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Abstract
Background/Aims: Cyclophilin D (CypD) mediates the mitochondrial permeability transition 
pore (mPTP) opening that contributes to mitochondrial dysfunction. CypD is regulated by its 
acetylation/deacetylation state that depends on Sirtuin-3 (SIRT3) mitochondrial deacetylase. 
Since obesity and metabolic syndrome decrease SIRT3 activity and expression, we tested 
the hypothesis that CypD hyperacetylation promotes mitochondrial dysfunction under this 
pathophysiological state, which is associated with ventricular dysfunction and heart failure. 
Methods: Myocardial tissue samples from patients with left ventricular heart failure, with 
either obesity or normal weight, were processed for the expression of SIRT3 and acetylation 
profile by Western Blot (WB). In addition, a rat model of obesity and metabolic syndrome 
induced by 30% (w/v) of sucrose was conducted. The WB analysis was used to determine the 
levels of mitochondrial expression of SIRT3, Adenine Nucleotide Translocator (ANT), CypD and 
the acetylation profile, as well as immunoprecipitation to establish the acetylation levels of 
CypD. Mitochondrial function was assessed by oxygen consumption analysis and maximum 
Ca2+ retention capacity. Oxidative stress was assessed by aconitase activity, protein carbonyl 
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and thiol groups content. Results: SIRT3 expression in the biopsies of the failing human 
hearts showed a 46% decrease in the expression levels of obese patients in comparison to 
the non-obese patients (p=0.0219). Remarkably, body mass index was associated with protein 
acetylation (0.627; p = 0.035), suggesting that the acetylation profiles of the failing hearts of 
obese patients are partly mediated by a reduction in SIRT3, which is also associated with higher 
BNP levels, indicating a more severe ventricular dysfunction (-0.636; p = 0.043). Accordingly, 
obese rats demonstrated a SIRT3 mitochondrial expression decrease of 22% concomitantly 
with a hyperacetylated mitochondrial profile, including CypD. Cardiac mitochondria from 
obese animals were 2.5-fold more prone to mPTP opening than the controls. Conclusion: 
Our results indicate that obesity reduces SIRT3 expression and that CypD hyperacetylation 
increases mPTP opening, suggesting that the activation of SIRT3 might be a potential target 
to decrease ventricular dysfunction and slow the progression of heart failure.

Introduction

Heart failure (HF) occurs more frequently among people with obesity, diabetes mellitus, 
and metabolic syndrome (MetS) [1]. Obesity and MetS are associated with altered cardiac 
mitochondrial activity, which is believed to contribute to the impairment of ventricular 
functions [2]. Many studies of rodents and humans with HF have revealed a reduced ability 
to enhance fatty acid oxidation in the face of increased lipid delivery as well as metabolic 
inflexibility, which may be consistent with uncoupled myocardial oxygen consumption 
(MVO2), energy depletion, and decreased contractile function [3]. The mechanisms 
for reduced cardiac efficiency are partially understood, but it has been suggested that 
mitochondrial dysfunction and subsequent cell death, particularly due to the opening 
of the mPTP, are involved [4, 5]. Triggering factors for mPTP, such as oxidative stress and 
Ca2+ overload, are present in cardiomyocytes affected by obesity and MetS. Although the 
precise components of mPTP are still being elucidated, the role of cyclophilin D (CypD) as 
an inductor of the mPTP opening has been well-documented [6]. The physiological function 
of CypD is not well-known, however CypD binds to the mitochondrial inner membrane 
components, such as adenine nucleotide translocator (ANT) [7] and ATP Synthase [8], which 
induces the opening of mPTP. The binding of CypD to the inner membrane components is 
positively correlated to its acetylation state in the mitochondrial matrix. In this context, it 
has been demonstrated that SIRT3, a class III NAD+-dependent deacetylase, diminishes the 
activity of CypD, inducing its dissociation from ANT and thus avoiding the mPTP opening 
[9]. Furthermore, cardiomyocytes from a SIRT3 knockout murine model showed an age-
dependent mitochondrial swelling associated with cardiac hypertrophy, fibrosis, and 
hypersensitivity to cardiac stress. In turn, mitochondrial hyperacetylation is associated 
with a SIRT3 deficiency that accelerates the development of MetS [10, 11], increasing 
hyperlipidemia and obesity. Furthermore, it has been demonstrated that SIRT3 plays an 
important role in vascular homeostasis, having a direct effect on insulin-induced mesenteric 
vasorelaxation that leads to vascular dysfunction in obese animals [12]. Murine models have 
shown that chronic changes in metabolism induce SIRT3 downregulation and is associated 
with impaired mitochondrial activity and mPTP opening [10–12]. In addition, acute damage 
by myocardial infarction induced SIRT3 downregulation in diabetic rats [13]. However, it 
has not been demonstrated that SIRT3 downregulation alone by chronic metabolic changes 
has a pathophysiological role by inducing cardiac cell dysfunction and energetic impairment 
leading to decreased cardiac function and the development of heart failure. Moreover, the 
relevance in human heart failure has not been studied.

In the present study we show that development of MetS is accompanied by cardiac 
mitochondrial sensitivity to the mPTP underlying a SIRT3- dependent CypD hyperacetylation 
mechanism, which contributes to energetic failure and cardiac dysfunction in obese rats. 
These findings correlate with the changes to the acetylation profile in the end-stage failing 
hearts of patients with obesity. Overall, this work highlights the importance of SIRT3 

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG



Cell Physiol Biochem 2019;53:465-479
DOI: 10.33594/000000151
Published online: 30 August 2019 467

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Castillo et al.: SIRT3 & Acetylation in Failing Heart with Obesity

regulation in preventing heart diseases related to mitochondrial dysfunction in patients with 
obesity and MetS.

Materials and Methods

Population of patients with left ventricular heart failure (LV-HF)
Myocardial tissue samples were collected at the time of cardiac transplantation or LVAD implantation 

that did not have a primary diagnosis of myocarditis as defined by the Dallas criteria, postpartum 
cardiomyopathy (CM), congenital CM, hypertrophic CM, and Adriamycin induced CM from 2000 to 2010 
at the Methodist Hospital. Tissue samples were taken from the left ventricular (LV) apex or LV free wall 
without adipose tissue and avoiding scar tissue. The investigation conforms with the principles outlined 
in the Declaration of Helsinki (Br Med J 1964; ii: 177). All samples were collected under an IRB approved 
protocol (IRB(3N)0511-0100). A waiver of consent was obtained due to the collection of normally discarded 
tissues which are coded at the time of collection with no identifying information.

Immunodetection of SIRT3, ANT, CypD, and acetylation profile
Expression levels of SIRT3 (Cell signaling technology. Massachusetts, USA), ANT (Abcam. Massachusetts, 

USA) and CypD (Abcam), as well as the acetylation protein profile (Cell signaling technology), were conducted 
using the conditions recommended by the manufacturers. To detect HRP-labeled secondary antibodies, 
the Clarity Western ECL Substrate was employed (Bio-Rad. Philadelphia, USA) in a UVP Chimio System 
(BioSpectrum 415 Imaging System. Cambridge, UK). GAPDH (Abcam) expression was used as control for 
total human heart tissue samples and VDAC expression (Abcam) for mitochondrial heart tissue from rats.

Immunoprecipitation
Cardiac mitochondria (0.5 mg) were solubilized in immunoprecipitation buffer (150 mM NaCl, EGTA 1 

mM, Igepal 1%, Tris-HCl 20 mM pH 7.2, protease inhibitor cocktail), clarified of endogenous IgG, and incubated 
with 2 ug of anti-CypD or the isotype IgG as control for 1 hour at 4°C in a rotator. The immunoprecipitation 
complexes were captured by adding Protein G sepharose beads (50% activated slurry) to the solubilized 
protein and incubated as mentioned above, overnight. Beads were sedimented by centrifugation, washed 
X3 and the complexes were eluted in SDS-loading buffer prior to electrophoretic separation and subsequent 
western blot analysis.

Obesity and MetS induction and characterization
Experimental procedures were approved by the animal use and care committee of the Medical School 

of Tecnologico de Monterrey (protocol:2011-Re-013). All reagents were obtained from Sigma-Aldrich 
(Sigma-Aldrich. Missouri, USA) unless otherwise stated.

Male Wistar rats 8 to10 weeks old were used (animal used:112). Obesity and MetS were induced by the 
inclusion of 30% (w/v) sucrose in their drinking water for either 6 or 12 months. Age-matched rats given 
normal drinking water were used as controls (CTL). Mean arterial pressure was measured by the indirect tail-
cuff method (CODA Monitor System; Kent Scientific. Connecticut, USA) while cardiac function was evaluated 
by echocardiography as previously described [14]. For these measures, animals were anesthetized with 
pentobarbital sodium (40 mg/kg, ip). After overnight fasting, serum triglycerides, glucose and insulin were 
determined. Homeostatic model assessment (HOMA) of insulin resistance (IR) was obtained by the formula 
HOMA-IR=(insulin x glucose)/22.5. At the end of each treatment, animals were sacrificed by an injection 
of a lethal dose (80mg/kg, ip) of sodium pentobarbital. Abdominal adipose tissue values were normalized 
with the right femur weight. Additionally, cardiac mechanical function was evaluated in isolated hearts as 
described previously [15]. Baseline was established during 5 minutes of Krebs-Henseleit perfusion and 
was followed by perfusion of isoprenaline (ISO). MVO2 and the mechanical performance index (MPI) were 
obtained from the last 3 min of contraction at each ISO concentration. MPI was defined as the product of 
LV developed pressure ×HR (mmHg X heart beats X min-1). At the end of the stimulation the hearts were 
released by cutting through the aorta and frozen with liquid nitrogen, weighted and stored at -80°C. ATP and 
phosphocreatine levels were measured using a dual-pump gradient HPLC [15].
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RNA isolation, cDNA synthesis, and real-time reverse transcription polymerase chain reaction (RT-qPCR) 
amplification
Apical heart fraction was isolated using the TRIzol Reagent (Invitrogen, USA) to perform a real-time 

reverse transcriptase PCR analysis (RT-qPCR) of GCN5L1 (general control of amino acid synthesis 5-like 
1) in the Rotor-Gene 3000 (Corbett Research. Concorde, Australia). Samples were subjected to 0.5 μL of 
DNase treatment (Agilent Technologies, Inc. California, USA). cDNA was synthesized from 1 μg RNA using 
the AffinityScript cDNA Synthesis Kit (Agilent Technologies). Hypoxanthine phosphoribosyltransferase-1 
(HPRT-1) mRNA was used as an endogenous control (Supplementary Table S1 – for all supplemental 
material see www.cellphysiolbiochem.com). The qPCR was performed with the Brilliant III Ultra-Fast SYBR 
Green QPCR Master Mix (Agilent Technologies). The analysis was carried out by the ΔΔCT method. Results 
were expressed as the difference of the relative expression level data (2-ΔΔCT).

Mitochondria isolation and assays
Ventricular tissue was minced and homogenized in Sucrose-HEPES-EDTA isolation medium (Sucrose 

0.25 M, HEPES 10 mM and EDTA 1 mM, pH 7.4). The mitochondrial fraction was obtained by differential 
centrifugation using the Subtilisin A protease and resuspended in Sucrose-HEPES medium as previously 
described [16]. Lowry method was used for protein quantification.

Mitochondrial oxygen consumption
For oxygen consumption analysis, 0.5 mg of mitochondria were incubated in 1 mL of standard reaction 

medium (in mM: 125 NaCl, 10 HEPES and 3 KH2PO4, pH 7.2). Respiration states were evaluated using 10 
mM glutamate-malate, 100 nM ADP, and 40 nM carbonyl cyanide m-chlorophenylhydrazone (CCCP). State 4 
respiration was evaluated in the presence of glutamate-malate and CCCP-stimulated respiration while the 
state 3 respiration was measured after addition of ADP. Mitochondrial oxygen consumption was measured 
using the Clark-type oxygen electrode, YSI 5300A Biological Oxygen Monitor (YSI Life Sciences. Ohio, USA).

Mitochondrial Ca2+ uptake and release
Opening of mPTP was evaluated in isolated mitochondria using Ca2+, and the maximum Ca2+ retention 

capacity (CRC) and the half time of retention in standard reaction medium were measured with the 
metallochromic indicator, Arsenazo III for 45 min and ended with CCCP using 20 mM glutamate-malate, as 
a substrate as previously described [17]. To evaluate maximum CRC, 10 nM Ca2+ was added incrementally 
until reaching a final concentration of 120 nM, whereas 50 nM of Ca2+ were used for the half time retention. 
The assays were evaluated at 28 °C using a Synergy HT detection microplate reader (BioTek Instruments, 
Vermont, USA). As a negative control, mitochondria were incubated with Ca2+ and 0.2 μM cyclosporine A (CsA). 
The involvement of ANT and CypD in the opening of mPTP was evaluated using ADP, carboxyatractyloside 
(CAT) and CsA respectively.

Oxidative stress markers
Mitochondrial aconitase activity was determined spectrophotometrically, monitoring the NADP+ 

reduction (340 nm) by isocitrate dehydrogenase. The reaction was carried out in 0.1 ml of the medium that 
contained: 120 mM KCl, 5.0 mM KH2PO4, 3.0 mM HEPES, 1.0 mM EGTA, 1.0 mM MgCl2, 0.01 % Tx-100, pH 
7.2 followed by addition of: 1.0 mM sodium citrate, 0.2 mM NADP+, and 1 U/mL isocitrate dehydrogenase. 
Protein carbonyl content was determined by the formation of dinitrophenyl (DNP) hydrazone adducts from 
the derivatization of protein carbonyl groups with 2, 4-dinitrophenylhydrazine (DNPH) detected at 375 nm. 
Thiol groups on ANT were measured by eosin 5-maleimide (EMA), which preferentially attacks the Cys159 
of the cysteine thiols of ANT susceptible to oxidation. Briefly, the mitochondrial protein was incubated 
following the free thiol content conditions assay. After incubation, EMA (20 nmol/mg protein) was added 
and incubated 30 min in presence or absence of Ca2+. The reaction was stopped by 2 mM DTT and then 
centrifuged at 14, 000 rpm for 30 min. The pellet was mixed in Laemmli buffer (without β-mercaptoethanol) 
for SDS/PAGE, and ANT-EMA reaction was visualized by the UVP Chimio System.

Statistical analysis
The data are shown as the mean ± the standard error. The statistical analysis was performed by the 

Graph Pad Instat program (Graph Pad Software Inc. California, USA). Student’s t-test was used to compare 
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between the obese/MetS (OB) and CTL group. For association analyses of variables in human HF linear 
regression or Spearman correlation tests were used. Ac-lys values were log transformed for normalization 
and group comparison by body max index (BMI) was performed with Student’s t -test.

Statement of Ethics
Subjects have given their written informed consent. The study protocol has been approved by the 

research institute’s committee on human research. Animal experiments conform to internationally accepted 
standards and have been approved by the appropriate institutional review body.

Results

Hyperacetylation and reduced SIRT3 expression in obese HF patients
We investigated the acetylation profile and SIRT3 protein levels in human HF biopsies 

retrieved from each patient’s left ventricle at the time of LVAD implantation or transplantation. 
The patients’ clinical characteristics are shown in Table 1. We subdivided this cohort of 
patients with end-stage HF in accordance to the BMI of non-obese patients and patients with 
obesity. The non-obese patients were 80% male and 40% Caucasian. For the patients with 
obesity, the mean EF was similar (21.83±3.4%), but the BMI was 34.39±1.49 (p = 0.0001). 
In this cohort of patients, we found that the SIRT3 expression levels in the HF patients with 
a BMI>30 were 46% down regulated (p=0.0219) (Fig. 1A), whereas protein acetylation was 
increased (Fig. 1B). The associated coefficients between SIRT3 and acetylation profile were 
negatively correlated (-0.664; p=0.023; Fig. 1C), whereas BMI values correlated positively 
with protein acetylation (0.627; p=0.035; Fig. 1D). Interestingly, lower SIRT3 levels were 
associated with higher BNP levels (-0.636; p=0.043; Fig. 1E), which are a relevant marker 
in left ventricular dysfunction. These data suggest that the acetylation profile of the failing 
hearts of patients with obesity is partly mediated by a reduction in SIRT3.

Obesity and MetS impair cardiac contractility in sucrose-fed rats
In order to determine the contribution of cardiac SIRT-dependent hyperacetylation to 

cardiac dysfunction in patients with obesity, we used a sucrose-fed rat model. Consistent with 
obesity and MetS model [17], we observed a significant increase in total body weight, and a 
2-fold increase in abdominal adipose tissue in both groups in comparison to their corresponding 
controls (Table 2). Blood analyses showed a 2-fold increase in plasma triglycerides and 
circulating levels of insulin. HOMA ratio increases (2 and 2.7-fold, respectively) in the 6- and 
12-months obese group, when compared to the control groups, indicating insulin resistance. 
However, glucose levels did not change significantly. An elevated mean arterial pressure at 6- 
and 12-months in the obese 
groups was also observed. 
To assess whether these 
metabolic changes had 
cardiac consequences, 
we performed an 
echocardiography analysis 
and observed that diastolic 
function was modified 
(Table 3); the 6-month 
obese rats showed an 
increase in A-wave 
values of 30% (p<0.05), 
with a 21% (p<0.0001) 
reduction in the E/A ratio 
and a deceleration time 
increase of 21% (p<0.05) 

Table 1. Demographic data. Mean ± SEM. Mann-Whitney test. EF: 
Ejection fraction; LVEDD = left ventricular end-diastolic diameter; 
LVESD: left ventricular end-systolic diameter
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in comparison to its age-
matched CTL group. In the 
12-months obese group, 
A-wave values decreased 
by 23% (p<0.001), E-values 
28% (p<0.0001), and the 
E/A ratio 12% (p<0.05). In 
addition, the deceleration 
time of these rats increased 
45% (p < 0.0001) with 
respect to the control group, 
with a decrease in cardiac 
frequency. No changes in 
systolic parameter function 
were observed in either group. Nevertheless, the cardiac function of both obese groups was 
impaired; with a reduction in their mechanical performance index of 10 and 20%, and 10 
and 14% of the MVO2, respectively (Table 3). Furthermore, the rats in the 12-month obese 
group showed a reduction of phosphocreatine levels in the presence of isoproterenol (Fig. 
2A) indicating that the energy homeostasis is being lost, reinforcing the idea of impaired 
cardiac function. Since the observed alterations in the MVO2 and ATP/PCr content may have 
been due to deficient mitochondrial oxidative metabolisms, we tested this possibility on 
isolated mitochondria from the 12-months obese rats.

Fig. 1. Obesity is associated with SIRT3 down-regulation in HF patients. Tissue samples from non-obese 
(NOB) and obese (OB) patients with HF were isolated and protein expression of SIRT3 (A) and acetylation 
profile (B) was analyzed. GAPDH was used as a reference of protein expression. Correlation between (C) 
SIRT3 and acetylation profile, (D) BMI and acetylation profile, and (E) SIRT and BNP was performed. The 
data are presented as mean ± SEM from NOB (n=6) and OB (n=5) patients. A t-test was performed to obtain 
the statistical analysis.

Table 2. General characteristics of the obese rat model. Mean ± SEM ** 
p<0.001; ***p<0.0001 compared with the age-matched control group; 
n=17-22 for each group. HOMA IR: homeostatic model assessment of 
insulin resistant
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Table 3. Parameters of cardiac function in obese rat model. IVRT/RR: Isovolumetric relaxation time/R wave 
to R wave interval, MPI: Mechanical performance index, +dP/dt and -dP/dt, maximal slope of the systolic 
pressure increment and diastolic pressure decrement, respectively; MVO2: myocardial oxygen consumption. 
Mean ± SEM *p<0.05; **p<0.001; ***p<0.0001 compared with the age-matched control group; n=17-22. 
Metabolic and mechanical parameters n=4-6

(μmolO2.g

Fig. 2. Obesity promotes lost in the energy homeostasis and prone to permeability transition pore 
opening. (A) Mechanical performance index and energetic metabolites were evaluated in presence and 
absence of isoproterenol (ISO; data from 3 independent experiments) (B) Ca2+ retention capacity (CRC) of 
mitochondria in presence or absence of ADP and its representative trace of simultaneous measurements of 
crescent concentrations of Ca2+ with or without CsA. The arrow indicates the addition of 10 nM Ca2+. (C) 
Half-time Ca2+ release in the presence of CAT and ADP and a representative trace (data from 6 independent 
animals). Isolated mitochondria from hearts were analyzed for (D) ANT and (E) CypD expression by western 
blot; VDAC expression was used as a reference (data from 5 independent experiments). The error bars 
indicate the SEM. A t-test was performed to obtain the statistical analysis. Green bars indicate CTL groups 
and red bars 12-mo OB groups. In A: *p<0.05 vs no ISO; In A-E: **p<0.01 vs CTL.
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SIRT3 deficiency and 
mitochondrial protein 
hyperacetylation stimulate 
permeability transition 
pore openings in rats with 
obesity
To assess the effects 

of  these metabolic changes 
and cardiac functions at 
the mitochondrial level, we 
evaluated the mitochondrial 
respiratory rates. The 
respiratory control was 
not significantly affected. 
Remarkably, the hearts of 
the obese rats showed a 25% 
decrease in mitochondrial 
yield, suggesting an increase 
in mitochondrial fragility 
(Supplementary Table S2). We 
therefore assessed the mPTP 
opening sensitivity to the 
mitochondrial Ca2+ retention 
capacity (CRC). The CRC was 
significantly lower (p < 0.01) 
in the mitochondria of the 
obese group in comparison 
to CTL. The addition of 
ADP reestablished the CRC, 
suggesting that the increased 
sensitivity of the mPTP to Ca2+ 
is favored by the activation of 
ANT in obese rats (Fig. 2B). 
Furthermore, we analyzed 
the half-time for the release of Ca2+ in the presence of carboxyatractyloside (CAT), which 
abolishes the ADP protection-inducing c-conformation of the ANT. The half-time to mPTP 
opening was found to be lower in the obese rats (p<0.05), whereas CsA completely inhibited 
the opening of the mPTP in both cases (Fig. 2C). These data confirm that metabolic changes 
in animals with obesity increase their sensitivity to increased opening of mPTP in heart 
tissues. To determine whether these changes respond to additional modifications other than 
SIRT3 deficiency and hyperacetylation of CypD, we explored the possible changes that occur 
in the ANT and CypD and found that the expression of both proteins remained unaltered in 
the heart mitochondria of the obese group in comparison to control (Fig. 2D and 2E). Based 
on this evidence, we decided to evaluate whether the changes observed in the sucrose-fed 
rats also increase oxidative stress for mitochondrial dysfunction and ANT oxidation (Fig. 3). 
We measured the aconitase activity as a marker of O2

- damage (Fig. 3A), the level of protein 
carbonylation (Fig. 3B), and the oxidation of the thiol groups (Fig. 3C) of the mitochondrial 
proteins, and we observed no significant changes in any of these parameters. Additionally, 
when we evaluated whether the interaction between ADP and ANT decreases with the 
oxidation of ANT, we found that the oxidation level of the ANT remained unchanged (Fig. 
3D), suggesting that susceptibility to the mPTP opening is not associated with the oxidation 
of the ANT’s thiol residue.

Fig. 3. Oxidative stress is not affecting mitochondrial proteins at 
OB. (A) Mitochondria were isolated from hearts and analyzed by 
(A) Aconitase activity, (B) protein carbonylation (C), thiol groups 
and (D) ANT oxidation. The data are presented as mean ± SEM. A 
t-test was performed to obtain the statistical analysis. Green bars 
indicate CTL groups and red bars 12-mo OB groups (n=6 animals 
for group). CS: citrate synthase.
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In order to ascertain the 
role of SIRT3 in the mPTP 
opening induced by obesity, 
we determined whether 
SIRT3, which is necessary to 
maintain the deacetylated 
state of CypD, is related to 
the affinity of CypD to ANT 
and the subsequent mPTP 
opening. The expression of 
SIRT3 and the acetylation 
status of mitochondrial 
proteins were evaluated in 
the obese and control rats 
(Fig. 4). We also evaluated 
the gene expression of 
the counterpart, the 
acetyltransferase GCN5L1 
(Fig. 4A), in the obese rats 
and observed that it was 
up-regulated with respect 
to the control group (26%; 
p < 0.05). Accordingly, 
SIRT3 protein expression 
was down-regulated in 
the obese group (35%; p < 
0.05; Fig. 4B). These data 
were in accordance with the 
observed hyperacetylated 
mitochondrial protein 
profile (p=0.006; Fig. 4C) 
and specifically the CypD 
acetylation shown by the 
i m m u n o p r e c i p i t a t i o n 
experiments (p=0.035; Fig. 
4D).

Discussion

In this study, we showed 
that obesity and MetS induce 
SIRT3 deficiency, and as a 
consequence, CypD is hyperacetylated, favoring the mPTP opening and ventricular cardiac 
dysfunction. The metabolic alterations seen in our experimental model are in accordance 
with the clinical criteria of impairments in ventricular and mitochondrial functioning [18, 
19]. Of note even when human subjects have reduced EF and the rats demonstrate preserved 
EF, it has been shown that the HF related to obesity tends to be associated with preserved 
EF in accordance with our model [20, 21]. Importantly, the findings from the obese and MetS 
animal models correlated with the changes in the acetylation profile of the end-stage failing 
hearts of humans, suggesting that mitochondrial dysfunction is partially mediated by SIRT3- 
dependent hyperacetylation.

Fig. 4. SIRT3 down-regulation is associated with CypD acetylation in 
OB model. Hearts from rats with 12 months of obesity and MetS (OB) 
were isolated for a total gene expression of (A) GCN5L1. The gene 
expression levels were normalized to HPRT-1 gene expression and are 
presented as the relative expression. (B) Mitochondria were isolated 
from hearts of CTL or OB rats and analyzed for SIRT3 expression by 
western blot; VDAC expression was used as a reference. (C) Acetylation 
profile from cardiac mitochondria was analyzed by western blotting; 
VDAC was used as a reference. (D) Immunoprecipitation (IP) of protein 
extracts from heart mitochondria with monoclonal anti-CypD followed 
by immunoblot analysis with the anti-Ac-Lys antibody. Total CypD was 
used as control. The data are presented as mean ± SEM from at least 6 
independent experiments for gene expression and 5 for protein levels. 
A t-test was performed to obtain the statistical analysis. Green bars 
indicate CTL groups and red bars OB groups. *p<0.035 and **p<0.006 
vs CTL.
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Obesity and MetS induce energetic impairment and mitochondrial dysfunction
In the present study, we observed that our obese animals developed significant weight 

gain, visceral fat accumulation, and insulin resistance similar to the results of previous 
reports [2]. Moreover, it has been reported that these rats develop ventricular dysfunction 
and susceptibility to deadly arrhythmias [15]. Interestedly, a similar model in mice also 
found that a diet rich in sugar induces arrhythmias and cardiac dysfunction correlating with 
mitochondrial dysfunction [22] that is possibly dependent on mitochondrial and cytosolic 
calcium handling [15]. In this regard, recent results among cardiomyocytes and animals 
support the hypothesis that mitochondrial Ca2+ overload is a negative consequence of 
diabetic cardiomyopathy, and increasing the expression of mitochondrial calcium channels 
could improve cardiac function [23]. On the other hand, sucrose-fed models have also 
shown impairments in cardiac cytosolic Ca2+ handling, possibly related to sarcoplasmic 
reticulum malfunction [24]. Consequently, an increased cytosolic Ca2+ concentration disrupts 
mitochondrial membrane potential (ΔΨm) and induces the opening of mPTP [4, 5]. Here, 
we propose that mitochondrial dysfunction in obese and MetS is dependent on an increased 
susceptibility of the mPTP opening, and we observed an increase in permeability transition in 
the 12-month obese group that was associated with CypD and assessed using a CRC analysis 
(Fig. 1B). CypD is a mitochondrial matrix protein with peptidyl-prolyl isomerase activity 
that functions as a main regulator of an mPTP [6, 25]. For instance, CypD-/- in mice exhibits 
protection against mitochondrial damage provoked by ischemia/reperfusion and Ca2+ 
overloading, whereas cardiomyocytes of rats with CypD overexpression are hypersensitive 
to these stimuli and show early mitochondrial dysfunction and cell death [6, 25]. The 
protection against cell death in CypD-/- models is seen only when the stressors are Ca2+ 
overload and oxidative stress; whereas in cell death mediated by the Bcl-2 family members, 
CypD-/- appears to have only a secondary role, if any [25]. One proposed mechanism through 
which CypD induces an mPTP opening indicates the binding of CypD to the ANT [7], and 
can be inhibited by CsA [26] (as observed in Fig. 1C). In this regard, we evaluated whether 
the increased susceptibility to the mPTP opening was due to oxidative stress, and we 
observed that just as the expression levels of ANT and CypD remain intact, cardiac protein 
oxidation did not increase in response to obesity or the presence of an MetS. These results 
anthologize with other reports of obese and MetS animals, in which cardiac mitochondria 
showed increased H2O2 production and superoxide radicals [27]. This is possibly due to the 
differences between the species (rat and mice) or the time of treatment (2-4 months), because 
it has been observed in the hearts of aged rats that the activities of the main oxygen-radical 
scavenger enzymes are stimulated in the mitochondria as a compensatory mechanism [28].

SIRT3-dependent hyperacetylation in failing human hearts
The binding of CypD to the inner membrane components is positively correlated to its 

acetylation state in the mitochondrial matrix [9, 29]. Indeed, it has been shown that CypD 
deacetylation is critical for regulating mPTP opening, avoiding mitochondrial transition 
and cell death in ischemic postconditioning, and preventing reperfusion injury [29]. The 
acetylation profile of mitochondrial proteins increases with the expression and activity of 
GCN5L1 [30], whereas SIRT3 counteracts this effect through its NAD+ dependent deacetylase 
activity [9]. Accordingly, SIRT3 down-regulation in mice with chronic high fat diets correlates 
with more severe MetS and hyperacetylated proteins [10] that promotes fatty acid oxidation 
[11, 31]. In addition, CypD acetylation was associated with SIRT3 downregulation after HF 
induction in diabetic rats [13]. These data suggest that chronic metabolic changes must 
occur in order to observe SIRT3 downregulation. While we did not assess SIRT4 and SIRT5 
expression, the other mitochondrial acetylases, previous works have shown that these 
sirtuins do not participate in lysine acetylation [32, 33]. Furthermore, it has been shown in 
cardiomyocytes from SIRT3 knockout mice; that mitochondrial swelling due to increases 
in the mPTP opening with hypersensitivity to cardiac stress [9] is in line with our findings 
and occurs despite SIRT4 compensatory upregulation [33]. In our model, we demonstrate a 
decrease in SIRT3 expression, after chronic metabolic changes induced by sucrose ingestion 
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for 12 months that was associated with the up-regulation of its opponent GCN5L1 compared 
to non-obese (Control-CTL) group. As expected, the CypD acetylation profile increased, 
correlating with the augmented sensitivity to the mPTP opening and heart dysfunction.

In line with these observations and because obesity, and in particular BMI, is associated 
with MetS, diabetes and HF [34], we sought to determine whether patients with HF and 
obesity display hyperacetylation profiles and a deregulation in SIRT3 protein expression in 
contrast to non-obese HF patients, both at the advanced stages of the disease and aged 55 
years old on average. We observed for the first time that even at this stage of the disease, SIRT3 
expression remains lower in obese than non-obese patients in which BMI positively correlates 
with acetylation profile. This could be explained by the evidence that chronic metabolic 
changes are involved in SIRT3 downregulation though the suppression of the transcription 
coactivator PGC-1α, that has been proposed as a key regulator of energy metabolism [10]. 
Moreover, SIRT3 downregulation has also been associated with DNA sequence variants and 
SNPs that decrease SIRT3 promoter activity, in patients with MetS and myocardial infarction 
[35]. Although we were not able to analyze the specific mitochondrial hyperacetylation or 
its dependence on PGC-1α activation, the significant changes observed in SIRT3 expression 
and acetylation were able to be observed in a scarce number of evaluated patients in which 
BNP levels were elevated and negatively correlated with SIRT3 expression. This suggests 
that chronic metabolic changes that are in association to BMI [36] may contribute to more 
cardiac damage associated to SIRT3 downregulation.

SIRT3 deacetylase is involved in the deacetylation of approximately 151 peptides of 48 
mitochondrial proteins. In addition, CypD, a substrate of SIRT3, has been also associated with 
the regulation of the acetylation of enzymes that differ from those targeted by SIRT3 [37]. 
This SIRT3- and CypD-dependent acetylation has been associated with cardioprotection 
[6, 29]. Regarding the importance of acetylation in the regulation of the metabolism and 
HF, both CypD−/− and SIRT3−/− mice display an increased acetylation of proteins in fatty acid 
oxidation [37] altering the mitochondrial bioenergetics by promoting glucose metabolism, 
indicating that CypD plays physiological roles other than mPTP opening [38]. Myocardial 
acetyl-proteomics identified thousands of mitochondrial acetylation sites in end-stage failing 
human hearts [39] as well as in SIRT3-/- mice [10]. Most mitochondrial hyperacetylated sites 
have been previously identified as SIRT3 targets [9, 10], and particularly, the hyperacetylation 
of CypD and other mPTP regulators have been associated with cardiac dysfunction [9, 40]. 
Moreover, mitochondrial lysine acetylation proteins by NAD+/NADH ratio impairment have 
been also associated [40], indicating that targeting the imbalance in energetic metabolism is 
crucial to avoid cardiomyocytes’ detrimental functions that lead to HF.

Modulation of hyperacetylation as a potential therapy for heart failure
As SIRT3 activity depends on NAD+ levels, which are often reduced in MetS and HF [40, 

41], NAD+ repletion therapies avoid SIRT3 down-regulation, show a normalized acetylation 
state of proteins such as CypD, and demonstrate improved outcomes in HF mouse models 
[10, 40, 42], even after short-term administration [43]. Therefore, the modulation of protein 
acetylation is considered a novel therapeutic strategy for combating MetS and cardiovascular 
diseases [40, 44]. In this context, preliminary data suggests that NAD+ levels can be normalized 
in humans with no adverse effects from nicotinamide riboside supplementation [45].

Until now, the accepted mechanisms by which sirtuin activity can be significantly 
stimulated are calorie restrictions and strenuous exercise, that are difficult to achieve in a 
clinical setting. Thus the research of natural molecules such as cardioprotective agents has 
increased, and several phytochemicals (phenolic compounds), such as resveratrol, honokiol, 
and oroxylin A, have been described as positive SIRT3 regulators [44]. Even though these 
polyphenol compounds have shown promising results as SIRT3 activators in experimental 
models, pharmacokinetic studies have indicated that their bioavailability is extremely low, 
which may blunt their protective effect in a clinical setting [46]. Consequently, the successful 
use of natural compounds for cardiac therapy requires the development of effective drug 
delivery systems [47]. Recently, endothelial dysfunction in HF has been explored as a 
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novel avenue for the delivery of nanocarrier-based therapies to reach the heart through 
a dysfunctional permeable endothelium [48]. In a HF murine model, the passive cardiac 
accumulation of nanocarriers was 15-fold higher in the HF mice compared to control [49]. 
This approach should be used as a potential avenue for SIRT3 activator therapy, potentially 
leading to other novel therapies that may improve heart dysfunction in patients.

Conclusion

Here, we suggest that conditions such as obesity and MetS induce SIRT3 down-regulation, 
which leads to changes in the acetylation profile of mitochondrial proteins such as CypD that 
result in increases in mPTP opening and cardiac dysfunction. Remarkably, we showed that 
obese HF patients exhibit more lysine hyperacetylated proteins associated with BMI and 
less SIRT3 expression. Together, these findings support the importance of mitochondria in 
HF development. They highlight the necessity of a mitochondrial therapeutic approach to 
reestablish SIRT3 expression/activity, not only as a potential therapy for HF patients as has 
been suggested, but also to prevent cardiovascular disease in patients with obesity and MetS.
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