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BACKGROUND: Impairments of mitochondrial function in the heart are 
linked intricately to the development of heart failure, but there is no therapy 
for mitochondrial dysfunction.

METHODS: We assessed the reduced/oxidized ratio of nicotinamide 
adenine dinucleotide (NADH/NAD+ ratio) and protein acetylation in the 
failing heart. Proteome and acetylome analyses were followed by docking 
calculation, mutagenesis, and mitochondrial calcium uptake assays to 
determine the functional role of specific acetylation sites. The therapeutic 
effects of normalizing mitochondrial protein acetylation by expanding the 
NAD+ pool also were tested.

RESULTS: Increased NADH/NAD+ and protein hyperacetylation, previously 
observed in genetic models of defective mitochondrial function, also are 
present in human failing hearts as well as in mouse hearts with pathologic 
hypertrophy. Elevation of NAD+ levels by stimulating the NAD+ salvage 
pathway suppressed mitochondrial protein hyperacetylation and cardiac 
hypertrophy, and improved cardiac function in responses to stresses. 
Acetylome analysis identified a subpopulation of mitochondrial proteins 
that was sensitive to changes in the NADH/NAD+ ratio. Hyperacetylation 
of mitochondrial malate-aspartate shuttle proteins impaired the transport 
and oxidation of cytosolic NADH in the mitochondria, resulting in altered 
cytosolic redox state and energy deficiency. Furthermore, acetylation 
of oligomycin-sensitive conferring protein at lysine-70 in adenosine 
triphosphate synthase complex promoted its interaction with cyclophilin D, 
and sensitized the opening of mitochondrial permeability transition pore. 
Both could be alleviated by normalizing the NAD+ redox balance either 
genetically or pharmacologically.

CONCLUSIONS: We show that mitochondrial protein hyperacetylation due 
to NAD+ redox imbalance contributes to the pathologic remodeling of the 
heart via 2 distinct mechanisms. Our preclinical data demonstrate a clear 
benefit of normalizing NADH/NAD+ imbalance in the failing hearts. These 
findings have a high translational potential as the pharmacologic strategy 
of increasing NAD+ precursors are feasible in humans.

Normalization of NAD+ Redox Balance  
as a Therapy for Heart Failure
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Cardiovascular disease is a leading cause of death 
worldwide.1 As the life expectancy increases and 
the mortality of acute ischemic events decreases, 

the incidence of heart failure is mounting at a pace of 
900 000 per year.2 However, medical therapy for heart 
failure has been stalled for almost 2 decades. Novel con-
cepts and strategies in the treatment of heart failure are 
needed urgently.

The heart is a high energy-consuming organ. Mi-
tochondrion is the powerhouse of the cell and mito-
chondrial dysfunction is a well-recognized maladaptive 
mechanism during the development of heart failure.3,4 
Targeting mitochondria for heart failure therapy has long 
been sought; however, previous work focusing on im-
proving mitochondrial energy production and reducing 
reactive oxygen species yielded few successful clinical 
applications.5 In recent years, protein lysine acetylation 
emerged as an important mechanism linking mitochon-
drial metabolism to cellular pathologies.6–8 The level of 
protein acetylation reflects the balance of acetylation 
and deacetylation. Although the former is dependent on 
the abundance of acetyl-CoA and the activity of acetyl-

transferase, the later is determined by the deacetylase 
activity, and primarily sirtuins in the mitochondria. The 
sirtuin deacetylases consume NAD+ as a cosubstrate9; 
mitochondrial function is critical for setting the NADH/
NAD+ balance thus the NAD+ available for sirtuin activity.

Using a mouse model with primary mitochondrial dys-
function (cardiac-specific deletion of a Complex-I protein, 
Ndufs4: cKO), we recently found that elevation in NADH/
NAD+ ratio induce mitochondrial protein hyperacetylation 
and renders the heart highly susceptible to stresses.10 In 
this study we defined the molecular intermediaries link-
ing specific NAD+-sensitive hyperacetylation targets to 
the development of heart failure and demonstrated the 
relevance of these mechanisms in human heart failure. 
Furthermore, we showed that restoring the NADH/NAD+ 
ratio by genetic and pharmacologic approaches is an ef-
fective and potentially translatable strategy for the treat-
ment of heart failure in clinical practice.

METHODS
Animal Care, Surgical Procedures, and 
Echocardiography
All procedures involving animal use were performed with the 
approval of Institutional Animal Care and Use Committee of 
the University of Washington. Procedures for animal care, 
surgeries, and echocardiography were in the online-only Data 
Supplement.

Ex Vivo Measurements of Cardiac Function and 
Energetics
Langendorff perfused mouse hearts were isolated as described 
in the online-only Data Supplement.11

Mitochondrial Isolation, Proteome, and 
Acetylome Analyses
Mitochondria were isolated as described.12 Peptide generation 
and mass spectrometric protocols were in the online-only Data 
Supplement.

Acquired tandem mass spectra were searched for sequence 
matches against the International Protein Index mouse database 
using SEQUEST. The following modifications were set as search 
parameters: peptide mass tolerance at 500 ppm, trypsin diges-
tion cleavage after K or R (except when followed by P), one 
allowed missed cleavage site, carboxymethylated cysteines 
(static modification), and oxidized methionines or acetylation on 
K (variable modification). PeptideProphet13 and ProteinProphet14 
were used to assign confidence in the identified spectra result-
ing from the SEQUEST search. It relies on probability models 
and an empirical Bayesian approach to model fitting. First a 
score is produced to reflect the quality of each spectrum. Then 
a probability-based model is produced for the distribution of 
correctly and incorrectly identified spectra and fit to the scores 
of all identified spectra. The confidence in individual spectra 
are evaluated using the posterior probability. A cutoff is applied 
on the scores for the set of correctly identified spectra to 
control the false discovery rate, defined as the percentage of 

Clinical Perspective

What Is New?
•	 We show that mitochondrial dysfunction increases 

NADH/NAD+ ratio and protein hyperacetylation result-
ing in a greater sensitivity of the heart to chronic stress.

•	 Mechanistically, we have identified that hyperacety-
lation of the regulators of mitochondrial permeability 
transition pore and malate aspartate shuttle medi-
ates the increased susceptibility to stresses.

•	 Increased acetylation levels of cyclophilin D and 
oligomycin sensitive conferring protein on the ade-
nosine triphosphate synthase complex promote the 
interaction between oligomycin sensitive conferring 
protein and cyclophilin D and increase mitochondrial 
permeability transition pore sensitivity. Moreover, 
hyperacetylation and inhibition of malate aspartate 
shuttle limits the mitochondrial import and oxidation 
of NADH generated in the cytosol resulting in cyto-
solic redox imbalance.

What are the Clinical Implications?
•	 The identified mechanisms described above are 

observed in animal models and human failing hearts.
•	 Our preclinical results show that expanding the cardiac 

NAD+ pool via pharmacologic or genetic approaches 
normalizes the NADH/NAD+ ratio and protein acetyla-
tion in hypertrophied and failing hearts.

•	 Importantly, these measures improve cardiac func-
tion and reduce pathologic hypertrophy in mice. 
Thus, the study identifies NADH/NAD+ ratio a viable 
therapeutic target for mitochondrial dysfunction and 
heart failure.
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false positives which pass the cutoff. This method produces a 
similar estimation of the false discovery rate as the commonly 
used target-decoy search strategy.15 For more details on the 
statistics used in the Prophets we refer readers to Ma et al.16 
We used a PeptideProphet probability ≥0.9 and ProteinProphet 
probability ≥0.9 for positive identification at an error rate of 
>1%. Differences in relative expression of proteins were calcu-
lated using peptide spectral counting algorithm.17

Comet (v2013.02 rev1)18 was used to search the mass 
spectral data against the UniProt protein database for Mus 
musculus containing forward and reverse sequences (33 224 
total protein sequences). Comet search parameters included 
a precursor mass tolerance of 25 ppm, allowing for up to 3 
13C offset. Trypsin was selected as the digesting enzyme 
allowing for up to 2 missed cleavage sites. Variable modifica-
tions included oxidation of Met (15.9949 Da) and acetylation 
on Lys or protein n-termini (42.010565 Da). Static modifica-
tions included carbamidomethylation of Cys (57.021464 Da). 
Fragment ion mass tolerance was set to 0.02 Da. Resulting 
peptide spectrum matches were filtered to <1% false discov-
ery rate using a forward/reverse sequence strategy.

Molecular Docking Calculation
Detailed methods of molecular docking of cyclophilin D (CypD) 
and oligomycin-sensitive conferring protein (OSCP) were in the 
online-only Data Supplement.

Mitochondrial Calcium Uptake Assay and 
Biochemical Assays
Methods of mitochondrial calcium uptake assays and all bio-
chemical assays used in this study were in the online-only Data 
Supplement.

Antibodies, Western Blot, and 
Immunoprecipitation
Methods of antibodies, Western blot, and immunoprecipitation 
were in the online-only Data Supplement.

Statistical Analysis
Comparisons among the multiple groups were performed by 
1-way analysis of variance, followed by Newman-Keuls multiple 
comparison test. For comparisons only involving 2 groups, 
unpaired 2-tailed t-tests were used. For repeated measure-
ments of multiple groups, 2-way repeated measure analysis 
of variance was performed. All analyses were performed using 
GraphPad Prism 6.0. All data are expressed as mean±SEM 
and a P<0.05 was considered significant. All analyses were 
validated with permutation test versions, which are not depen-
dent on any assumption of data distribution.19

RESULTS
Protein Hyperacetylation in the Failing Heart Was 
Reversed by Expanding the NAD+ Pool
We showed previously that increased NADH/NAD+ ratio 
and inhibition of NAD+- dependent protein deacetylation 

caused by mitochondrial Complex-I deficiency (cKO) in-
creased cardiac susceptibility to stress.10 We sought 
to test whether protein hyperacetylation occurs during 
the development of heart failure. In cardiac tissues of 
patients with heart failure with ischemic or dilated car-
diomyopathy (online-only Data Supplement Table I), we 
observed higher acetylation levels compared with non-
failing human hearts (Figure 1A). In addition, pressure 
overload generated by transverse aortic constriction 
(TAC) elevated cardiac NADH/NAD+ ratio and mitochon-
drial protein hyperacetylation (Figure 1B-C, Figure IA-B in 
the online-only Data Supplement), further supporting a 
positive correlation of NAD+-sensitive protein acetylation 
and heart failure development. Next, we tested whether 
restoring NADH/NAD+ balance by either a genetic or 
pharmacologic approach can normalize protein acetyla-
tion. We elevated NAD+ synthesis via the NAD+ salvage 
pathway by supplementing NAD+ precursor nicotinamide 
mononucleotide (NMN) or overexpressing the rate-lim-
iting enzyme, nicotinamide phosphoribosyltransferase, 
in the mouse hearts (cNAMPT, Figure 1D; Figure IC in 
the online-only Data Supplement).20 Both measures in-
creased NAD+ level10,20 without affecting cardiac function 
in unstressed mice (Figure ID-H in the online-only Data 
Supplement). NMN administration normalized the NADH/
NAD+ ratio and importantly, reversed mitochondrial 
protein hyperacetylation in control mice after TAC (Fig-
ure 1B-C,  Figure IA-B in the online-only Data Supplement). 
Similarly, NMN administration also attenuated the NAD+ 
redox imbalance and protein hyperacetylation induced 
by primary mitochondrial dysfunction in cKO hearts (Fig-
ure 1E-F, Figure II-J in the online-only Data Supplement). 
The data from multiple models collectively indicate that 
the NAD+-dependent protein hyperacetylation is present 
in failing hearts and hearts with mitochondrial dysfunc-
tion, which can be abrogated by elevation of NAD+ levels 
and restoration of the NADH/NAD+ balance.

Normalization of Protein Acetylation Blunted the 
Development of Heart Failure During Chronic 
Stresses
Next, we sought to determine if the reversal of protein 
hyperacetylation by NMN would improve cardiac function 
and reduce pathologic hypertrophy induced by pressure 
overload. TAC caused significant cardiac hypertrophy, 
left ventricular dilation and decline in fractional shorten-
ing in control mice (Figure 2A-D, Figure IIA in the online-
only Data Supplement). NMN administration improved 
fractional shortening (Figure 2A), left ventricular dilation 
and hypertrophy (Figure 2B-D) in TAC-stressed mice. In 
addition, the accelerated course of heart failure in cKO 
mice after TAC (Figure IIB in the online-only Data Supple-
ment)10 also was abrogated by NMN administration. NMN 
treatment preserved contractile function (Figure 2E), re-
duced cardiac hypertrophy, left ventricular dilation, and 
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lung edema (Figure 2F-H, Figure IIC-D in the online-only 
Data Supplement). The data strongly supported the effi-
cacy of NMN administration in delaying the development 
of heart failure in mice with mitochondrial dysfunction, 
either primary or acquired.

We also tested whether elevation of NAD+ levels 
specifically in heart by increasing NAMPT activity also 
would be effective to prevent cardiac dysfunction and 
hypertrophy induced by another stressor with distinct 
mechanism, isoproterenol (ISO) stimulation. Trans-
genic mice overexpressing NAMPT only in the hearts 
(cNAMPT)20 were crossed with control and cKO mice to 
obtain mice with cNAMPT expression. We stressed the 
mice by chronic β-adrenergic stimulation with isoproter-
enol, which has been shown to cause cardiac myocyte 
death and pathologic hypertrophy.21 Isoproterenol (30 
mg/kg/d) delivered by osmotic minipump for 2 weeks 
(Figure IIIA in the online-only Data Supplement) induced 
significant cardiac dysfunction and hypertrophy in both 
control (Figure 3A-D, Figure IIIB in the online-only Data 
Supplement) and cKO mice (Figure 3E-H, Figure IIIC in 
the online-only Data Supplement) while cKO mice pre-

sented worse phenotypes. Elevation of cardiac NAD+ 
levels by cNAMPT protected both mice from isopro-
terenol-induced cardiac dysfunction, LV dilation, and 
hypertrophy (Figure 3, Figure III in the online-only Data 
Supplement). The data also supported that targeting the 
NAD+ salvage pathway to elevate cellular NAD+ levels 
represents a viable intervention strategy to improve 
cardiac function in response to chronic stresses. More-
over, the cNAMPT mice provide a useful tool to dissect 
the mechanistic roles of NADH/NAD+- sensitive protein 
acetylation in heart failure propensity.

Acetylome Analyses Identified NADH/NAD+-
Sensitive Changes in Acetylation Landscape
To test the hypothesis that protein acetylation that is sen-
sitive to NADH/NAD+ ratio modulates cardiac sensitiv-
ity to stress, we performed acetylome analysis of cKO 
hearts with and without cNAMPT. We first compared the 
mitochondrial proteomes from control and cKO hearts 
to rule out the possibility that increases in acetylated 
proteins in cKO were due to increases in the total pro-

Figure 1. Protein hyperacetylation in the failing hearts was normalized by restoring the NADH/NAD+ ratio.  
A, Acetylation of human failing hearts were estimated by Western blotting. N=8 to 10. The ratio of heart failure patients with 
ischemic versus dilated cardiomyopathy is 1:1. B, Tissue NADH/NAD+ ratio and (C) mitochondrial protein acetylation levels 
by Western blotting of control mice 4 weeks after sham or transverse aortic constriction (TAC) surgeries with and without 
nicotinamide mononucleotide (NMN) treatment were measured. N=3 to 4. D, Sirtuin deacetylase reaction requires NAD+. 
Mitochondrial NAD+ level is determined by the NADH/NAD+ ratio and the rate of NAD+ synthesis via salvage pathway. Nicotin-
amide phosphoribosyltransferase (NAMPT), the rate limiting enzyme of this pathway, catalyzes the conversion of nicotinamide 
(NAM) into NMN. Overexpression of NAMPT and supplementation of NMN were used to elevate NAD+ levels in this study. E, Tis-
sue NADH/NAD+ ratio and (F) mitochondrial protein acetylation in cardiac tissues of the cKO mice were measured. N=3 to 4. 
*P<0.05 compared with sham-vehicle; #P<0.05 compared with TAC-VEH; and $P<0.05 compared with nonfailing. All data are 
expressed as means ±SEM.
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tein amount. We did not observe significant up-regulation 
of mitochondrial protein levels while multiple proteins in 
mitochondrial complex-I were downregulated (Table II-III 
and Figure IVA-B in the online-only Data Supplement). 
This is consistent with the observation that deletion 
of Ndusf4 resulted in poor assembly of complex-I and 
hence degradation of complex-I proteins.10 Despite the 
minimal changes in protein levels, the number of acety-

lated proteins (Figure 4A) and acetylation levels of pep-
tides increased in cKO hearts (Figure  4B), consistent 
with increased acetylation shown by Western blot (Fig-
ure 4C, Figure IVC in the online-only Data Supplement). 
Hyperacetylation of some known protein targets were 
validated by Western blots (Figure IVD-E in the online-only 
Data Supplement). Increased acetylation levels in cKO 
hearts were not attributable to alterations in the levels of 

Figure 2. Nicotinamide mononucleotide (NMN) protected hearts from pathologic hypertrophy and contractile 
dysfunction induced by chronic pressure overload.  
A, Fractional shortening (FS), (B) left ventricular (LV) dilation (left ventricular internal dimension at diastole [LVID;d]), (C) cardiac 
hypertrophy (heart weight/tibia length, [HW/TL] at 4-week end point), and (D) lung edema (wet/dry lung weight at 4-week end 
point) of control mice after sham or transverse aortic constriction (TAC) surgeries with or without NMN treatment were assessed. 
N=5 to 8. E, FS, (F) LV dilation, (G) cardiac hypertrophy, and (H) lung edema of cKO mice after indicated treatments were as-
sessed. N=5 to 6. *P<0.05 compared with corresponding sham; and #P<0.05 compared with corresponding TAC-vehicle. All 
data are expressed as means±SEM.

Figure 3. Cardiac nicotinamide phosphoribosyltransferase (NAMPT) expression reversed isoproterenol- (ISO) 
induced cardiac dysfunction and hypertrophy.  
A, Heart rate (HR), (B) fractional shortening (FS), and (C) left ventricular internal dimension at diastole (LVID; d), and (D) cardiac 
hypertrophy (heart weight/tibia length [HW/TL]) of control or control+cNAMPT mice challenged with saline or isoproterenol (ISO, 
30 mg/kg/d) for 2 weeks were measured. N=5 to 9. E, HR, (F) FS, (G) LVID; d, ratio of (H) HW/TL of complex-I protein (cKO) 
or cKO+cNAMPT mice challenged with saline or ISO were recorded. N=5 to 8. *P<0.05 compared with corresponding saline; 
#P<0.05 compared with corresponding ISO. Data are expressed as means±SEM.

D
ow

nloaded from
 http://ahajournals.org by on January 8, 2026



Lee et al

September 20, 2016� Circulation. 2016;134:883–894. DOI: 10.1161/CIRCULATIONAHA.116.022495888

acetyl-CoA, mitochondrial acetyltransferase GCN5L1, or 
sirtuin expressions (Figure IVF-G in the online-only Data 
Supplement). As expected, cNAMPT overexpression 
normalized the NADH/NAD+ ratio and hyperacetylation 
in cKO hearts (Figure 4C, Figure IVC, H in the online-only 
Data Supplement). The number of acetylation proteins 
as well as the levels of acetylated peptides in cKO hearts 
were reduced by cNAMPT (Figure  4A-B, left-shift from 
cKO). Although mitochondrial proteins only constituted 
about a third of the 616 acetylated proteins identified 
(Figure 4D), a disproportionately high fraction of hyper-
acetylated peptides were originated from mitochondrial 
proteins in cKO (Figure 4E), and they responded robustly 
to the normalization of NADH/NAD+ ratio by cNAMPT 
(Figure 4F, left-shift from cKO). These observations also 
support a critical role of NADH/NAD+ ratio in connecting 
mitochondrial function and acetylation landscape. Inter-
estingly, acetylation levels of proteins from nonmitochon-
drial compartments also were elevated in cKO hearts 
(Figure  4E, right-shift from 1). Expression of cNAMPT 
moderately reduced the acetylation of nonmitochondrial 
proteins (Figure IVI in the online-only Data Supplement). 
This observation raised an intriguing possibility that the 
NAD+ redox imbalance caused by mitochondrial dysfunc-
tion could affect other cellular compartments, and as 
such contributed to pathologic remodeling of the heart 

by altering cytosolic redox state and whole cell hyper-
acetylation.

Acetylation of Malate Aspartate Shuttle 
Regulated Cytosolic NAD+ Redox Balance and 
Cardiac Energetics
Among the subpopulation of proteins whose acetylation 
responded robustly to NADH/NAD+ ratio, hyperacety-
lation of the mitochondrial isoforms of malate aspartate 
shuttle (MAS) proteins (Figure 5A, Table IV in the online-
only Data Supplement) is of interest. MAS is a key player 
in the communication of cytosolic and mitochondrial 
NAD+ redox states,22 carrying electrons from cytosolic 
NADH into mitochondria for oxidative phosphorylation.23 
Decreased MAS activity was found in cKO and isoproter-
enol-treated hypertrophic hearts, and in both cases could 
be restored by overexpressing cNAMPT (Figure 5B-C). 
Acetylation of a number of lysines in the MAS proteins 
was reduced toward normal level by overexpressing 
cNAMPT (Table IV in the online-only Data Supplement). 
Moreover, incubation of mitochondrial proteins with 
acetyl-coA promoted acetylation of mitochondrial GOT2 
(glutamate oxaloacetate transaminase) and inhibited its 
activity (Figure VA-C in the online-only Data Supplement), 
also supporting the notion that protein hyperacetylation 

Figure 4. Acetylome analysis identified NADH/NAD+-sensitive changes in acetylation landscape.  
A, Venn diagram showing the overlapping of acetylated proteins identified in control, complex-I protein (cKO), and cKO+cNAMPT 
hearts. Numbers in bracket represent the total number of acetylated proteins identified in each group. B, Acetylated peptides of 
cKO and cKO+cNAMPT hearts were quantified by liquid chromatography–mass spectrometry and normalized to control values. 
Distribution of the acetylation changes was plotted. Dotted line at 1 was set to the mean of control peptide levels. Distribution 
shift to the right of 1 represented increased acetylation levels compared to control. C, Acetylation levels from indicated hearts 
were assessed by Western blot. *P<0.05 compared with control. #P<0.05 compared with cKO. D, Pie chart showing subcellular 
localization of acetylation proteins identified in cKO hearts. E, Changes of acetylation in mitochondrial (mito) versus nonmitochon-
drial (nonmito) compartments. F, Mitochondrial acetylation landscape changes of cKO and cKO+cNAMPT hearts were compared.
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suppressed the shuttle activity. The lactate/pyruvate 
ratio, a marker for cytosolic NADH/NAD+ ratio, was el-
evated in isoproterenol-treated and TAC-stressed hearts 
and was lowered by cNAMPT or NMN (Figure 5D-E). The 
data collectively suggest that hyperacetylation of MAS 
decreases the import of cytosolic NADH into mitochon-
dria for oxidation hence altered cytosolic NADH/NAD+ 
ratio.

Upregulation of glycolysis is a hallmark of metabolic 
remodeling in pathologic hypertrophy.24,25 Elevation of 
MAS flux under these conditions would facilitate aero-
bic glycolysis for adenosine triphosphate (ATP) produc-
tion.24–28 It was shown previously that elevated MAS flux 
at early stage of pathological hypertrophy was attenu-
ated as the heart transitions into energetic and contrac-
tile failure, even though the MAS protein levels were 
unaltered.28 To test whether inhibition of MAS by acetyla-
tion is partially responsible for the impaired energetics 
in pathologic hypertrophy, we performed 31P NMR (31 
phosphorus nuclear magnetic resonance) spectroscopy 
of isolated perfused hearts to measure myocardial high 
energy phosphate content and contractile function si-
multaneously. We observed a downward-left shift in the 
relationship of myocardial energetic status assessed by 
phosphocreatine to ATP ratio (PCr/ATP) and contractile 
function assessed by the rate pressure product in iso-
proterenol-treated hearts (Figure  5F). The impairments 
were improved by partially restored MAS activity via 
overexpressing cNAMPT (Figure 5C, F, upward-right shift 
in plot). These results suggest that acetylation of MAS 
proteins is a key mechanism through which mitochon-

drial dysfunction impacts energetics via redox-sensitive 
regulations during pathological remodeling.

Acetylation of OSCP and CypD Increased mPTP 
Sensitivity in the Failing Heart
We previously showed that increased cardiac suscepti-
bility to stresses in cKO hearts partly is attributable to 
the hypersensitivity of calcium-triggered mitochondrial 
permeability transition pore (mPTP) opening 10. Here 
we found that similar to cKO, mitochondria isolated from 
TAC hearts demonstrated a lower calcium retention ca-
pacity, indicating increased sensitivity of mPTP opening, 
which were normalized by elevation of NAD+ levels (Fig-
ure 6A, Figure VIA in the online-only Data Supplement). 
Several hyperacetylated proteins identified by acetylome 
analysis participate in mPTP regulation (Table V in the 
online-only Data Supplement) such as CypD and OSCP, 
and the majority of the hyperacetylated sites on these 
proteins were responsive to NADH/NAD+ ratio (Table V in 
the online-only Data Supplement). Although the physical 
identity of the mPTP remains elusive, CypD is an undis-
puted regulator of the mPTP.29,30 Recent studies suggest 
that mitochondrial ATP synthase forms the mPTP 31, 
and the opening of mPTP is regulated through the inter-
action of CypD with OSCP subunit of ATP synthase.31,32 
We observed increased acetylation of both CypD and 
OSCP in cKO mitochondria and in human failing hearts 
(Figure 6B-C and Figure VIB, Table V in the online-only 
Data Supplement). Furthermore, increased acetylation 
was associated with increased interaction of OSCP-CypD 

Figure 5. Inhibition of malate aspartate shuttle (MAS) by acetylation altered cytosolic redox state and cardiac 
energetics.  
A, Acetylation levels of mitochondrial isoforms of MAS proteins were assessed by immunoprecipitation/Western blot (IP-WB) 
analysis. N=4. MAS activity of mitochondria isolated from (B) control, cKO and cKO+cNAMPT and (C) isoproterenol- (ISO) treated 
hearts were measured. N=4. Tissue lactate/pyruvate ratio of (D) ISO-treated or (E) transverse aortic constriction- (TAC) stressed 
hearts were measured. N=4. F, The relationship between cardiac energetics, estimated by phosphocreatine to adenosine 
triphosphate ratio (PCr/ATP) and contractile function, estimated by rate pressure product (RPP), measured simultaneously in 
isolated perfused hearts by 31P NMR spectroscopy. N=4. *P<0.05 compared with corresponding control/saline/sham-vehicle; 
and #P<0.05 compared with corresponding cKO/ISO/TAC-VEH. All data are expressed as means±SEM.
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in cKO, TAC-stressed, or isoproterenol- treated hearts 
(Figure 6D-E, Figure VIC in the online-only Data Supple-
ment). The increased interaction of OSCP-CypD in cKO 
was alleviated by cyclosporine A, an established mPTP 
inhibitor (CsA; Figure 6D), indicating the importance of 
such an interaction in regulating mPTP sensitivity. The 
data strongly suggest that NAD+-sensitive acetylation 
modulates the OSCP-CypD interaction and thus the 
mPTP sensitivity in hearts with pathologic hypertrophy.

Acetylation of OSCP-K70 Promoted OSCP-CypD 
Interaction and the mPTP Opening
To identify specific acetylation sites on OSCP and CypD 
responsible for regulating the protein-protein interaction, 
crystal structures of CypD33 and OSCP of ATP synthase34 
were subjected to molecular docking.35 Docking results 
from the highest scoring solutions consistently identi-
fied an interaction interface of OSCP with variable CypD 
orientations (Figure VIIA in the online-only Data Supple-
ment). The conserved interface coincided with an empty 
space next to OSCP in F1-ATP synthase, which serves 
as a potential interaction interface for CypD binding on 
the intact F1-ATP complex (Figure VIIA-C in the online-only 
Data Supplement). Acetylated lysine residues identified in 
the 2 proteins from the acetylome analysis were mapped 
to the docked models (Figure  7A, left panel magenta 
spheres, Table V in the online-only Data Supplement). 

Analysis of the top-10 scoring docking solutions revealed 
that OSCP-K70 always was present in the putative inter-
action interface. Acetylation of OSCP-K70 (OSCP-K70Ac) 
was normalized by cNAMPT expression in cKO (Table V in 
the online-only Data Supplement). In addition, OSCP-K70 
is highly conserved among species surveyed (Figure VIID 
in the online-only Data Supplement, red asterisk) while 
other lysines (16 out of 21 lysines) are not. Seven out 
of the top-10 docking solutions showed that several dif-
ferent lysine residues of CypD could be in close contact 
with OSCP-K70 (data not shown). In 2 of these solutions, 
OSCP-K70 was in close proximity (3.1 Å) of CypD-K66, 
which would result in charge repulsion, destabilizing the 
OSCP-CypD interaction (Figure 7A, right panel, magenta 
sticks). Previous studies suggest that hyperacetylation 
of CypD-K166 modulate mPTP sensitivity.36,37 Although 
CypD- K166Ac was not detected in our acetylome analy-
sis (Table V in the online-only Data Supplement), it was 
one of the lysines from CypD found within the interaction 
interface out of the highest scoring docking solutions. 
This suggests that CypD-K166 may cause repulsion with 
OSCP-K70 and regulate mPTP opening.

Electrostatic interaction was suggested in regulating 
the OSCP-CypD interaction.31 Together with the structur-
al information (Figure 7A, Figure VIIA-C in the online-only 
Data Supplement), we hypothesized that OSCP-K70Ac 
promotes the OSCP-CypD interaction and sensitizes 
mPTP opening by alleviating electrostatic repulsion. To 

Figure 6. Acetylation promoted the interaction between oligomycin-sensitive conferring protein (OSCP) and 
cyclophilin D (CypD) and increased the sensitivity of mitochondrial permeability transition pore (mPTP).  
A, Representative experiment of calcium-stimulated mPTP opening in mitochondria isolated from sham or transverse aortic con-
striction (TAC) hearts with and without nicotinamide mononucleotide (NMN) treatment. N=3 to 4. Arrows represent each calcium 
pulse. B, Acetylation levels of CypD and OSCP in control (Con) and cKO mitochondria determined by immunoprecipitation/West-
ern blot (IP-WB). N=3. C, Acetylation levels of CypD and OSCP from nonfailing and failing human hearts were quantified. N=5 to 
9. $P<0.05 compared with nonfailing. D, Interaction of CypD with OSCP were determined by IP-WB in mitochondria isolated from 
cKO hearts. N=3 to 4. Cyclosporine A (CsA) was added to mitochondria at a final concentration of 1 μmol/L. E, Interaction of 
CypD with OSCP in heart tissues after sham/TAC surgeries was assessed by IP-WB.
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determine the significance of OSCP-K70Ac, wild- type 
(K), K70Q (Q), and K70R (R) mutants of OSCP-K70 were 
expressed in HEK293 cells (Figure VIIE in the online-only 
Data Supplement). Expression of acetylation-mimetic 
K70Q mutant showed increased interaction with CypD 
and sensitized mPTP opening (lowered calcium reten-
tion capacity), while expression of acetylation-insensitive 
K70R showed the opposite effects (Figure 7B-C, Figure 
VIIF-G in the online-only Data Supplement). The data col-
lectively indicate a critical role of OSCP-K70Ac in deter-
mining mPTP sensitivity via its interaction with CypD.

DISCUSSION
In this study we demonstrated that protein hyperacetylation 
induced by mitochondrial dysfunction is a positive regulator 
of pathologic remodeling in mouse hearts with primary or ac-
quired mitochondrial dysfunction as well as in human failing 
hearts. Our study identified 2 distinct mechanisms that hyper-

acetylated protein targets, ie, the MAS and the regulators of 
mPTP, mediate increased propensity to heart failure. Impor-
tantly, we demonstrated that normalization of NADH/NAD+ 
ratio in the heart by genetic or pharmacologic approaches 
alleviated hyperacetylation, abrogated the 2 pathogenic 
mechanisms, and blunted the course of heart failure in mouse 
models, thus suggesting a novel therapy for heart failure.

Mitochondrial dysfunction has been recognized as 
a maladaptive mechanism during the development of 
heart failure.3,4 However, there has been no effective 
therapy in the clinic.5 Based on findings obtained from 
a genetic model of defective mitochondrial function, the 
present study identified and targeted pathogenic mech-
anisms caused by the imbalance of NADH production 
and oxidation in the mitochondria of hypertrophied and 
failing heart. We found that expanding the NAD+ pool 
could normalize NADH/NAD+ ratio, restore protein acet-
ylation, and mitigate the development of heart failure in 
multiple mouse models of pathologic hypertrophy and 

Figure 7. Acetylation of oligomycin-sensitive conferring protein- (OSCP) K70 was a critical determinant of mito-
chondrial permeability transition pore (mPTP) sensitivity.  
A, Docking of C-V adenosine triphosphate (ATP) synthase (PDB: 2WSS) and cyclophilin D (CypD; yellow, PDB: 2BIU) with Patch-
Dock and predefined constraint (see Methods). Left: overall view of OSCP and CypD interface with acetylated lysine residues 
highlighted as magenta spheres. Two lysines are located at the predicted interaction interface (black box). Right: magnified 
image of the putative interaction interface depicting the proposed regulation of interaction by acetylation on K70 of OSCP and 
K66 of CypD (magenta sticks). The distance between the 2 ε-nitrogen atoms of K70 of OSCP and K66 of CypD is measured by 
PyMOL (dotted line). B, Expression vectors indicated were transfected into HEK293 cells. Cell lysates were immunoprecipitated 
by ATP synthase antibodies and the presence of OSCP, HA-tagged OSCP and CypD was assessed by Western blot. Em indicates 
empty pcDNA3.1 vector transfected; K, wild-type HA-tagged OSCP; Q, K70Q mutant of OSCP; R, K70R of OSCP; and U: untrans-
fected. Representative blots from at least 3 independent experiments were shown in B. C, Representative calcium-stimulated 
mPTP opening of permeabilized HEK293 cells after transfections were shown. CsA (1 uM) was added after permeabilization of 
untransfected HEK293 cells. Arrows represent each 5 nmol calcium pulse.
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failure. The strategy represents a novel therapeutic ap-
proach that targets the modification of protein functions 
consequent of mitochondrial dysfunction. Indeed, the 
NAD+ precursors such as NMN or nicotinamide riboside 
have yielded beneficial outcomes in animal models of di-
abetes mellitus,38 obesity,39 and aging.40 By comparing 
mouse models and human failing hearts in this study, 
we provide strong evidence that a similar mechanism 
applies to human heart failure, and indicate a highly 
translatable therapeutic strategy. Although NMN has 
poor oral bioavailability, oral administration of nicotin-
amide riboside, a recently approved nutritional supple-
ment, is effective in rising blood NAD+ levels in healthy 
volunteers (Airhart et al, unpublished). Additional study 
of the safety and tolerability of expanding NAD+ pool in 
patient population is thus highly warranted.

Previous studies have shown that the level of protein 
acetylation is related closely to the metabolic state of the 
cell, and it fluctuates with nutritional status.41 Persistent 
hyperacetylation in the heart, such as in mice with dele-
tion of Sirt3 or Ndusf4, resulted in increased sensitivity 
to stress while the unstressed heart is normal.10,36 We 
previously observed that increased NADH/NAD+ ratio in 
the Ndusf4 deficient heart inhibited Sirt3 resulting in pro-
tein hyperacetylation.10 Restoring Sirt3 activity through 
normalization of NADH/NAD+ ratio in this study reverses 
mitochondrial protein hyperacetylation in cKO hearts as 
well as in hearts with pathologic hypertrophy by pres-
sure overload or isoproterenol stimulation. Acetylome 
analyses from studies of Sirt3-null mice42–44 and failing 
hearts45 have identified thousands of mitochondrial acet-
ylation sites, but only a handful of their functions have 
been biochemically characterized. The specific mecha-
nisms connecting protein acetylation and increased sen-
sitivity to stress remain to be poorly understood. Here 
we identified a subgroup of mitochondrial proteins that 
are highly sensitive to NADH/NAD+ ratio, among which 
hyperacetylation of malate aspartate shuttle and regula-
tors of mPTP were shown to be linked causally to the 
development of heart failure. Furthermore, by expanding 
the NAD+ pool we were able to normalize but not over-
correct the NADH/NAD+ ratio, suggesting that such an 
approach is desirable from bioenergetics point of view.

It is conceivable that the disease mechanisms mediat-
ed by protein hyperacetylation involve other protein tar-
gets beyond the 2 groups reported here. Previous stud-
ies have identified other molecular targets of acetylation 
which are sensitive to NAD+ precursor supplementation 
in diabetes and mitochondrial diseases.38–40 Further-
more, we found that downregulation of malate aspartate 
shuttle (MAS) activity resulted in significant changes of 
cytosolic redox state. The MAS transfers the electron 
from NADH generated by glycolysis into mitochondria. 
Inhibition of MAS by acetylation serves as a feedback 
mechanism to protect mitochondrial compartment from 
further increases in NADH/NAD+ ratio but at the cost 

of altering cytosolic redox environment and sirtuin ac-
tivities in the nonmitochondrial compartment. In addition, 
multiple redox dependent regulatory mechanisms, such 
as cysteine oxidation, glutathionylation, redox- mediated 
phosphorylation, have been shown to play important 
roles in the development of cardiac dysfunction.46,47 Of 
note, ATP citrate lyase, an enzyme that catalyzes the 
cytoplasmic conversion of mitochondrial citrate into the 
acetyl-coA in the cytosol, is activated at reduced state,48 
thus increasing substrate supply for protein acetylation. 
Consistently, a significant number of hyperacetylated 
proteins are found in the nonmitochondrial compart-
ments of the complex-I deficient hearts, suggesting that 
mitochondrial dysfunction ultimately could affect whole 
cell acetylation. Although the scope of this study did not 
allow us to determine the specific contribution by each 
of these mechanisms in the progression of heart fail-
ure, it provides compelling evidence for targeting NADH/
NAD+ ratio for therapy. Moreover, observations made 
here open a new avenue for investigating mitochondrial-
cytosolic redox communications in chronic diseases in-
volving mitochondrial dysfunction.

Cell death caused by the opening of mitochondrial 
permeability transition pore (mPTP) is an important 
mechanism in the development of heart failure. We and 
others have shown previously that increased mitochon-
drial protein acetylation sensitizes the mPTP,10,36 but the 
specific molecular targets are unknown due to the lack 
of physical identity of the mPTP. By combining the com-
putational and mutagenesis approaches, we identified 
the acetylation of K70 on OSCP as a key determinant of 
mPTP sensitivity via its interaction of CypD. This finding 
also reconciles with prior reports suggesting that acety-
lation of CypD at K166 could increase the sensitivity of 
mPTP.36 Our computation models propose that acetyla-
tion of several lysine residues on CypD, including K66 
that is at the closest proximity and K166 that is present 
at the putative interface of one top scoring model, could 
further reduce the repulsion between the 2 proteins. 
OSCP is located at the matrix side of the F1 subcomplex 
of the ATP synthase, making stable interaction with pro-
teins of both F1 and the peripheral stalk (Figure VIB- C 
in the online-only Data Supplement). Recent studies sug-
gest that either the dimer of F1F0-ATP synthase31 or F0 
sub- complex49,50 forms the mPTP under specific condi-
tions. Our results, although in line with this model, do not 
confirm the specific identity of the physical pore. They, 
nevertheless, provide a novel target to manipulate the 
mPTP sensitivity for therapy.

In summary, using a mouse model of mitochondrial 
complex-I deficiency as the discovery tool we have un-
veiled novel mechanisms by which mitochondrial dys-
function modulates cellular stress response through 
NADH/NAD+-sensitive protein acetylation. The findings 
were validated in multiple mouse models of pathological 
hypertrophy, as well as in human failing hearts. Our pre-

D
ow

nloaded from
 http://ahajournals.org by on January 8, 2026



Normalizing NADH/NAD+ as Heart Failure Therapy

Circulation. 2016;134:883–894. DOI: 10.1161/CIRCULATIONAHA.116.022495� September 20, 2016

ORIGINAL RESEARCH 
ARTICLE

893

clinical data not only demonstrate a clear benefit of ex-
panding NAD+ pool in heart failure therapy, the currently 
available NAD+ precursor compounds, but also make our 
findings immediately translatable.
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