. NAD™ redox imbalance promotes Tnl-S150 phosphorylation and diastolic
dysfunction via impaired energetics and oxidative stress in diabetic hearts.

. Elevation of cardiac NAD* levels mitigates NAD* redox imbalance,
dysfunction in diabetic hearts, and reversed SOD2- and Tnl-dependent
pathogenic mechanisms.

What are the clinical implications?

. Our results suggest that elevation of NAD* levels is therapeutic to heart
failure progression attributable to chronic diabetes.

. Our findings support the rationale to further characterize NAD*-dependent
mechanisms to identify new therapeutic targets of heart failure.
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Figure 1. 16-week diabetic stress leads to systolic and diastolic dysfunction and lowered NAD*/

NADH ratio.

C57/BL6 wild type (WT) mice were treated with STZ to induce diabetes. Cardiac function
was assessed with echocardiography 16 weeks after induction of diabetes. (A) Plasma
glucose levels were measured 16 weeks after vehicle or STZ treatment. (B) Fractional
shortening (FS), (C) E’/A’, (D) e/E’ ratio, and (E) isovolumic relaxation time (IVRT) were
measured to evaluate systolic and diastolic functions. (F) Representative pulsed-wave (upper
panels) and tissue (middle panels) doppler images and corresponding electrocardiogram
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(lower panels) images. (G) Cardiac NAD*/NADH ratio were measured. N=6. *: P<0.05 to
vehicle. (H) FS, (I) E’/A’ ratio, (J) e/E’ ratio, (K) IVRT and (L) cardiac NAD*/NADH ratio
were measured in mice 2-week after diabetic stress. N=6. *: P<0.05 to vehicle.
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Figure 2. Latent NAD(H) redox imbalance in the heart exacerbates cardiac dysfunctions of
diabetic male mice.

(A) Experimental plan. Control and cKO male mice were treated with STZ to induce
diabetes. Cardiac function was measured at 2, 4, and 8 weeks after induction of diabetes.
Blood and tissue samples were collected at the endpoint of the study. (B) Cardiac NAD*/
NADH ratio was measured. N=5. Longitudinal changes in (C) fractional shortening (FS) and
(D) E’/A’ ratio of diabetic control or cKO male mice were assessed. Dotted lines indicate
average baseline (BL) values of non-diabetic control mice. Numerical values are available
in Supplementary Table 1. (E) e/E’ ratio, (F) isovolumic relaxation time (IVRT), (G)
myocardial performance index (MPI1) and (H) left ventricular internal dimension at diastole
(LVID;d) were measured at 8 weeks after diabetes induction. (1) Cardiac hypertrophy (heart
weight/tibia length; HW/TL) and (J) lung edema of diabetic control or cKO mice (lung wet
weight/lung dry weight ratio; LW wet/dry) were determined at 8-week endpoint. N=7. *:
P<0.05 to diabetic control mice.
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Figure 3. NAD(H) redox imbalance in the heart also exacerbates cardiac dysfunctions of diabetic

female mice.

Control and cKO female mice were treated with STZ to induce diabetes. Cardiac function
was assessed at 2, 4, and 8 weeks after induction of diabetes. (A) Longitudinal changes in

fractional shortening (FS) and (B) E’/A’ ratio of diabetic control or cKO female mice were
measured. Dotted lines indicate average baseline (BL) values of non-diabetic control mice.
Numerical values are available in Supplementary Table I. (C) e/E’ ratio, (D) IVRT, (E) MPI,
(F) LVID;d, (G) HWITL, and (H) LW wet/dry ratio of diabetic control or cKO female mice
were determined at 8-week endpoint. N=6. *: P<0.05 to diabetic control mice.
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Figure 4. NAD™ redox imbalance exacerbates diabetic cardiomyopathy, independent on tissue

fibrosis.
(A) Collagen levels of diabetic mouse hearts were quantified

by trichrome staining. (B)

Cardiomyocyte sizes of these hearts were quantified. N=4-6. Transcript expression levels
of fibrosis-related genes were quantified by qPCR analyses. (C) Adamts proteinases and
integrins, and (D) laminins and MMPs in diabetic control and diabetic cKO male hearts were

measured. N=3.
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Figure 5. NAD™ redox imbalance regulated SOD2 acetylation, protein oxidation and myofilament
protein phosphorylation.

(A) Global lysine acetylation levels of protein extracts from diabetic control or diabetic
cKO hearts were assessed by Western blot. (B) Acetylation levels of SOD?2 at lysine-68
were assessed by Western blot analysis. (C) Protein oxidation levels of diabetic mouse
hearts were determined by Oxyblot analysis. (D) Relative mMRNA levels of pro-oxidant
genes (Nox1, Nox2 and Nox4) were measured by gPCR. Phosphorylation levels of (E) Tnl
at Serine 150 (Tnl-S150Pi), (F) Tnl-S23/24Pi, (G) ATP levels and (H) AMP/ATP ratio
were measured. Phosphorylation levels of (1) MyBPc at Serine 282 (MyBPc-S282Pi) were
measured. N=6. *: P<0.05 to diabetic control mice.
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Figure 6. Elevation of cardiac NAD" levels alleviates diabetic cardiomyopathy in cKO and
control mice.

(A) Experimental plan. STZ was administered to male cKO and cKO:NAMPT mice to
induce diabetes. Cardiac function of cKO and cKO:NAMPT mice was measured at 2, 4,

and 8 weeks after induction of diabetes. (B) Cardiac NAD*/NADH ratio were measured.
N=4-5. (C) FS and (D) E’/A’ ratio were assessed longitudinally. N=6. Dotted lines indicate
average baseline (BL) values of non-diabetic control mice. Numerical values are available in
Supplementary Table I. Levels of (E) SOD2-K68Ac, (F) TnI-S150Pi, and (G) Tnl-S23/24Pi
of indicated hearts were measured by Western blots. N=5. (H) FS and (I) E’/A’ ratio were
measured longitudinally in control mice with or without NAMPT expression in the hearts
after diabetes induction. N=5. *: P<0.05 to diabetic cKO mice or diabetic-NAMPT mice.
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Figure 7. Graphical summary.
This study revealed the causal roles of NAD™* redox imbalance and cardiac dysfunction in

hearts under chronic diabetic stress. In a mouse model with latent NAD™* redox imbalance
(Ndufs4-cKO), we observed exacerbation of cardiac dysfunction in responses to chronic
diabetic stress. The exacerbated contractile and relaxation dysfunction was mediated by
protein hyperacetylation, in particular SOD2 acetylation which led to increased oxidative
stress, and increased phosphorylation of Tnl-S150 triggered by impaired energetics.
Importantly, cardiac-specific elevation of NAD* levels ameliorated diabetic cardiomyopathy
and reversed pathogenic mechanisms, supporting the roles of NAD™ redox imbalance in the
progression of diabetic cardiomyopathy.
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