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Abstract

Sirtuin1 (SIRT1) is involved in regulating substrate metabolism in the cardiovascular system. 

Metabolic homeostasis plays a critical role in hypertrophic heart failure. We hypothesize that 

cardiac SIRT1 can modulate substrate metabolism during pressure overload-induced heart failure. 

The inducible cardiomyocyte Sirt1 knockout (icSirt1−/−) and its wild type littermates (Sirt1f/f) 

C57BL/6J mice were subjected to transverse aortic constriction (TAC) surgery to induce pressure 

overload. The pressure overload induces upregulation of cardiac SIRT1 in Sirt1f/f but not icSirt1−/− 

mice. The cardiac contractile dysfunctions caused by TAC-induced pressure overload occurred in 

Sirt1f/f but not in icSirt1−/− mice. Intriguingly, Sirt1f/f heart showed a drastic reduction in systolic 

contractility and electric signals during post-TAC surgery, whereas icSirt1−/− heart demonstrated 

significant resistance to pathological stress by TAC-induced pressure overload as evidenced by 

no significant changes in systolic contractile functions and electric properties. The Seahorse data 

revealed that TAC-induced pressure overload causes a decrease in basal respiration and ATP 

generation, as well as reduced OXPHOS integrity in Sirt1f/f but not in icSirt1−/− cardiomyocytes. 

The targeted proteomics showed that the pressure overload triggered downregulation of the 

SIRT1-associated IDH2 (isocitrate dehydrogenase 2) that result in increased oxidative stress in 

mitochondria. Moreover, metabolic alterations were observed in Sirt1f/f but not in icSirt1−/− heart 

in response to TAC-induced pressure overload. Thus, SIRT1 interferes metabolic homeostasis 

through mitochondrial IDH2 during pressure overload. Inhibition of SIRT1 activity benefits 

cardiac functions under pressure overload-related pathological conditions.
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1. Introduction

The clinical hallmark of heart failure (HF) is the inability of the heart to pump adequate 

blood supply to the body. It is characterized by a complex phenotype that includes 

reduced myocardial contractility, increased apoptosis, and myocardial fibrosis. During 

HF, the mitochondria display morphological abnormalities and bioenergetic deficiencies, 

resulting in an energy-depleted state and increased oxidative stress [1]. The onset of HF 

is commonly preceded by hypertrophy, associated with enhanced protein synthesis and 

increased cardiomyocyte size. Hypertrophic growth is initially a compensatory response that 

serves to reduce wall stress and sustain cardiac function in the face of increased cardiac 

workload; however, it eventually initiates the development of HF. In this study, we utilize 

an experimental model, termed transverse aortic constriction (TAC), to accurately depict 

this progression. It has been reported that cardiac metabolism reprogramming happens early 

during the development of hypertrophy, with the shift from strongly relying on fatty acids 

(FAs) to a greater reliance on glucose for energy production. However, the increase in 

glucose consumption did not prevent or diminish cardiac hypertrophy apart from improving 

myocardial energetics [2]. It is possible that this distinct alteration in cardiac substrate 

metabolism could contribute to cardiac remodeling and impaired cardiac function in HF. 

However, the mechanism mediating pathological changes and the roles these changes play in 

the progression of HF is not fully elucidated.

Sirtuin1 (SIRT1) is a deacetylase located in the nucleus that could regulate transcriptional 

factors for cellular control [3]. Due to its critical regulatory role, SIRT1 has been implicated 

in cardiac hypertrophy and HF development, but the effects of SIRT1 vary depending upon 

the expression level. A research study showed that a low SIRT1 expression attenuated 

age-dependent cardiac hypertrophy, whereas a high level of SIRT1 (12.5 fold) induced it 

by promoting oxidative stress and cardiomyocyte growth [4]. It was also demonstrated 

that whole-body SIRT1-knockout mice exhibited smaller hearts compared to the wild-type 

littermates, indicating the resistance against the development of cardiac hypertrophy induced 
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by hypertrophy agonists [5]. These findings are consistent with the notion that SIRT1 is 

needed for the induction of cardiac hypertrophy, but the specific role of SIRT1 in modulating 

these effects remained elusive.

Here, we utilized an inducible cardiomyocyte Sirt1 knockout (icSirt1−/−) versus its 

wild type littermates (Sirt1f/f) mice to investigate the role of cardiomyocyte SIRT1 in 

response to pressure overload-induced hypertrophic HF. The results demonstrated that the 

pressure overload by TAC surgery increased cardiac SIRT1 associated with alterations 

in mitochondrial dynamics and metabolic homeostasis. Thus, this study unveils an 

unrecognized role of SIRT1 in cardiac remodeling that could be a potential strategy for 

intervening hypertrophic HF.

2. Materials and methods

2.1 Animals

C57BL/6J wild type mice (3–5 months), SIRT1f/f mice (stock number 008041), and 

α-MHC-CreERTT2 (3–5 months) (stock number 005657) were supplied from Jackson 

Laboratory (Bar Harbor, ME). The cardiomyocyte-specific deletion of the SIRT1 gene 

mouse was generated by breading SIRT1f/f with transgenic mice that carried an autosomally 

integrated Cre gene driven by cardiac-specific alpha-myosin heavy chain promoter (α-

MHC-CreERT2). The inducible cardiac-specific SIRT1 knockout (icSirt1−/−) mice were 

generated by Tamoxifen injection (0.08 mg/g, i.p 5 days) of α-MHC-CreERTT2- SIRT1f/f 

(3–5 months) mice, and SIRT1f/f mice (3–5 months) with Tamoxifen injection were used for 

control groups. The mouse genotype was determined using the Mouse Tail Quick Extraction 

kit (Bio Pioneer) to isolate genomic DNA from the tail. Both males and females were 

subjected to the experiments in this study. All animal protocols in this study were approved 

by the Institutional Animal Care and Use Committee of the University of South Florida as 

well as conform to the NIH Guide for the care and use of laboratory animals.

2.2 In vivo transverse aortic constriction (TAC) model

Mice were anesthetized, intubated, and ventilated as we previously described [6,7]. Mice 

were anesthetized with isoflurane (2%), placed on a ventilator (Harvard Rodent Ventilator, 

Harvard Apparatus, Holliston, MA), and put on a heating pad to maintain body temperature 

during surgeries. Mice were subcutaneously injected with bupivacaine (2 mg/kg) for one 

time before surgery. After a partial thoracotomy to the second rib was performed, the 

ribs were then retracted using a chest retractor. The transverse aorta was identified after 

separating the thymus and fat tissue from the aortic arch. Two loose knots were tied 

around the transverse aorta between the brachiocephalic and left common carotid artery. 

The loose knots were quickly tied against a 27-gauge needle, and the needle was promptly 

removed to yield an approximate 0.4mm aortic diameter. For the sham group, the entire 

procedure is identical except for the construction of the aorta. Analgesic administration was 

given with one single injection of buprenorphine (1 mg/kg) to relieve postoperative pain 

before returning to the animal facility. The whole TAC surgery procedure was performed as 

described [8,9].
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2.3 Fatty acid/glucose oxidation analysis

The working heart system preload and afterload were set at 15 cm and 80 cm H2O, 

respectively [10]. The flow rate was kept at 15 mL/min. Heart function was monitored 

by a pressure transducer connected to the aortic outflow. [9, 10]- 3H-oleate (50 mci/L) and 
14C-glucose (20 mci/L)–labeled KHB buffer was perfused into the heart via the pulmonary 

vein and pumped out through the aorta. Perfusate pumped out of that aorta and outflowed 

from the coronary artery was collected every 5 minutes to examine the radioactivity level. 

The fatty acid level was evaluated from 3H2O produced from [9, 10]-3H-oleate. Metabolized 
3H2O was separated from [9, 10]- 3H-oleate by filtering through anion-exchange resin 

(BioRad, Hercules, CA). The metabolized 14CO2 was dissolved in the perfusate buffer, and 

the gaseous 14CO2, which was later dissolved in sodium hydroxide in the samples, were 

all used to measure glucose oxidation. Sulfuric acid was added to the perfusate samples 

to release and separate 14CO2 from 14C-glucose. 3H and 14C signals were detected to 

discriminate metabolic products from fatty acid and glucose, respectively.

The related common biochemical methods are listed in Supplemental Materials.

2.4 Statistics analysis

All results are reported as means ± standard error of the means (SEM). Statistical analysis 

was performed using the GraphPad Prism 9 software, and comparisons were performed 

using two-way ANOVA with Tukey’s test. A p-value of p < 0.05 was considered statistically 

significant.

3. Results

3.1 SIRT1 mediates cardiac dysfunctions caused by pressure-overload pathological 
stress

There are studies have shown that expression of SIRT1 is upregulated in dog hearts 

undergoing HF [4], [11]. Thus, we examined whether SIRT1 is elevated in response to the 

TAC-induced hypertrophy and HF model. Through immunoblotting analysis, we observed a 

significant increase in the level of cardiac SIRT1 in Sirt1f/f but not in icSirt1−/− mice after 

6 weeks of TAC-induced pressure overload (Figure 1A). Moreover, the real-time RT-PCR 

data showed that pressure overload triggered Sirt1 mRNA upregulation in Sirt1f/f but not 

in icSirt1−/− heart (Figure 1A). It indicated that TAC-induced pressure overload stress can 

trigger upregulation of cardiomyocyte Sirt1 in both transcriptional and translational levels.

To assess whether elevated expression of SIRT1 under TAC-induced hypertrophy and HF 

alters basic cardiac physiological features, we first performed echocardiography every two 

weeks. Two echocardiographic measurements were examined: ejection fraction (EF) and 

fractional shortening (FS). EF is defined by the percentage of blood exiting the heart for 

each contraction, and FS is referred to the reduction in length of the LV (left ventricle) 

towards the end of systole [12]. Both EF and FS are critical indicators to evaluate cardiac 

systolic function. The echocardiography measurements demonstrated that Sirt1f/f exhibited 

a significant reduction in EF and FS first observed at 4 weeks post-TAC and progressively 

decreased further at 6 weeks post-TAC compared to physiological control (Figure 1B). 
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Of interest, icSirt1−/− 6 weeks post-TAC showed no significant changes in both EF and 

FS (Figure 1B). These findings suggest that the deletion of Sirt1 in cardiomyocytes had 

preserved cardiac function under pressure overload-induced pathological stress conditions. 

All other echocardiographic parameters were listed in the supplement (Table S1).

In addition to employing echocardiography to evaluate cardiac contractility, we also 

examined electrical signals by electrocardiography (ECG) in Sirt1f/f and icSirt1−/− mice 

under sham operations and TAC-surgery for 6 weeks. After 6 weeks of TAC, there were 

significant decreases in the amplitude of Q, R, and T waves on the ECG compared 

to sham operations in Sirt1f/f mice (Figure 1C). Moreover, there were increases in JT 

and Tpeak-Tend intervals in TAC-surgery versus sham operations in Sirt1f/f mice (Figure 

1C). Intriguingly, following 6 weeks of TAC, Sirt1-deficient mice, icSirt1−/− exhibited no 

significant alterations in these parameters (Figure 1C). The alterations in ECG of Sirt1f/f 

mice in response to TAC-induced pressure overload could be attributed to the upregulation 

of SIRT1 in Sirt1f/f heart leading to LV enlargement, which resulted in cardiac contractility 

defects and abnormal electrical signals.

3.2 Cardiomyocytes Sirt1 mediates hypertrophy and fibrosis induced by pressure 
overload

Considering the impaired cardiac function in Sirt1f/f versus icSirt1−/− mice at 6 weeks 

post-TAC, we hypothesized that upregulated SIRT1 might impact the cardiac phenotype 

during the maladaptive response. Thus, we isolated perfused hearts from each group to 

conduct an initial pathological characterization. Postmortem analyses showed that Sirt1f/f 

but not icSirt1−/− mice at 6 weeks of post-TAC surgery showed significantly enlarged left 

atrium and LV (Figure 2A). Additionally, an increase in cardiomyocyte cell size has been 

proposed as an early hallmark that occurs before the onset of permanent myocardial fibrosis 

followed by cardiac dysfunction and HF [13],[14],[15]. Histological examination of LV with 

Masson’s trichrome revealed substantial increases in perivascular and interstitial fibrosis 

in Sirt1f/f 6 weeks of post-TAC surgery as compared to sham operation groups (Figure 

2A). However, there were no significant differences in cardiac fibrosis of icSirt1−/− at 6 

weeks of post-TAC surgery as compared to the sham groups (Figure 2A). The cardiac 

mRNA expression levels of collagen type 1 alpha 1 chain (Col1α1), fibronectin (Fn1), 

and connective tissue growth factor (Ctgf) showed a positive correlation with the observed 

histological analysis (Figure 2B), i.e., the mRNA levels of fibrosis-related genes (Col1α1, 

Fn1 and Ctgf) were elevated in Sirt1f/f but not in icSirt1−/− heart at 6 weeks of post-

TAC-surgery versus sham groups (Figure 2B). Thus, these results indicated that pressure 

overload-induced upregulation of cardiomyocytes SIRT1 plays a role in cardiac remodeling 

during TAC-induced pathological conditions.

3.3 SIRT1 associated with PPARα modulates IDH2 and mitochondrial redox homeostasis

One of the critical features of HF is the switch in substrate utilization with the decrease 

in fatty acid oxidation (FAO) and the enhancement in glucose oxidation metabolism [16]. 

The rate of FAO is partially dependent on the expression level of genes encoding for FAO 

enzymes, notably are the PPARs family and PPARγ co-activator 1 α (PGC-1α) [17], [18]. 

Additionally, studies have shown that SIRT1 could activate PGC-1α through deacetylation 
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and interact with PPARα to regulate fatty acid (FA) metabolism [19], [20]. Thus, we 

performed immunoblotting and real time-PCR to detect the protein and gene expression 

level of those genes. The results demonstrated that there were significant upregulation of 

PPARα in both translational and transcriptional levels in Sirt1f/f but not in icSirt1−/− heart 

at 6 weeks of post-TAC surgery (Figure 3A), however there was no change in PGC-1α level 

across all groups (Figure S2).

To characterize the role of cardiac SIRT1 and PPARα in cardiac functions during TAC-

induced pressure overload pathological conditions, we performed targeted proteomics with 

Sirt1f/f hearts under sham operations or TAC surgery followed by Ingenuity pathway 

analysis (IPA). The data showed that the mitochondrial protein complex, respiratory 

chain, and tricarboxylic acid cycle (TCA) enzymes were downregulated at 6 weeks 

of TAC-surgery as compared to the sham operation groups (Figure 3B). In addition, 

the estrogen-related receptors (ERRs) targets, which regulate genes controlling multiple 

aspects of mitochondrial functions [21], were diminished during TAC-induced pressure-

overload versus sham operations (Figure 3B). Indeed, we also noticed that TAC-induced 

pressure overload reduced both protein and mRNA expression levels of IDH2 (isocitrate 

dehydrogenase 2) in Sirt1f/f but not in icSirt1−/− heart (Figure 3C). Since IDH2 consumes 

NADP+ to convert isocitrate to α-ketoglutarate in the TCA cycle [22], we measure the 

NADP+ dependent IDH2 activity. The results demonstrated that there was a reduction of 

the IDH2 activity in Sirt1f/f but not in icSirt1−/− heart at 6 weeks of post-TAC versus sham 

groups; this could be due to the downregulation of IDH2 expression levels (Figure 3C). 

Along with the critical role in the TCA cycle, IDH2 also provides NADPH for maintaining 

mitochondrial redox balance [22]. As a result, the downregulation of IDH2 could disrupt 

mitochondrial redox homeostasis during pressure overload-induced stress conditions that 

can aggravate mitochondrial oxidative stress in response to TAC-induced pathological stress. 

We performed experiments to stain the fresh LV tissue with MitoSOX™ Red to characterize 

the mitochondrial redox homeostasis. The results showed a significant increase in reactive 

oxygen species (ROS) production in the mitochondria of Sirt1f/f and icSirt1−/− at 6 weeks 

of post-TAC surgery versus sham operations (Figure 3D). However, SIRT1-deficient mice 

icSirt1−/− versus Sirt1f/f produced significantly less ROS during TAC-induced pathological 

stress conditions (Figure 3D). These results suggest that co-upregulation of SIRT1 and 

PPARα repressed ERR target genes, particularly IDH2, resulting in mitochondrial oxidative 

stress (Figure 3E).

3.4 SIRT1 plays a role in the metabolic regulation in response to pressure overload

The cardiac contractility depends strongly on ATP production, provided mainly by fatty acid 

oxidation (FAO). As a result, defect in mitochondrial function is associated with alterations 

in energy metabolism [23]. Since SIRT1 hindered mitochondrial function, we further 

explored whether it can also modulate substrate metabolism reprogramming under pressure 

overload-induced pathological conditions by performing immunoprecipitation with SIRT1 

specific antibodies. It was demonstrated that SIRT1 is associated with the upregulation of 

proteins related to glycolysis, pyruvate dehydrogenase (PDH) complex, gluconeogenesis, 

and aspartate biosynthesis (Figure 4A). Therefore, we performed an ex vivo working heart 

perfusion system to examine the oxidative consumption rate of each substrate. Glucose 
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oxidation and FAO were analyzed by measuring [14C]-glucose incorporation into 14CO2 and 
3H2O from [9, 10-3H]-oleate released in the perfusate. The results demonstrated that a shift 

in substrate utilization occurred in Sirt1f/f hearts from TAC-induced pressure overload group 

with a decrease in FAO and an increase in glucose oxidation as compared to the Sirt1f/f 

hearts from sham operation group (Figure 4B). On the contrary, there was no significant 

alterations in substrate metabolism occurred in icSirt1−/− hearts from TAC-induced pressure 

overload and sham operation groups (Figure 4B). Furthermore, Seahorse Mito Fuel Flex 

Test was utilized to characterize the preferred substrate utilization and validate the role 

of SIRT1 in mediating the metabolic response to TAC-induced pathological stress. The 

data demonstrated that the mitochondria of Sirt1f/f heart prefer to use glucose oxidation 

in response to TAC-induced pathological stress versus sham group, as evidenced by an 

increase in glucose dependency and capacity (Figure 4C). Interestingly, the mitochondria of 

icSirt1−/− heart showed a preserved substrate consumption with a higher dependency and 

capacity to utilize FAO for cardiac energetics in response to TAC-induced stress (Figure 

4C). Together, the findings suggest that SIRT1 could mediate a metabolic switch with an 

increased reliance on glucose to disturb the adaptive metabolic response during pressure 

overload-induced stress conditions.

To characterize the role of cardiac SIRT1 in glucose metabolism in response to TAC-

induced pressure overload stress, we performed immunoblotting to determine the signaling 

pathways associated with glucose metabolic regulation under physiological or pathological 

conditions in Sirt1f/f and icSirt1−/− hearts. The results demonstrated that TAC-induced 

pressure overload triggered phosphorylation of AKT at Ser473 site, indicating enhanced 

AKT activation in Sirt1f/f but not in icSirt1−/− heart during TAC-induced stress as compared 

to sham group (Figure 4D). AKT is a master regulator of cellular metabolism, and 

AKT activation has been shown to be correlated with increased modulation of glucose 

metabolism [24], [25]. Moreover, the phosphorylation of the AKT downstream PFKFB2 

(phosphofructokinase 2) associated with glycolysis was significantly increased in response 

to TAC-induced pressure overload stress versus sham in Sirt1f/f but not in icSirt1−/− hearts 

(Figure 4D). Additionally, the downregulation of PDHK1 (pyruvate dehydrogenase kinase 

1) observed in Sirt1f/f under TAC-induced pathological conditions, could explain a decrease 

in phosphorylation of pyruvate dehydrogenase E1α (PDHE1α), reflecting a higher PDH 

activity in connecting glycolysis to the TCA cycle (Figure 4D). Intriguingly, there were 

no significant alterations occurred in PFKFB2, PDHK1, and PDHE1α in icSirt1−/− hearts 

during TAC-induced stress conditions (Figure 4D). Together, the results indicated that 

SIRT1 is essential for pressure overload-induced AKT activation, which further modulates 

its downstream targets associated with glucose metabolic regulations.

4. Discussion

In this study, we investigated the role of SIRT1, which was elevated in response to pressure 

overload-induced pathological stress. We revealed that Sirt1f/f mice at 6 weeks of post-TAC 

surgery showed impaired cardiac function and increased stiffness, as evidenced by cardiac 

examination and histological analysis. These observations were proposed to be attributed 

to the downregulation of IDH2, which increased mitochondrial oxidative stress, impaired 

mitochondrial function, and induced metabolism alterations. Furthermore, our data shed 
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new light on the contribution of the SIRT1-AKT signaling cascade to enhanced glucose 

metabolism.

SIRT1 has been found to be involved in many physiological processes that regulate cellular 

metabolic status, stress resistance, and apoptosis [26], [27]. Previous research has shown 

that the SIRT1 level was upregulated in failing hearts as a compensatory mechanism [11], 

however, a high level of SIRT1 is not very beneficial for the hearts. Overexpression of 

SIRT1 makes the heart more prone to hypertrophy and HF with an increase in apoptosis, 

fibrosis, and oxidative stress, as well as a decrease in mitochondrial biogenesis [4]. 

The observations from our study also supported that elevated SIRT1 expression under 

pressure overload-induced stress leads to impaired cardiac function through lowering cardiac 

output, diminishing electrical signals, and alternating cardiac morphology with an increase 

in cardiomyocyte size and fibrosis. Furthermore, co-upregulation of SIRT1 and PPARα 
suppressed ERR signaling pathway, which is implicated in the TCA cycle, OXPHOS, 

and mitochondrial function. Through controlling a subset of ERR transcriptional pathway, 

SIRT1/PPARα complex plays an essential role in fasting response as it restricts nutritional 

consumption to increment endurance and survival.[28] Indeed, our findings demonstrated 

that Sirt1f/f heart under TAC-induced stress had a lower OCR and lower ATP production of 

mitochondria.. This fasting response is deemed maladaptive during the pressure overload 

stress with high energy demand since the energy production could not keep up with 

the need. Thus, Sirt1f/f under pressure overload-induced stress mediated mitochondrial 

proliferation and displayed elongated mitochondria by triggering the expression of MFN2, 

which may compensate for the diminished energy generation. We also observed a high 

MFN2 level in icSirt1−/− versus Sirt1f/f but with normal mitochondrial morphology. This 

could be due to a higher rate of the counterbalance in mitochondrial dynamics between 

mitochondrial fusion and fission in icSirt1−/− versus Sirt1f/f hearts.

The low expression levels and activity of IDH2 were identified in TAC-induced Sirt1f/f 

hearts. IDH2 is a major producer of mitochondrial NADPH, which is required for 

glutathione-associated mitochondrial antioxidants.[29] Therefore, IDH2 is an essential 

enzyme in regulating redox homeostasis and protecting cells from oxidative stress [30]. 

As expected, Sirt1f/f heart in response to TAC-induced stress had a drastic increase in ROS 

generation and accumulation, whereas icSirt1−/− heart under TAC-induced stress showed 

a significantly lower level of ROS. The increased mitochondrial ROS could be an early 

event that initiates the mitochondrial structural dysfunctions. Overall, it appeared that 

SIRT1 cooperated with PPARα to repress ERR target genes, particularly IDH2, which 

results in altered mitochondrial morphology and increased mitochondrial oxidative stress. 

Moreover, this study advances the understanding of SIRT1’s roles in metabolic alterations 

by unveiling a novel SIRT1-AKT signaling pathway in response to pressure overload 

stress. In light of AKT activation in Sirt1f/f hearts at 6 weeks of post-TAC, we observed 

increased phosphorylation of PFKFB2 (Ser483), which indicated the promotion of glycolysis 

processes [31]. Additionally, we detected the protein level of PDHK1 and phosphorylated 

PDHE1α Ser293. PDHK1 regulates the conversion of pyruvate to acetyl-coenzyme A 

through phosphorylation of the PDH enzyme complex. The decrease in PDHK1 level in 

TAC-induced Sirt1f/f hearts was consistent with the reduced phosphorylation of PDHE1α, 

indicating the elevated PDH complex activity. PDHE1α is important in linking glycolysis 
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and the TCA cycle, which implies the increased glucose-derived substrate into the TCA 

cycle. The experimental data from Sirt1f/f versus icSirt1−/− provided clear evidence 

supporting the role of SIRT1 in modulating glucose metabolism via AKT activation during 

pressure overload stress conditions.

5. Conclusions

An upregulation of cardiac SIRT1 in response to pressure overload pathological stress 

exacerbates cardiac dysfunction. The association of SIRT1 with PPARα suppressed the 

proteins involved in the TCA cycle and mitochondrial function, particularly through 

downregulating IDH2. SIRT1-AKT signaling cascade plays a role in glucose metabolic 

regulation in response to pressure overload-induced pathological conditions. The alterations 

in metabolic homeostasis caused by SIRT1 mediated pressure overload stress can result in 

defects in mitochondrial function with a higher level of oxidative stress in mitochondria. 

Thus, upregulation of SIRT1 by pressure overload stress could render the heart more 

susceptible to hypertrophic stress by promoting mitochondrial dysfunction and metabolic 

remodelings.
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Highlights

• Deletion of SIRT1 in cardiomyocytes attenuates adverse cardiac remodeling 

through preserving mitochondrial metabolic homeostasis.

• Inhibiting SIRT1 activity can be a potential treatment for hypertrophic heart 

failure.

• Controlling metabolic homeostasis under pressure overload-related 

pathological stress conditions is a potential intervention for hypertrophic heart 

failure patients.
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Figure 1. Upregulated SIRT1 exacerbated cardiac dysfunction under pressure overload-induced 
heart failure (HF).
(A) The protein and mRNA expression levels of SIRT1 were upregulated in the left 

ventricles (LV) of Sirt1f/f heart after 6 weeks of transverse aortic constriction (TAC)-induced 

pressure overload. Biological replicates N=8 for each group. P value was determined by 

two-way ANOVA with Tukey’s post-hoc test. (B) Echocardiography showed that Sirt1f/f 

mice were vulnerable to TAC-induced pressure overload, as shown by decreased ejection 

fraction (EF) and fractional shortening (FS). Left: Representative images of M-mode 

echocardiography. Right: Quantification of echocardiography measurements for EF and FS. 

Biological replicates N=8 for each group. P value was determined by two-way ANOVA with 

Tukey’s post-hoc test. (C) Electrocardiography (ECG) showed that Sirt1f/f mice developed 

cardiac contractile dysfunction under 6 weeks of post TAC with reduced Q, R, and T 

amplitudes and prolonged JT and Tpeak-Tend interval. Upper: Representative images of 

ECG parameters. Lower: Quantification of ECG measurements. Biological replicates N=8 
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for each group. P value was determined by two-way ANOVA with Tukey’s post-hoc test. 

Biological replicates N=8 for each group. P value was determined by two-way ANOVA with 

Tukey’s post-hoc test.
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Figure 2. Deletion of cardiomyocyte SIRT1 attenuated cardiac remodeling induced by pressure 
overload.
(A) Upper: Representative hearts from Sirt1f/f and icSirt1−/− under sham operations (Sham) 

or 6 weeks of TAC surgery-induced pressure overload (TAC). Middle: Representative 

images of perivascular and interstitial fibrosis measured by Masson’s trichrome staining. 

The scale bars are 50 μm. Lower: Quantification analysis of Masson’s trichrome staining. 

Biological replicates N=5 for each group. P value was determined by two-way ANOVA 

with Tukey’s post-hoc test. (B) Quantitation for real time RT-PCR for mRNA expression 

of collagen type 1 alpha 1 chain (Col1α1), fibronectin (Fn1), and connective tissue growth 

factor (Ctgf) in LV tissue. Biological replicates N=8 for each group. P value was determined 

by two-way ANOVA with Tukey’s post-hoc test.
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Figure 3. SIRT1 plays a role in mitochondrial oxdative phosphorylation in response to TAC-
induced pressure overload.
(A) TAC-induced pressure overload stress increased protein and mRNA expression levels of 

PPARα in Sirt1f/f mice. Biological replicates N=8 for each group. P value was determined 

by two-way ANOVA with Tukey’s post-hoc test. (B) Ingenuity pathway analysis (IPA) 

enrichment analysis of targeted proteomics of Sirt1f/f heart with 6 weeks of post TAC 

versus sham group. Green bars representing the percentage of genes in the pathway were 

downregulated in Sirt1f/f 6 weeks of post TAC versus Sham. Red bars representing the 

percentage of genes in the pathway were upregulated in Sirt1f/f 6 weeks of post TAC 

versus Sham. White bars representing the percentage of genes in the pathway were not 

altered in Sirt1f/f 6 weeks of post TAC versus Sham. Biological replicates N=3 for each 

group. (C) Reduction of the IDH2 protein, mRNA expression levels, and NADP+ dependent 

activity in Sirt1f/f but not in icSirt1−/− heart in response to 6 weeks of TAC-induced stress. 

Biological replicates N=8 for each group. P value was determined by two-way ANOVA with 
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Tukey’s post-hoc test. (D) MitoSOX™ staining showed a substantial increase in superoxide 

accumulation in the heart of Sirt1f/f after 6 weeks of TAC. Left: Representative microscopy 

images of reactive oxygen species staining. The scale bars are 50 μm. Right: Quantification 

analysis of MitoSOX™ staining. Biological replicates N=5 for each group. P value was 

determined by two-way ANOVA with Tukey’s post-hoc test. (E) Schematic representations 

of the regulatory roles of SIRT1 and PPARα in mitochondrial oxidative stress during 

TAC-induced pathological conditions.
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Figure 4. SIRT1-AKT signaling cascade modulates glucose metabolism in response to TAC-
induced pathological stress.
(A) Ingenuity pathway analysis (IPA) enrichment analysis of SIRT1 associated proteins in 

Sirt1f/f 6 weeks of post TAC versus sham. Green bars representing the percentage of genes 

in the pathway were downregulated in Sirt1f/f 6 weeks of post TAC versus sham. Red bars 

representing the percentage of genes in the pathway were upregulated in Sirt1f/f 6 weeks 

of post TAC versus sham. White bars representing the percentage of genes in the pathway 

were not altered in response to TAC or not associated with SIRT1 under physiolocal and 

pathological conditions. Biological replicates N=3 for each group. (B) Glucose oxidation 

and oleate oxidation were analyzed by measuring [14C]-glucose incorporation into 14CO2 

and incorporation of [9,10-3H] oleate into 3H2O, respectively, in the ex vivo mouse working 

heart system for 30 minutes. Sirt1f/f 6 weeks of post TAC resulted in increased glucose 

utilization and decreased fatty acid oxidation. Biological replicates N=6 for each group. P 
value was determined by two-way ANOVA with Tukey’s post-hoc test. (C) Seahorse fuel 
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flex assay examined substrate utilization by measuring the OCR in Sirt1f/f and icSirt1−/− 

hearts under sham or 6 weeks of TAC. UK5099 (8 μM) and Etomoxir (4 μM) were added 

to isolated cardiomyocytes of all groups. Left: Representatives of mitochondrial fuel flex 

assay. Right: Quantitative analysis of substrate metabolism parameters (glucose capacity 

and fatty acid capacity). Biological replicates N=6 for each group. P value was determined 

by two-way ANOVA with Tukey’s post-hoc test. (D) The immunoblotting analysis for 

AKT, PFKFB2, PDHK1, PDHE1α, and GAPDH signaling response of Sirt1f/f and icSirt1−/− 

hearts under sham or 6 weeks of TAC conditions. Biological replicates N=8 for each group. 

P value was determined by two-way ANOVA with Tukey’s post-hoc test.
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