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HIGHLIGHTS

� The feasibility of NADD repletion in

human myocardial tissue using the NAD

precursor NR is demonstrated in our

study.

� In a preclinical model, it is demonstrated

that both prophylactic and therapeutic

NADD repletion is equally effective in

addressing HFpEF.

� Despite favorable effects on cardiac

metabolism, the HFpEF phenotype is not

rescued by dietary intervention and

weight loss. In contrast, the findings in

our preclinical study suggest that NADD

repletion emerges as a promising strategy

for phenotype rescue.
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ABBR EV I A T I ON S

AND ACRONYMS

AMD = age-matched donor

ATP = adenosine triphosphate

CoA = coenzyme A

DCM = delayed cardiomyopathy

E/A = early to late diastolic

transmitral flow velocity

GLS = global longitudinal strain

GSH = glutathione

HCM = hypertrophic

cardiomyopathy

HF = heart failure

HFD = high-fat diet

HFpEF = heart failure with

preserved ejection fraction

HOCM = hypertrophic

obstructive cardiomyopathy

HOMA-IR = homeostatic model

assessment of insulin resistance

ICM = ischemic cardiomyopathy

LV = left ventricular

LVEF = left ventricular

ejection fraction

NADþ = oxidized nicotinamide

adenine dinucleotide

NADH = reduced form of

nicotinamide adenine

dinucleotide

NADPþ = oxidized form of

nicotinamide adenine

dinucleotide phosphate

NADPH = reduced form of

nicotinamide adenine

dinucleotide phosphate

NAMPT = nicotinamide

phosphoribosyltransferase

NR = nicotinamide riboside

ROS = reactive oxygen species

SIRT3 = sirtuin 3

TCA = tricarboxylic acid
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Heart failure (HF) with left ventricular diastolic dysfunction is a growing global concern. This study evaluated

myocardial oxidized nicotinamide adenine dinucleotide (NADþ) levels in human systolic and diastolic HF and in

a murine model of HF with preserved ejection fraction, exploring NADþ repletion as therapy. We quantified

myocardial NADþ and nicotinamide phosphoribosyltransferase levels, assessing restoration with nicotinamide

riboside (NR). Findings show significant NADþ and nicotinamide phosphoribosyltransferase depletion in human

diastolic HF myocardium, but NR successfully restored NADþ levels. In murine HF with preserved ejection

fraction, NR as preventive and therapeutic intervention improved metabolic and antioxidant profiles. This study

underscores NADþ repletion’s potential in diastolic HF management. (J Am Coll Cardiol Basic Trans Science

2024;9:733–750) © 2024 The Authors. Published by Elsevier on behalf of the American College of Cardiology

Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
H eart failure with preserved ejec-
tion fraction (HFpEF) pathophysi-
ology is driven by coexisting risk

factors such as overweight/obesity, insulin
resistance/type 2 diabetes mellitus, and hy-
pertension.1,2 These risk factors appear to
be causal, and recent preclinical work sug-
gests that both metabolic and hypertensive
stressors are required for the development
of HFpEF.3 In older, obese HFpEF patients,
intervention with caloric restriction and ex-
ercise (that leads to weight loss) can reduce
left ventricular (LV) wall thickness and
improve peak oxygen consumption
(VO2max).4 However, whether dietary inter-
vention can rescue the full spectrum of
established HFpEF remains unclear.

Together with the kidneys, the heart has
the joint highest energy requirements and
resting metabolic rate per unit mass (440
kcal/kg/d).5 Unsurprisingly, the heart is
abundant in mitochondria and has the great-
est concentration of mitochondrial oxidized
nd Statistics, Faculty of Science, The University of Sydney, Sy

y Medical School, Faculty of Medicine and Health, The Univer

f Cardiothoracic Surgery, Royal Prince Alfred Hospital, Camperd

W Medicine and Health, St Vincent’s Healthcare clinical cam

ammation, Centenary Institute and University of Technology

Australia; lCentre for Healthy Aging, Centenary Institute, Syd

Rehabilitation Sciences, University of Technology Sydney, Ul

fred Hospital, Melbourne, Australia; oHeart Failure Research Gr

ulty of Medicine, Monash University, Melbourne, Australia; q

down, New South Wales, Australia; and the rFaculty of M

Lal and O’Sullivan contributed equally to this work.

ttest they are in compliance with human studies committe

d Food and Drug Administration guidelines, including patien

r Center.

ceived November 16, 2023; revised manuscript received Janua
nicotinamide adenine dinucleotide (NADþ) of all or-
gans.6 Recent preclinical work demonstrated that
replenishment of myocardial NADþ can rescue
HFpEF;7,8 however, whether development of HFpEF
can be prevented by pre-emptive supplementation
with NADþ precursors has not been established. The
specificity of NADþ depletion in diastolic vs systolic
heart failure (HF) is unknown; furthermore, there are
concerns about the biological feasibility of replenish-
ing cardiac NADþ in human HF with lower protein
levels of myocardial nicotinamide phosphoribosyl-
transferase (NAMPT).8 Because stage A “at-risk” HF in
HFpEF is easily identifiable by the presence of obesity,
hypertension, insulin resistance/type 2 diabetes,9 we
sought to compare NADþ repletion prophylactically
(stage A) vs therapeutically in established HF (stage
C). With the increasing early recognition of risk factors
in early HF as highlighted in the American College of
Cardiology/American Heart Association/Heart Failure
Society of America guidelines,9 we also sought to
examine the therapeutic potential of targeting HFpEF
risk factors with dietary intervention and weight loss
in comparison to the NADþ repletion strategies.
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Therefore, we aimed to do the following: 1)
compare levels of NADþ and NAMPT in human LV
myocardium in diastolic and systolic HF; 2) determine
the feasibility of replenishing human cardiac NADþ,
where both NADþ and NAMPT are lower; and 3) using
a murine model, compare the relative benefits and
underlying mechanisms of dietary intervention, pro-
phylactic nicotinamide riboside (NR) supplementa-
tion, and NR treatment following establishment of
the HFpEF phenotype. By addressing these objec-
tives, we aimed to further delineate the comparative
role and the relative therapeutic potential of risk
factor modification vs NADþ repletion in diastolic HF.

METHODS

ACQUISITION OF HUMAN MYOCARDIUM. Human
hypertrophic cardiomyopathy (HCM) and non-
diseased LV myocardial samples from the anterior
wall were procured as per the established ethical and
governance guidelines of the Sydney Heart Bank.10-19

Pathologic HCM myocardium was acquired from
consenting patients with end-stage HF (NYHA func-
tional classes III-IV) undergoing heart trans-
plantation. Nonpathologic myocardium was acquired
from nondiseased donor hearts that, at the time, were
not able to be viably used for heart transplantation,
often because of patient incompatibility or logistical
challenges (not postmortem samples and histologi-
cally normal as per formal anatomic pathologic ex-
amination).10-19

Human hypertrophic obstructive cardiomyopathy
(HOCM) LV myocardial samples from the muscular
septum were acquired from patients undergoing a
septal myectomy procedure (procured for the Sydney
Heart Bank). Myocardium occluding the LV outflow
tract was resected via access through the aortic valve.
These patients showed normal systolic function but
presented with diastolic dysfunction. Coordination
and collaboration with local cardiothoracic surgeons
at the time of surgery enabled the collection of all
tissue within 40 minutes after aortic cross-clamp
(HCM and donor) or resection (HOCM), ensuring
that the tissue was not postmortem. This was later
validated by histologic and RNA analyses.11,20

Myocardium was delivered cardiopleged and on wet
ice and used immediately in NR incubations or snap-
frozen immediately in liquid nitrogen (–196 �C) and
stored at –192 �C until use.

These harvesting and storage methods are
approved by the Human Research Ethics Committee
at The University of Sydney (USYD 2021/122).
Supplemental Table 1 shows the characteristics of
nondiseased control individuals, patients with
systolic (delayed cardiomyopathy [DCM] and
ischemic cardiomyopathy [ICM]) and diastolic (HOCM
and HCM) impairments. The detailed methodology
for NR)incubation in heart slices can be found in the
Supplemental Appendix.

ANIMAL EXPERIMENTS. All procedures involving
animals received prior ethics approval from the
Institutional Animal Ethics Committee at the Uni-
versity of Sydney (ethics number 2017/1294). Male
and female C57BL/6J mice were obtained from Ani-
mal Bioresources (Moss Vale). They were first accli-
matized for 2 weeks on normal chow. Mice were
maintained on a 12-hour light-dark cycle.

For the 5-week study, mice aged 10 to 12 weeks
were randomly assigned to control and HFpEF (sub-
jected to high-fat diet [HFD] þ 0.5 g/L of N[w] -nitro-l-
arginine methyl ester [L-NAME] treatment) (n ¼ 6-17/
group). For the 9-week study, 3-month-old male mice
and 4-month-old female mice were divided into 4
groups and randomly assigned to control, HFpEF
(administered HFD þ L-NAME), recovery (removal of
HFD þ L-NAME at 5 weeks and replacement with
chow and normal drinking water), and NADþ precur-
sor NR of w500 mg/kg daily (commencement of
treatment at 5 weeks with simultaneous administra-
tion of HFD þ L-NAME for a further 4 weeks) groups
(n ¼ 8 or 9 per group). For the prophylactic NR group,
mice were fed HFD incorporated with NR and drink-
ing water containing L-NAME (since the initiation of
disease, similar to that of HFpEF mice) until study
termination. Details can be found in the
Supplemental Appendix.

ECHOCARDIOGRAPHY AND DOPPLER IMAGING. The
echocardiographic measurements were performed
according to a standard method published previ-
ously.21 Briefly, mice were anesthetized using 2% to
3% isoflurane, with heart rate and body temperature
continuously monitored. Transthoracic echocardio-
gram was performed at weeks 4 and 8 with a Visual-
Sonics Vevo2100 40-MHz linear probe (Fujifilm
VisualSonics Inc). LV ejection fraction (LVEF) and
diastolic function were obtained in the parasternal
long-axis view, with scans repeated thrice. Analyses
were completed offline using the VisualSonics work-
station (VevoLab). Global longitudinal strain (GLS)
was determined using B-mode traces and analyzed
with semiautomated VevoStrain software.

ANIMAL TISSUE COLLECTION. Following completion
of the study, mice were sacrificed using pentobarbital
(75 mg/kg) injected intraperitoneally, and organs were
snap-frozen in liquid nitrogen and stored at –80 �C.
Blood was collected into EDTA-coated tubes and
centrifuged at 2,000 relative centrifugal force (rcf)

https://doi.org/10.1016/j.jacbts.2024.01.011
https://doi.org/10.1016/j.jacbts.2024.01.011
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for 20 minutes at 4 �C, and the plasma stored at –80 �C.
The length of the tibia was measured using a digital
vernier caliper. Lungs were air-dried and weighed
every 2 days until stable. Details on mitochondrial
isolation and high-resolution respirometry proced-
ures for cardiac tissues are available in the
Supplemental Appendix.

LIQUIDCHROMATOGRAPHY–TANDEMMASS SPECTROMETRY.

Myocardial metabolites were extracted and deter-
mined using previously published methodology
incorporating hydrophilic interaction liquid
chromatography–tandem mass spectrometry (LC-MS/
MS) using a 2.1 � 150–mm Atlantis hydrophilic inter-
action liquid chromatography column (Waters) in
positive ion mode and a 2.1 � 100–mm bridged ethyl-
siloxane/silica hybrid particles that are bonded to the
high-polarity amide groups (bridged ethyl-siloxane/
silica hybrid amide) in negative ion mode.22,23 Multi-
ple reaction-monitoring transitions for all NAD me-
tabolites were identified using analytical grade
reference standards and MS/MS spectra with identi-
fied fragment structures, as previously reported.24

Multidimensional data (retention time, m/z, and MS/
MS transitions) was used to distinguish closely
related metabolites, such as NADþ and the reduced
form of nicotinamide adenine dinucleotide (NADH).
Quantification of NR, NADþ, NADH, mitochondrial
oxidized nicotinamide adenine dinucleotide phos-
phate (NADPþ), and reduced form of nicotinamide
adenine dinucleotide phosphate (NADPH) was per-
formed based on standard curves with known con-
centrations of reference standards ranging from
50 nmol/L to 10 mmol/L.

SAMPLE PREPARATION FOR MASS SPECTROMETRY–BASED

PROTEOMICS. Frozen heart tissue was powdered and
weighed (w10 mg) into 2-mL microcentrifuge tubes
and was homogenized in 100 mL of 4% sodium deox-
ycholate and 100 mmol/L Tris HCl (pH adjusted to 8).
Tissue lysates were then heated at 95 �C and mixed at
1,000 revolutions/min for 10 minutes using Thermo-
mixer C (Eppendorf) followed by centrifugation at
18,000 g for 10 minutes at room temperature. Next,
20 mg of protein from the tissue lysates (concentration
determined by bicinchoninic acid assay) was sub-
jected to simultaneous reduction and alkylation with
tris(2-carboxyethyl)phosphine and chloroacetamide
for 10 minutes at 95 �C and 1,000 revolutions/min in
the Thermomixer C. Samples were then processed for
trypsin digestion and subjected to a peptide
cleanup.25 Peptides were resuspended in 5% formic
acid and stored at 4 �C until acquired by LC-MS.

DATA-DEPENDENT MASS SPECTROMETRY–BASED

PROTEOMICS. Using a Thermo Fisher Dionex Ultimate
3000 ultra-high-performance liquid chromatography,
peptides in 5% (volume/volume) formic acid (2 mg)
were directly injected onto a 15-cm � 150-mm fused
silica analytical column with an w10-mm pulled tip
containing C18 material (Dr Maisch; 1.9 mm, 130 A),
coupled online to a nanospray electrospray ionization
source. Peptides were resolved over a gradient 5% to
40% acetonitrile over 50 minutes with a flow rate of
1,200 nL/min. Peptides were ionized by electrospray
ionization at 2.4 kV. Tandem mass spectrometry
analysis was carried out on a Thermo Exploris mass
spectrometer using higher energy collisional dissoci-
ation fragmentation and a data-independent acqui-
sition method as described previously.26 The mass
spectrometry–based proteomics data have been
deposited to the ProteomeXchange Consortium via
the PRoteomics IDEntifications partner repository
with the dataset identifier PXD033027 (username:
reviewer_pxd033027@ebi.ac.uk, password: 4vRe7-
ZIM). Raw data were analyzed using the quantitative
proteomics software DIA-NN27 (version 1.7.16). Pep-
tide and protein level identification were both set to a
false discovery rate of 1% using a target-decoy–based
strategy. The databases supplied to the search engine
for peptide identifications contained both the mouse
UniProt databases (Swissprot) downloaded on the
May 7, 2021. A maximum of 1 missed cleavage by the
protease trypsin was permitted. Oxidation of methi-
onine (Met) was set as a variable modification. Car-
bamidomethyl on cysteine (Cys) was searched as a
fixed modification.

STATISTICS. All graphical representations and sta-
tistical analyses were performed using GraphPad
Prism version 9.5.1 for Windows (GraphPad Soft-
ware). Metabolomics and proteomics data are pre-
sented using bar plots or boxplots based on the data
distribution. Bar plots illustrate the mean � SD for
normally distributed data. Boxplots are presented
for skewed data centered on the median with upper
and lower quartiles indicated by the box boundaries.
Comparisons between 2 groups were performed us-
ing Student’s t-test or Mann-Whitney U test,
depending on the distribution of the data. For ex-
periments involving multiple groups, differences
were analyzed using 1-way analysis of variance, and
the Kruskal-Wallis test was used if the normality test
(Shapiro-Wilk normality test) failed. The Tukey or
Dunn post hoc test was used for multiple pairwise
comparisons. For longitudinal data, 2-way repeated-
measures analysis of variance was used with the
Sidak post hoc test for multiple pairwise compari-
sons. A P value of <0.05 was considered statisti-
cally significant.

https://doi.org/10.1016/j.jacbts.2024.01.011


FIGURE 1 NADþ Depletion in Human Diastolic Dysfunction Myocardium and Repletion With NR

(A) A schematic diagram of obtaining LV myocardium from the human cohort. (B, C) NADþ levels in human LV myocardium of (B) HOCM (n ¼ 13) and HCM (n ¼ 9) and

(C) DCM (n ¼ 23) and ICM (n ¼ 17) when compared to AMD myocardium (n ¼ 23). (D) Expression levels of SIRT3, an NADþ-consuming enzyme, in HOCM (n ¼ 17) and

HCM (n ¼ 9) myocardium compared to AMD myocardium (n ¼ 16-29). (E) Expression levels of NAMPT, the rate-limiting enzyme in NAD synthesis through the salvage

pathway, in HOCM (n ¼ 17) and HCM (n ¼ 9) LV myocardium compared with AMDs (n ¼ 18-29). (F) Schematic summary of the NADþ salvage pathway showing lower

NAMPT levels in LV diastolic dysfunction myocardium. (G) Schematic overview of the myocardial slice model used to study NADþ replenishment using exogenous NR

in HOCM LV. (H to L) Exogenous NR significantly elevated levels of myocardial (H) NR, (I) NADþ, (J) NADþ/NADH ratio, (K) NMN, and (L) NAM at time 0 (n ¼ 3), 19

hours with NRþ incubation (n ¼ 2), and 19 hours of no NR control (n ¼ 3), respectively. *P < 0.05, **P < 0.01, and ***P < 0.001 by (B) Student’s t-test or (C, H to L)

1-way ANOVA followed by the Tukey test or (D, E) by the Mann-Whitney 2-sided test. AMD ¼ age-matched donor; ANOVA ¼ analysis of variance; DCM ¼ dilated

cardiomyopathy; HCM ¼ hypertrophic cardiomyopathy; HOCM ¼ hypertrophic obstructive cardiomyopathy; ICM ¼ ischemic cardiomyopathy; LFQ ¼ label-free

quantitation; LV ¼ left ventricular; NAD ¼ nicotinamide adenine dinucleotide; NADþ ¼ oxidized nicotinamide adenine dinucleotide; NADH ¼ reduced form of nico-

tinamide adenine dinucleotide; NAM: nicotinamide; NAMPT¼ nicotinamide phosphoribosyltransferase; NMN: nicotinamide mononucleotide; NR¼ nicotinamide riboside;

NS ¼ not significant; SIRT3 ¼ sirtuin 3.
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FIGURE 2 Prophylactic NR Averts HFpEF With Widespread Salutary Effects on Proteins Involved in Diastolic Homeostasis

Continued on the next page
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RESULTS

NADD DEPLETION IN HUMAN LV MYOCARDIUM

WITH DIASTOLIC DYSFUNCTION AND REPLETION

WITH NR. Pathologic LV hypertrophy is synonymous
with diastolic dysfunction, so we examined NADþ

levels in 2 hypertrophic cardiomyopathies (HOCM
and HCM) and 2 types of HF with systolic impairment
(DCM and ICM) (Figure 1A). We found a significant
depletion of NADþ in LV myocardium from patients
with HOCM and HCM myocardium (Figure 1B)
compared to age-matched donor (AMD) (histologi-
cally normal donor LV) myocardium. However, in ICM
and DCM, the 2 most common forms of HF with
reduced ejection fraction (characterized by predomi-
nant systolic impairment), NADþ levels were compa-
rable to those in AMDs (Figure 1C). We also saw
significant reduction in the expression of sirtuin 3
(SIRT3), an NADþ-consuming enzyme, in HOCM and
nonsignificant reduction in HCM (Figure 1D) LV
myocardium. The rate-limiting enzyme in NADþ

metabolism, NAMPT, was significantly lower in
HOCM and HCM myocardium (Figure 1E). Expression
levels of SIRT3 and NAMPT proteins were lower in
DCM but not in ICM LV myocardium when compared
to AMDs (Supplemental Figures 1A and 1B). Using a
novel ex vivo myocardial tissue slice model28

(Figures 1F and 1G), we then showed that in human
HOCM LV myocardium, exogenous NR significantly
elevated tissue NR (Figure 1H), NADþ (Figure 1I),
NADþ/NADH ratio (Figure 1J), nicotinamide mono-
nucleotide (Figure 1K), and nicotinamide (Figure 1L)
after NR incubation at 37 �C in a 5% CO2 humidified
atmosphere. These results demonstrate that exoge-
nous NR can be taken up by the diseased human heart
FIGURE 2 Continued

(A) Schematic overview of the feeding protocol. (B) Weekly body weigh

curve during OGTT, and (E) HOMA-IR of male and female mice of the cho

diastolic blood pressures of male and female mice of the chow, HFpEF,

monitoring method at week 5. (H) LVEF, (I) E/A ratio, (J) GLS, and (K) wa

and female mice measured by echocardiography. (L) Wet/dry ratio of th

prevention groups at week 5 (n ¼ 8-10/group for chow, HFpEF, and proph

NR female mice). Expression levels of (M) protein kinase G (PRKG1), (N)

metallothionein 1 (MT1), (P) alpha-protein kinase 2 (ALPK2), (Q) calcium-

isozyme L1 precursor (UCHL1), and (S) lymphatic vessel endothelial hyalu

HFpEF (n ¼ 15-17), and NR prevention (n ¼ 7 or 8) groups after 5 weeks

NR þ HFD þ L-NAME diet. Each point represents a mouse. *P < 0.05,

ANOVA followed by the Sidak posttest, (C, E to L) 2-way ANOVA follow

Wallis test followed by Dunn multiple comparison testing. AMP ¼ adenos

GLS ¼ global longitudinal strain; HFD ¼ high-fat diet; HFpEF ¼ heart failu

assessment of insulin resistance; LVEF ¼ left ventricular ejection fractio

Figure 1.
to replenish NADþ, notwithstanding NAMPT deple-
tion. This prompted us to study the relationship of
myocardial NADþ depletion and diastolic impairment,
with a focus on HFpEF, the commonest manifestation
and most clinically relevant presentation of diastolic
dysfunction,29 in a recently established murine
HFpEF model.3

PROPHYLACTIC NR AVERTS HFpEF WITH WIDESPREAD

SALUTARY EFFECTS ON PROTEINS INVOLVED IN MAIN-

TAINING DIASTOLIC HOMEOSTASIS. In this experi-
mental model, 5 weeks of HFD and L-NAME in
drinking water (Figure 2A) resulted in substantial al-
terations in several metabolic parameters in male
mice. These included increased body weight
(Figure 2B), fat mass (Figure 2C), glucose excursion
measured by oral glucose tolerance test (Figure 2D),
insulin resistance (homeostatic model assessment of
insulin resistance [HOMA-IR]) (Figure 2E), and sys-
tolic and diastolic blood pressures (Figures 2F and 2G).
The same levels of change was not observed in female
mice in the same timeframe. Maintaining normal
systolic function, as indicated by an unchanged LVEF
(Figure 2H), the male mice showed a significant in-
crease in transmitral Doppler early to late diastolic
transmitral flow velocity (E/A) wave ratio (Figure 2I),
indicating diastolic dysfunction, a hallmark of
HFpEF. Such changes were not significantly observed
in female mice. Both sexes demonstrated reduced
GLS (Figure 2J), suggesting diastolic impairment.
Interestingly, although LV wall thickness in male
mice remained largely unchanged, it increased
significantly in female mice (Figure 2K). The wet/dry
lung ratio, a marker for congestive HF, showed an
increase only in male mice (Figure 2J).
t starting at week 0 of the diet, (C) fat mass (D) glucose response

w, HFpEF, and NR prevention groups at week 4. (F) Systolic and (G)

and NR prevention groups obtained by a noninvasive blood pressure

ll thickness of the chow, HFpEF and NR prevention groups of male

e lung weight of male and female mice of the HFpEF and NR

ylactic NR male mice; n ¼ 6-8/group for chow, HFpEF, prophylactic

protein kinase AMP-activated catalytic subunit alpha 1 (PRKAA1), (O)

binding protein 1 (CHP1), (R) ubiquitin carboxyl-terminal hydrolase

ronic acid receptor 1 (LYVE1) in myocardium of chow (n ¼ 12-16),

of chow, HFD þ N[w] -nitro-l-arginine methyl ester (L-NAME), and

**P < 0.01, and ***P < 0.001 by (B, D) 2-way repeated-measures

ed by the Sidak multiple comparisons test or (M to S) the Kruskal-

ine monophosphate; E/A ¼ transmitral Doppler E- to A-wave ratio;

re with preserved ejection fraction; HOMA-IR ¼ homeostatic model

n; OGTT ¼ oral glucose tolerance test; other abbreviations as in
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FIGURE 3 NR Therapy Fully Rescues HFpEF, and Dietary Intervention Partially Rescues HFpEF
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Prophylactic supplementation of NR in concert
with HFD and L-NAME averted the metabolic, hy-
pertensive, and cardiac perturbations of HFpEF in
male, but not female, mice (Figures 2B to 2L). It pre-
vented weight gain (Figure 2B), fat mass accumulation
(Figure 2C), abnormal glucose excursion during oral
glucose tolerance test (Figure 2D) (although not
HOMA-IR [Figure 2E]), and systolic (Figure 2F) and
diastolic (Figure 2G) hypertension. As expected, there
was no change in LVEF (Figure 2H). There were sig-
nificant improvements in E/A ratio (Figure 2I), GLS
(Figure 2J), LV wall thickness (Figure 2K), and wet/dry
lung ratio (Figure 2L). GLS was the only parameter
also significantly improved in the female prophylactic
NR therapy mice (Figure 2J).

We proceeded to examine underlying molecular
changes in myocardium from prophylactic NR male
mice to examine the myocardial molecular differ-
ences in these mice compared to the mice exhibiting
HFpEF. The prophylactic NR group displayed distinct
myocardial protein alterations, measured using LC-
MS/MS proteomics, when compared to the HFpEF
group, as shown in the volcano plot in Supplemental
Figure 2A. Protein kinase CGMP-dependent 1
(PRKG1), a protein previously shown to exacerbate
stress-induced cardiomyopathy,30 was significantly
up-regulated in HFpEF but remained at control levels
in NR-prevention myocardium (Figure 2M). Protein
kinase adenosine monophosphate–activated catalytic
subunit alpha 1 (PRKAA1), a key component of the
adenosine monophosphate–activated protein kinase
complex critical for intracellular energy sensing and
regulation, was significantly decreased in prophy-
lactic NR myocardium compared to HFpEF
(Figure 2N).

Prophylactic NR treatment led to a heightened
expression of metallothionein 1 (MT1) (Figure 2O), a
protein that is known to play a crucial role in miti-
gating myocardial inflammation and supporting
remodeling in cardiomyopathy.31 Simultaneously,
there was a significant increase in the expression of
FIGURE 3 Continued

(A) A schematic overview of NR therapy and reverse diet feeding protoc

male and female mice of the chow, HFpEF, NR therapy, and diet reversa

female mice after 4 weeks of chow, HFD þ L-NAME (HFpEF), NR supplem

lung weight ratio of both male and female of chow, HFpEF, NR therapy, a

diet reversal male mice (n ¼ 8 or 9/group for chow, HFpEF, NR therapy, a

as the mean� SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by 2-way A
alpha protein kinase 2 (ALPK2) within the myocar-
dium of the prophylactic NR group (Figure 2P), a
protein known to promote cardiogenesis through
wingless/integrated signaling suppression in both
zebrafish and human pluripotent stem cells,32 which
may serve as a compensatory mechanism in response
to the nonsignificant decrease observed in HFpEF
myocardium.

Calcineurin homologous protein 1 (CHP1), an
essential component of the Naþ/Hþ exchanger family,
was significantly increased in prophylactic NR
myocardium (Figure 2Q).33 Another protein, ubiquitin
C-terminal hydrolase L1 (UCHL1), known for its
involvement in postinfarct fibrosis34 and contributing
to pathologic cardiac hypertrophy through the stabi-
lization of the epidermal growth factor receptor,35

was significantly elevated in prophylactic NR
myocardium (Figure 2R). Lymphatic vessel endothe-
lial hyaluronic acid receptor 1 (LYVE1), a protein
critical for lymphangiogenesis and cardiac function-
ality,36 was significantly increased in prophylactic NR
myocardium compared to chow and HFpEF
(Figure 2S).

NR THERAPY FULLY RESCUES HFpEF; DIET

REVERSAL PARTIALLY RESCUES HFpEF. After
9 weeks of the HFD þ L-NAME protocol (Figure 3A),
significant elevation of body weight was observed in
both male and female mice (Figure 3B). The diet
reversal group had replacement of HFD þ L-NAME
with normal chow, and L-NAME was removed from
the drinking water at the 5-week mark. Upon reas-
sessment at the 9-week mark, the diet reversal group
demonstrated a significant reduction in body weight
(Figure 3B) and fat mass (Figure 3C) as compared to
both the HFpEF and NR therapy groups. In both
sexes, increases in body weight and fat mass were not
mitigated by NR therapy, with measurements
remaining comparable to those observed in the
HFpEF group (Figures 3B and 3C). The HFpEF group
had significantly impaired HOMA-IR, which was not
ol after full development of HFpEF. (B) Body weight, (C) fat mass, and (D) HOMA-IR of both

l groups at the end of study. (E) Systolic and (F) diastolic blood pressures of both male and

entation, or reverse dieting. (G) LVEF, (H) E/A ratio, (I) GLS, (J) LV wall thickness, (K) wet/dry

nd diet reversal groups at the end of study (n ¼ 7-10/group for chow, HFpEF, NR therapy, and

nd diet reversal female mice. Each point represents a mouse. (B to K) All data are presented

NOVA followed by the Sidak multiple comparisons test. Abbreviations as in Figures 1 and 2.

https://doi.org/10.1016/j.jacbts.2024.01.011
https://doi.org/10.1016/j.jacbts.2024.01.011


FIGURE 4 Diet Reversal Restores Myocardial Glucose-Dependent Metabolism and Oxidative Homeostasis, Along With Other

Beneficial Changes

Myocardial levels of (A) pyruvate dehydrogenase kinase 4 (PDK4), SIRT3, 3-hydroxy-3-methylglutaryl CoA synthase 2 (HMGCS2), acetyl-CoA

acetyltransferase 1 (ACAT1), and tricarboxylic acid cycle intermediate oxaloacetate of the chow, HFpEF, diet reversal, and NR therapy groups.

(B) Collagen alpha-1(VIII) chain (COL8A1), (C) myosin heavy chain 7 (MYH7), (D) perilipin (PLIN5), (E) apolipoprotein C2 (APOC2) protein,

(F) mitochondrial d(3,5)-d(2,4)-dienoyl-CoA isomerase (ECH1), (G) mitochondrial uncoupling protein 3 (UCP3), and (H) phosphomanno-

mutase 2 (PMM2) in chow, HFpEF, and diet reversal myocardium (n ¼ 9 or 10/group). (A to H) Each point represents a mouse. *P < 0.05,

**P < 0.01, and ***P < 0.001, determined by the Kruskal-Wallis and post hoc Dunn tests. CoA ¼ coenzyme; other abbreviations as in

Figures 1 and 2.
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changed with NR therapy; however, diet reversal
improved HOMA-IR similar to that in the chow group
(Figure 3D) in both male and female mice. The diet
reversal and NR therapy groups resulted in significant
reductions in systolic (Figure 3E) and diastolic
(Figure 3F) blood pressures in both male and female
mice, without an effect on LVEF (Figure 3G) in males,
but a subtle decrease in LVEF was observed in diet
reversal female mice. NR therapy, but not diet
reversal, significantly improved LV diastolic function
as determined by E/A wave ratio (Figure 3H) in mice of
both sexes and GLS (Figure 3I) in male mice compared
to HFpEF. Diet reversal, but not NR, significantly
reduced LV wall thickness (Figure 3J) in females, and
NR decreased wet/dry lung weight ratio (Figure 3K) in
mice of both sexes, but diet reversal did not.



FIGURE 5 NR Treatment Increases NADþ Bioavailability and Mediates Metabolic Reprogramming to Improve Cardiac Energy Homeostasis in HFpEF

(A) NAMPT protein expression levels, and both (B) NADþ and (C) NADH levels in the myocardium of chow (n ¼ 8-10), HFpEF (n ¼ 9 or 10), NR-treated HFpEF

(n ¼ 6 or 7), and diet reversal mice (n ¼ 9). (D) Protein expression levels of solute carrier family 2 member 4 (SLC2A4)/glucose transporter 4 (GLUT4); mitochondrial

hexokinase (HK1); phosphofructokinase, muscle (PFKM); phosphofructokinase (PFKFB2); lactate dehydrogenase B chain (LDHB); pyruvate dehydrogenase E1 component

subunit alpha (PDHA1); pyruvate dehydrogenase component subunit beta (PDHB); and branched chain amino acid transaminase 2 (BCAT2) and 2-oxoisovalerate

dehydrogenase subunit beta, mitochondrial (BCKDHB) in chow, HFpEF, NR-treated HFpEF, and diet reversal myocardium (n ¼ 7-10/group). (E) Protein expression

levels of citrate synthase (CS), mitochondrial aconitase 2 (ACO2), mitochondrial isocitrate dehydrogenase [NADPþ] 2 (IDH2), succinate dehydrogenase complex

flavoprotein subunit A (SDHA), fumarate hydratase (FH), cytoplasmic malate dehydrogenase (MDH1), and mitochondrial malate dehydrogenase (MDH2) in the

myocardium of chow, HFpEF, NR-treated HFpEF, and diet reversal mice (n ¼ 7-10/group). (F) Representative trace of respirometric measurement of HFpEF and

NR-treated HFpEF hearts as described in the Methods section. Experimental trace recorded by Oxygraph-2k (Oroboros) with from acquisition software DatLab4.3

(Oroboros Instruments) showing the actual O2 concentration (blue, left y-axis in nmol/mL) and rate of oxygen consumption (red, right y-axis in pmol O2/s/mL).

Sequential additions of substrates and inhibitors are marked by arrows and abbreviations below the trace (malate: 2 mmol/L; NADþ: 100 mmol/L; cytochrome c:

10 mmol/L; acetyl-CoA 150 mmol/L; rotenone: 1 mmol/L; malonate: 5 mmol/L; antimycin A: 2.5 mmol/L). Vertical dotted lines denote the actual respiratory state after

the addition of malate, NADþ, and cytochrome c (basal), acetyl-CoA (energized) and antimycin A (residual) states. (G) Oxygen consumption rates in the energized

state of HFpEF (n ¼ 10) and NR-treated mice (n ¼ 8). The rates of O2 consumption in the residual state were subtracted from basal and energized rates and were

normalized to citrate synthase (CS) protein. (H) A schematic illustrating the locations and functions of the proteins in C and D. *P < 0.05, **P < 0.01, and ***P < 0.001

by (A to C) the Kruskal-Wallis test followed by the Dunn multiple comparison test, (D, E) 1-way ANOVA, or (G) 2-way ANOVA with Sidak multiple comparison.

NADPþ ¼ oxidized form of nicotinamide adenine dinucleotide phosphate; OXPHOS ¼ oxidative phosphorylation; TCA ¼ tricarboxylic acid; other abbreviations as in

Figures 1 and 2.
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FIGURE 6 NR Therapy, But Not Diet Reversal, Increases Antioxidant Protection in HFpEF Myocardium

NR increased the generation of NADPH and the synthesis of reduced glutathione (GSH) 9 methionine-fueled transsulfuration. Metabolite levels of (A) methionine; (B)

homocysteine; and amino acids, including (C) serine, (D) glutamate, (E) glycine, (F) GSH, and (G) taurine in chow, HFpEF, NR-treated, and diet reversal hearts are

presented using boxplots. Protein expression levels of (H) glutathione synthase (GSS); (I) NAD kinase (NADK2), the only enzyme that phosphorylates NADþ into NADP;

both cytosolic malic enzymes (ME) (J) ME1 and (K) ME3; and (L) mitochondrial isozymes of IDH, IDH2, in chow, HFpEF, NR-treated, and diet reversal hearts are also

depicted using boxplots (n ¼ 7-10/group). (M) NADPþ, NADPH, and NADPþ/NADPH ratio in mitochondria isolated from the hearts of chow (n¼ 7), HFpEF (n¼ 11) and

NR-treated myocardium (n ¼ 10). (N) A schematic summarizing the changes in intermediates leading to increased production of NADPH-GSH. *P < 0.05, **P < 0.01,

and ***P < 0.001 by the Kruskal-Wallis test followed by the Dunn multiple comparison test. c ¼ cytosolic; CBS ¼ cystathionine beta-synthase; GCLM ¼ glutamate-

cysteine ligase modifier; GR ¼ glutathione reductase; m ¼ mitochondrial; NADPH ¼ reduced form of nicotinamide adenine dinucleotide phosphate; ROS ¼ reactive

oxygen species; other abbreviations as in Figures 1, 2, and 5.
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DIET REVERSAL RESTORES MYOCARDIAL GLUCOSE-

DEPENDENT METABOLIC PATHWAYS, ALONG WITH

OTHER BENEFICIAL CHANGES. We proceeded to
examine underlying molecular changes in myocar-
dium from chow, HFpEF, NR therapy, and diet
reversal male mice. Consistent with enhanced insulin
sensitivity in the diet reversal group, even though LV
diastolic functional parameters did not significantly
improve within the observed timeframe, there were
protein and metabolite changes suggesting the
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reactivation of glucose-dependent metabolism. The
volcano plot in Supplemental Figure 2B demon-
strates the unique differences in myocardial protein
expression between the diet reversal and HFpEF
groups. For example, pyruvate dehydrogenase ki-
nase 4 (PDK4), which suppresses glucose oxidation
and is linked to insulin resistance, was up-regulated
in HFpEF myocardium (Figure 4A); remarkably, diet
reversal induced complete resolution of PDK4
levels, suggesting augmented insulin sensitivity.
For ease of interpretation, the glycolytic and
tricarboxylic acid (TCA) cycle enzyme changes are
grouped in Figure 5 alongside an enabling sche-
matic. The insulin-regulated glucose transporter
found in striated muscle, GLUT4, encoded by the
solute carrier 2A4 (Slc2a4) gene, was significantly
up-regulated in these hearts compared to HFpEF
(Figure 5D). Hexokinase I, the rate-limiting enzyme
that initiates the first step of glycolysis by phos-
phorylating intracellular glucose into glucose 6-
phosphate, was shown to reduce in HFpEF hearts,
but there were no changes in Hexokinase-1 expres-
sion in NR-treated HFpEF. Hexokinase-1 was
significantly up-regulated in diet reversal myocar-
dium (Figure 5D), supporting restoration of the HK1-
dependent glycolysis pathway in diet reversal mice
compared to NR-treated HFpEF mice. Diet reversal
myocardium had significantly elevated levels of
phosphofructokinase (PFKM) (Figure 5D), an enzyme
that catalyzes the phosphorylation of D-fructose-6-
phosphate to fructose-1,6-bisphosphate, enabling
procession through glycolysis to pyruvate. Oxalo-
acetate, an intermediate metabolite in the TCA cy-
cle, was suppressed in HFpEF myocardium but
recovered to normal levels by diet reversal
(Figure 4A), suggesting recovery of pyruvate output
and normalized flux of the TCA cycle.

SIRT3, an NADþ-dependent enzyme, was signifi-
cantly depleted in HFpEF myocardium, but in diet
reversal myocardium it was comparable to control
levels (Figure 4A), illustrating recovery of this
important mediator of salutary posttranscriptional
effects. Intriguingly, levels of 3-hydroxy-3-
methylglutaryl–coenzyme A synthase 2 (HMGCS2),
the canonical ketogenic enzyme, were significantly
elevated in HFpEF myocardium and recovered to
normal levels in diet reversal myocardium
(Figure 4A). This likely represents the abundance of
acetyl-CoA delivered from fatty acid metabolism that
serves as a ketogenic shuttle in HFpEF myocardium;
with the removal of HFD, restoration of glycolysis,
and increased generation of oxaloacetate, fatty acids
are no longer diverted to ketone generation. Acetyl-
CoA acetyltransferase 1 (ACAT1) was significantly
reduced in diet reversal myocardium compared to
HFpEF myocardium (Figure 4A), which is colinear
with the HMGCS2 response.

There were many other changes at the protein level
indicative of salutary effects. For example, collagen 8
type A protein (COL8A1), a protein linked to cardiac
dilation and remodeling in human DCM,37 was up-
regulated in HFpEF myocardium but returned to
chow levels by diet reversal (Figure 4B). Levels of
b-myosin heavy chain 7 (MYH7) were significantly
increased in HFpEF myocardium, possibly because of
hypertensive remodeling, but returned to control
levels in diet reversal myocardium (Figure 4C), sug-
gesting a remodeling capability of myocardium’s key
structural proteins when metabolic and hypertensive
stressors are removed.

Following dietary intervention, changes were
observed in proteins involved in lipid metabolism.
The intramyocellular lipid contributor perilipin 5
(PLIN5), initially elevated in HFpEF myocardium, was
normalized (Figure 4D). Apolipoprotein 2 (APOC2),
which assists in exporting excess toxic lipid species,
was initially higher in HFpEF myocardium but
reduced to control levels (Figure 4E). Also, d(3,5)-
d(2,4)-dienoyl-CoA isomerase (ECH1), a crucial player
in fatty acid oxidation, and mitochondrial uncoupling
protein 3 (UCP3), which aids in fatty acid–response
oxidative phosphorylation, were initially elevated in
HFpEF myocardium but normalized with diet reversal
(Figures 4F and 4G). Phosphomannomutase 2 (PMM2),
involved in nucleotide-sugar biosynthesis, was
significantly down-regulated in HFpEF myocardium
and resolved to control levels in diet reversal
myocardium (Figure 4H).

THERAPEUTIC RECOVERY OF NADD UP-REGULATES

LACTATE, BRANCHED-CHAIN AMINO ACID META-

BOLISM, AND TCA FLUX. NR therapy after the
establishment of HFpEF significantly increased
expression of NAMPT (Figure 5A) along with levels of
NADþ (Figure 5B) and NADH (Figure 5C). Unlike diet
reversal, NR treatment did not improve insulin
resistance and glucose metabolism. NR did not in-
crease protein expression of enzymes that facilitate
the metabolism of glucose, including insulin-
responsive glucose transporter GLUT4, HK1, PFKM,
and PFKFB2 enzymes that catalyze the phosphoryla-
tion of glucose (Figure 5D). However, NR increased
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lactate dehydrogenase B (LDHB) (Figure 5D), a critical
isoform of LDH enzyme that has higher affinity for
lactate and can increase pyruvate supply by prefer-
entially converting lactate to pyruvate, thereby
directing it toward the TCA cycle for further energy
production. Together, these highlight potential
rescue pathways during insulin resistance and
glucose insufficiency. In addition, we also found
elevated expression of mitochondrial branched-chain
amino acid transaminase 2 (BCAT2) and nonsignifi-
cant increase in branched-chain keto acid dehydro-
genase E1 subunit beta (BCKDHB) (Figure 5D) proteins
in myocardium from NR-treated mice compared to
HFpEF mice.

Additionally, NR treatment led to an elevation of
several TCA cycle–associated enzymes, including
citrate synthase (CS); aconitase 2 (ACO2); succinate
dehydrogenase complex, subunit A (SDHA); fumarate
hydratase (FH); and 3 rate-limiting TCA enzymes that
serve to generate NADH: isocitrate dehydrogenase
regulatory subunit 3 (IDH3), along with malate de-
hydrogenase 1 and 2 (MDH1, MDH2) (Figure 5E). As an
electron donor, NADH produced in the TCA cycle
plays a crucial role in adenosine triphosphate (ATP)
synthesis by oxidative phosphorylation, which gen-
erates most of its energy through the electron trans-
port chain (Figure 5H). Corresponding box plots and
cluster heatmap of proteins in Figures 5D and 5E are
presented Supplemental Figures 3 and 4.

To investigate whether NR supplementation im-
proves mitochondrial respiration function in HFpEF
mice, we measured mitochondrial respiratory capac-
ity in HFpEF and NR-treated HFpEF mice using the
Oroboros Oxygraph-2k based on the previously pub-
lished protocol by Zuccolotto-dos-Reis et al.38 Oxygen
consumption rates in the energized state were found
to be significantly higher in the NR-treated HFpEF
mouse hearts as compared with HFpEF mouse hearts
(Figures 5F and 5G), suggesting an increased mito-
chondrial respiration rate and ATP generation in
HFpEF mice treated with NR.

THERAPEUTIC NR SUPPLEMENTATION ENHANCES

ANTIOXIDANT CAPACITY BY MODULATING LEVELS OF

THE REDUCED FORM OF NICOTINAMIDE ADENINE

DINUCLEOTIDE PHOSPHATE AND GLUTATHIONE. NADþ

replenishment via NR therapy also appeared to
enhance antioxidant capacity in the myocardium via
reduced form of nicotinamide adenine dinucleotide
phosphate mediated regeneration of reduced gluta-
thione (GSH). Redistribution of homocysteine flux
between the transmethylation and transsulfuration
pathways plays a significant role in facilitating GSH
synthesis. Although no change was detected in the
levels of methionine, homocysteine, and serine
(Figures 6A to 6C), the NR-treated myocardium
exhibited a significant reduction in glutamate
(Figure 6D) but not in glycine levels (Figure 6E) rela-
tive to HFpEF mice. These alterations suggest their
potential involvement in GSH biosynthesis. Addi-
tionally, when cysteine availability surpasses the
demand for GSH synthesis, the excess cysteine is
metabolized into taurine (Figure 6G). An increase in
GSH (Figure 6F) levels was observed, accompanied by
a nonsignificant increase in the expression of gluta-
thione synthetase (GSS) (Figure 6H). NAD kinase 2,
mitochondrial (NADK2), which catalyzes phosphory-
lation of NAD to generate NADPþ, was significantly
increased in NR therapy myocardium (Figure 6I).
NADPþ can be reduced to NADPH by NADP-
dependent malic enzyme 1 (ME1) in the cytoplasm
and by ME3 and isocitrate dehydrogenase 2, mito-
chondrial (IDH2) in the mitochondria,39 the latter 2 of
which were significantly higher in myocardium from
NR-treated vs nontreated HFpEF mice (Figures 6K
and 6L). In isolated mitochondria, we found a
1.4-fold increase in NADPþ (P ¼ 0.06) in NR therapy
myocardium and a 2.5-fold increase in NADPH levels
(P < 0.01) (Figure 6M) when compared to chow mice.
NR therapy mice used NADPH to maintain the GSH
redox state (Figure 6N). NADPH is an essential
cofactor of glutathione reductase (GR), a key enzyme
for catalyzing the recycling of reduced and oxidized
glutathione (GSH and GSSG, respectively), and the
production of GSH relies on the bioavailability of
NADPH. To our knowledge, this is the first report of
NR supplementation increasing NADPH and GSH
levels in HFpEF hearts, both of which are essential for
maintaining cellular redox homeostasis.

DISCUSSION

Although recent preclinical data demonstrated rescue
of HFpEF by replenishing NADþ using precursors such
as NR8 or NAM,7 skepticism remains about the feasi-
bility of this approach in human HFpEF because of
myocardial NAMPT depletion. However, our data
show that if adequate supply of NR can reach the
heart, reduced NAMPT does not preclude NADþ

repletion.
Despite our data suggesting that prophylactic

supplementation of NR exerts favorable outcomes to
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avert the onset of the HFpEF phenotype in mice,
replication in human clinical trials is needed to vali-
date these findings. In fact, in our murine model,
therapeutic NR elevated NAMPT levels, facilitating its
own replenishment of NADþ. The abundant increase
in levels of NAM and its relationship to NADþ and
other intermediates warrant further exploration with
detailed fluxomic studies. Further, we did not explore
potential recycling of NR into nicotinic acid by the gut
microbiome, which could lead to the generation of
NADþ via the Preiss-Handler pathway. Prophylactic
supplementation of NR enacted a different program
of salutary effects compared to NR treatment after the
establishment of the phenotype. In both cases, NR
was administered with ongoing HFD and L-NAME,
with only the timing of NR commencement differing.
Therapeutic NR administration was able to rescue the
cardiac features of HFpEF and reverse HF in both
male and female mice. However, it is important to
note that there was a sex dependency of the pro-
phylactic NR response, with the beneficial effects
seen only in male mice. This could potentially be
attributed to a sex-time interaction, given the shorter
duration of the prophylactic protocol. Throughout the
course of the prophylactic protocol, increases in
weight and fat mass were only prevented in male
mice and not female mice. Upon examining the po-
tential underlying molecular changes in male pro-
phylactic NR myocardium, we observed several
unique molecular alterations. Among these changes,
the increased expression of the antioxidant, cysteine-
rich protein MT1 suggests a potential mitigation in
inflammatory responses.40 Prophylactic NR also
resulted in changes in several proteins intrinsically
linked to hypertrophic responses under increased
workloads, including PRKG1 and PRKAA1.30,41 The
observed reduction in their expression levels might
indicate a potential normalization effect brought on
by NR administration. Other protein changes indi-
cated prevention of fibrosis via UCHL135 and mainte-
nance of lymphangiogenesis via LYVE1.42 Although it
was recently demonstrated that NADþ replenishment
can rescue preclinical HFpEF,7,8 the relative efficacy
of this approach in comparison to mitigation of
mediating risk factors via dietary intervention and
weight loss has not been studied. Additionally,
although both strategies seem plausible, the molec-
ular mechanisms through which these therapeutic
approaches mediate their effects remain unknown.
To our knowledge, this is the first study to compare
these strategies.
Although diet reversal could not fully restore car-
diac function and rescue HFpEF, it led to a series of
beneficial myocardial changes indicating metabolic
improvements. Hearts from HFpEF mice showed a
drastic metabolic shift from glucose to lipid use,
which was attended by a host of deleterious changes,
including up-regulation of proteins linked to the
accumulation of toxic lipid species, fibrosis, diastolic
dysfunction, and aberrant cardiac remodeling.
Remarkably, diet reversal ameliorated all of these
effects and restored myocardial insulin-dependent
glucose uptake and glucose oxidation following the
reversal of glucose intolerance and insulin resistance.
The observed concomitant elevation in FASN and
ACLY protein expressions, coupled with the decrease
in PDK4 levels, underscores the heart’s metabolic
reprogramming in response to dietary shifts. Tran-
sitioning from an HFD to a chow diet elevates carbo-
hydrate intake in the heart that, when not
immediately used for energy, can be redirected into
fatty acid synthesis through de novo lipogenesis.
However, in spite of these benefits, diet reversal was
unable to restore cardiac function fully, highlighting
the shortcomings of dietary intervention in treating
HFpEF.

In this study, we further explored the mechanistic
pathways via which NR therapy did rescue cardiac
function in HFpEF. Our findings resonate with the
findings by Tong et al8 and Abdellatif et al7

demonstrating that the replenishment of NADþ en-
hances mitochondrial function and myocardial en-
ergetics. Notably, we observed that NR therapy was
successful in both restoring the NADPH-mediated
regeneration of reduced glutathione from its
oxidized form and in boosting energetic flux. Several
clinical studies have reported that the production of
reactive oxygen species (ROS) is increased in HFpEF
myocardium.43-45 An excess generation of ROS levels
beyond antioxidant capacity leads to oxidative stress
that damages the myocardium. Our findings suggest
that NR therapy enacts a defense response against
myocardial oxidants by increasing production of
mitochondrial NADPH, an essential source of
reducing power for the glutathione antioxidant sys-
tem, ultimately driving glutathione reduction and,
therefore, preventing ROS-induced cardiomyocyte
injury.

Further, our data indicate that NR therapy over-
comes 2 critical impasses imposed on the glycolytic
pathway, plausibly through up-regulation of LDHB to
divert lactate back into pyruvate for generation of



Koay et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 9 , N O . 6 , 2 0 2 4

Risk Factor Modification and NAD+ Repletion in Diastolic HF Efficacy J U N E 2 0 2 4 : 7 3 3 – 7 5 0

748
acetyl-CoA and via branched-chain amino acid
oxidation as an alternative source of acetyl-CoA for
the TCA cycle. Together, these alterations facilitated
an increase in TCA flux for oxidative phosphorylation,
thereby increasing ATP production in the hearts of
HFpEF mice.

STUDY LIMITATIONS. Although our study primarily
focused on NADþ and NADþ-dependent enzymes such
as SIRT3, investigating other deacetylation processes,
such as the impact of SIRT1 on PGC1a (which plays a
significant role in mitochondrial biogenesis and
function), is warranted but extends beyond the scope
of this current paper. Although LC-MS/MS is now a
widely accepted method known for its high sensi-
tivity, specificity, resolution, fidelity, accuracy, and
precision, we did not independently validate the
protein changes reported in the figures
(Supplemental Table 2) using another methodology.
Although our human samples displayed diastolic
impairment, they were not from patients with the full
spectrum of HFpEF. Obtaining LV myocardium from
HFpEF patients presents a significant challenge and
as is typically feasible only when another medical
indication, such as a surgical valve repair, is required,
although structural heart diseases such as this alter
the phenotype. Conceivably, patients with aortic
stenosis (resulting in a pressure-loaded ventricle) and
concomitant metabolic stress, such as coexisting
obesity and type 2 diabetes mellitus, would be more
representative of a large subset of HFpEF patients.
The opportunity to retrieve endomyocardial biopsy
specimens during aortic valve replacement proced-
ures is crucial. Conducting studies using these biopsy
specimens is absolutely critical for advancing our
understanding of mechanistic insight into the path-
ogenesis of HFpEF.

CONCLUSIONS

In this study, we report several novel findings that are
instructive for therapeutic approaches to cardiac
diastolic impairment and HFpEF. Critically, we
showed that, in human myocardium with diastolic
dysfunction, NAMPT depletion does not preclude
replenishment of NADþ with the stable precursor NR.
In the murine model, dietary intervention enacted a
wide range of beneficial myocardial molecular
changes; however, these were insufficient to rescue
HFpEF in either male or females. Prophylactic NR
could avert obesity in male HFpEF, but therapeutic
NR treatment after the establishment of the HFpEF
phenotype could not in males or females. Neverthe-
less, therapeutic NR fully rescued diastolic impair-
ment and HF in both males and females, inducing
synergistic antioxidant protection and enhanced en-
ergetics in the myocardium. Indeed, prophylactic and
therapeutic NR resulted in distinct molecular bene-
fits, suggesting important considerations for trans-
lation to the clinic. The findings obtained from this
investigation lay the groundwork for more compre-
hensive mechanistic studies using genetic
manipulation.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: HFpEF is

a type of HF that is often associated with LV diastolic

dysfunction and risk factors like hypertension, obesity,

and metabolic diseases. In our study, we investigate the

effectiveness of NADþ repletion in an HFpEF mouse

model, directly comparing it to conventional approaches

such as dietary intervention and weight loss. The results

from our research underscore the significance of the early

identification and intervention in HFpEF management,

aligning with the latest American College of Cardiology/

American Heart Association/Heart Failure Society of

America guidelines. This knowledge can assist clinicians in

recognizing and effectively managing “at-risk” HF pa-

tients at stages A and B.

TRANSLATIONAL OUTLOOK: The research on NADþ

in HF marks a significant step in translational medicine,

suggesting new directions for clinical trials and person-

alized medicine approaches. Our study suggests that

NADþ repletion, both prophylactic and therapeutic, may

offer a viable and promising approach in clinical settings,

despite previous concerns about the feasibility because of

NAMPT depletion. While acknowledging the benefits of

dietary intervention, our research suggests that these

measures alone may not suffice in reversing HFpEF. The

comparison of different NADþ repletion strategies pro-

vides a basis for future clinical trials and research, aiming

to refine these approaches for human application.
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