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Abstract

Rationale: Diabetic cardiomyopathy is accompanied by increased production of NADH,
predominantly through oxidation of fatty acids and consequent increases in oxidative stress. The
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role of nicotinamide phosphoribosyltransferase (Nampt), the rate-limiting enzyme of the salvage
pathway of NAD* synthesis, in the development of diabetic cardiomyopathy is poorly understood.

Objective: We investigated the role of endogenous and exogenous Nampt during the
development of diabetic cardiomyopathy in response to high fat diet (HFD) consumption and
in the context of oxidative stress.

Methods and Results: HFD consumption upregulated endogenous Nampt, and HFD-induced
cardiac diastolic dysfunction, fibrosis, apoptosis and pro-inflammatory signaling were alleviated
in transgenic mice with cardiac-specific overexpression of Nampt. The alleviation of diastolic
dysfunction observed in these mice was abolished by inhibition of NADP(H) production via NAD
kinase (NADK) inhibition. Nampt overexpression decreased the GSSG/GSH ratio, oxidation of
thioredoxin 1 (Trx1) targets, dityrosine, and the accumulation of toxic lipids, including ceramides
and diglycerides, in the presence of HFD consumption. Nampt overexpression upregulated

not only NAD™ but also NADP* and NADPH in the heart and in cultured cardiomyocytes,

which in turn stimulated the GSH and Trx1 systems and alleviated oxidative stress in the

heart induced by HFD consumption. In cultured cardiomyocytes, Nampt-induced upregulation

of NADPH was abolished in the presence of NADK knockdown, whereas that of NAD* was

not. Nampt overexpression attenuated H,O,-induced oxidative inhibition of Prdx1 and mTOR in
an NADK-dependent manner in cultured cardiomyocytes. Nampt overexpression also attenuated
H,0,-induced cell death, an effect that was partly abolished by inhibition of NADK, Trx1 or
GSH synthesis. In contrast, oxidative stress and the development of diabetic cardiomyopathy in
response to HFD consumption were exacerbated in Nampt*/~ mice.

Conclusion: Nampt-mediated production of NAD* protects against oxidative stress in part
through the NADPH-dependent reducing system, thereby alleviating the development of diabetic
cardiomyopathy in response to HFD consumption.
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INTRODUCTION

The number of patients with obesity and metabolic syndrome has increased dramatically
over the past few decades 1. These patients eventually develop insulin resistance and

type Il diabetes and more than half of diabetic patients exhibit signs of cardiac

dysfunction characterized by cardiac hypertrophy and diastolic dysfunction, termed diabetic
cardiomyopathy 2. Although systolic function is often preserved even in the presence

of diastolic dysfunction in diabetic cardiomyopathy patients, some patients also develop
systolic dysfunction in the long term. Metabolically, the presence of insulin resistance
severely attenuates uptake and utilization of glucose for energy; instead, the heart uses
fatty acids as its primary energy source 3. Diabetic hearts often exhibit lipotoxicity,

where accumulation of toxic lipids, including ceramide and diacylglycerol, induces cardiac
dysfunction 4. Diabetic hearts also exhibit increases in oxidative stress and mitochondrial
dysfunction. Furthermore, we have shown recently that insufficient activation of mitophagy
exacerbates both mitochondrial dysfunction and lipotoxicity .

In order to protect against oxidative stress, cells possess antioxidant systems, such as
glutathione (GSH), and reducing enzymes, including thioredoxins (Trxs) 6. GSH neutralizes
free radicals by donating an electron, which reduces the radicals while oxidizing GSH to
form GSSG . Trxs reduce proteins with disulfide bonds through thiol disulfide exchange
reactions 8. GSH and Trxs also provide electrons to other reducing enzymes, including GSH
peroxidases (Gpxs), Glutaredoxins (Grxs), peroxiredoxins (Trx1-dependent peroxidase) and
sulfiredoxin 1 (Srxn1), thereby reducing hydrogen peroxide 6. Oxidized GSH and Trxs are
recycled to their reduced forms by GSH reductase and Trx reductase, respectively, in the
presence of the electron donor, NADPH ©.

NADPH is produced from NADP* primarily through glucose-6-phosphate dehydrogenase
in the pentose phosphate pathway in the cytosol, although it is also produced by NADP-
linked isoforms of malic enzyme, isocitrate dehydrogenase and glutamate dehydrogenase
in mitochondria 10. NADP™ is generated from NAD* through NAD kinase (NADK)-
mediated phosphorylation 1. Previous work has suggested that the pentose phosphate
pathway critically regulates the reduced forms of GSH and Trxs 1213, Nicotinamide
phosphoribosyltransferase (Nampt), the rate-limiting enzyme in the salvage pathway of
NAD™ synthesis, plays a key role in mediating NAD* synthesis in cardiomyocytes 14. This
raises the possibility that Nampt also plays an important role in the production of NADP(H)
in the heart. We have shown previously that overexpression of Nampt upregulates NAD* in
the mouse heart 1°. However, the extent to which manipulation of NAD* through Nampt
affects NADP(H) production and alleviation of oxidative stress remains unknown.
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Thus, we here evaluated the role of Nampt in the regulation of oxidative stress in a mouse
model of type Il diabetes, the high fat diet (HFD) consumption model. We asked 1) whether
Nampt affects the development of diabetic cardiomyopathy, 2) whether Nampt plays an
important role in the regulation of NADP(H) and consequent activation of the GSH and
Trxs systems, and 3) whether the protective effect of Nampt is mediated through NADP(H)
production in the heart.

METHODS

Detailed methods are available in the Online Data Supplement.

Data Availability.

The author declare that all supporting data are available within the article. In addition, any
raw data that support the findings of this study are available from the corresponding author
upon reasonable request.

Animal Experiments.

Nampt transgenic mice (Tg-Nampt) were generated using the a-myosin heavy chain
promoter to achieve cardiac-specific expression of Nampt on an FVB background 1°.
Non-transgenic mice (NTg) were used as control mice. Systemic Nampt heterozygous
knockout mice with a C57BL/6 genetic background were provided by Dr. Yamanaka
(Kyoto University, Japan). Numbers of animals used are shown in figure legends.
Echocardiographic measurements and PV loop analyses were performed in a blind fashion.
No animals were excluded from analyses. All procedures involving animals were performed
in accordance with protocols approved by Rutgers Biomedical and Health Sciences.

Diet induced obesity (DIO) mouse model.

Composition of normal diet (ND) and high fat diet (HFD) come from Research Diet

Inc. The composition of the diet is shown in Table I in Data Supplement. To induce

DIO, 60% HFD or calorie controlled ND was fed to Tg-Nampt or non-transgenic mice.
Thionicotinamide, an NADK inhibitor, was intraperitoneally injected into the mice (3 mg/
Head, twice a week).

Statistical analysis.

All values in graphs are expressed as the mean + S.E. Normality was tested with the
Shapiro-Wilk normality test. If the data exhibited a normal distribution, pairwise testing was
performed with the Student’s ftest or multiple group comparisons were performed by 2-way
ANOVA, followed by Tukey post-test. If the data failed hormality testing or N<6, pairwise
testing was performed with the non-parametric Mann-Whitney U'test and multiple group
comparisons were performed by the non-parametric Kruskal-Wallis test, followed by Dunn’s
post-test. Priori power calculations were performed based on data from published studies
5.16,17 and pilot experiments. The effect size in this study was 1-5 with an alpha = 0.05 and
power = 0.80. Microsoft Excel 2016 was used for Student’s ¢tests and GraphPad Prism 9
was used for ANOVA and Kruskal-Wallis tests. Precise p-values and N are shown in Table 11
in Data Supplement. Dot plot was used except where it visually interferes with interpretation
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(Fig. 1D, 8B and 8F). All quantified Western blot and cell viability data are shown as values
relative to control.

RESULTS

Nampt is upregulated in the heart in response to HFD consumption and cardiomyocyte
specific upregulation of Nampt protects the heart against the effects of HFD consumption.

We investigated the effect of HFD consumption upon the level of Nampt protein in the
mouse heart. HFD consumption for 3 months significantly upregulated Nampt in the heart
compared to normal diet (ND) consumption (Fig. 1A). We next investigated whether
increasing the level of Nampt in cardiomyocytes protects the heart against the effects of
HFD consumption, using transgenic mice with cardiac specific overexpression of Nampt
(Tg-Nampt) 15, The level of Nampt was significantly greater in Tg-Nampt than in NTg

in both the presence and absence of HFD consumption (Fig. 1A). Non-transgenic (NTg)
and Tg-Nampt mice were fed a HFD for 3 months. Body weight and the blood glucose
level after 3 months of HFD consumption were not significantly different between NTg
and Tg-Nampt mice (Fig. 1B and 1C). Glucose tolerance after 3 months of ND and HFD
consumption was also not significantly different between NTg and Tg-Nampt mice (Fig.
1D). Left ventricular (LV) diastolic function was assessed by pressure-volume (PV) loop
analyses (Fig. 1E), where diastolic dysfunction is characterized by an increase in the slope
of the end-diastolic PV loop relationship (EDPVR) and elevated LV end-diastolic pressure
(EDP). HFD consumption significantly increased EDP and EDPVR in NTg mice (Fig. 1E
and 1F), indicating that LV diastolic dysfunction is induced by HFD consumption in mice.
The increases in EDP and EDPVR in response to HFD consumption were significantly
attenuated in Tg-Nampt mice (Fig. 1F). On the other hand, the echocardiographically
measured LV fractional shortening (%FS), a measure of LV systolic function, was not
significantly affected by 3 months of HFD consumption in either NTg or Tg-Nampt mice
(Fig. 1G). Results of the echocardiographic measurements are summarized in Table 111 in
Data Supplement. These results suggest that gain of Nampt function ameliorates diastolic
dysfunction induced by HFD consumption.

Gain of Nampt function ameliorates HFD-induced pathological changes relevant to
diabetic cardiomyopathy.

Cardiac hypertrophy, fibrosis and inflammation are often observed in diabetic
cardiomyopathy hearts 18. HFD consumption induced cardiac hypertrophy, as indicated

by increases in LV weight (L\VW)/tibia length (TL), in NTg mice, which was attenuated
significantly in Tg-Nampt mice (Fig. 2A). Results of the organ weight measurements

are summarized in Table IV in Data Supplement. HFD consumption induced increases

in cardiomyocyte size in NTg mice but not in Tg-Nampt mice (Fig. 2B). These results
suggest that increased expression of Nampt inhibits HFD-induced cardiac hypertrophy. HFD
consumption induced significantly more apoptosis in NTg mouse hearts than in Tg-Nampt
mouse hearts (Fig. 2C). HFD consumption also significantly induced cardiac fibrosis in
NTg mouse hearts but not in Tg-Nampt mouse hearts (Fig. 2D). Fibrosis markers, including
collagen 3al (Col3al) and transforming growth factor 1 (TGFB1), were suppressed in
Tg-Nampt hearts in the presence of HFD consumption, further suggesting that Nampt
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has a protective effect against cardiac fibrosis (Fig. 2E). Since HFD consumption induces
inflammation in the heart, we evaluated how Nampt affects inflammatory regulators. HFD
consumption significantly activated 1«xB kinase (IKK) in NTg hearts but not in Tg-Nampt
hearts (Fig. 2F). The level of Toll-like receptor 4 (TLR4), a pattern recognition receptor
involved in inflammatory responses, was significantly lower in Tg-Nampt hearts than in
NTg hearts in both the presence and absence of HFD consumption. HFD consumption,
however, did not significantly stimulate other signaling molecules known to be activated by
inflammation, including JNK and transforming growth factor-B-activated kinase 1 (TAK1),
in either NTg or Tg-Nampt mouse hearts. Taken together, these results suggest that gain of
Nampt function ameliorates cardiac hypertrophy, fibrosis and inflammation in response to
HFD consumption.

Overexpression of Nampt promotes production of NADP* and NADPH in the heart.

Nampt plays an essential role in generating NAD™ in the heart. The levels of NAD*, NADH,
and NAD*+NADH were significantly elevated in Tg-Nampt mouse hearts compared to

in NTg mouse hearts in the presence and absence of HFD consumption (Fig. 3A). The
NAD*/NADH ratio was not significantly different between NTg and Tg-Nampt mouse
hearts. The levels of NADP*, NADPH, and NADP*+ NADPH were also all elevated in
Tg-Nampt mouse hearts in both the presence and absence of HFD consumption (Fig. 3B).
The NADPH/NADP™ ratio was significantly greater in Tg-Nampt mouse hearts than in NTg
mouse hearts in the presence of HFD consumption. The levels of NAD* kinase (NADK),

an enzyme that catalyzes NAD™ phosphorylation, and glucose-6-phosphate dehydrogenase
(G6PD), the rate limiting enzyme for the pentose phosphate pathway, in the heart did

not differ significantly between Tg-Nampt and NTg in either the presence or absence of
HFD consumption (Fig. 3C). To test whether NADK mediates Nampt-induced protective
effects against diastolic dysfunction, Tg-Nampt mice were treated with an NADK inhibitor,
thionicotinamide 19, In order to clarify the role of NADK in the early phase of diastolic heart
failure development, we performed PV loop analyses after 1 month of HFD consumption.
HFD-induced diastolic dysfunction was inhibited in Tg-Nampt mice, an effect that was
abolished in the presence of the NADK inhibitor (Fig. 3D). In addition, heart weight/tibia
length was significantly reduced in Tg-Nampt compared to in NTg mice in response to HFD
consumption, an effect that was reversed in the presence of the NADK inhibitor (Fig. 3E).
As shown in Fig. 3F, we verified that Nampt-induced NADP and NADPH upregulation was
partly abolished with the NADK inhibitor. In contrast, Nampt-induced NAD and NADH
upregulation was not significantly changed by the NADK inhibitor. These results suggest
that Nampt protects against HFD-induced diastolic dysfunction and cardiac hypertrophy
partly through NADK-dependent NADP(H) production.

Gain of Nampt function potentiates the GSH and Trx1 systems.

Increased production of NADPH, an electron donor, leads to activation of the glutathione
(GSH) and thioredoxin (Trx) systems 12:13, The level of GSH was significantly higher in
Tg-Nampt mouse hearts than in NTg mouse hearts in the presence of HFD consumption
(Fig. 4A). There was no significant difference in the level of GSSG between Tg-Nampt
and NTg mice with or without HFD consumption (Fig. 4A). The GSH/GSSG* ratio was
significantly greater in Tg-Nampt mouse hearts than in NTg mouse hearts in the presence
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of HFD consumption. (Fig. 4A). These results suggest that overexpression of Nampt rescues
the inactivation of the GSH system during HFD consumption. To investigate whether gain
of Nampt function potentiates the Trx system, we examined sulfonation (-SO3H) of Prdx1,
a major Trx1 substrate, at catalytic cysteine residues, which is an irreversible oxidative
modification that inhibits Prdx1. HFD consumption significantly increased sulfonation of
Prdx1 in the heart, but the level of Prdx1 sulfonation in the presence of HFD consumption
was significantly lower in Tg-Nampt mouse hearts than in NTg mouse hearts (Fig. 4BC).

We have shown previously that Trx1 plays an essential role in reducing critical cysteine
residues in AMPKa and mTOR, thereby maintaining their activity 20: 21, HFD consumption
significantly decreased the level of Thr172 phosphorylated AMPK/total AMPK and Thr389
phosphorylated S6/total S6, indicators of AMPK and mTOR activation respectively, but
phosphorylation of AMPK and p70S6K was significantly higher in Tg-Nampt than in NTg
in the presence of HFD consumption (Fig. 4BC). These results suggest that gain of Nampt
function potentiates the reducing activity of Trx1, thereby rescuing the decreases in the
activity of AMPK and mTOR in the presence of HFD consumption. To further investigate
whether oxidative stress in the heart is alleviated in Tg-Nampt mice, we evaluated the level
of dityrosine, a protein oxidative adduct. The level of dityrosine was elevated in NTg mouse
hearts in response to HFD consumption but was significantly lower in Tg-Nampt mouse
hearts than in NTg mouse hearts in the presence of HFD consumption (Fig. 4BC).

AMPK promotes autophagy, whereas mTOR inhibits it 22, Since Nampt promotes both
AMPK and mTOR activity, we evaluated whether gain of Nampt function promotes or
inhibits autophagy and mitophagy. To this end, we expressed GFP-LC3 and Mito-Keima
with adenovirus vectors in cultured cardiomyocytes. PA-induced autophagy, indicated

by increases in GFP-LC3 dots, was significantly promoted by Nampt overexpression in

the presence of chloroquine, a lysosomal inhibitor (Fig. 4D). In addition, PA-induced
increases in mitophagy, evidenced by a shift in Mito-Keima excitation to higher wavelengths
indicating acidification due to fusion of mitochondria-containing autophagosomes with
lysosomes, were significantly enhanced by Nampt. However, this effect was partly inhibited
by NADK knockdown with sShNADK, suggesting that Nampt potentiates mitophagy in the
presence of a fatty acid partly through an NADK dependent mechanism (Fig. 4E).

Myocardial accumulation of toxic lipids, termed lipotoxicity, is an important feature of
diabetic cardiomyopathy23. To investigate whether the protective effect of Nampt during
HFD consumption is associated with altered accumulation of toxic lipids, we performed
lipidomics analyses of ventricular tissues obtained from NTg and Tg-Nampt mice that

had been fed either ND or HFD. Using LC-MS, we analyzed myocardial contents of
various lipid species (Table V in Data Supplement), including glycerophosphocholines
(PCs), sphingomyelins (SMs), triacylglycerols (TAGS), acylcarnitines, ceramides, and
diacylglycerols (DAGs). Of note, the amount of toxic lipids?4, including ceramides

and DAGs, was not significantly different between NTg and Tg-Nampt mice under

HFD consumption conditions (Fig. 4F). However, specific lipid species, including
dihydroceramide species D18:1/22:0, D18:1/24:0 and D18:1/24:1, ceramide species
D18:1/20:0 and hexosylceramide species D18:1/24:0, were significantly lower in Tg-Nampt
mice than in NTg mice under HFD consumption conditions (Fig. 4G). These results suggest
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that a gain of Nampt function downregulates accumulation of toxic lipids. Taken together,
these results indicate that Nampt potentiates the GSH and Trx1 systems, autophagy and
mitophagy, attenuates oxidative stress, and prevents accumulation of toxic lipid derivatives
in the heart in the presence of HFD consumption /n vivo.

Nampt promotes NADP(H) production and protects cardiomyocytes against oxidative
stress in an NADK-dependent manner.

We next investigated the role of endogenous NADK in mediating the protective effect of
Nampt overexpression in cardiomyocytes. Knockdown of NADK with short hairpin RNA
(shNADK), either with or without overexpression of Nampt, did not affect the level of
NAD™* (Fig. 5A). However, increased production of NADPH in the presence of Nampt
overexpression was abolished in the presence of SAINADK (Fig. 5B). These results suggest
that NADK plays an essential role in mediating the upregulation of NADPH in the presence
of Nampt overexpression. Notably, the level of NADP was not significantly altered even

in the presence of Nampt overexpression in either the presence or absence of ShNADK,
suggesting that NADP produced by NADK is instantly converted to NADPH in cultured
cardiomyocytes. Taken together, these results suggest that Nampt-induced NAD™ production
promotes NADP(H) production in an NADK-dependent manner.

We next investigated whether Nampt protects against oxidative stress through NADPH
production. As shown in Fig. 6A, treatment of cardiomyocytes with H,O, induced Prdx1
sulfonation, which was inhibited in the presence of Nampt overexpression. The suppression
of HyO,-induced sulfonation of Prdx1 was reversed in the presence NADK knockdown (Fig.
6A), suggesting that NADK and the consequent production of NADP* and NADPH play

an important role in mediating the protective effect of Nampt against Prdx1 sulfonation.

We have shown previously that AMPK and mTOR are oxidized and form intermolecular
disulfide bonds in the presence of oxidative stress 2%: 21, H,0, treatment induced band

shifts of AMPKa and mTOR to higher molecular weights under non-reducing conditions,
which were inhibited in the presence of Nampt overexpression in cardiomyocytes. Nampt-
induced alleviation of AMPK and mTOR oxidation was reversed in the presence of

NADK knockdown (Fig. 6B). H,O5 treatment inhibited phosphorylation of mTOR, an
effect that was alleviated in the presence of Nampt overexpression in cardiomyocytes.

The protective effect of Nampt in the presence of oxidative stress was reversed in the
presence of NADK knockdown (Fig. 6C). Phosphorylation of S6K, an mTOR substrate, in
the presence of oxidative stress was higher in the presence of Nampt overexpression, an
effect that was abolished with NADK knockdown (Fig. 6C). As shown in Fig. 6D, H,0,
treatment induced death in cardiomyocytes, which was attenuated in the presence of Nampt
overexpression. Nampt-induced suppression of H,O,-induced cell death was reversed in the
presence of NADK knockdown. The protective effects of Nampt were also abolished in the
presence of buthionine sulfoximine (BSO), an inhibitor of GSH synthesis, or downregulation
of Trx1. These results suggest that Nampt confers resistance against oxidative stress

to cardiomyocytes through NADK-dependent mechanisms and consequent activation of
NADPH-dependent antioxidant systems, including the GSH and Trx1 systems. Besides

the NADK-dependent mechanism, sirtuins, NAD*-dependent enzymes, may mediate the
protective effect of Nampt against oxidative stress. To test this possibility, we knocked down
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sirtuins, including Sirtl and Sirt3. Knockdown of Sirtl abolished the protective effect of
Nampt, whereas that of Sirt3 promoted the protective effect (Fig. 6E). Thus, Sirtl mediates,
whereas Sirt3 inhibits, the protective effect of Nampt. Knockdown of Trx1, Sirtl and Sirt3
proteins was verified (Fig. 6F). Interestingly, knockdown of Sirtl downregulated Trx1,
whereas that of Sirt3 upregulated Trx1. Conversely, knockdown of Trx1 upregulated Sirt1,
most likely due to compensatory mechanisms. Thus, Trx1 may also mediate Sirt1- and loss
of Sirt3-induced protective effects. Taken together, both the NADK-dependent anti-oxidant
system and Sirtl plays a crucial role in Nampt-induced stress resistance.

Nampt is upregulated in the heart in response to HFD consumption, thereby maintaining
the cellular redox status and protecting against the development of diastolic dysfunction.

In order to investigate the role of endogenous Nampt in the heart during HFD consumption,
we used systemic Nampt heterozygous knockout (Nampt*/~) mice. Due to embryonic
lethality 25, Nampt homozygous knockout mice could not be used for this investigation. As
reported previously, Nampt*/~ mice showed a lean phenotype under ND feeding conditions
16 but the body weight of Nampt*/~ mice did not differ significantly from that of wild

type (WT) mice after 3 months of HFD consumption (Fig. 7A). The blood glucose

levels of Nampt*/~ mice and WT mice also did not differ significantly after 3 months

of HFD consumption (Fig. 7B). As expected, upregulation of Nampt in response to HFD
consumption was abolished in Nampt*/~ mice (Fig. 7C). HFD consumption for 3 months
induced diastolic dysfunction in WT mice, as indicated by significant elevations in EDP
and the slope of the EDPVR, which was exacerbated in Nampt*/~ mice (Fig. 7D). Cardiac
systolic function, evaluated via echocardiographically measured %FS, was not significantly
different between WT and Nampt*/~ mice, with or without HFD consumption (Table VI

in Data Supplement). Data obtained by echocardiography are summarized in Table VI in
Data Supplement. These results suggest that endogenous Nampt plays an important role

in mediating diastolic dysfunction in the heart in response to HFD consumption. HFD
consumption significantly increased the LVW/TL ratio in both WT and Nampt*/~ mice but
LVW/TL did not differ significantly between Nampt*™'~ and WT mice (Table VII in Data
Supplement). Results of organ weight measurements are summarized in Table VII in Data
Supplement.

The levels of NAD*, NADH, and NAD*+NADH were significantly lower in Nampt*/~

mice after both ND and HFD consumption (Fig. 7E). The NAD*/NADH ratio was not
significantly different between Nampt*/~ and WT mice in either the presence or absence

of HFD consumption. The levels of NADP* and NADP*+NADPH were also significantly
lower in Nampt*/~ mice after both ND and HFD consumption (Fig. 7F). However, the level
of NADPH and the NADPH/NADP* ratio did not differ significantly between Nampt*/~ and
WT mice in either the presence or absence of HFD consumption (Fig. 7F). These results
suggest that endogenous Nampt plays an important role in mediating NAD* and NADP*
production in the heart in both the presence and absence of HFD consumption. Protein
levels of NADK and G6PD in the heart did not differ significantly between Nampt*/~ and
WT mice in the presence or absence of HFD consumption. (Fig. 7GH). We also evaluated
how the haploinsufficiency of Nampt affects downstream effectors of Trx1 and GSH during
HFD consumption. The level of sulfonated Prdx1 was significantly higher in Nampt*/~ mice

Circ Res. Author manuscript; available in PMC 2022 June 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oka et al.

Page 11

than in WT mice in the presence of HFD consumption (Fig. 7GH). The activity of mTOR,

as indicated by phosphorylation of mTOR and S6K, was significantly lower in Nampt*/~
mice than in WT mice in the presence of HFD consumption (Fig. 7GH). The activity of
AMPK, as indicated by phosphorylation of AMPK and ACC, a substrate of AMPK, was also
significantly lower in Nampt*/~ mice than in WT mice in the presence of HFD consumption
(Fig. 7GH). The levels of sulfonated Prdx1 and dityrosine were significantly increased in
Nampt*~ mice (Fig. 7GH). In contrast, the levels of Trx1, phosphorylated-IKK and TLR4
were not significantly changed (Fig. 7GH). These results suggest that endogenous Nampt
plays an essential role in maintaining cardiac diastolic function and redox homeostasis by
maintaining the activity of the Trx1 system in the presence of HFD consumption.

Nampt potentiates metabolic ability.

To investigate the role of endogenous Nampt in metabolic ability, we examined

expression of mitochondrial proteins, and triglyceride and ATP contents. The expression

of mitochondrial proteins, including Atp5a, Uqcrc, Sdhb, and Ndufb8, was significantly
lower in Nampt*/~ mice than in WT mice in the presence of HFD consumption (Fig.

8A). To investigate whether endogenous Nampt promotes fatty acid oxidation, oxygen
consumption rate was examined in cardiomyocytes transduced with shNampt adenovirus
vector and treated with PA (Fig. 8B). Knockdown of Nampt inhibited ATP-production
coupled oxygen consumption in both the presence and absence of PA, suggesting that Nampt
maintains ATP production (Fig. 8C). Maximum fatty acid oxidation ability, characterized

by the etomoxir-, a fatty acid oxidation inhibitor, sensitive oxygen consumption rate,

was inhibited by Nampt knockdown (Fig. 8D). Knockdown of Nampt was verified in
cultured cardiomyocytes (Fig. 8E). In contrast, maximum fatty acid oxidation ability was not
significantly changed in Nampt-overexpressing cardiomyocytes (Fig. 8F-G). Thus, Nampt
is essential for maintenance of fatty acid oxidation, but gain of Nampt function does not
significantly affect it. Taken together, these results suggest that endogenous Nampt plays

a role in maintaining cardiac energy homeostasis, including expression of mitochondrial
proteins, ATP production and fatty acid oxidation.

DISCUSSION

Our results suggest that Nampt, the rate limiting enzyme in the NAD™* salvage pathway,
inhibits the development of diastolic dysfunction, hypertrophy and fibrosis in the heart

in response to HFD consumption. Endogenous Nampt is upregulated in the heart during
HFD consumption and downregulation of endogenous Nampt exacerbates cardiomyopathy,
indicating that upregulation of Nampt in response to HFD consumption is an adaptive
mechanism to prevent the development of diabetic cardiomyopathy. Nampt increases
NADPH in an NADK-dependent manner, thereby stimulating the GSH and Trx1 systems
and alleviating oxidative stress (Fig. 8H). Importantly, gain of Nampt function inhibits
HFD-induced diastolic dysfunction, whereas the protective effect is abolished with NADK
inhibition. Since increased oxidative stress is a major driving factor for the development
of diabetic cardiomyopathy 26, we propose that Nampt protects the heart against diabetic
cardiomyopathy in part by alleviating oxidative stress through an increased supply of
NADPH to the GSH and Trx1 systems. The metabolic rigidity in diabetic hearts,
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characterized by increased fatty acid uptake and mitochondrial oxidation, leads to decreases
in the NAD*/NADH ratio, due to increased production of NADH and increased production
of acetyl-CoA. This, in turn, leads to, suppression of sirtuins, and increases in protein
acetylation, which potentially lead to mitochondrial dysfunction in the heart 27.

Gain of Nampt function reduced the accumulation of some subspecies of dihydroceramide,
ceramide and hexosylceramide (Fig. 4G). Conversely, loss of Nampt function limited the
myocardial capacity for fatty acid oxidation and mitochondrial respiration, in association
with downregulation of enzymes that are involved in mitochondrial energy metabolism
(Fig. 8A-D). Thus, endogenous Nampt maintains fatty acid oxidation partly through
mitochondrial respiration, which presumably prevents accumulation of toxic lipids in the
heart. Since maintaining the NAD(H) level is essential for proper mitochondrial function,
our data suggest that Nampt determines mitochondrial respiration capacity via NAD*
production. In addition, maintenance of AMPK and mTOR function via the NADP(H)-Trx1
pathway may also play a role in maintenance of mitochondria function.

Increased oxidative stress also activates nuclear poly (ADP-ribose) polymerase (PARP), a
DNA repair enzyme that consumes cellular NAD* 28, Previous studies have shown that
diabetic cardiomyopathy is accompanied by decreases in NAD*/NADH, and restoring
the level of NAD*/NADH has been proposed as an effective treatment for diabetic
cardiomyopathy 27. Here we show that HFD consumption is accompanied by increases

in endogenous Nampt and that exogenous Nampt expression alleviates the development
of diabetic cardiomyopathy in response to HFD consumption. These results suggest that
upregulation of Nampt prevents the pathogenesis of diabetic cardiomyopathy. Our results
provide a basis for the development of a treatment for diabetic cardiomyopathy based on
stimulation of NAD™ synthesis through stimulation of Nampt, such as with a small molecule
activator of Nampt 29,

Although NADP* is produced from NAD™ in the presence of NADK, how NAD* is supplied
has not been clearly shown in the heart and cardiomyocytes therein. Using genetically
altered mouse models, our study clearly shows that NAD* produced through the salvage
pathway, including Nampt, couples to the production of NADP(H). Downregulation of
endogenous Nampt in the presence of HFD consumption was accompanied by decreases

in NAD* and NADP*, whereas the rescue of Nampt by transgenic overexpression restored
the levels of NAD*, NADP* and NADPH, suggesting that endogenous Nampt is a critical
regulator of NADP(H) during diabetic cardiomyopathy. Since NADPH is a major donor of
electrons for the GSH and Trx systems, which in turn inhibit protein oxidation directly or
reduce the level of H,O, through reduction of GSH peroxidases and peroxiredoxins, our
study indicates that Nampt is a critical regulator of the redox status in the heart in the
presence of HFD consumption. Nampt alleviates H,O»-induced Prdx1 oxidation and mTOR
inhibition in cardiomyocytes through activation of Trx1, whereas these protective effects

of Nampt were inhibited in the presence of NADK knockdown. These results suggest that
the NADP(H) pathway significantly mediates the protective effects of Nampt under stress
conditions.
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NAD™ acts as a major substrate of sirtuins and supports sirtuins’ deacetylase activity 3.
We have shown previously that sirtuins, including Sirt1, Sirt3 and Sirt5, are upregulated

in Tg-Nampt mice, accompanied by decreases in overall protein acetylation 16. We have
also shown that the protective effects of NAD™ replenishment in the heart during ischemia
and reperfusion are mediated primarily through Sirt1 31. Interestingly, Sirt1 is inhibited by
direct carbonyl modification in response to oxidative stress 32. Thus, Nampt may activate
Sirtl not only through NAD™* production but also by preventing Sirt1 oxidation due to a
reductive redox environment. In addition, Sirtl inhibits HFD-induced diastolic dysfunction
33, Thus, Nampt may inhibit diastolic dysfunction partly through Sirt1 activation. The
current study shows that the protective effect of Nampt against HoO»-induced cell death

is abolished in the presence of Sirtl knockdown but promoted in the presence of Sirt3
knockdown (Fig. 6E). Sirtl protects the heart against oxidative stress, possibly through
transcription of reducing enzymes such as Trx1 34, Indeed, Sirt1 knockdown downregulated
Trx1 (Fig. 6F). Currently, how loss of Sirt3 potentiates Nampt function remains to be
elucidated. However, downregulation of Sirt3 in mitochondria may increase NAD™, since
Sirt3 is a major consumer of NAD™ in mitochondria. In addition, we observed that

Sirt3 knockdown upregulated Trx1 (Fig. 6F). Thus, Sirt3 knockdown may potentiate both
NADP(H) production and the Trx1 system, thereby promoting Nampt-induced protective
effects as a negative feedback mechanism to offset the potentially harmful effect of Sirt3
downregulation. Further investigation is required to clarify the role of sirtuins in mediating
the protective effect of Nampt in response to HFD consumption.

We have shown recently that pressure overload-induced failing heart phenotypes are
exacerbated in Tg-Nampt mice partly through Sirt1 18, The molecular mechanisms through
which overexpression of Nampt in the heart differentially affects cardiac function in pressure
overload and HFD consumption remain to be elucidated. In addition to acting as the
rate-limiting enzyme in the NAD™* salvage pathway, Nampt can also be secreted, and its
extracellular form, called eNampt, acts as a cytokine 2°. Phosphorylation of IKK is elevated
in Tg-Nampt mice during pressure overload 16, Interestingly, although HFD consumption
activates IKK in the heart, IKK was completely inhibited in Tg-Nampt mice. Thus, how
Nampt affects the inflammatory signaling mechanism appears context-dependent and may
determine the overall effect of Nampt overexpression in the heart. Further investigation is
required to address this issue. In addition, the role of eNampt during HFD consumption
remains to be elucidated.

Gain of Nampt function prevents HFD-induced cardiac hypertrophy (Fig. 2A and 2B).
Importantly, the Trx1 and GSH systems possess anti-hypertrophic effects. In fact, we have
shown previously that Trx1 inhibits cardiac hypertrophy in part through miR-98 35. The
heart weight/tibia length ratio (HW/TL), an index of cardiac hypertrophy, after 1 month

of HFD consumption was reduced in Tg-Nampt compared to in NTg mice, whereas the
decrease in the HW/TL was abolished in the presence of an NADK inhibitor (Fig. 3E). Thus,
Nampt may inhibit HFD-induced cardiac hypertrophy partly through NADK-dependent
mechanisms such as Trx1 and GSH.

Our Jn vivo Nampt loss-of-function experiments were conducted with systemic Nampt*/~
mice. HFD-induced exacerbation of cardiac dysfunction is at least in part mediated through
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the loss of Nampt function in cardiomyocytes since cardiomyocyte-specific gain of Nampt
function exhibited opposite effects in the heart in the presence of HFD consumption. The
loss of Nampt function may negatively affect insulin secretion in pancreatic p-cells 2°.
However, we did not observe any significant difference in glucose levels between Nampt*/~
and WT mice in response to HFD consumption. Further investigation with cardiac-specific
Nampt knockout mice would confirm the role of Nampt in cardiomyocytes during HFD
consumption.

In summary, Nampt protects the heart against the development of diabetic cardiomyopathy
in response to HFD consumption. Therapeutic interventions to increase NADP(H) through
activation of Nampt in cardiomyocytes may be effective in treating diastolic dysfunction,
hypertrophy and fibrosis in diabetic patients.
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Nonstandard Abbreviations and Acronyms:

BSO buthionine sulfoximine

NAD* nicotinamide adenine dinucleotide
NADP?* nicotinamide adenine dinucleotide phosphate
HFD high fat diet

Nampt nicotinamide phosphoribosyltransferase
NADK NAD kinase

G6PD Glucose-6-phosphate dehydrogenase
GSH Glutathione

PV Pressure-volume

EDP End-diastolic pressure

EDPVR EDP volume relationship

LV Left ventricular
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INK c-Jun N-terminal kinase
TAK1 Transforming growth factor p-activated kinase 1
TL tibial length
TLR4 Toll like receptor 4
Trxl Thioredoxin 1
Prdx1 Peroxiredoxin 1
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Diabetic cardiomyopathy is often accompanied by decreases in NAD+/NADH
and increases in oxidative stress.

. Nicotinamide phosphoribosyltransferase (Nampt) is a rate-limiting enzyme of
NAD+ synthesis.

. NADRP is converted to NADPH, an electron donor for glutathione (GSH)
and thioredoxin (Trx), and is generated from NAD+ in the presence of NAD
kinase (NADK).

What New Information Does This Article Contribute?

. Nampt is necessary and sufficient to protect the heart against the development
of diabetic cardiomyopathy in response to high fat diet (HFD) consumption.

. The protective effect of Nampt in the heart in the presence of HFD
consumption is mediated in part through NADK-dependent-mechanisms and
stimulation of GSH and Trx1.

Consumption of a western diet and obesity promote insulin resistance and the
development of diastolic dysfunction and fibrosis in the heart, termed diabetic
cardiomyopathy. Diabetic cardiomyopathy is accompanied by decreases in electron
acceptors/donors (NAD+/NADH) and increases in oxidative stress. \We here demonstrate
that Nampt, a rate-limiting enzyme in the NAD+ salvage pathway, plays an essential role
in protecting the heart against the development of diabetic cardiomyopathy in response

to high fat diet consumption in mice. Nampt not only increases NAD+/NADH but also
activates NADPH-dependent anti-oxidant systems, including GSH and the Trx system, in
the diabetic heart, which in turn alleviates oxidative stress and improves mitochondrial
function. The protective effect of Nampt is inhibited when NADK is inhibited, suggesting
that NADK plays an important role in mediating the protective effect of Nampt through
production of NADP. Intervention to promote NAD+ not only activates NAD+-dependent
enzymes, including sirtuins, but also activates anti-oxidants, and, thus, could be effective
in alleviating cardiac dysfunction in diabetic patients.
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Figure 1.
Nampt overexpression ameliorates HFD-induced diastolic dysfunction. (A) HFD

consumption upregulates Nampt. Heart lysates were prepared from NTg and Tg-Nampt
mice after 3 months of HFD consumption. Western blot analyses were performed with
indicated antibodies. (B) Body weights in NTg and Tg-Nampt mice after 3 months of HFD
consumption. The mice were fed with HFD beginning at 6-12 weeks of age for 3 months.
(C) Blood glucose in NTg and Tg-Nampt mice after 3 months of HFD consumption. (D)
Glucose tolerance in NTg and Tg-Nampt mice under ND feeding and 3 months of HFD
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consumption. (E) Representative PV loop results after 3 months of HFD consumption. (F)
Increased EDP and EDPVR were observed after 3 months of HFD consumption in NTg but
were normalized in Tg-Nampt mice. (E-F) Mice were anesthetized using pentobarbital (G)
LV fractional shortening was preserved in Tg-Nampt mice fed ND and after 3 months

of HFD consumption. Statistical significance was determined with ANOVA (A and F
(EDPVR)), repeated measures ANOVA (B, C, D (Left) and G) and the Kruskal-Wallis test
(D (right) and F (EDP)).
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Figure 2.

Nampt overexpression ameliorates HFD-induced cardiac pathologies relevant to diastolic
dysfunction. (A-B) Nampt ameliorates HFD-induced left ventricular (LV) (A) and
cardiomyocyte (B) hypertrophy. (A) LV hypertrophy indicated by LV weight (LVW)/tibial
length (TL). (B) Relative cell size was evaluated, using wheat germ agglutinin (WGA)
staining. (C) Nampt ameliorates HFD-induced apoptotic cell death. TUNEL-positive cells
(apoptotic cells) were quantified as the number of TUNEL-positive/total number of nuclei
(%). (D) Nampt ameliorates HFD-induced cardiac fibrosis. Cardiac fibrosis was evaluated
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using Masson’s trichrome staining. (Left) Representative images from each group are
shown. Scale bars, 100 um. (Right) Quantitative analysis of the fibrotic areas. (E) Nampt
inhibits HFD-induced fibrosis markers. (F) Nampt inhibits HFD-induced IKK activation.
Heart lysates were prepared from NTg and Tg-Nampt mice after 3 months of HFD feeding.
Indicated pro-inflammatory signal regulators were examined with Western blot analyses.
Statistical significance was determined with ANOVA (A, B, C, E and F (P-JNK/JNK,
P-TAK1/TAK1 and TLR4/Tubulin)) and the Kruskal-Wallis test (D, F (P-IKK/IKK)).
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Figure 3.
Nampt overexpression upregulates NAD(H) and NADP(H). (A) The levels of NAD*, NADH

and total NAD*+NADH were examined in Tg-Nampt mice after either normal diet or

HFD consumption. (B) The levels of NADP*, NADPH, and total NADP*+NADPH and the
NADPH/NADP? ratio were examined in Tg-Nampt mice under HFD feeding conditions.
(C) Neither Nampt overexpression nor HFD significantly affects the level of NADK

or G6PD (D) Nampt overexpression attenuates HFD-induced diastolic dysfunction in an
NADK-dependent manner. Mice were anesthetized with Avertin. (E) Nampt overexpression
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attenuates HFD-induced cardiac hypertrophy in an NADK-dependent manner. (F) ThioN, an
NADK inhibitor, inhibits Nampt-induced NADP(H), but not NAD(H) production. Statistical
significance was determined with ANOVA (A-F).
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Figure 4.

Nampt overexpression attenuates HFD-induced oxidative stress. (A) Nampt overexpression
attenuates HFD-induced GSH oxidation. The levels of GSH and GSSG and the GSH/GSSG
ratio were examined in Tg-Nampt mice after 3 months of HFD consumption. (B-C) Nampt
overexpression attenuates HFD-induced inhibition of Trx1 substrates. Heart lysates were
prepared from NTg and Tg-Nampt mice after 3 months of HFD consumption. Western

blot analyses were performed with indicated antibodies. (D) Nampt promotes palmitic acid
(PA)-induced autophagy. After 2 days of adenovirus transduction of Nampt and GFP-LC3,
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cardiomyocytes were treated with 100 uM PA and 10 uM chloroquine for 4 hours. GFP-
LC3 dots per cell were counted. (E) Nampt promotes PA-induced mitophagy in an NADK-
dependent manner. After 3 days of adenovirus transduction of Nampt and Mito-Keima,
NADK was knocked down with shNADK. After 3 days, the cardiomyocytes were treated
with 100 umol/L PA for 24 hours. Areas with high 561/457 nm ratios, indicating mitophagy,
were measured. (F-G) The effect of Nampt overexpression upon myocardial contents of
various lipid species in the presence or absence of HFD consumption. (F) The effect upon
the total amount of indicated lipid species. (G) The effect upon several specific subspecies
of dihydroceramide, ceramide and hexosylceramide. Statistical significance was determined
with ANOVA (A (GSH and GSSG), and C-E) and the Kruskal-Wallis test (A (GSH/GSSG),
Fand G.
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Figure 5.
Nampt overexpression upregulates NADP(H) in an NADK-dependent manner. (A) Nampt

upregulates NAD™, which is not affected by NADK knockdown. Statistical significance

was determined with ANOVA. (B) Nampt upregulates NADPH in an NADK-dependent
manner. After 1 day of adenovirus vector (Nampt) transduction, SANADK was transfected
into cardiomyocytes. After 2 days of adenovirus transduction, the levels of NAD*, NADP*
and NADPH were examined. Statistical significance was determined with ANOVA (A and B
(NADP)) and the Kruskal-Wallis test (B (NADPH)).
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Figure 6.

Nampt alleviates oxidative stress in an NADK-dependent manner. (A) Nampt prevents
H,0,-induced Prdx1 oxidation in an NADK-dependent manner. (B) Nampt prevents H,O,-
induced intermolecular disulfide bond formation in AMPKa and mTOR in an NADK-
dependent manner (Ox: oxidized, Red: reduced, LE: long exposure, SE: short exposure).
(C) Nampt prevents H,O,-induced mTOR inhibition in an NADK-dependent manner.
After 1 day of adenovirus vector (Nampt) transduction, SINADK was transfected into
cardiomyocytes. After 1 or 2 days of transfection, cells were treated with 100 uM H,0,
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for 30 minutes. Western blot analyses were performed following SDS-PAGE under reducing
(A and C) and non-reducing (B) conditions using indicated antibodies. (D) Nampt prevents
H,0,-induced myocyte cell death, an effect that is partly abolished by inhibition of NADK,
GSH synthesis or Trx1. (Left) After adenovirus transduction and shRNA transfection as
described above, cells were treated with 100 umol/L H,O5 for 6 hours. Cell viability

was assessed by trypan blue dye exclusion. (Middle) Cells were treated with buthionine
sulfoximine (BSO, 100 umol/L), a GSH synthesis inhibitor, for 16 hours prior to H,0,
treatment. (Right) Adenovirus vector harboring shTrx1 was transduced together with that
for Nampt. (E) Sirt1, but not Sirt3, mediates the protective effects of Nampt against H,0,-
induced myocyte cell death. After adenovirus transduction and shRNA transfection, cells
were treated with 100 umol/L H,0, for 6 hours. Cell viability was assessed by trypan blue
dye exclusion. (F) Western blot showing knockdown of Trx1, Sirtl and Sirt3. Statistical
significance was determined with ANOVA (A-E).
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Endogenous Nampt prevents HFD-induced diastolic dysfunction and oxidative stress.

(A) Body weights in wild type and Nampt*/~ mice under HFD feeding conditions. (B) Blood
glucose in wild type and Nampt*/~ mice under HFD feeding conditions (C) HFD-induced
Nampt expression is inhibited in Nampt*/~ mice. NS: Non-specific band. (D) HFD-induced
diastolic dysfunction is exacerbated in Nampt*/~ mice. (E) Endogenous Nampt maintains
NAD(H). (F) Endogenous Nampt maintains NADP. (G) Neither Nampt knockdown nor
HFD significantly affects the level of NADK and G6PD. (H) Nampt knockdown promotes
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HFD-induced inhibition of Trx1 substrates. Heart lysates were prepared from WT and
Nampt*/~ mice after 3 months of HFD consumption. Western blot analyses were performed
with indicated antibodies. Statistical significance was determined with ANOVA (C, E
(NADH), F (NADPH, NADP+NADPH, NADPH/NADP), G, H (NADK/Tubulin, G6PD/
Tubulin, PrdxSO3H/Prdx1, P-mTOR/mTOR. P-S6K/S6K, P-AMPKa/AMPKa, P-ACC/
ACC, Dityrosine/Tubulin and P-IKK/IKK), repeated measures ANOVA (A, B) and the
Kruskal-Wallis test (D, E (NAD, NAD+NADH, NAD/NADH), F (NADP) and H (Trx1/
Tubulin and TLR4/Tubulin).
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Figure 8.
Nampt potentiates metabolic ability. (A) Nampt knockdown suppresses mitochondrial

proteins during HFD consumption. Heart lysates were prepared from WT and Nampt*/~
mice after 3 months of HFD consumption. Western blot analyses were performed with
indicated antibodies. (B-D) Nampt potentiates ATP production and fatty acid oxidation.
Cardiomyocytes were transduced with shNampt. Oxygen consumption rate was examined in
cardiomyocytes incubated with 100 pmol/L palmitic acid (PA). ATP production coupled
oxygen consumption (C) and maximum fatty acid oxidation capacity (D) are shown.
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(C-D) N=5-6. (E) Western blot showing knockdown of Nampt by adenovirus vector of
shNampt. (F-G) Cardiomyocytes were transduced with Ad-Nampt. Oxygen consumption
rate was examined in cardiomyocytes incubated with 100 pmol/L palmitic acid (PA).
Statistical significance was determined with ANOVA (A), the Kruskal-Wallis test (C), the
Mann-Whitney Utest (G), and the Student’s ztest (G). (H) A schematic representation of the
current hypothesis. Nampt promotes NAD production, which promotes NADP production
via NADK. Increased NADP(H) confers resistance against oxidative stress, possibly through
the GSH and Trx systems, which may in turn attenuate diastolic dysfunction.
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