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Abstract

Heart failure with preserved ejection fraction (HFpEF) is a highly prevalent and intractable form
of cardiac decompensation commonly associated with diastolic dysfunction. Here, we show that
diastolic dysfunction in patients with HFpEF is associated with a cardiac deficit in nicotinamide
adenine dinucleotide (NADY). Elevating NAD™ by oral supplementation of its precursor,
nicotinamide, improved diastolic dysfunction induced by aging (in 2-year-old C57BL/6J mice),
hypertension (in Dah/ salt-sensitive rats) or cardiometabolic syndrome (in ZSF1 obese rats).

This effect was mediated partly through alleviated systemic comorbidities and enhanced
myocardial bioenergetics. Simultaneously, nicotinamide directly improved cardiomyocyte passive
stiffness and calcium-dependent active relaxation through increased deacetylation of titin and the
sarcoplasmic reticulum calcium ATPase 2a, respectively. In a long-term human cohort study, high
dietary intake of naturally occurring NAD™* precursors was associated with lower blood pressure
and reduced risk of cardiac mortality. Collectively, these results suggest NAD* precursors, and
especially nicotinamide, as potential therapeutic agents to treat diastolic dysfunction and HFpEF
in humans.

Introduction

Heart failure with preserved ejection fraction (HFpEF) is a prevalent form of cardiac
decompensation that is increasing with population aging (1). At variance with heart failure
with reduced ejection fraction (HFrEF), there are still no evidence-based therapies for
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HFpEF (2), although it is the leading cause of hospitalization in the elderly with almost a
third of discharged patients being readmitted or dying within 3 months (3). The quest for
effective HFpEF pharmacotherapies has been frustrated by the heterogeneous nature of the
disease, which is increasingly recognized as an age-related systemic syndrome (4). Although
inflammation and nitrosative/oxidative stress have been proposed to contribute to HFpEF
pathogenesis (5, 6), the full range of mechanisms underlying HFpEF remains far from being
completely understood. The complexity of HFpEF is further underscored by sex-related
differences. Women tend to have a worse quality of life despite higher overall survival than
men with HFpEF (7), which further thwarts a rationally designed therapy.

Since previous efforts using HFrEF medications (¢e.g., neurohormonal antagonists and nitrate
derivatives) failed to improve premature mortality in patients with HFpEF (8), emerging
anti-aging therapies that may target common HFpEF abnormalities are worth considering.
Indeed, caloric restriction, the most effective longevity-promoting intervention in model
organisms (9), has been shown to improve left ventricular hypertrophy and exercise capacity
in men and women with HFpEF (10). However, implementing caloric restriction in humans
is limited due to the lack of compliance and potential adverse effects on bone density and
immunity (9).

The beneficial effects of caloric restriction can be mimicked, at least in part, through
increasing nicotinamide adenine dinucleotide (NAD™) cellular concentrations (11, 12).
Restoring NAD* abundance attenuates metabolic abnormalities in animal models of aging
and obesity (13), which are also two major risk factors for HFpEF (2). Interestingly,
experimental HFpEF is associated with perturbations in fatty acid oxidation, redox
reactions, mitochondrial electron transfer, and ATP synthesis (14), which are all NAD™-
dependent processes. Thus, it is plausible that NAD* metabolism is deranged in HFpEF,
and that it might be therapeutically targeted. Driven by this speculation, we examined
whether supplementation of the NAD* precursor nicotinamide (NAM) attenuated diastolic
dysfunction, a common cardiac abnormality in clinical HFpEF, using animal models of
aging, hypertension, and metabolic syndrome.

Here, we report that patients with HFpEF and animals with diastolic dysfunction exhibit a
deficit in cardiac NAD*. NAM administration to animals with typical HFpEF risk factors
substantially improved diastolic dysfunction. This effect was mediated at least in part
through increased deacetylation of the proteins regulating the mechanoelastic properties
of cardiac myocytes. Concurrently, NAM enhanced energy metabolism, thereby improving
myocardial and skeletal muscle bioenergetics. Finally, in a prospective human cohort,
dietary intake of NAD* precursors was associated with lower blood pressure and reduced
risk of cardiac mortality.

Elevating NAD* improves diastolic dysfunction in ZSF1 obese rats

We first quantified NAD™ in hyperphagic leptin receptor-deficient ZSF1 rats, a model
of metabolic syndrome and HFpEF (15, 16). These obese, diabetic and hypertensive
rats replicate many aspects of clinical HFpEF, including diastolic dysfunction, effort
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intolerance and lung congestion, despite having preserved ejection fraction (15, 16). As
compared to lean controls, ZSF1 obese rats had lower cardiac and hepatic NAD*, despite
similar expression of the rate-limiting enzyme in the NAD* salvage pathway, nicotinamide
phosphoribosyltransferase (NAMPT), which converts NAM to NAD* (fig. S1).

Since NAMPT expression was preserved in ZSF1 obese rats, we opted to administer the
NAD™ precursor NAM (40 mM in the drinking water, Fig. 1A) to test whether boosting
NAD™* improves diastolic dysfunction. Both male and female rats were included to capture
possible sex-related differences. NAM supplementation increased NAM and NAD™ in the
heart and liver, and circulating NAM in plasma (fig. S1, A to C), while it induced substantial
improvements in the cardiac phenotype in vivo. Both male and female NAM-treated rats
exhibited less cardiac hypertrophy and unaltered ejection fraction (Fig. 1, B to D and table.
S1). Importantly, NAM reduced the echocardiography-derived E/e’ ratio, a non-invasive
measure of left ventricular (LV) diastolic dysfunction, to values comparable to those
observed in leptin receptor-sufficient lean rats (Fig. 1, E and F). Such improvement in
diastolic dysfunction was further corroborated in both sexes by invasive determination of
LV end-diastolic pressure, which was elevated in obese compared to lean controls, and
normalized by NAM (Fig. 1G). Enhanced diastolic function upon NAM supplementation
correlated with faster LV active relaxation, as demonstrated by a shorter LV pressure decay
time constant < (table. S2), and with reduced LV passive stiffness, as indicated by the lower
myocardial stiffness constant p and the downward-shift of the end-diastolic pressure-volume
relationship (Fig. 1, H to J).

The improved cardiac phenotype of NAM-treated rats was accompanied by a reduced lung
weight-to-tibia length ratio, a measure of pulmonary congestion and a clinical sign of
heart failure in rodent models (Fig. 1K). Moreover, exercise tolerance testing coupled to
indirect calorimetry revealed that NAM enhanced maximal oxygen consumption, running
distance and workload, indicating that NAM improved the cardiopulmonary functional
capacity of ZSF1 obese rats (Fig. 1, L to N). Collectively, these results indicate that NAM
supplementation attenuates structural and functional cardiac abnormalities reminiscent of
HFpEF in male and female ZSF1 obese rats.

NAM alleviates HFpEF risk factors in ZSF1 obese rats

We then examined whether NAM affects other comorbidities in ZSF1 obese rats, including
hypertension, diabetes and obesity, which are also common risk factors for HFpEF in
patients (2). NAM reduced systolic, diastolic and mean blood pressure (Fig. 2, A and B,
and fig. S2, A to D). This antihypertensive effect correlated with improved endothelial
function, as indicated by an enhanced vasodilatory response to acetylcholine in isolated
aortic rings (Fig. 2, C to D, and fig. S2, E and F). At variance with a previous report on
high-fat diet-induced obesity (13), NAM did not improve glucose homeostasis or insulin
sensitivity in hyperphagic ZSF1 obese rats (fig. S3). However, NAM conspicuously reduced
body weight gain and visceral fat accumulation (Fig. 2, E to G) without affecting lean body
mass (fig. S4A), indicating improved body composition. Although NAM did not reduce food
intake (fig. S4B), it attenuated body weight gain per consumed kca/ of energy (/.¢e., feeding
efficiency; Fig. 2H). Consistently, NAM increased daily energy expenditure and oxygen
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consumption independently of body mass or circadian variations (Fig. 2, I and J, and fig.
S5). Hence, reduced adiposity by NAM can be attributed to increased energy expenditure
rather than reduced calorie intake. Finally, NAM-treated ZSF1 obese rats exhibited reduced
adipose tissue infiltration by leukocytes including B, T and natural killer cells, though
without changes in macrophages (fig. S6). In sum, NAM improved systemic HFpEF risk
factors, including obesity and hypertension, to a comparable extent in male and female ZSF1
obese rats.

NAM-induced metabolic reprogramming reinstates myocardial energy supplies in HFpEF

To elucidate the impact of NAM on general metabolism, we performed unbiased
metabolomic profiling of plasma from fasted ZSF1 rats. To determine underlying rather
than compensatory alterations, we used 12-week-old rats that did not yet exhibit morbid
obesity or fully developed heart failure. NAM-treated ZSF1 obese rats displayed substantial
metabolic reprogramming (Fig. 3A), thereby resembling the metabolomic profile of lean
controls (Fig. 3B). A total of 44% of detectable metabolites (n=82/187) — mostly fatty

and amino acids — were differentially regulated in response to NAM supplementation (Fig.
3C). NAM reduced branched-chain amino acids and their keto acid derivatives as well

as glycolytic intermediates (Fig. 3D). In contrast, NAM augmented fatty acids that were
predominantly (poly)-unsaturated as well as acyl-carnitines and 3-hydroxybutyrate (Fig. 3E
and fig. S7, A and B), which may reflect increased lipolysis, as also suggested by high
glycerol abundance (fig. S7C) and reduced adiposity in treated ZSF1 obese rats.

We next sought to determine how this systemic metabolic shift (fig. 7D) affect cardiac
metabolism. Comparative analysis of cardiac transcriptome in treated versus untreated
ZSF1 obese rats revealed tricarboxylic acid (TCA) cycle as the most enriched pathway

(fig. S8, A to C) in the heart. Several TCA cycle metabolites and genes were increased

in NAM-supplemented rats (Fig. 3, F and G). NAM also induced multiple genes related

to oxidative phosphorylation (fig. S8D), which was coupled to increased ATP/ADP and
phosphocreatine/ATP ratios in the left ventricle (Fig. 3H). Thus, NAM partially restored
constrained myocardial energy reserves in ZSF1 obese rats. Similarly, NAM increased ATP
and phosphocreatine levels in skeletal muscle (Fig. 31), but without detectable improvements
in skeletal myofiber size or the amount of regenerating myofibers (fig. S9). Taken together,
the switch from glycolytic to a more energy-efficient oxidative metabolism in NAM-treated
ZSF1 obese rats (Fig. 3J) coincides with the reversal of bioenergetic abnormalities that are
closely linked to diastolic dysfunction in clinical HFpEF (17).

NAM improves cardiomyocyte relaxation and stiffness in vitro

Beyond its pivotal role in energy metabolism, NAD™ is an important signaling molecule
involved in protein deacetylation through the sirtuin family of deacetylases (18). In line
with previous reports (13, 19), NAM-treated rats showed increased cardiac expression of
the NAD*-dependent deacetylase SIRT1 (fig. S10). However, the effect of NAM on sirtuin
activity is complex, and available evidence is rather inconclusive as to whether NAM
supplementation enhances or reduces protein acetylation (13). Therefore, we performed a
comprehensive acetylome analysis of myocardia from untreated and NAM-treated ZSF1
rats. Unexpectedly, the total number of acetylated proteins and the global degree of
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acetylation were comparable among the groups (Fig. 4, A and B, and fig. S11). However,
subcellular analysis revealed a disproportionate number of non-mitochondrial peptides that
were modestly deacetylated in NAM-treated ZSF1 obese rats (Fig. 4B). Therefore, we
focused our analysis on the proteins directly regulating the mechanoelastic properties of
cardiomyocytes.

First, we examined the acetylation status of sarcoplasmic reticulum Ca2* transport ATPase
2a (SERCA2a), a key protein regulating active relaxation of cardiomyocytes through Ca%*
reuptake into the sarcoplasmic reticulum (20). As compared to ZSF1 lean rats, obese rats
showed a non-significant (P=0.118) increase in SERCA2a (Aip2a3) acetylation (fig. S11),
which was markedly reduced by NAM (Fig. 4C). Deacetylation of SERCAZ2a is known to
improve its pump activity (21), and thus might contribute to improved diastolic function
through enhanced active relaxation of cardiomyocytes. To examine this possibility, we
measured Ca2* transients and sarcomere shortening in isolated cardiomyocytes from NAM-
treated ZSF1 obese rats, which showed faster CaZ* reuptake and sarcomere re-lengthening
as compared to control ZSF1 obese rats (fig. S12). To exclude the secondary effects of
improved hypertension and general metabolism, we incubated single cardiomyocytes of
non-treated ZSF1 obese rats with NAM for one hour. Acute NAM treatment reproduced
the effects of chronic NAM administration (fig. S12), including enhanced Ca?* transient
amplitude and Ca2* reuptake, as well as ameliorated sarcomere shortening and re-
lengthening (/.e,, relaxation) (Fig. 4, D to 1), suggesting that NAM improved cardiac
relaxation at least in part through direct effects on cardiomyocytes.

Second, we examined the acetylation status of titin, a large sarcomeric protein that
determines passive stiffness of cardiomyocytes (22). We detected five lysine residues in

titin that were all but one significantly deacetylated by NAM administration (Fig. 4C).
However, unlike other post-translational modifications of titin (22), it remains unknown as to
whether deacetylation alters the mechanical properties of titin or cardiomyocytes. To address
this point, we measured cardiomyocyte passive stiffness in NAM-treated and control ZSF1
rats. In line with the in vivo effect on myocardial passive stiffness, skinned cardiomyocytes
from NAM-treated rats exhibited improved passive tension as compared to those from
non-treated ZSF1 obese rats (Fig. 5A). We then performed a comprehensive biochemical
analysis of titin, which revealed that NAM did not affect titin isoform composition (the
proportion of the stiff N2B isoform), phosphorylation of the major N2B titin species, or titin
oxidation (fig. S13). Thus, reduced cardiomyocyte stiffness in NAM-treated ZSF1 obese
rats was specifically associated with titin deacetylation (Fig. 4C and Fig. 5B). However,

titin acetylation was not remarkably higher in ZSF1 obese vs. lean rats (Fig. 5B and fig.
S11). Therefore, to determine the functional relevance of titin deacetylation, we isolated rat
cardiomyocytes and then skinned and incubated them with recombinant SIRT1 protein. This
approach effectively deacetylated the stiff N2B titin isoform in vitro (Fig. 5C), and resulted
in clearly reduced titin-based cardiomyocyte passive tension (Fig. 5D). Hence, although
increased titin acetylation does not seem to be a prerequisite for diastolic dysfunction, its
deacetylation is sufficient to improve cardiomyocyte elasticity. Taking into account that
NAM did not reduce cardiac fibrosis (Fig. 5, E and F), the reduced myocardial stiffness

in NAM-treated ZSF1 obese rats might be attributed to titin deacetylation. Altogether,

these results indicate that in addition to the beneficial effects on energy metabolism, NAM
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might ameliorate diastolic function also through titin and SERCA2a deacetylation, leading
to improved passive stiffness and calcium-dependent active relaxation of cardiomyocytes,
respectively.

NAM improves diastolic dysfunction in hypertensive rats and aged mice

Although our in vitro results suggest that cardiomyocyte-specific effects of NAM contribute
to improved diastolic dysfunction, it is possible that the in vivo effects of NAM on

ZSF1 obese rats are secondary to the reduction in adiposity. To test whether NAM
ameliorates diastolic function also in the absence of obesity, we used two non-obese
models of diastolic dysfunction induced by hypertension or advanced age, which are also
predominant HFpEF risk factors (2). Dahl/ salt-sensitive rats were fed a high-salt diet for

5 weeks until they developed hypertensive cardiomyopathy (23). Then, the rats received

a low-salt diet combined (or not) with adjunct NAM in the drinking water (Fig. 6A).
Unlike in ZSF1 obese rats, NAM modestly reduced salt-induced hypertension in Dah/
rats (Fig. 6, B to D). Of note, NAM effectively ameliorated diastolic dysfunction, as
assessed by echocardiography and invasive LV end-diastolic pressure measurements (Fig.
6, E to ). Consistently, NAM-treated Dah/ rats exhibited reduced cardiac hypertrophy and
pulmonary congestion (Fig. 6J), which was associated with improved cardiopulmonary
functional capacity and exercise tolerance as compared to controls (Fig. 6, K to M).

We considered the possibility that the antihypertensive effect of NAM, albeit modest,
might have contributed to the cardioprotective effects observed in NAM-treated Dahl rats.
However, after correcting for the difference in systolic blood pressure between the groups
using Analysis of Covariance (ANCOVA), end-diastolic pressure and hypertrophy were
still significantly improved (Bonferroni-corrected P value = 0.037 and 0.008, respectively),
suggesting that other mechanisms than a reduction in blood pressure must be involved in
the beneficial action of NAM. Indeed, although total acetylated SERCAZ2a and acetylated
titin were not altered in Dah/rats (Fig. 6, N and O), NAM treatment of Dah/rats improved
cardiac energy metabolism, with higher cardiac ATP/ADP ratios, coupled to an increased
availability of unsaturated fatty acids (Fig. 6P).

Next, we tested the effect of NAM in 24-month-old C57BL/6J mice, a model of age-related
diastolic dysfunction (24). These mice are normotensive and non-obese and, thus, allow us
to examine diastolic dysfunction in the absence of other risk factors than age (25). Aged
mice received NAM for 4 months in the drinking water (Fig. 7A), and were then subjected
to cardiometabolic phenotyping. As compared to controls, NAM-treated aged mice exhibited
no alterations in ejection fraction, but lower heart weight-to-tibia length ratios, denoting
reduced hypertrophy (Fig. 7, B to D). Importantly, NAM improved the age-related decline in
diastolic function, as indicated by a lower E/e’ ratio and a shorter isovolumic relaxation
time (Fig. 7, E to G), but without changes in lung weight (fig. S14A). In line with

the observations made in ZSF1 obese rats, improved diastolic function in NAM-treated

aged mice was associated with total SERCAZ2a and titin deacetylation (Fig. 7, H and 1),
albeit non-significantly (P values = 0.067 and 0.051, respectively). Notably, NAM induced
cardioprotection in aged mice without any alterations in body weight, food intake or glucose
tolerance (fig. S14, B to D). Based on these findings, we conclude that NAM can ameliorate
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diastolic dysfunction, independently from its anti-obesity and anti-hypertensive effects, via
enhanced energy metabolism and/or deacetylation of SERCAZ2a and titin.

NAD™* supply is associated with lower risk of HFpEF and cardiac mortality in humans

To determine the clinical relevance of our findings, we examined the relationship between
dietary intake of naturally occurring NAD™ precursors and cardiovascular health and
survival in humans. The main dietary sources of NAD* are NAM and nicotinic acid,
collectively referred to as preformed niacin. However, NAD* can also be synthesized de
novo using tryptophan. Thus, the total dietary supply of NAD* - known as niacin equivalents
(NE) - is calculated as follows: preformed niacin p/us tryptophan divided by 60 (26). In

the prospective population-based Bruneck cohort (27), we found higher nutritional intake
of these NAD™ precursors (evaluated by food questionnaires) to be associated with a lower
risk of all-cause death during the 20-year follow-up period (Fig. 8A). This association

was driven by, and specific for, cardiac mortality (a composite of deaths from heart

failure, myocardial infarction and sudden cardiac death) (Fig. 8A). Other causes of death
emerged as unrelated (non-cardiac vascular death: hazard ratio [95% CI] from multivariable
models, 1.02 [0.79-1.33] Pvalue = 0.88 for preformed niacin, and 1.10 [0.85-1.42] P=0.46
for NE; cancer death: 0.88 [0.71-1.09] ~=0.25 and 0.86 [0.70-1.07] ~£=0.17; and other
causes of death: 0.88 [0.72-1.07] £=0.109 and 0.96 [0.79-1.16] P=0.66). Furthermore,

the dietary intake of NAD™* precursors inversely correlated with systolic blood pressure
(Fig. 8B). Importantly, these associations held true after correcting for caloric intake and
other potential confounding factors, including age, sex, smoking, diabetes, alcohol intake,
body-mass index and total cholesterol, as well as composite categories of food items,
macronutrients and the Alternative Healthy Eating Index. The potential benefits tended,
albeit not significantly, to be more evident in women compared to men. Notably, the average
(interquartile range, IQR) NE intake was 28.9 mg (23.5-35.0) and 26.9 mg (21.9-33.0)

in men and women, respectively, which is much higher than the daily intake (14-16 mg)
required for the avoidance of hypovitaminosis (26). Hence, these associations are likely
driven by the benefits of increased NAD™* precursors intake rather than adverse effects of
niacin/vitamin B3 deficiency.

While the Bruneck Study has long-term and 100% complete follow-up, represents

the general (local) community, and includes the assessment of multiple medical and
socioeconomic characteristics of each individual along with the detailed characterization of
dietary intakes based on dietician-administered and validated food frequency questionnaires
(table. S3), it has limitations. These include a potential residual confounding influence

by other nutritional ingredients or dietary patterns linked to NAD™ precursor intake, and

the use of surrogate endpoints rather than HFpEF itself, as widely-accepted diagnostic
algorithms for HFpEF were not available until recently (28, 29). Therefore, to substantiate
the translational potential of our study, we quantified NAD* in human LV biopsies obtained
from donor hearts with HFpEF compared to those with no cardiac abnormalities, butsimilar
demographics and associated comorbidities (table. S4). Although these patients did not
exhibit a severe HFpEF phenotype, they had lower cardiac NAD™ than non-failing donors
(Fig. 8C). Interestingly, diminished NAD* was not associated with reduced expression of
NAMPT (fig. S15) — the rate-limiting enzyme in the NAD™* salvage pathway — as previously
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reported for patients with HFrEF (30). However, we detected reduced circulating amount

of NAM in the plasma samples of these patients (Fig. 8D), suggesting that, similar to
animal models of diastolic dysfunction, patients with HFpEF might benefit from NAM
supplementation. That said, we acknowledge that although these donor hearts fulfilled the
echocardiographic criteria for HFpEF with NT-proBNP concentrations that were on average
8-fold higher than the threshold to diagnose HFpEF, data on the signs and symptoms were
not always available at the time of death/donation due to the acute course of disease in some
patients. Hence, further clinical studies are warranted to corroborate these observations.

Discussion

HFpEF is a complex and multifaceted systemic disease, which lacks evidence-based
therapies. As such, limited understanding of HFpEF pathogenesis hinders the development
of effective therapies that would reduce hospitalizations and premature mortality in patients
with HFpEF. Due to the ongoing debate regarding which animal model best recapitulates
the heterogeneity of human HFpEF, we used three different animal models of diastolic
dysfunction, a clinical hallmark of HFpEF, caused by morbid obesity, salt-sensitive
hypertension or old age. In all three models, oral supplementation of NAM effectively
improved diastolic dysfunction.

Mechanistically, the cardioprotective impact of NAM on diastolic function appeared to be
mediated through mutually non-exclusive NAD™ effects on systemic energy metabolism

and on cardiomyocyte local signaling. Particularly under conditions of metabolic and
hemodynamic stress, like cardiometabolic syndrome, NAM had a major impact on adiposity
and hypertension, which might contribute to improved diastolic dysfunction through
reinstating muscle bioenergetics and alleviating cardiac afterload, respectively (17, 31).
However, the beneficial effect of NAM on diastolic dysfunction was also evident in

the absence of obesity and hypertension, as observed in aged mice, suggesting that

NAM might also act directly on the heart. Indeed, NAM improved active relaxation of
single cardiomyocytes in vitro. This effect was mediated by enhanced Ca?* reuptake

into the sarcoplasmic reticulum through SERCA2a deacetylation in aged mice, restored
ATP in hypertensive Dah/rats, or both in ZSF1 obese rats. Thus, elevating intracellular
NAD™ concentrations by NAM supplementation exerts pleiotropic effects on energy
metabolism and protein acetylation, which may independently contribute to better relaxation
and mechanoelastic properties of cardiac myocytes, and consequently improve diastolic
dysfunction (fig. S16).

Importantly, our results reveal NAM-triggered titin deacetylation as a potential mechanism
regulating myocardial stiffness. Titin-based cardiomyocyte stiffness was improved in
NAM-treated animals in the absence of other post-translational modifications of titin

(7.e., phosphorylation and oxidation), and without changes in titin isoform composition.

Of note, titin deacetylation induced in vitro reduced cardiomyocyte stiffness in healthy
cardiomyocytes, suggesting that titin deacetylation may be sufficient for improving
cardiomyocyte elasticity. Future studies, however, will need to determine the most relevant
titin acetylation sites regulating cardiomyocyte elasticity, and also to reconcile our findings
with the reported improvement of diastolic dysfunction by histone deacetylase (HDAC)
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inhibitors (32, 33). In this regard, our study does not exclude the possibility that
deacetylation of other proteins and/or other NAD™-related reactions (e.g., ADP-ribosylation)
might contribute to NAM-mediated cardioprotection. Non-parenchymatous cells, including
resident leukocytes, might also respond to NAD*, which has vast anti-inflammatory and
immunomodulatory effects (34, 35). Thus, we cannot exclude that improved diastolic
function by NAM might involve non-cell-autonomous effects related to the suppression

of inflammation in HFpEF (5).

Notably, we show here that deacetylation of non-mitochondrial proteins plays a role

in NAD* effects on the heart, specifically in the setting of diastolic dysfunction and

HFpEF. Prior NAD*-related studies, which focused on systolic dysfunction and HFrEF,
have detected altered acetylation of mitochondrial proteins. In both human and mouse
hearts with dilated cardiomyopathy, acetylproteome analysis revealed extensive acetylation
of various mitochondrial protein lysine residues (36, 37). However, this finding was recently
challenged in a genetic mouse model of dilated cardiomyopathy, where Diguet et a/. (30)
failed to detect altered acetylation of cardiac proteins.

Besides protein acetylation, the mode of NAD™ decline also seems to differ between HFrEF
and HFpEF. As opposed to reduced NAMPT expression in HFrEF (30), cardiac NAMPT
was preserved in HFpEF, both in humans and ZSF1 obese rats. This suggests that the
HFpEF-related decline in NAD* might be a consequence of an increased NAD* demand,
rather than reduced NAD™ salvage/biosynthesis, as proposed for HFrEF (30, 36). However,
since NAD* flux does not strongly correlate with the protein expression of its biosynthetic
or consuming enzymes (38), this hypothesis will need to be properly tested in future
studies using in vivo NAD™* flux measurements. That said, available flux measurements
from aged mice, a well-established model of diastolic dysfunction, indicate that increased
NAD™* consumption — not impaired production — causes the age-related NAD™* decline
(39). This may have major implications for the choice of the optimal NAD™ precursor for
either form of heart failure. We speculate that, in conditions with an intact NAD* salvage
pathway, like HFpEF, NAM might be a superior NAD™* precursor. In contrast, in HFrEF

or similar conditions associated with reduced NAMPT expression, other NAD* precursors
like nicotinamide riboside might be more effective due to the compensatory increase in the
nicotinamide riboside kinase pathway (30, 40).

Although NAD™ precursors are being tested in a variety of age-related disorders, there are
currently no registered clinical trials examining their efficacy in HFpEF. Similarly, there are
no available data on the effect of sirtuin activators, like resveratrol, in HFpEF, although a
registered trial (NCT01185067) testing the effect of grape seed extract on HFpEF has been
completed. To this end, our epidemiological analysis of a prospective cohort revealed that

a diet enriched in NAD* precursors, in the form of niacin (/.e., the combination of NAM
and nicotinic acid), is associated with lower blood pressure and a reduced risk of overall and
cardiac mortality in humans. However, we acknowledge that this is a correlative observation
and, albeit promising, should be interpreted with caution.

Taken together, the experimental and clinical evidence provided in this study lends support
to NAD™ precursors, such as NAM, as potential therapeutic agents to treat diastolic
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dysfunction and potentially HFpEF in humans. The human-equivalent for the NAM dose
used in animals is ~2-3 g/day (for an average adult of 60-80 kg), which is clinically proven
to be safe and is tolerable in cardiac patients (41). NAM is also orally bioavailable, thereby
reaching the blood circulation in significant amounts to boost NAD* metabolism throughout
the body (38). Thus, interventional studies in patients are warranted to test whether NAM
will be an effective therapy for clinical HFpEF, which affects at least 50% of heart failure
patients and arguably represents one of the toughest challenges in cardiovascular medicine
(2, 8).

Materials and Methods

Study design

The aim of this study was to investigate the role of NAD™ in diastolic dysfunction and
HFpEF. We quantified cardiac NAD* in patients with HFpEF and animals with diastolic
dysfunction. Furthermore, we evaluated the association between dietary intake of naturally
occurring NAD™* precursors and cardiac mortality in a long-term human cohort. To examine
the effect of increasing cellular NAD* abundance on diastolic dysfunction in vivo, the
NAD™ precursor NAM was orally supplemented to aged C57BL/6J mice, Dahl salt-sensitive
rats and ZSF1 obese rats, which model three key risk factors for HFpEF, namely aging,
hypertension and metabolic syndrome, respectively. We applied a multitude of in vivo

and in vitro assays, including invasive hemodynamics, echocardiography, exercise tolerance
testing with indirect calorimetry, RNA sequencing, metabolome profiling, and myocardial
bioenergetics. Furthermore, titin mechanics and simultaneous calcium photometry and
sarcomere shortening measurements were performed in isolated cardiomyocytes. Sample
sizes were empirically determined based on our previous experience with the animal models
used (24, 42). All animals were randomly allocated to the treatment groups, which were
stratified for body weight, and the experimenters were blinded to such allocation. The

exact number of animals and replications in each experiment is provided in the respective
figure legend. Please refer to Supplementary Materials and Methods for further details on
experimental procedures, uncropped scans of representative immunoblots (fig. S17) and
detailed metabolomics data (table S5). Raw data are either presented as individual data
points in the graphs or reported in data file S1.

Statistical analysis

Data are presented as bar or line graphs with error bars showing mean and SEM,
respectively, with single data points superimposed. Indicated sample size in figure legends
refer to biological replicates (/e independent animals or isolated primary cardiomyocytes
thereof). Comparisons between two groups were done by Welch t-test. In case of multiple
group comparisons, ANOVA followed by Dunnett’s or Bonferroni post-hoc testes were
applied. For factorial designs including multiple genotypes, genders, and treatments, a linear
mixed model was used including these as fixed factors, and the cohort as a random factor
in case if an outcome was tested in multiple cohorts. For end-systolic and end-diastolic
pressure volume relationships comparisons, the corresponding coefficient in the fitting
equation was included as a covariate (7e, a for EDPVR B and V; for ESPVR Ees). In

case of serial measurements (e.g., body weight and blood pressure), Greenhouse-Geisser-
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corrected two-way repeated measures ANOVA was used. Generally, significant factorial
designs were followed by pairwise comparisons that were corrected in case of multiple
comparisons by Bonferroni or Dunnett’s post hoc. Data residuals distribution was confirmed
by Shapiro-Wilk’s test, while homogeneity of variance was verified by Levene’s test or
Brown-Forsythe test, depending on distribution. In case of ANCOVAS, homogeneity of
regression slopes between the groups was also confirmed. Data violating the assumptions
were either transformed or alternative testes were used as appropriate. This included
Mann-Whitney test for comparisons of two groups violating normality of distribution, and
Welch’s test with Games-Howell post-hoc test for comparisons of multiple groups with
heterogeneous variances.

As for the human epidemiological data, niacin and niacin equivalent intakes were adjusted
for total caloric intake by using the residual method (43). They were then scaled to

unit variance such that effects were estimated for a one-standard deviation increase in

niacin and niacin equivalent intake. Outcome analyses on death employed cox proportional
hazards models to estimate hazard ratios (HRs) and 95% confidence intervals (95% CIs).

No departure from the proportional hazards assumption was detected when inspecting
Schoenfeld residuals and checking the parallelity of log-log survival plots. All analyses
were adjusted for caloric intake (M1). Multivariable analyses additionally included age,

sex, current smoking, diabetes, alcohol intake, hypertension, body-mass index, and total
cholesterol (M2). Sensitivity analyses additionally adjusted for composite categories of food
items, macronutrients, and the Alternative Healthy Eating Index. Analyses on blood pressure
employed linear regression analysis and used the same adjustment. Analyses were conducted
with SPSS 26.0 (SPSS Inc, Chicago, USA) and R 3.6.0 (R Foundation for Statistical
Computing, Vienna, Austria).

Statistical analysis of omics data and indirect calorimetry metabolic studies are described
in detail within their respective methods sections in Supplementary Materials and Methods.
All reported Pvalues are two-sided and an alpha level of 0.05 was used throughout. Unless
stated otherwise, statistical analyses were performed using IBM SPSS statistics software
(\Version 25) or GraphPad Prism 8 (GraphPad Software, LLC, Massachusetts, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

The NAD™ precursor nicotinamide improves diastolic dysfunction caused by aging,
hypertension or metabolic syndrome in rodents.
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Fig. 1. Oral supplementation of NAM improves diastolic dysfunction in ZSF1 obeserats.
(A) Schematic overview of nicotinamide (NAM) feeding protocol to male and female

ZSF1 obese rats with cardiometabolic syndrome and HFpEF. NAM (40 mM) was added to
the drinking water starting at the age of 8 weeks and after 3 months cardiac parameters
were assessed. (B) Representative echocardiography-derived M-mode tracings, (C) left
ventricular mass indexed to body surface area (LVmassi), (D) ejection fraction (EF), (E)
representative pulsed-wave Doppler (fgp) and tissue Doppler (bottom) tracings, and (F)
ratio of peak early Doppler transmitral flow velocity (£) to myocardial tissue Doppler
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velocity (&), (/7=8/9/10 and 8/9/11 rats for lean/obese/obese+NAM in males and females,
respectively). (G) Invasive hemodynamic assessment of left ventricular end-diastolic
pressure (EDP), (H) myocardial stiffness constant (indexed end-diastolic pressure volume
exponential relationship coefficient p. EDPVR B;), (I and J) end-systolic and end-diastolic
pressure volume relationships generated by inferior vena cava occlusions with corresponding
pressure-volume loops in (1) male and (J) female ZSF1 rats, (7=5/9/8 and 5/6/7 rats for
lean/obese/obese+NAM in males and females, respectively). (K) Lung weight normalized to
tibia length (LW/TL), (7=8/9/11 rats for lean/obese/obese+NAM in either sex). (L) Maximal
oxygen consumption (VO2max), (M) running distance, and (N) workload in ZSF1 rats
during exercise exhaustion testing, (7=6/8/10 and 8/9/9 rats for lean/obese/obese+NAM in
males and females, respectively). All results were generated from 2 independent cohorts.
Indicated Pvalues on top of panels (C and D, F to H, and K to N) represent factor
comparisons by a linear mixed model including sex (s) and group (g) as fixed factors and
the cohort as a random factor; following comparisons between different groups within the
respective sex are indicated by Bonferroni post-hoc test. EDPVR a;was included in the
model as a covariate in (F). Bars and error bars show means and SEM, respectively, with
individual data points superimposed.
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Fig. 2. NAM amédliorates blood pressure control and adiposity in ZSF1 obeserats.
(A and B) Systolic arterial blood pressure, non-invasively measured by the tail-cuff method,

in (A) male and (B) female ZSF1 obese rats treated or not with nicotinamide (NAM)
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starting from 8 weeks. (#7=10/11 and 9/11 rats in obese/obese+NAM in males and females,
respectively). (C and D) Acetylcholine-induced vasodilation measured ex vivo in the aortic
rings of (C) male and (D) female rats; Inset graphs denote corresponding ECsg of single
rings, (/7=20/24 and 22/23 rings obtained from 4 obese/obese+NAM in males and females,
respectively). (E and F) Body weight gain of (E) male and (F) female ZSF1 obese rats

and their lean controls, (7=8/9/11 and 10/9/11 rats in lean/obese/obese+NAM for males and
females, respectively). (G) Visceral white adipose tissue (WAT) normalized to tibia length
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(TL), (7=8/9/11 rats for lean/obese/obese+NAM in either gender). (H) Feeding efficiency
(body weight gain per consumed kcal energy) measured during the first 2-3 weeks of
treatment before the obvious body weight difference thereafter, (/7=8/14/11 and 8/13/8 rats in
lean/obese/obese+NAM for males and females, respectively). (1) Energy expenditure (shown
as a function of body weight) evaluated by indirect calorimetry, and (J) estimated energy
expenditure (during dark and light cycles of the day) at a hypothetical equal body weight
(490.6 g) in all groups as derived from corresponding analysis of covariance (ANCOVA),
(=4 male rats per group). L, light; D, dark. All results except in | and J were generated from
2 independent cohorts. (A to F) Pvalues were calculated by two-way repeated measures
ANOVA, followed by Bonferroni-corrected pairwise comparisons; (C and D) ECsq were
compared by Mann-Whitney test. (G and H) Indicated P values on top of panels represent
factor comparisons by a linear mixed model including sex (s) and group (g) as fixed factors
and the cohort as a random factor, and following comparisons between different groups
within respective sex are indicated by Bonferroni post-hoc tests. (J) Factorial ANCOVA was
used including group (g) and time of the day (t; light vs. dark 12h cycles) as fixed factors
and body weight as a covariate, followed by Bonferroni-corrected pairwise comparisons.
Circles/Bars and error bars show means and SEM, respectively, with individual data points
superimposed, except for (J) where the means and SEM were derived from ANCOVA and
corresponding individual data points are shown in (1).
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Fig. 3. NAM-mediated metabolic reprogramming improves ener gy homeostasisin HFpEF.
(A) Heatmap depicting relative abundance of significantly differentiated metabolites by

nicotinamide (NAM) in the plasma of 12-week-old ZSF1 obese rats (4 weeks of NAM
treatment) that were fasted for 6 hours, (7=3/7/7 rats in lean/obese/obese+NAM). (B)
Correlation of NAM-induced metabolomic changes vs. the difference between ZSF1 lean
and obese controls (Logy[fold-change, FC]). (C) VWolcano plot showing up- and down-
regulated metabolites of NAM-treated vs. control ZSF1 obese rats. (D and E) Relative
difference in selected circulating metabolites related to (D) branched-chain amino acids
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metabolism (/ef?) and glycolysis (righ?), as well as (E) lipolysis and ketogenesis (shown
are polyunsaturated fatty acids and ketone bodies, please see also fig. S7 for other

related metabolites), (/7=3/7/7 rats in lean/obese/obese+NAM). (F) Relative abundance of
tricarboxylic acid cycle (TCA) metabolites in left ventricular tissue of 20-week-old NAM-
treated ZSF1 obese rats compared to age-matched obese and lean controls, (/7=3/6/8 rats
in lean/obese/obese+NAM). (G) Heatmaps of cardiac transcripts showing the expression
(red=high, blue=low) of differentially regulated genes involved in TCA cycle in ZSF1
lean, obese and NAM-treated obese rats, (/=4 rats per group). (H and 1) High-energy
phosphate compounds in (H) the heart and (1) skeletal muscle (/.¢e., gastrocnemius) of
ZSF1 rats, (7=4/7/4 and 11/12/21 rats in lean/obese/obese+NAM for heart and skeletal
muscle, respectively). PCr, phosphocreatine; ATP, adenosine triphosphate; ADP, adenosine
diphosphate. (J) Schematic representation of affected metabolic pathways by NAM
supplementation. Abbreviations. BCAA, branched-chain amino acids; BCKA, branched-
chain keto acids; G6P, glucose-6-phosphate. Pvalues were calculated by (B) Pearson
correlation, (C) Welch t-test or (D to F and H to 1) ANOVA with Dunnett’s post-hoc

test. Bars and error bars show means and SEM, respectively, with individual data points
superimposed.
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Fig. 4. SERCAZ2a deacetylation contributesto improved diastolic function by NAM.
(A) Venn diagram (/ef?) showing the overlap of detected acetylated proteins in the hearts of

control and NAM-treated 20-week-old male ZSF1 obese rats, along with their subcellular
localization in a pie chart (right). (B) Distribution of NAM-induced changes in acetylation of
cardiac peptides (mitochondrial and non-mitochondrial); the dashed line denotes acetylation
in control ZSF1 obese rats. The inset figure denotes the sum of peptides with up-

or down-regulated acetylation. (C) Relative signal intensity difference of significantly
regulated acetylation sites in titin and SERCA2a (Atp2a3). Note that negative values
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indicate deacetylation and positive ones indicate acetylation, (7=4 obese+NAM compared
to the average of 3 obese). (D) Diastolic (Dia) calcium and (E) changes in calcium
transient amplitude as indicated by Fura-2/AM ratio (340:380 nm), (F) time to 90% decay
(DTgg), along with (G) simultaneously measured sarcomere shortening, (H) time to 90%
relaxation (RTgg) and (1) maximal relaxation rate of electrically-paced adult ZSF1 obese
and lean cardiomyocytes that were pre-incubated or not with NAM (100 uM) for one hour,
(m7=18/20/18/23 cardiomyocytes in lean/lean+NAM/obese/obese+NAM isolated from 4 lean
and 4 obese ZSF1 rats at the age of 20 weeks). P values were calculated by (C) one-sample
t-test or (D to I) two-way repeated measures ANOVA. Bars/circles and error bars show
means and SEM, respectively, with individual data points superimposed.
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Fig. 5. Titin deacetylation is sufficient to improve cardiomyocyte passive stiffness.
(A) The relationship between passive force (Fpassive) and sarcomere length, indicative of

passive stiffness, in skinned cardiomyocytes isolated from 20-week-old ZSF1 lean and
obese rats treated or not with nicotinamide (NAM). Exponential curves are fitted to

the group average (/7=18/16/21 cardiomyocytes in lean/obese/obese+NAM isolated from
4/3/4 rats, respectively). (B and C) Representative Western blot (fop) and quantification
(bottom) of (B) cardiac titin acetylation (normalized to GAPDH) in 20-week-old ZSF1
rats, (/7=7/18/17 rats in lean/obese/obese+NAM), (C) In vitro deacetylation of titin N2B
isoform in skinned cardiomyocytes from healthy 20-week-old Wistar-Kyoto rats. Cells
were incubated with recombinant SIRT1 for 2 hours at 30°C. Representative Western
blot (top panels) probed with acetylated-lysine-specific antibodies for detection of total
N2B acetylation; GAPDH antibody was used as a loading control. Lower panel shows
guantification of titin-N2B acetylation normalized to GAPDH (N=4 rats per group). (D)
Relative change in passive force of isolated skinned cardiomyocytes upon deacetylation
with recombinant SIRT1 compared to control cells force that is measured in the same
buffer but without SIRT1, (7=3-8 cardiomyocytes per condition and per time point). Data
points are fitted using a one-phase decay curve fit. (E) Representative micrographs and (F)
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quantification of left ventricular (LV) fibrotic remodelling due to collagen accumulation, as
evaluated by picrosirius red staining in 20-week-old male and female ZSF1 rats, (17=4/4/6
and 4/4/5 for lean/obese/obese+NAM in males and females, respectively). Pvalues were
calculated by (A) two-way repeated measures ANOVA with Dunnett’s post-hoc test, (B)
ANOVA with Dunnett’s post-hoc test, (C and D) Welch’s t-test, or two-way independent
ANOVA including group (g) and sex (s) as fixed factors with Bonferroni-corrected pairwise
comparisons. Bars and error bars show means and SEM, respectively, with individual data
points superimposed.
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Fig. 6. NAM improves diastolic dysfunction in hypertensive Dahl rats.
(A) Schematic representation of nicotinamide (NAM) supplementation to hypertensive Dah/

salt-sensitive rats. Seven-week-old male rats were fed a high-salt diet (8% NaCl) for 5 weeks
followed by treatment in the form of a single intraperitoneal injection of furosemide (10
mg/kg body weight) and a shift to low-salt diet (0.3% NaCl) combined with 40 mM NAM

in the drinking water (high-salt+NAM) or not (high-salt). Healthy controls were fed the low-
salt diet throughout the experiment (low-salt ctrl). (B) Systolic, (C) diastolic and (D) mean
arterial blood pressure, non-invasively measured by the tail-cuff method. (E) Representative
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echocardiography-derived M-mode tracings, (F) left ventricular ejection fraction (EF), (G)
representative pulsed-wave Doppler (fgp) and tissue Doppler (bottom) tracings, and (H) ratio
of peak early Doppler transmitral flow velocity (£) to myocardial tissue Doppler velocity
(e). (1) End-diastolic pressure (EDP) invasively measured by intracardiac catheterization.
(J) Heart weight (HW; /ef?) and lung weight (LW; righ?) normalized to tibia length (TL).
(K) Maximal oxygen consumption (VO2max), (L) running distance, and (M) workload
during exercise exhaustion testing. (N) Representative Western blot (fgp) and quantification
(bottom) of cardiac SERCAZ2a acetylation (normalized to total SERCAZ2a expression), and
(O) titin acetylation (normalized to GAPDH). (P) Relative abundance of cardiac unsaturated
fatty acids differentially regulated by NAM in 18-week-old Dah/salt-sensitive rats, (/7=4-6
rats per group). Pvalues were calculated by (B to D) factorial repeated measures ANOVA
(including age and groups as fixed factors) followed by Games-Howell post-hoc test or (F
and H to P) ANOVA with Dunnett’s post-hoc test. Bars/line and error bars show means and
SEM, respectively, with individual data points superimposed.
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Fig. 7. NAM attenuates age-related diastolic function declinein C57BL/6J mice.
(A) Schematic overview of nicotinamide (NAM) feeding protocol to 24-month-old

C57BL/6J male mice. NAM (24 mM) was added to the drinking water starting at the

age of 20 months, and after 4 months cardiac parameters were assessed as shown.

(B) Representative echocardiography-derived M-mode tracings, and (C) left ventricular
ejection fraction (EF). (D) Heart weight normalized to tibia length (HW/TL). (E)
Representative echocardiographic pulsed-wave Doppler (fop) and tissue Doppler (bottom)
tracings, and measures of diastolic dysfunction, including (F) the ratio of peak early
Doppler transmitral flow velocity (£) to myocardial tissue Doppler velocity (e’) and (G)
isovolumic relaxation time (IVRT), (/7=6/11/11 mice in young/aged/aged+NAM). (H and
1) Representative Western blot (fgp) and quantification (botfom) of (H) cardiac SERCA2a
acetylation (normalized to total SERCAZ2a expression), and (1) titin acetylation (normalized
to GAPDH), (r7=7-8 mice per group). Pvalues were calculated by ANOVA with Dunnett’s
post-hoc test. Bars/line and error bars show means and SEM, respectively, with individual
data points superimposed.
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Prospective cohort study (20-year follow-up, n=815) Human HFpEF samples
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Fig. 8. Higher NAD* is associated with lower risk of HFpEF and car diac death in humans.
(A and B) Association of baseline (year 1995) dietary intake of niacin and niacin equivalents

(NE) with (A) all-cause (7=335) and cardiac (7=77) mortality during a 20-year follow-up
(1995-2015) or (B) systolic and diastolic blood pressure in the Bruneck Study (/7=815).

(A) Hazard ratios and (B) effect sizes were calculated for a 1-SD unit increase of calorie-
adjusted loge-transformed niacin or NE intake. Model 1 (M1) was adjusted for total caloric
intake; Model 2 (M2) was additionally adjusted for age, sex, current smoking, diabetes,
alcohol intake, hypertension, body-mass index and total cholesterol. (C and D) Relative
abundance of (C) cardiac NAD* and (D) plasma NAM in human HFpEF and non-failing
hearts (7=12/10 and 10/9 samples, respectively, in non-failing and HFpEF). Bars and error
bars show means and SEM, respectively, with individual data points superimposed. Pvalues
were calculated by (A) Cox regression analysis, (B) linear regression analysis or (C and D)
Welch t-test.
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