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Abstract

Background—Pathological cardiac hypertrophy induced by stresses such as aging and 

neurohumoral activation is an independent risk factor for heart failure and is considered a target 

for the treatment of heart failure. However, the mechanisms underlying pathological cardiac 

hypertrophy remain largely unknown. We aimed to investigate the roles of SIRT2 in aging-related 

and angiotensin II (Ang II)-induced pathological cardiac hypertrophy.

Methods—Male C57BL/6J wild-type (WT) and Sirt2 knockout (Sirt2-KO) mice were subjected 

to the investigation of aging-related cardiac hypertrophy. Cardiac hypertrophy was also induced by 

Ang II (1.3 mg/kg/day for four weeks) in male C57BL/6J Sirt2-KO mice, cardiac-specific SIRT2 
transgenic (SIRT2-Tg) mice and their respective littermates (8~12-week-old). Metformin (200 

mg/kg/day) was used to treat WT and Sirt2-KO mice that were infused with Ang II. Cardiac 

hypertrophy, fibrosis, and cardiac function were examined in these mice.

Results—SIRT2 protein expression levels were down-regulated in hypertrophic hearts from 

mice. Sirt2-KO markedly exaggerated cardiac hypertrophy and fibrosis as well as decreases in 

cardiac ejection fraction and fractional shortening in aged (24-month-old) mice and Ang II-infused 

mice. Conversely, cardiac-specific SIRT2 overexpression protected the hearts against Ang II-

induced cardiac hypertrophy and fibrosis and rescued cardiac function. Mechanistically, SIRT2 

maintained the activity of AMP-activated protein kinase (AMPK) in aged and Ang II-induced 

hypertrophic hearts in vivo as well as in cardiomyocytes in vitro. We identified the liver kinase B1 

(LKB1), the major upstream kinase of AMPK, as the direct target of SIRT2. SIRT2 bound to 
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LKB1 and deacetylated it at lysine 48, which promoted the phosphorylation of LKB1 and the 

subsequent activation of LKB1-AMPK signaling. Remarkably, the loss of SIRT2 blunted the 

response of AMPK to metformin treatment in mice infused with Ang II and repressed the 

metformin-mediated reduction of cardiac hypertrophy and protection of cardiac function.

Conclusions—SIRT2 promotes AMPK activation by deacetylating the kinase LKB1. Loss of 

SIRT2 reduces AMPK activation, promotes aging-related and Ang II-induced cardiac hypertrophy 

and blunts metformin-mediated cardioprotective effects. These findings indicate that SIRT2 will 

be a potential target for therapeutic interventions in aging and stress-induced cardiac hypertrophy.
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Introduction

Heart failure is a growing public health problem and a leading cause of morbidity and 

mortality in modern society. Pathological cardiac hypertrophy induced by aging and 

neurohumoral activation (e.g., angiotensin II [Ang II]) is an independent risk factor for heart 

failure.1, 2 Anti-aging strategies, such as caloric restriction, show cardiac benefits in rodents, 

monkeys, and humans.3–5 Clinically, neurohormone blocking drugs (including adrenergic 

receptor blockers, inhibitors of angiotensin converting enzyme, and blockers of the Ang II 

receptor AT1) are commonly used for treatment of the pathological hypertrophy and heart 

failure.6

Defects in myocardial metabolism appear to be a major contributor to aging-related and 

stress-induced cardiac hypertrophy and subsequent heart failure.7 Aging and aging-related 

cardiac hypertrophy are regulated by several core metabolic sensors, including AMP-

activated protein kinase (AMPK), SIRT1, mammalian target of rapamycin (mTOR), and 

insulin-like growth factor 1 receptor (IGF1R).8 For instance, AMPK is a major regulatory 

kinase that directly controls numerous metabolic processes, including fatty acid oxidation 

and glycolysis. AMPK can also regulate other metabolic pathways, such as the SIRT1, 

mTOR, and peroxisome proliferator-activated receptor gamma (PPAR-γ) coactivator-1 alpha 

(PGC-1α) pathways.9, 10 AMPK contains one catalytic subunit (α) and two regulatory 

subunits (β and γ). Mutations in the AMPKγ subunit cause hypertrophic cardiomyopathy 

(HCM) in humans.9 AMPK deficiency contributes to cardiac hypertrophy induced by aging, 

neurohumoral activation, pressure overload and myocardial infarction.9, 11 Activation of 

AMPK by AICAR or metformin protects the heart from cardiac hypertrophy induced by 

aging and other stresses.12, 13

The Sirtuin family of proteins is a family of class III nicotinamide adenine dinucleotide 

(NAD+)-dependent deacetylase that deacetylates histone and non-histone proteins. Sirtuins 

regulate metabolism and aging-related diseases, including diabetes and cardiovascular 

diseases.14–16 Among the Sirtuins, the cytosol member SIRT2 is less characterized. SIRT2 is 

expressed in a wide range of tissues, particularly in metabolically relevant tissues, such as 

the heart, brain, and adipose tissue.17 SIRT2 plays essential roles in diverse aspects of 
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metabolism.17 However, the pivotal target of SIRT2 in metabolic processes and the roles of 

SIRT2 in pathological cardiac hypertrophy remain unknown.

In the present study, we demonstrate that SIRT2 represses aging-related and stress-induced 

cardiac hypertrophy, at least in part, by maintaining signaling through the liver kinase B1 

(LKB1)-AMPK pathway, the central pathway controlling various aspects of metabolism. We 

found that SIRT2 protein levels were reduced in the hearts of aged and Ang II-infused mice. 

Sirt2-KO promoted aging-related and Ang II-induced cardiac hypertrophy and fibrosis and 

caused cardiac dysfunction, whereas cardiac-specific SIRT2 overexpression inhibited Ang 

II-induced cardiac hypertrophy and rescued cardiac function. Moreover, we showed that 

SIRT2 bound to and deacetylated LKB1, which activated the LKB1-AMPK signaling 

pathway in the hearts of aged mice and mice infused with Ang II. Additionally, Sirt2-KO 

attenuated metformin-induced activation of AMPK signaling and, subsequently, the 

cardioprotective functions of metformin in Ang II-induced hypertrophic hearts.

Methods

Knockout and transgenic mice

All animal protocols were approved by the Animal Care and Use Committee at the Institute 

of Basic Medical Sciences, Chinese Academy of Medical Sciences and Peking Union 

Medical College. Global germ-line Sirt2 knockout (Sirt2-KO) mice (C57BL/6J background; 

stock number: 012772) were purchased from Jackson Laboratories. Transgenic mice with 

cardiomyocyte-specific SIRT2 overexpression were generated as previously described.18 An 

expanded method for generation of transgenic mice is available in the online-only Data 

Supplement.

Cardiac hypertrophy model and metformin treatment

The young (4-month-old) and aged (24-month-old) WT and Sirt2-KO mice were subjected 

to pathological analysis of cardiac hypertrophy. Cardiac hypertrophy was also induced in 

8~12 weeks old mice by chronic subcutaneous infusion of angiotensin II (Ang II, Sigma-

Aldrich, #A9525) at a dose of 1.3 mg/kg/day using the ALZET® Osmotic Pumps (Model 

2004) for four weeks. The control mice were infused with saline for four weeks. For 

metformin treatment, mice were randomized to be treated with either vehicle or metformin 

(Sigma-Aldrich, #PHR1084) at a dose of 200 mg/kg/day in the drinking water.

Histological analysis

For histological analysis, hearts were arrested with a 10% potassium chloride solution at 

end-diastole and then fixed in 4% paraformaldehyde. Fixed hearts were embedded in 

paraffin and cut transversely into 5 μm sections. Serial heart sections were stained with 

hematoxylin-eosin (H&E) or wheat germ agglutinin (WGA) (Invitrogen, #W11261) to 

measure myocyte cross-sectional areas. The degree of collagen deposition was detected by 

Picrosirius Red (PSR) Staining Kit (Abcam, #ab150681). Images were analyzed using a 

quantitative digital image analysis system (Image-Pro Plus 6.0).
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Statistical analysis

All experiments were performed at least in triplicates unless otherwise stated. Homogeneity 

of the variance was assessed via F test (two groups) or Brown-Forsythe test (≥ three groups). 

Normality of the data was assessed via Shapiro-Wilk test. When reporting two groups with 

normal distribution, we used standard Student’s t test for equal variance or Welch t test for 

unequal variance. In the results with more than two groups, ANOVA or appropriate non-

parametric tests were applied to analyze the difference. When one factor was involved, we 

used one-way ANOVA followed by Bonferroni post-hoc test when the assumptions (equal 

variance and normal distribution) are satisfied. Otherwise, we used the non-parametric test 

Kruskal-Wallis test followed by the Dunn’s post-hot test to correct for multiple comparisons. 

In results with two factors, two-way ANOVA followed by Bonferroni post-hoc test was 

applied for multiple comparisons when the assumptions (equal variances and normal 

distribution) are satisfied. Otherwise, we used the non-parametric test Scheirer-Ray-Hare 

test (an extension of the Kruskal-Wallis test) followed by the Dunn’s post-hot test to correct 

for multiple comparisons. The P values were adjusted for multiple comparisons where 

appropriate. P values of less than 0.05 were considered statistically significant. All statistical 

analyses were carried out using GraphPad Prism 7.0 or SPSS Version 21 software.

An expanded Methods section is available in the online-only Data Supplement.

Results

SIRT2 deficiency aggravates cardiac hypertrophy in aged mice

To investigate the role of SIRT2 in aging-related cardiac hypertrophy, the male Sirt2-KO 

mice (Supplementary Figure 1A–B) and their control wild-type (WT) littermates were 

maintained for two years. The body weights of WT and Sirt2-KO mice were comparable at 4 

months and 24 months (Supplementary Figure 2A). Remarkably, aged Sirt2-KO mice 

showed more visible aging characteristics (such as hair browning) than their WT littermates 

(Figure 1A), indicating that Sirt2-KO might affect the health of aged mice.

Young (4-month-old) and aged (24-month-old) mice were subjected to functional cardiac 

phenotyping. Significantly, Sirt2-KO caused echocardiography-detectable dysfunction in 

aged mice, as evidenced by decreases in cardiac ejection fraction and fractional shortening 

(Figure 1B). But Sirt2 deficiency did not affect heart rate, systolic blood pressure or diastolic 

blood pressure in aged mice (Supplementary Figure 2B–C). The aged WT mice had 

increased heart weight-to-tibia length (HW/TL) ratio compared with those of young mice, 

and HW/TL ratio was further enhanced in aged Sirt2-KO mice (Figure 1C). The heart 

weight-to-body weight (HW/BW) ratio was also increased in aged Sirt2-KO mice compared 

with that in aged WT mice (Supplementary Figure 2D). Next, hematoxylin-eosin (H&E), 

wheat germ agglutinin (WGA) and picrosirius red (PSR) staining were performed to analyze 

cardiac hypertrophy and fibrosis. The results showed that hypertrophic remodeling and 

fibrosis of the myocardial tissues were significant in aged WT mice compared with those in 

young WT mice. Notably, these abnormalities were enhanced in the hearts of aged Sirt2-KO 

mice compared with aged WT mice (Figure 1D–E). Hypertrophic remodeling and heart 

failure commonly lead to pulmonary remodeling. Indeed, Sirt2-KO increased body weight-
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normalized and tibia-length-normalized lung weights in aged mice (Supplementary Figure 

2E), which is a sign of pulmonary congestion due to abnormal cardiac function.

Aging-dependent cardiac hypertrophy is regulated by several central metabolic regulators, 

including AMPK, SIRT1, mTOR, and IGF-1R.12, 19–21 Therefore, these core metabolic 

regulators were analyzed in the hearts of aged WT and Sirt2-KO mice. IGF1R 

phosphorylation at Tyr1135 and SIRT1 expression were comparable in the hearts of aged 

WT and Sirt2 KO mice. AMPK phosphorylation at Thr172 was significantly reduced, 

whereas mTOR phosphorylation at Ser2448, a negative downstream of AMPK,10 was 

increased in aged Sirt2-KO hearts compared with aged WT hearts (Figure 1F). These 

findings implicate that AMPK might be involved in the effect of SIRT2 on aging-related 

cardiac hypertrophy.

SIRT2 expression and activity are reduced during cardiac hypertrophy

To explore the potential functions of SIRT2 during cardiac hypertrophy induced by aging as 

described above and by other stresses, the expression and activity levels of SIRT2 were 

examined in aged and hypertrophic mouse hearts. SIRT2 protein levels were significantly 

down-regulated in aged (24-month-old) hearts compared with young (4-month-old) hearts 

(Figure 2A). The concentration of Ang II is upregulated in aged hearts, and activation of the 

renin-angiotensin system is one of the core mechanisms underlying cardiac aging in 

rodents.22 Chronic infusion of Ang II recurs the development of cardiac hypertrophy 

observed in aged mice.18 Therefore, cardiac hypertrophy in young (8~12-week-old) mice 

was induced by subcutaneously infusing Ang II (1.3 mg/kg/day) into the mice for four 

weeks. Ang II infusion significantly increased circulating Ang II serum levels 

(Supplementary Figure 3A). SIRT2 protein levels were decreased in Ang II-induced 

hypertrophic hearts (Figure 2A). Tubulin is a substrate of the deacetylase SIRT2.23 The level 

of acetylated Tubulin at lysine 40 was upregulated in aged and Ang II-induced hypertrophic 

hearts (Figure 2B), indicating that SIRT2 activity was decreased in hypertrophic hearts. 

Consistently, the enzymatic activity assay also demonstrated that SIRT2 activity was 

decreased in Ang II-induced hypertrophic hearts (Figure 2C).

However, Sirt2 mRNA levels were not changed in aged or Ang II-induced cardiac 

hypertrophy (Supplementary Figure 3B), implicating that the protein stability might be 

decreased in hypertrophic hearts. The kinase c-Src can promote phosphorylation of SIRT2 to 

reduce the protein stability and inactivate SIRT2.24 Importantly, c-Src can be activated by 

various hypertrophic stress (e.g. Ang II) and accelerates the development of cardiac 

hypertrophy.25 Indeed, c-Src was activated in aging- and Ang II-induced hypertrophic hearts 

as well as Ang II-treated neonatal rat cardiomyocytes (NRCMs) (Figure 2D–E). Strictly, 

inhibition of c-Src with its inhibitor SU6656 (5 μM) blocked Ang II-induced decrease in 

SIRT2 protein level in NRCMs (Figure 2E). Therefore, the decrease in SIRT2 protein level 

is at least in part mediated by c-Src activation during cardiac hypertrophy.

Sirt2 knockout aggravates Ang II-induced cardiac hypertrophy

To test whether SIRT2 deficiency contributes to maladaptive hypertrophy and heart 

remodeling in vivo, Sirt2-KO mice and their WT littermates (8~12-week-old) were exposed 
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to sustained Ang II treatment for four weeks. When subjected to Ang II treatment, WT mice 

developed cardiac hypertrophy, as evidenced by decreased ejection fraction and fractional 

shortening and increased HW/BW and HW/TL ratios (Figure 3A–B). The H&E staining and 

WGA staining results also demonstrated that Ang II treatment increased cardiomyocyte size 

in WT mice (Figure 3C). Remarkably, these hypertrophic features were enhanced in the 

hearts of Sirt2-KO mice treated with Ang II (Figure 3A–C). Sirt2 deficiency also aggravated 

perivascular and interstitial fibrosis in the hypertrophic hearts (Figure 3D). Consistently, the 

quantitative real-time PCR (qRT-PCR) results showed that these hypertrophic pathological 

phenotypes were accompanied by the upregulation of hypertrophic genes, including atrial 
natriuretic polypeptide (Anp), brain natriuretic peptide (Bnp), myosin heavy chain beta (β-
Mhc), α-sarcomeric actin (Acta1), interleukin 6 (IL-6), and regulator of calcineurin 1.4 
(Rcan1.4), and fibrotic genes including connective tissue growth factor (Ctgf), collagen1a1 
(Col1a1), and collagen3a1 (Col3a1) (Figure 3E). The effects of Sirt2-KO on heart rate and 

blood pressure were examined. Neither Ang II treatment nor Sirt2-KO affected the heart rate 

of the mice. Ang II treatment increased the systolic and diastolic blood pressures of the 

mice, while they were not affected by Sirt2-deficiency (Supplementary Figure 4A–B).

SIRT2 overexpression represses Ang II-induced cardiac hypertrophy

We next investigated whether SIRT2 directly regulates cardiomyocyte hypertrophy using an 

in vitro model of cardiomyocyte hypertrophy induced by Ang II (1 μM Ang II treatment for 

48 hours) in NRCMs. NRCMs were treated with AGK2 (10 μM), which specifically 

inhibited the activity of SIRT2 (Supplementary Figure 5A–B).26 SIRT2 inhibition with 

AGK2 promoted Ang II-induced increase in cardiomyocyte size and facilitated the 

expression of hypertrophic marker genes (Anp, Bnp, and β-Mhc) (Figure 4A–B). Next, 

SIRT2 was overexpressed in NRCMs with adenovirus to investigate whether SIRT2 

overexpression could repress Ang II-induced hypertrophy in NRCMs (Supplementary Figure 

5C). NRCMs with SIRT2 overexpression had a dampened hypertrophic response to Ang II 

treatment based on the analysis of cardiomyocyte size and the expression levels of Anp, 
Bnp, and β-Mhc (Figure 4C–D).

We further evaluated whether SIRT2 overexpression in cardiomyocytes could rescue cardiac 

function in vivo. To this end, we generated two lines of cardiac-specific SIRT2 transgenic 

(SIRT2-Tg) mice that express human SIRT2 under the control of the mouse α-myosin heavy 
chain promoter (Supplementary Figure 6A–D). These two lines of SIRT2-Tg mice had 

comparable SIRT2 protein levels (Supplementary Figure 6B) and developed normally 

without structural and functional defects. There were no significant differences between 

these two lines of transgenic mice. Therefore, we used one SIRT2-Tg mouse line (SIRT2-

Tg1) for further studies. The male C57BL/6J SIRT2-Tg mice and their non-transgenic (N-

Tg) littermates (8~12-week-old) were infused with Ang II for four weeks to induce cardiac 

hypertrophy. Cardiac-specific SIRT2 overexpression rescued the Ang II-induced decreases 

in ejection fraction and fractional shortening (Figure 5A) and inhibited the Ang II-induced 

increase in heart weights (Figure 5B). Furthermore, Ang II-mediated increases in 

cardiomyocyte size and cardiac fibrosis were significantly reduced in SIRT2-Tg mice 

(Figure 5C–D). In addition, the expression of hypertrophic and fibrotic genes was also 

reduced in the hypertrophic hearts of SIRT2-Tg mice (Figure 5E). Similar to the above 
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results in aged mice and Ang II-infused mice with Sirt2 deficiency, SIRT2 overexpression 

did not change heart rate, systolic blood pressure or diastolic blood pressure (Supplementary 

Figure 7A–B).

Collectively, SIRT2 in cardiomyocytes represses hypertrophy directly, and cardiac-specific 

SIRT2 overexpression inhibits Ang II-induced cardiac hypertrophy and rescues cardiac 

function.

SIRT2 maintains AMPK signaling in hypertrophic hearts

Among the various metabolic sensors analyzed, we observed that AMPK signaling was 

repressed in aged Sirt2-KO hearts compared with aged WT hearts (Figure 1F). The 

metabolic orchestrator AMPK controls diverse aspects of cardiac metabolism, including 

glycolysis, fatty acid metabolism, protein synthesis and autophagy. AMPK deficiency 

contributes to aging-dependent or stress-induced cardiac hypertrophy.9, 12 Therefore, we 

analyzed whether the defect in AMPK signaling might underlie the cardiac phenotype of 

SIRT2-modified mice upon Ang II infusion. The phosphorylation of AMPK and its 

downstream substrates acetyl-CoA carboxylase (ACC) and regulatory-associated protein of 

mTOR (Raptor) were analyzed. In Ang II-induced hypertrophic hearts, Sirt2-KO hearts had 

substantially decreased AMPK pathway activation, including down-regulation of AMPK 

phosphorylation at Thr172, ACC phosphorylation at Ser79, and Raptor phosphorylation at 

Ser792 (Figure 6A). In contrast, the AMPK signaling pathway was enhanced by SIRT2 

overexpression in Ang II-induced hypertrophic hearts (Figure 6A). Similar results were 

observed in NRCMs because inhibition of SIRT2 activity with AGK2 reduced AMPK, ACC, 

and Raptor phosphorylation, whereas SIRT2 overexpression promoted the activation of 

AMPK signaling (Figure 6B).

Next, we analyzed whether SIRT2-mediated AMPK activation contributes to the effect of 

SIRT2 on cardiomyocyte hypertrophy. In Ang II-induced hypertrophic cardiomyocytes, 

treatment with AMPK inhibitor compound C (CC, 10 μM) increased cardiomyocyte size and 

the expression of hypertrophic genes (Anp, Bnp, and β-Mhc). Notably, AMPK inhibition 

blocked the protective function of SIRT2 in Ang II-induced cardiomyocyte hypertrophy, 

because cardiomyocyte size and gene expression pattern were not affected by SIRT2 

overexpression in NRCMs in the presence of CC (Figure 6C–D). SIRT2 maintains the 

activation of AMPK signaling, which in turn contributes to the protective function of SIRT2 

during cardiomyocyte hypertrophy.

Deacetylation of LKB1 is involved in SIRT2-mediated activation of AMPK

A previous report showed that the acetylation of AMPKα1 and α2 could repress AMPK 

phosphorylation.27 Therefore, we analyzed the effects of SIRT2 on the acetylation of these 

two subunits of AMPK in HEK293T cells by overexpressing AMPKα1 or α2 with/without 

SIRT2 co-overexpression. SIRT2 overexpression did not decrease the acetylation levels of 

AMPKα1 or α2 (Supplementary Figure 8), indicating that SIRT2 regulates AMPK 

activation indirectly.

Calcium/calmodulin-dependent protein kinase kinase β (CaMKKβ) and the liver kinase B1 

(LKB1) activate AMPK by phosphorylating Thr172 within the kinase domain of the α 
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subunit.10 We next investigated the potential participation of CaMKKβ in SIRT2-mediated 

activation of AMPK by inhibiting CaMKKβ using its inhibitor STO-609 (20 μM) in 

NRCMs. Indeed, STO-609 treatment reduced the phosphorylation of AMPK at Thr172 and 

the phosphorylation of ACC at Ser79. Interestingly, SIRT2 overexpression still increased 

AMPK and ACC phosphorylation in the presence of STO-609 (Supplementary Figure 9A), 

indicating that CaMKKβ did not contribute to SIRT2-mediated activation of AMPK. 

Additionally, STO-609 alone increased cardiomyocyte size and promoted the expression of 

hypertrophic genes (Anp, Bnp, β-Mhc) in the model of Ang II-induced hypertrophy in 

NRCMs. However, STO-609 treatment did not block the effects of SIRT2 on cardiomyocyte 

size and the expression of hypertrophic genes in the NRCMs (Supplementary Figure 9B–C). 

These results indicate that the effect of SIRT2 on AMPK activation is indirect and is 

independent of CaMKKβ.

Next, the effect of SIRT2 on AMPK phosphorylation was analyzed in HeLa cells, which 

lack LKB1 as a result of promoter methylation.28 SIRT2 overexpression did not promote 

AMPK phosphorylation in HeLa cells (Supplementary Figure 10A). We also confirmed that 

adenovirus-mediated knockdown of Lkb1 in NRCMs reduced AMPK phosphorylation and 

blocked SIRT2-mediated activation of AMPK (Supplementary Figure 10B). Therefore, we 

further studied the possibility that SIRT2 regulates LKB1 activation. Sirt2-KO reduced the 

phosphorylation of LKB1 at Ser428 in aged hearts and Ang II-induced hypertrophic hearts 

(Figure 7A). Conversely, cardiac-specific SIRT2 overexpression promoted LKB1 

phosphorylation in Ang II-treated hearts (Figure 7A). SIRT2 also activated LKB1 in 

NRCMs, because SIRT2 inhibitor AGK2 reduced the LKB1 phosphorylation and SIRT2 

overexpression promoted LKB1 phosphorylation (Supplementary Figure 10C). In addition, 

the immunofluorescence assay demonstrated that SIRT2 overexpression significantly 

increased the cytosol-to-nucleus ratio of endogenous LKB1 in cardiomyocytes (Figure 7B). 

Therefore, these findings revealed that SIRT2 promotes the phosphorylation of LKB1 and 

facilitates its translocation to the cytoplasm, where it interacts with its partners (STRAD and 

MO25) to phosphorylate AMPK.

We next investigated whether SIRT2 regulates LKB1 activation directly. SIRT2 could 

interact with LKB1 when overexpressed in HEK293T cells (Supplementary Figure 11A). 

We also found that the endogenous SIRT2 and LKB1 could interact with each other in 

cardiomyocytes (Supplementary Figure 11A). We next investigated whether the deacetylase 

SIRT2 could deacetylate LKB1. SIRT2 overexpression reduced the acetylation levels of 

exogenous LKB1 in HEK293T cells. In addition, adenovirus-mediated SIRT2 

overexpression also reduced the acetylation levels of endogenous LKB1 in NRCMs 

(Supplementary Figure 11B). Furthermore, Sirt2-KO significantly increased the acetylation 

levels of LKB1 in the aging- or Ang II-induced hypertrophic hearts, whereas opposing 

results were observed in Ang II-infused SIRT2-Tg hearts (Figure 7C). These findings 

strongly support the notion that SIRT2 binds to and deacetylates LKB1. Lysine 48 of LKB1 

was reported to be the key lysine that determined the phosphorylation of LKB1 at Ser428.29 

We wanted to know whether lysine 48 is critical for the SIRT2-mediated deacetylation of 

LKB1 and the subsequent activation of LKB1 and AMPK. Therefore, lysine 48 (K48) of 

LKB1 was mutated to arginine 48 (R48) to generate a mutated LKB1 (LKB1K48R) protein. 

Overexpression of SIRT2 did not change the acetylated level of LKB1K48R in HEK293T 
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cells (Supplementary Figure 11C), indicating that lysine 48 is the core target site for SIRT2. 

In addition, the K48R mutant increased LKB1 and AMPK phosphorylation and blunted the 

effects of SIRT2 on LKB1 and AMPK phosphorylation (Supplementary Figure 11D). 

Therefore, SIRT2-mediated deacetylation of lysine 48 of LKB1 is critical for activation of 

LKB1 and AMPK.

Finally, we investigated whether LKB1 is critically involved in SIRT2-mediated inhibition of 

hypertrophy in NRCMs. We knocked down Lkb1 in NRCMs with adenovirus and treated the 

cells with Ang II. Lkb1 knockdown promoted Ang II-induced increase in the size of 

NRCMs and expression of hypertrophic genes. Moreover, Lkb1 deficiency blocked SIRT2-

mediated repression of cardiomyocyte hypertrophy and expression of hypertrophic genes in 

NRCMs (Figure 7D and E). Taken together, these findings suggest that LKB1 is crucial for 

SIRT2-mediated repression of cardiomyocyte hypertrophy, which may be the mechanism 

underlying SIRT2-mediated cardioprotection against aging- and Ang II-induced pathological 

cardiac hypertrophy.

SIRT2 contributes to the effects of metformin on AMPK activation and cardiac hypertrophy

Metformin is a first-line clinical drug for the treatment of diabetes, and it is associated with 

various cardiovascular benefits. AMPK is an important target for metformin and contributes 

to metformin-mediated cardioprotection.13 We investigated whether AMPK activation by 

metformin could reduce the effects of Sirt2-KO on cardiac hypertrophy and subsequently 

rescue heart function.

We induced hypertrophy in WT and Sirt2-KO mice by infusing Ang II. The mice of each 

genotype were randomly divided into two groups and treated with metformin (200 mg/kg/

day) or vehicle in drinking water for four weeks. Supplementation of metformin 

significantly activated AMPK in the heart tissues of WT mice. Interestingly, AMPK 

activation was blunted in the hearts of Sirt2-knockout mice, as metformin did not 

significantly upregulate AMPK phosphorylation in these mice (Figure 8A), indicating that 

SIRT2 is essential for metformin-mediated AMPK activation.

This surprising result prompted us to analyze the effects of metformin on cardiac function 

and pathological remodeling in WT and Sirt2-KO mice. Metformin treatment rescued the 

ejection fraction and fractional shortening of hypertrophic hearts in WT mice infused with 

Ang II (Figure 8B). In addition, the histochemical analysis showed that normalized heart 

weight, cardiomyocyte size, and cardiac fibrosis were reduced by metformin treatment in 

WT mice infused with Ang II (Figure 8C–E). However, the cardioprotective functions of 

metformin did not rely on its effect on heart rate and blood pressure, since metformin did not 

affect heart rate or blood pressure in WT mice infused with Ang II (Supplementary Figure 

12A–B). Notably, in Sirt2-KO mice infused with Ang II, metformin treatment did not rescue 

ejection fraction and fractional shortening (Figure 8B). The inhibitory effects of metformin 

on cardiac hypertrophy and fibrosis were also blunted by Sirt2-KO (Figure 8C–E).

These results indicate that SIRT2 is essential for metformin-mediated activation of AMPK 

signaling and that SIRT2 contributes to the cardioprotective effects of metformin.
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Discussion

In the present study, we identified SIRT2 as a cardioprotective deacetylase in pathological 

cardiac hypertrophy. SIRT2 expression was decreased in hypertrophic hearts induced by 

aging and Ang II. Sirt2 deficiency promoted aging-related and Ang II-induced cardiac 

hypertrophy and led to a decline in cardiac function. Cardiac-specific SIRT2 transgene 

inhibited Ang II-induced cardiac hypertrophy and fibrosis and rescued cardiac function. The 

mechanistic study demonstrated that SIRT2 activated AMPK signaling by deacetylating and 

activating its upstream kinase LKB1, which contributed to the effects of SIRT2 on cardiac 

hypertrophy. In addition, Sirt2-KO repressed metformin-induced AMPK activation and 

blunted metformin-mediated cardioprotective functions.

Aging is one of the key risk factors for cardiac hypertrophy.8 The Sirtuins modulate lifespan 

in species ranging from yeast to mammals.14 In mammalian, the Sirtuin family has seven 

members with diverse cellular locations. Previous works from our group and others have 

reported the functions of Sirtuins (excluding SIRT2) in pathological cardiac hypertrophy. 

Although the roles of SIRT1 in pathological hypertrophy are still far from conclusive, all 

other Sirtuins (excluding SIRT4) are cardioprotective in cardiac hypertrophy.18, 19, 30–33 

However, the roles of the Sirtuins in aging-related cardiac hypertrophy remain largely 

unknown. Genetical knockout of Sirt1, Sirt6 or Sirt7 leads to developmental defects, 

premature and reduction in lifespan (ranging from a usual survival of days [SIRT1] to weeks 

[SIRT6] or months [SIRT7]) in mice.33–35 These facts make it difficult to investigate the 

functions of endogenous SIRT1/6/7 in aging-dependent cardiac hypertrophy. We found that 

Sirt2-KO mice developed normally and could live up to two years. Notably, these mice 

displayed more severe aging features (e.g. hair browning) compared with wild-type mice at 

the late stage of life (24-month-old). Interestingly, we observed that Sirt2 deficiency caused 

decreases in the ejection fraction and fractional shortening of aged mice. Importantly, Sirt2-

KO promoted aging-related increases in cardiomyocyte size and myocardial fibrosis. These 

findings suggest that Sirt2 deficiency facilitates aging-dependent cardiac hypertrophy. The 

concentration of Ang II is elevated in aged rodent hearts, and the activation of the renin-

angiotensin system contributes to aging-dependent cardiac hypertrophy.22 Ang II 

supplement could recur the development of cardiac hypertrophy observed in aged mice.18 

Sirt2-KO aggravated Ang II-induced cardiac hypertrophy and fibrosis and decreased ejection 

fraction and fractional shortening. Notably, SIRT2 protein levels and SIRT2 enzymatic 

activity levels were reduced in hypertrophic hearts. Therefore, loss of Sirt2 may be a 

mechanism that contributes to aging-related cardiac hypertrophy.

The mechanisms by which the Sirtuins participate in the pathogenesis of cardiac 

hypertrophy is much different from each other, which may be mainly due to the difference in 

subcellular locations and primary enzymatic activities. SIRT1 is the most extensively studied 

among the sirtuins in cardiac diseases. Low to moderate overexpression of SIRT1 in 

transgenic mouse hearts represses oxidative stress and attenuates stress-induced cardiac 

hypertrophy,19 whereas some studies reported that SIRT1 promotes the transition from 

hypertrophy to heart failure by promoting mitochondrial dysfunction or activating the Akt 

signaling.36, 37 In the mitochondria, SIRT3 participates in pathological hypertrophy by 

activating forkhead box O3a (FoxO3a) and manganese-dependent superoxide dismutase 
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(MnSOD) to repress oxidative stress whereas SIRT4 represses SIRT3-MnSOD pathway and 

promotes stress-induced cardiac hypertrophy.18, 30, 38 Mice with Sirt5 deficiency develop 

hypertrophic cardiomyopathy within nine months partially due to metabolic defect.32 In the 

nucleus, SIRT6 regulates insulin-like growth factor (IGF)-Akt signaling and represses stress-

induced cardiac hypertrophy while Sirt7 knockout leads to apoptosis and hypertrophy of 

cardiomyocytes.31, 33 Differently, SIRT2 is predominantly located in the cytosol and 

deacetylates LKB1 to activate AMPK and subsequently repress pathological cardiac 

hypertrophy. Sirt2 deficiency reduced AMPK phosphorylation but did not alter SIRT1 

expression or IGF1R phosphorylation in aged hearts. SIRT2-mediated activation of AMPK 

signaling was confirmed in the hearts of Ang II-treated Sirt2-KO mice and NRCMs with 

SIRT2 inhibition. In contrast, SIRT2 overexpression in hearts and NRCMs could activate 

AMPK signaling. Significantly, SIRT2-mediated AMPK activation contributed to the 

inhibitory effects of SIRT2 on Ang II-induced cardiomyocyte hypertrophy. AMPK activation 

is impaired in aged murine hearts compared with young murine hearts,39 and AMPK 

deficiency promoted aging-related cardiac hypertrophy.12 Our results showed that the SIRT2 

expression was decreased in aged and Ang II-induced hypertrophic hearts. Therefore, the 

repressed AMPK activation in aged hearts may be due to the reduced SIRT2 protein levels. 

AMPK activation is a core contributor to metformin-mediated cardioprotective functions.13 

Notably, metformin-mediated activation of AMPK in hypertrophic hearts was also repressed 

by Sirt2 deficiency. These findings support the notion that SIRT2 is essential for AMPK 

activation in myocardial tissues.

When activated by phosphorylation, LKB1 translocates from the nucleus to the cytoplasm 

and phosphorylates its substrates such as AMPK.9 LKB1 is the major upstream kinase of 

AMPK and LKB1 mediates AMPKα2 phosphorylation in the cardiac tissues.9 

Cardiomyocyte-specific knockout of Lkb1 would cause cardiac hypertrophy through 

inhibition of AMPK signaling and activation of mTOR signaling in mice.40 However, the 

upstream regulators of LKB1 in the cardiac tissues are largely unknown. Our findings 

demonstrate that SIRT2 serves as an upstream activator of LKB1. Sirt2 deficiency reduced 

LKB1 phosphorylation in aged and Ang II-induced hypertrophic hearts, whereas SIRT2 

overexpression increased LKB1 phosphorylation in hypertrophic hearts. Additionally, SIRT2 

also promoted the translocation of LKB1 from the nucleus to the cytoplasm, where it 

cooperates with its partners to phosphorylate AMPK at Thr172. SIRT2-mediated LKB1 

activation relies on LKB1 deacetylation. LKB1 could interact with SIRT2, which made it 

possible for SIRT2 to deacetylate LKB1 in cardiomyocytes and myocardial tissues. SIRT2 

deacetylates LKB1 at lysine 48, which is critical for LKB1 phosphorylation and 

translocation.29 Mutation of LKB1 at lysine 48 to arginine 48 activated LKB1 and its 

downstream substrate AMPK and blocked the effect of SIRT2 on LKB1 and AMPK 

activation. Notably, LKB1 contributes to SIRT2-mediated inhibition of cardiac hypertrophy. 

Although the Sirtuins share some substrates, their affinity and deacetylation efficiency are 

much different. Indeed, SIRT1 was also reported to deacetylate LKB1 and activate AMPK in 

cells.29 However, a later report using in vitro acetylome peptide microarray revealed that the 

deacetylation efficiency of SIRT1 at lysine 48 (and some other lysine sites) of LKB1 is 

much lower than that of SIRT2.41 Additionally, an in vitro deacetylation assay also showed 

that SIRT1 seemed not to deacetylate LKB1 peptide containing acetylated lysine 48.42 
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SIRT1 may regulate AMPK by other mechanisms. For instance, SIRT1 regulates secretion 

of adipokines such as adiponectin,43 which activates AMPK through a CaMKKβ-dependent 

manner.44 Our findings support that SIRT2 may be the primary direct deacetylase for LKB1 

and that SIRT2 activates AMPK depending upon LKB1 but not CaMKKβ. In this regard, 

SIRT1 and SIRT2 may activate AMPK through different mechanisms.

In addition to the LKB1-AMPK signaling, some other mechanisms may also contribute to 

SIRT2-mediated cardioprotective functions. For instance, SIRT2 exerts effects on 

microtubule stabilization via Tubulin deacetylation and on oxidative stress via Foxo3a 

signaling. Both mechanisms are involved in hypertrophy pathogenesis.45, 46 Some other 

targets of SIRT2, such as Foxo1 and PGC1-α, are also known regulators for cardiac 

hypertrophy.11, 17 Interestingly, most of these factors (Tubulin, Foxo1, Foxo3a, and PGC1α) 

are also downstream of the LKB1-AMPK signaling.11, 45 Therefore, activation of the LKB1-

AMPK signaling may be a core mechanism underlying SIRT2-mediated cardioprotective 

functions.

Metformin is a first-line antidiabetic drug, which also reduces mortality and readmission in 

patients with heart failure.47 AMPK is the major target of metformin. AMPK activation by 

metformin represses cardiac remodeling and rescues cardiac function in aging, and stress-

induced hypertrophy and ischemia-induced cardiac injury in rodents and dogs.12, 48–50 

Metformin activates AMPK through LKB1-dependent mechanisms.13 Sirt2 deficiency 

repressed metformin-mediated AMPK activation, which may be due to repressed LKB1 

activation in Sirt2-deficient hearts. Currently, clinical trials studying the therapeutic effects 

of metformin on longevity (ClinicalTrials.gov Identifier: NCT02432287) and 

ventricular hypertrophy (ClinicalTrials.gov Identifier: NCT02226510; NCT01879293) are 

ongoing. Our results showed that SIRT2 expression was decreased in hypertrophic hearts 

and that the cardioprotective effects of metformin were significantly abolished in Sirt2-KO 

mice. Therefore, it is advised that SIRT2 expression should be considered in future trials of 

metformin therapies in patients with cardiac hypertrophy and heart failure.

In conclusion, we identify SIRT2 as a cardioprotective deacetylase. SIRT2 prevents aging-

dependent and Ang II-induced pathological hypertrophy by maintaining cardiac LKB1-

AMPK signaling. These findings improve our understanding of aging-dependent and stress-

induced pathological cardiac hypertrophy and indicate that SIRT2 is a potential target for 

therapeutic interventions for pathological cardiac hypertrophy.
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Clinical Perspective

What is new?

• For the first time, we demonstrate that SIRT2 protein level and activity are 

reduced during pathological cardiac hypertrophy, and SIRT2 deficiency 

promotes aging- and Ang II-induced pathological cardiac hypertrophy, 

whereas SIRT2 overexpression represses pathological cardiac hypertrophy.

• SIRT2 deacetylates LKB1 at lysine 48 to activate the LKB1-AMPK signaling 

and prevents against hypertrophy of cardiomyocytes.

• SIRT2 is critically involved in metformin-mediated activation of AMPK and 

cardioprotective effects.

What are the clinical implications?

• We identify SIRT2 as a novel target for treatment of pathological cardiac 

hypertrophy induced by aging and other pathological stress.

• Our study suggests that SIRT2 may be essential for the beneficial effects of 

metformin against pathological cardiac hypertrophy.
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Figure 1. Sirt2 deficiency aggravates cardiac hypertrophy in aged mice
(A) Representative gross morphology of aged (24-month-old) WT and Sirt2-KO mice.

(B) Ejection fraction and fractional shortening of WT and Sirt2-KO mice at 4 months 

(young) or 24 months (aged). n=11~13. ***P<0.001.

(C) Heart weight-to-tibia length (HW/TL) ratios of WT and Sirt2-KO mice at 4 months 

(young) or 24 months (aged). n=12~13. *P<0.05, **P<0.01.

(D) Left: Hematoxylin-eosin (H&E, scale bar=1 mm) staining and wheat germ agglutinin 

(WGA, scale bar=30 μm) staining were performed to determine the hypertrophic growth of 
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the hearts in young and aged WT and Sirt2-KO mice. Right: Quantification of 

cardiomyocyte size in young and aged WT and Sirt2-KO mice (n=8~10; ***P<0.001).

(E) Left: Picrosirius red (PSR, scale bar=50 μm) staining was performed to determine 

cardiac fibrosis in young and aged WT and Sirt2-KO mice. Right: Quantification of cardiac 

fibrosis in young and aged WT and Sirt2-KO mice (n=8~10; ***P<0.001).

(F) Left: Western blotting showing the expression levels of phosphorylated IGF1R, AMPK 

and mTOR and the total protein expression levels of IGF1R, AMPK, mTOR, and SIRT1. 

Right: Quantification of p-IGF1R, p-AMPK, p-mTOR, and SIRT1 levels (n=4; *P<0.05). 

IGF1R: Insulin-like growth factor 1 receptor; AMPK: AMP-activated protein kinase; 

mTOR: Mammalian target of rapamycin.
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Figure 2. SIRT2 expression and activity are down-regulated in hypertrophic hearts
(A) Left: Representative western blotting showing changes in SIRT2 protein in aged (24-

month-old) hearts and Ang II-induced hypertrophic hearts. Right: Quantification of SIRT2 

protein levels (n=4; **P<0.01, ***P<0.001).

(B) Left: Representative western blotting showing changes in acetylated Tubulin levels in 

aged (24-month-old) hearts and Ang II-induced hypertrophic hearts. Right: Quantification of 

acetylated Tubulin levels (n=4; *P<0.05, ***P<0.001).

(C) SIRT2 activity in cardiac tissues of mice infused with saline or Ang II. The SIRT2 

protein was purified by immunoprecipitation using an anti-SIRT2 antibody. Then an 

enzymatic assay was performed to determine SIRT2 protein activity (n=6; *P<0.05).
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(D) Left: Representative western blotting results showing the phosphorylated level of c-Src 

in aged and Ang II-infused mouse hearts. Right: Quantification of phosphorylated level of c-

Src (n=4; ***P<0.001).

(E) Left: Representative western blotting results showing the phosphorylated level of c-Src 

and level of SIRT2. Right: Quantification of phosphorylated c-Src and SIRT2 levels 

(**P<0.01, ***P<0.001, ns: not significant). Neonatal rat cardiomyocytes (NRCMs) were 

treated with Ang II (1 μM) for 24 hours with/without the presence of c-Src inhibitor SU6656 

(5 μM).
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Figure 3. Sirt2-KO aggravates Ang II-induced cardiac hypertrophy
(A) Ejection fraction and fractional shortening of WT and Sirt2-KO mice treated with saline 

or Ang II (1.3 mg/kg/day) for four weeks (n=17~20; *P<0.05, **P<0.01, ***P<0.001).

(B) Heart weight-to-body weight (HW/BW) ratios and heart weight-to-tibia length (HW/TL) 

ratios of WT and Sirt2-KO mice treated with saline or Ang II (n=16~20; *P<0.05, 

***P<0.001).

(C) Left: Hematoxylin-eosin (H&E, scale bar=1 mm) staining and wheat germ agglutinin 

(WGA, scale bar=30 μm) staining were performed to determine the hypertrophic growth of 
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the hearts in WT and Sirt2-KO mice treated with saline or Ang II. Right: Quantification of 

cardiomyocyte size in WT and Sirt2-KO mice treated with saline or Ang II (n=13~17; 

*P<0.05, ***P<0.001).

(D) Left: Picrosirius red (PSR, scale bar=50 μm) staining was performed to determine 

cardiac fibrosis of the hearts from WT and Sirt2-KO mice treated with saline or Ang II. 

Right: Quantification of cardiac fibrosis in WT and Sirt2-KO mice treated with saline or 

Ang II (n=13~17; *P<0.05, **P<0.01).

(E) Quantitative real-time PCR (qRT-PCR) was performed to analyze the mRNA levels of 

hypertrophic (Anp, Bnp, β-Mhc, Acta1, IL-6 and Rcan1.4) and fibrosis (Ctgf, Col1a1 and 
Col3a1) genes (n=6; *P<0.05, ***P<0.001). Anp: Atrial natriuretic peptide; Bnp: brain 
natriuretic peptide; β-Mhc: Myosin heavy chain beta; Acta1: α-sarcomeric actin; IL-6: 
interleukin 6; Rcan1.4: regulator of calcineurin 1.4. Ctgf: Connective tissue growth factor; 
Col1a1: Alpha-1 type I collagen; Collagen 3a1.

Tang et al. Page 22

Circulation. Author manuscript; available in PMC 2018 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. SIRT2 regulates Ang II-induced hypertrophy in neonatal rat cardiomyocytes (NRCMs)
(A) NRCMs were treated with phosphate-buffered saline (PBS) or Ang II (1 μM) for 48 

hours in the presence of AGK2 (10 μM) or DMSO. α-Actinin staining was performed to 

determine cell size. Representative images (Left) and quantification of cell size of total 30 

NRCMs (Right) in each group are shown (scale bar=30 μm; *P<0.05, ***P<0.001).

(B) NRCMs were treated as shown in (A) and qRT-PCR was performed to analyze the 

mRNA levels of hypertrophic genes (Anp, Bnp, and β-Mhc). *P<0.05, **P<0.01, 

***P<0.001.

(C) NRCMs were infected with the indicated adenovirus for 24 hours and then treated with 

PBS or Ang II (1 μM) for 48 hours. α-Actinin staining was performed to determine cell size. 

Representative images (Left) and quantification of cell size of total 30 NRCMs (Right) in 

each group are shown (scale bar=30 μm; *P<0.05, ***P<0.001). Ad-Ctrl: Control 

adenovirus; Ad-SIRT2: Adenovirus overexpressing human SIRT2.

(D) NRCMs were treated as shown in (C) and qRT-PCR was performed to analyze the 

expression of hypertrophic genes (Anp, Bnp, and β-Mhc). **P<0.01, ***P<0.001.

Tang et al. Page 23

Circulation. Author manuscript; available in PMC 2018 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Cardiac-specific SIRT2 overexpression represses Ang II-induced cardiac hypertrophy
(A) Ejection fraction and fractional shortening in non-transgenic (N-Tg) and cardiac-specific 

SIRT2 transgenic (SIRT2-Tg) mice treated with saline or Ang II (1.3 mg/kg/day) for four 

weeks (n=18~20; *P<0.05, **P<0.01, *** P<0.001).

(B) Ratios of heart weight-to-body weight (HW/BW) or heart weight-to-tibia length 

(HW/TL) in N-Tg and SIRT2-Tg mice treated with saline or Ang II (n=18~20; ***P 
<0.001).
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(C) Left: Hematoxylin-eosin (H&E, scale bar=1 mm) staining and wheat germ agglutinin 

(WGA, scale bar=30 μm) staining were performed to determine the hypertrophic growth of 

the hearts in N-Tg and SIRT2-Tg mice treated with saline or Ang II. Right: Quantification of 

cardiomyocyte size in N-Tg and SIRT2-Tg mice treated with saline or Ang II (n=15~18; 

***P <0.001).

(D) Left: Picrosirius red (PSR, scale bar=50 μm) staining was performed to determine 

cardiac fibrosis of the hearts from N-Tg and SIRT2-Tg mice treated with saline or Ang II. 

Right: Quantification of cardiac fibrosis in N-Tg and SIRT2-Tg mice treated with saline or 

Ang II (n=15~18; *P<0.05, ***P <0.001).

(E) Expression of hypertrophic (Anp, Bnp, β-Mhc, Acta1, IL-6 and Rcan1.4) and fibrotic 

(Ctgf, Col1a1 and Col3a1) genes in the hearts of N-Tg and SIRT2-Tg mice treated with 

saline or Ang II (n=6; *P<0.05, ** P<0.01, ***P<0.001).
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Figure 6. SIRT2 maintains AMPK signaling in myocardial tissues
(A) Representative western blotting and quantitative results showing the phosphorylation 

levels of AMPK and the phosphorylation levels of its substrates ACC and Raptor in the 

hearts of WT, Sirt2-knockout, N-Tg and SIRT2-Tg mice infused with Ang II (n=4; *P<0.05, 

**P<0.01, ***P<0.001).

(B) Representative western blotting and quantification results showing the phosphorylation 

of AMPK, ACC, and Raptor in NRCMs. NRCMs were treated with the SIRT2 inhibitor 

AGK2 (10 μM) or with DMSO for 24 hours or infected with adenovirus overexpressing 

SIRT2 (Ad-SIRT2) or control adenovirus (Ad-Ctrl) for 24 hours (**P<0.01, ***P<0.001).
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(C) NRCMs were infected with the indicated adenovirus for 24 hours and then treated with 

Ang II (1 μM) for 48 hours in the presence of the AMPK inhibitor compound C (CC, 10 

μM) or DMSO. α-Actinin staining was performed to identify cells. Representative images 

(Left) and quantification of cell size of total 30 NRCMs in each group are shown (scale 

bar=30 μm; *P<0.05, ***P<0.001, ns: not significant).

(D) NRCMs were treated as shown in (C) and RNA was subjected to qRT-PCR to determine 

the mRNA level of hypertrophic genes (Anp, Bnp, and β-Mhc). *P<0.05, **P<0.01, 

***P<0.001, ns: not significant.
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Figure 7. SIRT2 deacetylates and activates LKB1
(A) Representative western blotting and quantitative results showing LKB1 phosphorylation 

at Ser428 in the hearts of aged WT and Sirt2-KO mice and the hearts of Ang II-induced WT, 

Sirt2-KO, N-Tg and SIRT2-Tg mice (n=4; **P<0.01, ***P<0.001).

(B) Subcellular location of LKB1 in NRCMs. NRCMs were infected with Ad-SIRT2 for 24 

hours, followed by immunofluorescence to detect the SIRT2 and LKB1 protein. Top: 

Representative immunofluorescence showing the location of LKB1 (red) in NRCMs, SIRT2-

overexpressing cells were indicated by green fluorescence protein (GFP, green), scale 
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bar=30 μm. Bottom: The quantification of the cytosol-to-nuclear ratio of LKB1 protein in 20 

NRCMs without (-) and with (+) SIRT2-overexpression (***P<0.001).

(C) Representative immunoprecipitation, western blotting and quantitative results showing 

LKB1 acetylation in hypertrophic hearts. Endogenous LKB1 was purified by 

immunoprecipitation with anti-LKB1 antibody from the hearts from aged WT and Sirt2-KO 

mice or WT, Sirt2-KO, N-Tg, and SIRT2-Tg mice infused with Ang II. Western blotting was 

performed with the indicated antibodies (n=4; ***P<0.001).

(D) NRCMs were infected with the indicated adenovirus for 24 hours and then treated with 

Ang II (1 μM) for 48 hours. α-Actinin staining was performed to determine cell size. 

Representative images (Left) and quantification of cell size of total 30 NRCMs (Right) in 

each group are shown (scale bar=30 μm; ***P<0.001, ns: not significant).

(E) NRCMs were treated as shown in (D) and qRT-PCR was performed to analyze the 

expression of hypertrophic genes (Anp, Bnp, and β-Mhc). *P<0.05, **P<0.01, ***P<0.001, 

ns: not significant.
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Figure 8. Sirt2 deficiency blunts the cardioprotective function of metformin
(A) Left: Representative western blotting showing the phosphorylation of AMPK at Thr172 

in the hearts of WT and Sirt2-KO mice treated with Ang II (1.3 mg/kg/day) and metformin 

(200 mg/kg/day). Veh: Vehicle; Met: Metformin. Right: Quantification of phosphorylated 

AMPK levels (n=6; **P<0.01, ***P<0.001, ns: not significant).

(B) Ejection fraction and fractional shortening of WT and Sirt2-KO mice treated with Ang II 

and metformin (n=15~17; *P<0.05, **P<0.01, ***P<0.001, ns: not significant).
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(C) Ratios of heart weight-to-body weight (HW/BW) or heart weight-to-tibia length 

(HW/TL) in WT and Sirt2-KO mice treated with Ang II and metformin (n=15~24; 

***P<0.001, ns: not significant).

(D) Left: Hematoxylin-eosin (H&E, scale bar=1 mm) staining and wheat germ agglutinin 

(WGA, scale bar=30 μm) staining were performed to determine the hypertrophic growth of 

the hearts in WT and Sirt2-KO mice treated with Ang II and metformin. Right: 

Quantification of cardiomyocyte size of the hearts in WT and Sirt2-KO mice treated with 

Ang II and metformin (n=14~24; ***P<0.001, ns: not significant).

(E) Left: Picrosirius red (PSR, scale bar=50 μm) staining was performed to determine 

cardiac fibrosis of the hearts from WT and Sirt2-KO mice treated with Ang II and 

metformin. Right: Quantification of cardiac fibrosis of the hearts in WT and Sirt2-KO mice 

treated with Ang II and metformin (n=14~24; ***P<0.001, ns: not significant).
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