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Abstract

Aims: The FDA-approved histone deacetylase (HDAC) inhibitor, suberoylanilide hydroxamic 

acid (SAHA, Vorinostat) has been shown to induce cardiomyocyte autophagy and blunt ischemia/

reperfusion (I/R) injury when administered at the time of reperfusion. However, the precise 

mechanisms underlying the cardioprotective activity of SAHA are unknown. Mitochondrial 

dysfunction and oxidative damage are major contributors to myocardial apoptosis during I/R 

injury. We hypothesize that SAHA protects the myocardium by maintaining mitochondrial 

homeostasis and reducing reactive oxygen species (ROS) production during I/R injury.

Methods: Mouse and cultured cardiomyocyte (neonatal rat ventricular myocytes and human 

embryonic stem cell-derived cardiomyocytes) I/R models were used to investigate the effects of 

SAHA on mitochondria. ATG7 knockout mice, ATG7 knockdown by siRNA in cardiomyocytes 

and PGC-1α knockdown by adenovirus were used to test the dependency of autophagy and 

PGC-1α-mediated mitochondrial biogenesis respectively.

Results: Intact and total mitochondrial DNA (mtDNA) content and mitochondrial mass were 

significantly increased in cardiomyocytes by SAHA pretreatment before simulated I/R. In vivo, 

I/R induced >50% loss of mtDNA content in the border zones of mouse hearts, but SAHA 

pretreatment and reperfusion treatment alone reverted mtDNA content and mitochondrial mass to 
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control levels. Moreover, pretreatment of cardiomyocytes with SAHA resulted in a 4-fold decrease 

in I/R-induced loss of mitochondrial membrane potential and a 25%−40% reduction in cytosolic 

ROS levels. However, loss-of-function of ATG7 in cardiomyocytes or mouse myocardium 

abolished the protective effects of SAHA on ROS levels, mitochondrial membrane potential, 

mtDNA levels, and mitochondrial mass. Lastly, PGC-1α gene expression was induced by SAHA 

in NRVMs and mouse heart subjected to I/R, and loss of PGC-1α abrogated SAHA’s 

mitochondrial protective effects in cardiomyocytes.

Conclusions: SAHA prevents I/R induced-mitochondrial dysfunction and loss, and reduces 

myocardial ROS production when given before or after the ischemia. The protective effects of 

SAHA on mitochondria are dependent on autophagy and PGC-1α-mediated mitochondrial 

biogenesis.
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1. Introduction

Acute myocardial infarction (MI) is a major cause of morbidity and mortality worldwide, 

and myocardial ischemia/reperfusion (I/R) injury is a key factor in determining infarct size 

[1]. I/R injury drives a number of pathological conditions that correlate with the final infarct 

size, including metabolic disorders, inflammatory responses, and cardiac myocyte apoptosis 

and subsequent heart failure [2]. As a result, reperfusion injury has been estimated to cause 

approximately half of the final infarct size [3]. Because no standard therapy is currently 

available to treat I/R injury, a better understanding of the underlying processes and 

mechanisms is critical for the development of effective therapies for MI patients.

Cardiac mitochondria are responsible for energy generation, as well as many other metabolic 

reactions crucial for cardiac function [4]. As a result, mitochondrial dysfunction is a key 

contributor to myocardial injury during I/R. Signs of mitochondrial dysfunction are observed 

soon after ischemia, including mitochondrial calcium overload and the opening of 

mitochondrial permeability transition pore (mPTP); these changes lead to mitochondrial 

membrane depolarization, the release of pro-apoptotic proteins, and eventually 

cardiomyocyte death [5]. Mitochondria are the primary source of reactive oxygen species 

(ROS), which contribute to myocardial I/R injury [6], as well as cardiomyocyte death and 

heart failure [7]. These damaging ROS can also target the mitochondria themselves [8], 

resulting in mitochondrial DNA (mtDNA) damage, diminished mitochondrial protein 

synthesis, loss of mitochondrial membrane potential, and decreased energy production [5, 

9]. Thus, maintenance of mitochondrial homeostasis is crucial for cardiomyocyte protection 

during I/R injury.

Autophagy is an intracellular pathway that regulates the turnover of cellular components [4]. 

During I/R injury, activation of autophagy helps to maintain the energetic balance by 

promoting ATP generation during ischemia, then subsequently switches to clearance of 

damaged organelles and proteins during the reperfusion phase [8]. And maintaining 
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autophagic flux during reperfusion reduces infarct size and protects the heart from I/R Injury 

[10]. Mitophagy, the specific autophagic elimination of mitochondria, removes specifically 

damaged mitochondria to maintain mitochondrial homeostasis. Enhanced mitochondrial 

clearance in T lymphocytes, maintaining mitochondrial mass in skeletal muscle and 

mitochondrial integrity are mediated by autophagy [11–13]. Moreover, mitochondrial 

biogenesis is regulated by the transcriptional coactivator peroxisome proliferator co-activator 

1 alpha (PGC-1α) [14]. However, the direct role of PGC-1α in mitochondrial biogenesis 

during I/R injury is currently unknown.

A recent series of preclinical studies have demonstrated the potent cardioprotective benefits 

of histone deacetylase (HDAC) inhibitors in murine and rabbit models of I/R injury [15, 16]. 

In particular, suberoylanilide hydroxamic acid (SAHA, Vorinostat, Zolinza®-Merck), an 

FDA-approved HDAC inhibitor for T cell lymphoma treatment, has been shown to blunt I/R 

injury by inducing cardiomyocyte autophagy [17]. However, the molecular mechanisms 

underlying the cardioprotective effects of SAHA have not yet been elucidated. Due to the 

previously described link between autophagic flux and turnover of damaged mitochondria in 

I/R injury, we hypothesized that SAHA protects the myocardium by maintaining 

mitochondrial homeostasis and reducing ROS levels during reperfusion injury. To test this 

hypothesis, we evaluated the effects of SAHA on ROS levels, mtDNA copy number, and 

mitochondrial membrane potential in cardiomyocytes subjected to I/R injury in vitro and in 
vivo.

2. Materials and Methods

2.1 Animals Care

All animals handled in this study were in accordance with the standards established in the 

Guide for the Care and Use of Laboratory Animals published by the Institute of Laboratory 

Animal Resources of the National Research Council (United States) and approved by the 

Animal Care Committee of the University of Alabama at Birmingham. All mice used in this 

study were housed under identical conditions in a pathogen-free environment with a 12:12h 

light/dark cycle and free access to laboratory chow and water.

2.2 Generation of Time-specific and Cardiomyocyte-specific ATG7 Knockout Mice

The ATG7F/F mouse was provided by Dr. Massaki Komatsu [18], and αMHC-merCremer 

mouse was obtained from Jackson lab [19]. Tamoxifen dissolved in peanut oil was injected 

IP at the concentration of 20mg/kg for 5 days at the age of 8–12 weeks old according to 

prior protocols to avoid cardiac toxicity [20]. One week after the last injection, mice were 

subjected to I/R surgeries.

2.3 Mouse Model of I/R

For I/R surgeries, 8 to 12-week-old C57BL/6 wild-type mice and ATG7 KO mice were used. 

All mice were anesthetized with 2–4% isoflurane and placed in a supine position on a 

heating pad (37°C). Animals were intubated with a 19G stump needle and ventilated with 

room air using a MiniVent mouse ventilator (Hugo Sachs Elektronik; stroke volume 250 μL, 

respiratory rate 150–200 breaths per minute). Following left thoracotomy between the 2nd 
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and 3rd ribs, the LAD (Left Anterior Descending coronary artery) was visualized under a 

microscope and ligated using a 6–0 prolene suture. Regional ischemia was confirmed by 

visual inspection under a dissecting microscope (Leica) by discoloration of the occluded 

distal myocardium. For reperfusion, the ligation was released after 45 minutes of ischemia 

and the tissue allowed to re-perfuse as confirmed by visual inspection. (Figure S1). For the 

pretreatment group, mice received 4 dose of SAHA 50mg/kg (one day before the surgery 

q12h, on the day of surgery, one dose before the surgery and at the time of reperfusion. For 

the reperfusion only group, mice received one dose of SAHA 100mg/kg (dissolved in 

DMSO at the concentration of 50mg/ml, 2μl DMSO/g of body weight with SAHA injection) 

at the time of reperfusion and the control group received 2μl DMSO/g of body weight. 24 

hours of reperfusion was performed after 45 minutes ischemia. Then the mice were 

sacrificed, the heart was divided into three tissue zones visually under microscopes: 

ischemic, border and remote zones, which were used for subsequent Western blot analysis, 

DNA isolation and EM (electron microscopy) analyses.

2.4 Neonatal Rat Cardiomyocytes Isolation and Differentiation of Human Embryonic Stem 
Cell-derived Cardiomyocytes

Neonatal ventricular myocytes (NRVMs) were isolated from Sprague-Dawley rats that are 

one day old according to the methods described previously [17]. These cells were plated to 

enrich for cardiac myocytes approximately 1×106 plated cells per dish and cultured for 24 

hours in DMEM/M199 (3:1 ratio) containing 10% FBS and 100 μM BrdU (Sigma Aldrich, 

St Louis, MO, USA). Human Embryonic Stem Cell (hESCs)-derived Cardiomyocytes were 

differentiated into cardiomyocytes using a previously reported directed differentiation 

protocol from Dr. Jianyi Zhang [21]. The differentiation efficiency is >80%.

2.5 siRNA Knockdown

NRVMs were isolated and seeded at a density of 1.2 million/well in a 6-well dish. The purity 

of the cardiomyocytes is >85%. 24 hours after plating, cardiomyocytes were incubated with 

siRNA negative control (Neg, SIC001), siRNAs targeting ATG7 (SASI_Rn01_00050326), 

and siRNAs targeting ATG5 (SASI_Rn01_00094887), each from Sigma and used according 

to the manufacturer’s recommended protocols. Briefly, siRNAs were reconstituted into a 40 

μM stock solution. 3μL of the siRNA stock and 3μL of RNAiMax transfectant were mixed 

together in 1 mL Optima medium. Cardiomyocytes were incubated with the RNAiMax for 6 

hours, followed by addition of 1 mL of culture medium containing 20% serum. 24 hours 

after the siRNA incubation, the cardiomyocytes were treated with SAHA at 2μM 

(overnight). Then, the cells were subjected to I/R experiment.

2.6 PGC-1α Knockdown by adenovirus

Adenovirus for PGC-1α Knockdown were kindly provided by Dr. Glenn Rowe, and the 

details were described in a previous publication [22]. 24 hours after plating, NRVMs were 

infected with adenovirus expressing GFP, PGC-1α and PGC-1α siRNA at the MOI of 10 for 

24 hours. The infection efficiency is >95% based on fluorescent microscopy. Then the 

cardiomyocytes were treated with SAHA (overnight) and subjected to I/R experiment.

Yang et al. Page 4

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.7 Fluorescence Microscopy and Flow Cytometry Analysis

Dichlorofluorescein (H2DCFDA), tetramethylrhodamine methyl ester (TMRM) and 

MitoTracker Green (Invitrogen Molecular Probe, OR, USA) were used to measure total 

cellular ROS levels, mitochondrial membrane potential, and mitochondrial mass, 

respectively. Following previously described protocols [23, 24], NRVMs and hESC-CMs 

were incubated in H2DCFDA, TMRM or MitoTracker Green respectively for 20 min and 

imaged immediately using a Nikon Eclipse Ti fluorescent microscope and quantified using 

ImageJ version 1.48v software (NIH, Bethesda USA). Furthermore, the average 

fluorescence intensity of H2DCFDA and MitoTracker Green in each group was determined 

by FACS Calibur flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA), and FlowJo 

7.6.1 software (TreeStar, Ashland, OR, USA) were used to analyze the data.

2.8 Western Blots Analysis

Protein estimation of whole cell lysate was performed using the BCA Protein Assay Kit 

(Thermo Fisher Scientific, Rockford, IL, USA). An equal amount of protein from each 

sample was separated on SDS-PAGE, trans-blotted onto PVDF membrane and subjected to 

immunoblot assay by primary antibodies followed by secondary antibodies. Antibodies of 

VDAC (#12454), ATG5 (#12994), ATG7 (#8558) and GAPDH (#5174) were purchased 

from Cell Signaling Technology, and LC3-II (Rabbit anti-LC3 polyclonal antibody) is a gift 

from Dr. Hill’s Laboratory at UT Southwestern Medical Center.

2.9 DNA Isolation, mtDNA Copy Number and mtDNA Damage Measurement

Total DNA and RNA were isolated from NRVMs, hESC-CMs and three zones of hearts with 

I/R injury using DNA and RNA extraction kits (Qiagen, Valencia, CA, USA). Intact and 

mitochondrial DNA (mtDNA) content were measured by both semi-quantitative PCR and 

qPCR [25]. Briefly, intact mtDNA (16.2 kb) and total mtDNA including fragments ( 0.22 

kb) and nuclear β-actin gene expression are amplified using primers listed in Table S1 [26]. 

Semi-quantitative PCR products were quantified by densitometry analysis using ImageQuant 

(GE Healthcare). For mtDNA qPCR, primers for mtDNA specific gene COXII, D-Loop and 

ATP6 are used.

2.10 Statistical analysis

Statistical analysis of the differences among groups was evaluated with a one-way ANOVA 

followed by Duncan’s multiple-comparison test and student’s t-test for paired data using 

SPSS software (version 19.0, SPSS Inc., Chicago, IL, USA). Significant differences were 

established at the level of p < 0.05. Data are expressed as means ± SEM.

3. Results

3.1 SAHA Reduces Mitochondrial DNA Damage and Promotes Mitochondrial Biogenesis 
in Cardiomyocytes and Mouse Heart Tissue Subjected to I/R Injury

Mitochondria-dependent pathways are key mediators of myocardial injury and cell death 

during I/R [27]. Cardiac I/R injury generates ROS that cause oxidative damage, oxidizing 

the mtDNA and other macromolecules [9]. Thus, we assessed the protective effects of 
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SAHA on mtDNA during I/R injury. Semi-quantitative PCR (qPCR) analysis of intact and 

total mtDNA (16.2 kb and 0.22 kb) was used to detect mtDNA damage in cardiomyocytes 

[25]. Results from these experiments showed that SAHA pretreatment increased levels of 

intact mtDNA after 6 hours of reperfusion in NRVMs compared with vehicle-treated cells 

(DMSO) (Figure 1 A–B). With respect to mtDNA content, qPCR analysis revealed that 

SAHA treatment increased the mtDNA copy numbers of COXII and ATP6 by 20% and 

50%, respectively, in NRVMs compared with the DMSO group (Figure 1 C). Analysis of 

COXII and D-Loop levels revealed similar results in hESC-CMs (Figure 1 D) and AC16 (a 

human cardiomyocyte cell line) (Figure S2 A–D).

In wildtype C57BL6 mice subjected to I/R surgery, SAHA reperfusion only treatment 

reduced infarct size by approximately 50% after normalization to the area at risk (Figure 

S3). The ischemic, border and remote zones of the left ventricle were dissected 24 hours 

after I/R injury. Compared with DMSO-treated animals, animals with SAHA pretreatment or 

SAHA only reperfusion treatment exhibited increased levels of intact mtDNA in the border 

zone (Figure 1 E–F). mtDNA copy number was also measured using primers specific to 

COXII and ATP6, demonstrating that SAHA pretreatment and reperfusion only treatment 

restored mtDNA copy number to normal levels in the border zone (Figure 1 G–H).

To further explore changes in mitochondria with SAHA, mice hearts subjected to I/R and 

SAHA treatments were examined by EM. Both SAHA pretreatment and reperfusion only 

treatments significantly increased mitochondrial size in the border zone (see images in 

Figure S4 A and quantification in Figure S4 B). A trend of increased mitochondrial number 

was observed with SAHA treatment, but the trend did not reach statistical significance 

(Figure S4 C). Moreover, SAHA pretreatment did increase mitochondrial mass in NRVMs, 

as measured by MitoTracker (Figure 2 A–B). To confirm the observed increase in 

mitochondrial mass, expression of voltage-dependent anion channel (VDAC), the most 

abundant protein of the outer mitochondrial membrane, was analyzed by Western blot. 

SAHA pretreatment increased VDAC levels by approximately 50% in both NRVMs and 

hESC-CMs subjected to I/R injury compared with DMSO-treated cells (Figure 2 C–D). 

VDAC expression was also increased in the border zone of SAHA-treated mouse hearts 

subjected to I/R injury (Figure 2 E–F). Collectively, these results suggest that SAHA 

treatment reduces mtDNA damage and promotes mitochondrial mass in cardiomyocytes 

subjected to I/R injury.

3.2 SAHA Reduces ROS Production in Cardiomyocytes Subjected to I/R Injury

Excessive ROS generation from mitochondria is a potential mediator of reperfusion injury in 

the ischemic myocardium [6]. Attenuation of ROS levels has been shown to reduce infarct 

size and protect the heart against I/R injury [28]. Thus, we analyzed the effects of SAHA on 

ROS levels in cardiomyocytes subjected to I/R injury. H2DCFDA was used to quantify 

cellular ROS levels in NRVMs and hESC-CMs by microscopy and flow cytometry. During 

reperfusion after ischemia, ROS levels were significantly increased in control DMSO-treated 

cells with increasing time of reperfusion. In contrast, SAHA pretreatment for 16 hours prior 

to ischemia remarkably reduced ROS levels in NRVMs (Figure 3 A–D, Figure S5 A for time 

course) and hESC-CMs (Figure 3 E–H, Figure S5 B for time course). Similarly, SAHA 
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pretreatment reduced cytosolic ROS levels in AC16 cells subjected to I/R (Figure S5 C). 

Consistent with reduced ROS levels, SAHA pretreatment also reduced I/R injury-induced 

cell death by approximately 20% in NRVMs and hESC-CMs (Figure S6 A–B). Together, 

these results suggest that SAHA pretreatment decreases oxidative stress and cell death in 

cardiomyocytes subjected to I/R injury.

3.3 SAHA Preserves Mitochondrial Membrane Potential in Cardiomyocytes Subjected to 
I/R Injury

ROS generation during ischemia contributes to the loss of mitochondrial membrane 

potential, which plays a causal role in cardiomyocyte death and heart failure [7]. To analyze 

mitochondrial membrane potential, NRVMs and hESC-CMs were stained with TMRM and 

visualized by fluorescence microscopy. During reperfusion after ischemia, a significant 

decrease in TMRM fluorescence was observed in both NRVMs and hESC-CMs, which was 

almost completely ablated by SAHA treatment (Figure 4 A–D, Figure S7 A–B for time 

course). SAHA-induced preservation of mitochondrial membrane potential was also 

observed in AC16 cells subjected to I/R injury (Figure S7 C). In mouse hearts subjected to 

I/R (I 45min and R 3h), SAHA treatment at reperfusion significantly protected the function 

if mitochondrial complex I (most affected complexes during I/R injury [29]) and IV in the 

ischemic zone. SAHA also improved complex IV activity in the remote zone. There is a 

trend of increased complex I activity in the remote zone (Figure S8).These results indicate 

that SAHA treatment protects cardiomyocytes subjected to I/R injury against loss of 

mitochondrial membrane potential and preserve mitochondrial complex function.

3.4 SAHA-induced Preservation of Mitochondrial Homeostasis in Cardiomyocytes 
Depends on Autophagy

HDAC inhibition may have pleiotropic effects on cardiomyocytes during I/R injury, such as 

inducing autophagy [17], reducing apoptosis [30], directly modulating mitochondria 

function [31] and stem cell activation [32]. Our previous work has shown that SAHA blunts 

I/R injury in the heart through induction of autophagy, and this SAHA-reduced cell death 

during I/R injury is abolished by siRNA-knock down essential autophagy proteins ATG7 

[17]. Since SAHA works so well and so quickly, we postulate that SAHA-induced 

autophagy might be the most important biological process that dictates the mitochondrial 

homeostasis and the survival of cardiomyocytes right after reperfusion. Thus, we next 

examined whether induction/maintain of basal autophagy is required for the protective 

effects of SAHA on mitochondria homeostasis after I/R injury. We used siRNA to knock 

down two essential autophagy proteins, ATG5 and ATG7, in order to block autophagic flux. 

Knockdown of ATG5 or ATG7 in NRVMs abolished SAHA-dependent increases in intact 

mtDNA during I/R injury (Figure 5 A). Consistent with this observation, ATG7 knockdown 

prevented SAHA-induced preservation of mitochondrial membrane potential in NRVMs 

subjected to I/R (Figure 5 B, images; Figure 5 E, quantification). Similarly, flow cytometry 

revealed that SAHA-induced increases of mitochondrial mass (Figure 5 C, flow cytometry; 

Figure 5 F, quantification) and decreases of ROS levels (Figure 5 D, flow cytometry; Figure 

5 G, quantification) were abrogated by ATG7 knockdown. In addition, bafilomycin A has 

been proposed to prevent the fusion of autophagosomes with lysosomes to block the 

autophagic flux [33]. We used bafilomycin A to block the autophagy pharmaceutically at the 
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time of the reperfusion to avoid the possible confounding effect of long-term treatment for 

the loss of ATG7. We showed that autophagic flux is indeed needed for the protection of 

SAHA on mtDNA (Figure S9). Together, these data indicate that the beneficial effects of 

SAHA on mitochondrial homeostasis in cardiomyocytes subjected to I/R injury are 

dependent on autophagy.

3.5 Protective Effects of SAHA on Mitochondrial Homeostasis in Mouse Heart Depend on 
Autophagy

For in vivo studies, we subjected time and myocardium-specific ATG7 knockout mice 

(αMHC-merCremer+; Atg7f/f with tamoxifen injection, ATG7 cKO) to I/R surgery. ATG7 

cKO mice were divided into control (DMSO) and SAHA reperfusion only treatment groups. 

ATG7 expression was successfully downregulated (approximately 70%) in mouse 

myocardial tissue, and residual ATG7 protein expression was most likely from non-

myocytes present in the heart. After I/R injury, SAHA-induced increases in VDAC 

expression were abolished in ATG7 cKO mice (Figure 6 A). Similarly, EM analysis 

demonstrated that SAHA treatment failed to preserve mitochondrial mass in ATG7 cKO 

mice (Figures S10). In ATG7 cKO group mice, SAHA failed to prevent damage to intact 

mtDNA and maintain mtDNA content in the border zone in comparison to wild-type 

littermate controls, where SAHA prevented damage and preserved mtDNA content to almost 

normal levels (Figures 6 C–D). Thus, these results demonstrate that autophagy is required 

for SAHA to maintain mitochondrial homeostasis in the myocardium during I/R injury.

3.6 SAHA Enhances Mitochondrial Homeostasis via PGC-1α Activity

The intact mtDNA (16.2 kb) and mtDNA content (COXII and ATP6/D-Loop) were both 

increased by SAHA treatment, which suggests that SAHA mainly promotes mtDNA 

synthesis via mitochondrial biogenesis. Mitochondrial biogenesis is largely governed by 

PGC-1α [14]. However, it is unclear that PGC-1α plays a direct role in the cardiac 

protective effects of SAHA. We used qRT-PCR to detect the PGC-1α expression since there 

are no antibodies that can detect the endogenous PGC-1α protein reliably [34]. In our study, 

gene expression of PGC-1α was significantly increased by SAHA both in vitro and in vivo, 
(Figure 7 A, 7 B normoxia) but not PGC-1β (Figure 7 A, and S11). Moreover, the SAHA-

induced PGC-1α gene expression in NRVMs was abolished by ATG7 siRNA treatment 

(Figure 7 B).

Then we investigate the direct role of PGC-1α on mtDNA in cardiomyocytes. We used 

adenoviruses hosting PGC-1α siRNA to achieve knockdown in NRVMs (Figure 7 C). 

PGC-1α siRNA reduced baseline PGC-1α expression by around 50%, and it abolished 

almost all of SAHA-induced PGC-1α expression. Moreover, the SAHA-increased mtDNA 

level (COXII and ATP6) was completely abolished by knockdown of PGC-1α (Figure 7 D). 

These data indicate that SAHA-induced autophagy is essential for maintaining mtDNA 

content during I/R, and is likely via PGC-1α-mediated mitochondrial biogenesis. There is 

another possibility that loss of PGC-1α affects mitochondrial biogenesis through altering 

autophagic flux. We found that the expressions of ATG7 and LC3 levels were not 

significantly changed by PGC-1α siRNA, compared with siRNA control group (Figure S12 

A, B). The loss of PGC-1α did not affect autophagic flux in NRVMs (Figure S12 C,D). 
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These data indicate that PGC-1α does not regulate autophagic flux in cardiac I/R and 

probably maintains mitochondrial homeostasis mainly through mitochondrial biogenesis.

4. Discussion

Myocardium reperfusion injury contributes almost half of myocardial infarct size in 

myocardial infarction patients, and infarct size is closely correlated with the probability of 

developing heart failure [1]. Despite this knowledge, myocardial reperfusion injury is largely 

a missed therapeutic target. Although numerous therapeutic strategies have been developed 

to mitigate reperfusion injury, no standard therapies are currently available [3]. Enhancing 

autophagy protects against I/R injury in cardiac myocytes in vitro and in vivo [10]. 

Furthermore, a recent report shows that cardiomyocyte-specific disruption of autophagy by 

conditional knockout of ATG7, an essential autophagy-related gene, leads to severe 

myocardial dysfunction during I/R injury [35]. Mitochondrial dysfunction has also been 

shown to play a significant role in inducing myocardial apoptosis during I/R injury [5]. 

However, it is unclear whether autophagy plays a protective role on mitochondrial 

homeostasis in cardiomyocytes during I/R injury. Administration of SAHA (HDAC 

inhibitor) during reperfusion reduces myocardial infarct size through maintaining autophagic 

flux in a large animal model [17]. Therefore, using SAHA and ATG loss of function as tools, 

we investigated the role of autophagy in mitochondrial homeostasis in cardiomyocytes 

during I/R injury.

HDAC Inhibition Reduces ROS Production and Increases mtDNA Levels.

Mitochondria regulate a myriad of cellular and metabolic processes in addition to serving as 

the primary site of ATP production. Oxidative stress arising from the mitochondria during 

myocardial I/R promotes cardiomyocyte apoptosis [36]. In fact, I/R-induced cell death is 

closely associated with known indicators of mitochondrial dysfunction, including loss of 

mitochondrial electron transport chain complex activity, decreased ATP production, mPTP 

opening, increased ROS production, and mitochondrial membrane permeability loss [5]. In 

our study in vivo, mitochondrial complex I and IV activities in ischemic zones were 

protected by SAHA (Figure S8). Our results in vitro also show that reperfusion (within 6 

hours) after ischemia leads to an increase in ROS levels, reduction of mitochondrial 

membrane permeability in cardiomyocytes, and induction of cell death. These results are 

similar to those previously observed in hepatocytes and other cell types [37, 38]. The 

mechanisms underlying reduced ROS production in SAHA-treated cells are not clear. 

HDAC1 (class I HDACs), which is located in cardiomyocyte mitochondria, has been 

recently reported that HDAC1 activity regulates metabolic ROS production and contributes 

to I/R injury in isolated rat hearts and cardiac myocytes within one hour of reperfusion [31]. 

SAHA is a class I/II HDAC inhibitor; it is possible that SAHA solely affects directly on 

mitochondria to alleviate I/R injury in the heart. However, decreased ROS levels may be also 

due to the clearance of damaged mitochondria by autophagy since the loss of ATG7 

abolished these effects in SAHA-treated cells. It will be interesting to see whether blocking 

mitochondrial HADC1 induces autophagy and mitochondrial biogenesis in a whole animal 

model and cardiomyocytes [31].
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Although ROS serve as an important signal for normal cellular function, excess intracellular 

ROS cause mitochondrial DNA injury [36]. The mitochondrial genome consists of a short, 

double-stranded, circular DNA molecule (16.5 kb) that encodes 13 proteins comprising part 

of the machinery of the electron transport system located in the mitochondrial inner 

membrane [25]. Therefore, damage to mtDNA can induce mitochondrial dysfunction and 

decreases in oxidative phosphorylation. Consistent with this model, aging and tobacco use 

have been shown to damage cellular mtDNA and cause mitochondrial dysfunction [25]. Our 

results suggest that mtDNA damage occurs during I/R injury, which is in agreement with the 

excessive cellular ROS production observed in cardiomyocytes subjected to I/R in vitro. 

However, there is only a trend of reduced mtDNA in cardiomyocytes after 6 hours of 

reperfusion, but significant reduction after 24hours of reperfusion (Figure S11), which 

indicate that decreased of mtDNA might be a later event compared with the loss of MMP 

and increase of ROS. Prior to this study, the effects of HDAC inhibitors on nuclear DNA 

have been well investigated, but little was known about its effects on mtDNA [39]. More 

importantly, we observed that levels of intact and total mtDNA were increased by SAHA 

treatment in cardiomyocytes subjected to I/R injury, which indicating the mitochondrial 

biogenesis is upregulated by SAHA.

HDAC Inhibition and Mitochondrial Homeostasis in Different Cell Types

HDACs inhibition plays an important role in inducing tumor cell apoptosis through 

transcriptional regulation. The HDAC inhibitor suberic bishydroxamate (SBHA) induces 

apoptosis in melanoma cells by promoting changes in mitochondrial membrane permeability 

[40], and the HDAC inhibitors MS-275 and SAHA promote mitochondria-dependent 

apoptosis in human leukemia cells through induction of ROS generation [41, 42]. These data 

indicate that HDAC inhibition kills cancer cells. In contrast, in cardiac tissue, HDAC 

inhibitors have been shown to suppress cardiac hypertrophy and I/R injury and protect 

against cell death [17, 43]. Furthermore, inhibitors of Class I HDACs enhance mitochondrial 

biogenesis and oxidative metabolism in skeletal muscle and adipose tissue [44]. Collectively, 

these results suggest that responses to HDAC inhibition differ between actively proliferating 

cancer cells and quiescent cardiomyocytes. In our study, we show that SAHA treatment 

prevented I/R-induced reductions in total mtDNA (COXII, D-Loop and ATP6) and increased 

mitochondrial mass. Our findings suggest that SAHA treatment improves not only 

mitochondrial function, but also enhances mitochondrial biogenesis during cardiac I/R 

injury. Because there are no histones in the mitochondria, the interaction between HDAC 

inhibitors and mitochondrial homeostasis are likely mediated through indirect effects on 

autophagy and mitochondrial biogenesis.

Mitochondrial Homeostasis is Dependent on Autophagy at Baseline and during I/R

To protect against stress, cells have developed quality control mechanisms to maintain the 

overall health of mitochondria, including fusion, fission, mitochondrial autophagy, and 

mitochondrial biogenesis [45]. Autophagy in T lymphocytes shows an essential role in the 

mitochondrial clearance [11]. Stimulation of autophagy induces mitochondrial biogenesis, 

mitochondrial remodeling and activity in skeletal muscle [12, 46]. Moreover, the 

mitochondria-specific type of autophagy, mitophagy, removes damaged mitochondria which 

are toxic to cells and cause immune responses [5]. On the other hand, the lack of autophagy 
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leads to mitochondrial dysfunction [47]. Under the condition without I/R injury, it is 

reported that muscle-specific deletion of ATG7 resulted in the accumulation of abnormal 

mitochondria and defection of mitochondrial respiration [48, 49]. Atg7 knockout 

erythrocytes accumulate damaged mitochondria with altered membrane potential which 

leads to cell death [50]. All these finds indicate that autophagy plays the basic role for 

mitochondrial homeostasis. Enhancing autophagy also protects cardiac myocytes from I/R 

injury in vitro and in vivo [10]. Thus, autophagy-dependent mitochondrial homeostasis is 

emerging as an important mediator of responses to I/R injury.

In our study, knockdown of ATG7 in cardiomyocytes abolished SAHA’s protective effects 

during I/R injury (including reductions in ROS levels; increases in intact/total mtDNA 

content; and preservation of mitochondrial mass). We then tested the cardioprotective effects 

of SAHA in time- and cardiomyocyte-specific ATG7 knockouts. As expected, this ATG7 

cKO reduced mtDNA and mitochondrial mass at baseline, indicating that autophagy is 

needed to maintain a healthy mitochondria population. These observations are consistent 

with the heart failure phenotype observed in ATG5 and ATG7 acute cardiomyocyte 

knockouts generated using tamoxifen and αMHC-merCremer [51]. However, these results 

also complicate the interpretation of the in vivo data on the cardioprotection of SAHA in 

cardiac ATG7 cKO mice, which may be too sick to respond to the cardioprotective effects of 

SAHA. ATG7 knockdown had little effect on mitochondria at baseline in NRVMs, but still 

abolished SAHA-induced mitochondrial protection, suggesting that the protective effects of 

SAHA are dependent on ATG7. Furthermore, we have shown that block autophagic flux by 

adding bafilomycin A in the culture media at reperfusion abolished the mtDNA increase 

induced by SAHA (Figure S9). These results indicate that the protective effects of SAHA on 

mitochondria are depended on autophagy, and suggest that the removal of damaged 

mitochondria by autophagy may be essential for mitochondrial biogenesis.

Additional Mechanisms that May Contribute to HDAC Inhibition-induced Autophagy and 
Mitochondrial Homeostasis

Mechanistic target of rapamycin (mTOR) and AMPK pathway have critical roles in 

regulating growth and reprogramming metabolism, such as mitochondrial biogenesis and 

autophagy [52–54]. HDAC inhibitors-induced apoptosis and autophagy through the FOXO1-

mTOR signaling and transcriptional regulation of autophagy genes in human cancer cells 

[55]. And HDAC inhibitors blunt cardiac hypertrophy also through mTOR dependent 

pathways [56]. These results suggest that combining modulating mTOR activity and HDAC 

inhibitors is a potential strategy to heart disease.

The relationship between autophagy and mitochondrial homeostasis in different cell types is 

unclear. ATG3-dependent autophagy mediates mitochondrial homeostasis in stem cells.[23] 

ATG12, the autophagy ubiquitin-like modifier, is conjugated to ATG3 to reduce 

mitochondrial mass and induces cell death in mammalian cells [57]. In addition to 

autophagy, mitochondrial homeostasis is controlled by PGC-1α-mediated mitochondrial 

biogenesis and mitochondrial dynamics (fission and fusion) [14]. In skeletal muscle, 

PGC-1α promotes exercise-induced autophagy and denervation-induced mitophagy [58]. In 

neurons, mitochondrial density was increased in PGC-1α/β overexpression through 
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autophagy [59]. In our study, the expression of PGC-1α was significantly increased by 

SAHA both in vitro and in vivo. These results suggest that SAHA may play an important 

role in the induction of PGC-1α-mediated mitochondrial biogenesis. Indeed, stimulation of 

mitochondrial biogenesis and autophagy by lipopolysaccharide has been shown to protect 

cardiomyocytes from programmed cell death [24]. However, mitochondria number is not 

increased even when only PGC-1α is induced by I/R injury in the kidney and brain [60, 61]. 

Interestingly, we found that the SAHA-induced PGC-1α gene expression was dependent on 

autophagy gene ATG7, which indicates that autophagy is an essential process that maintains 

PGC-1α-mediated mitochondrial biogenesis. This is consistent with prior study showing 

that mitochondrial dysfunction in cardiac-specific ATG3 deficient mice was accompanied 

with mitochondrial content loss and reduced PGC1α expression [62]. Thus, autophagy/

mitophagy is essential for generating signals that activate mitochondrial biogenesis during 

I/R for maintaining mitochondrial homeostasis.

In addition, the most important mitochondrial fission protein is Drp1, which mediates 

mitochondrial autophagy and plays a protective role against pressure-overload-induced 

mitochondrial dysfunction and heart failure [63]. Disruption of Drp1 has been shown to 

reduce mitochondrial autophagy and exacerbate the development of mitochondrial 

dysfunction in cardiomyocytes [64]. Our results demonstrate that SAHA treatment increases 

mitochondrial mass and maintains mitochondrial membrane potential, ultimately resulting in 

cardiomyocyte survival after I/R. These beneficial effects are dependent on the essential 

autophagy gene ATG7, but it will be interesting to investigate whether SAHA also 

upregulates mitophagy or mitochondrial fission/fusion in our future study.

HDAC inhibition has a broad effect on cellular function; it likely induces a full array of 

protective effects during the reperfusion injury [15, 17, 31, 65–67]. More importantly, it was 

shown recently that by only inhibition of mitochondrial HDAC1 reduced the infarct size in 

isolated rat hearts one hour after reperfusion [31]. Whether this mitochondrial HDAC1 

inhibition will translate into long-term infarct reduction or in a whole animal model is still 

unknown. Furthermore, whether SAHA and MS-275 have the same effects is also not clear. 

It will be interesting to see whether blocking mitochondrial HADC1 induces autophagy and 

mitochondrial biogenesis in a whole animal model [31]. SAHA is the only FDA approved 

cancer medication that is shown to reduce infarct size in a large animal model when given at 

reperfusion [17]. Understanding the mechanisms of its action is important and may lead to 

new therapeutic targets.

Conclusion and perspective

Results from our study show that the FDA-approved HDAC inhibitor SAHA enhances 

autophagy-dependent mitochondrial homeostasis, which are essential for reducing cardiac 

I/R injury. The beneficial effects of SAHA involve clearing damaged mitochondria and 

stimulating mitochondrial biogenesis, which provides new therapeutic targets for mitigating 

reperfusion injury while avoiding the potential toxic effects of non-selective HDAC 

inhibition.
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Figure 1. SAHA treatment increases mitochondrial DNA levels in cardiomyocytes and mouse 
heart subjected to I/R injury.
Cardiomyocytes (NRVMs and hESC-CMs) were subjected to simulated I/R injury and 

treatment with DMSO or SAHA. After 2 hours of ischemia and 6 hours of reperfusion 

(I2R6), DNA was isolated and amplified using species-specific primers to assess the degree 

of mtDNA damage and integrity. A-B, Representative images of the 16.2 kb and 0.22 kb 

products from semi-qPCR and quantification of the 16.2 kb product in NRVMs and hESC-

CMs. C, mtDNA copy number in NRVMs was analyzed by qPCR using primers specific for 

Yang et al. Page 17

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



COXII and ATP6. D, mtDNA copy number was analyzed in hESC-CMs by qPCR using 

primers specific for COXII and D-Loop. After cardiac I/R injury (45 min/24 hour) in mice, 

DNA was isolated from three zones of the heart (ischemic, border, and remote). E-F, 

Representative images and quantification of the 16.2 kb and 0.22 kb products from semi-

qPCR. G-H, mtDNA copy number in three zones of mouse heart subjected to I/R analyzed 

by qPCR using COXII and ATP6 primers. I2R6, Ischemia 2 hours and reperfusion 6 hours; 

D, DMSO; S, SAHA; Pre, Pretreatment; Reper, Reperfusion only treatment.
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Figure 2. SAHA increases mitochondrial mass in cardiomyocytes and mouse heart tissue 
subjected to I/R injury.
Mitochondria were stained with MitoTracker Green and analyzed by flow cytometry. A, 

Mitochondria mass detected by flow cytometry in NRVMs and hESC-CMs subjected to 

simulated I/R injury and treated with DMSO or SAHA (representative histogram). B, 

Quantification of MitoTracker Green fluorescence intensity in NRVMs and hESC-CMs. C-
D, Representative western blots and quantification of VDAC expression in cell lysate 

samples from NRVMs and hESC-CMs subjected to simulated I/R injury. E-F, 

Representative western blots and quantification of VDAC expression in three zones of 

mouse heart subjected to I/R injury. I2R4, Ischemic 2 hours and reperfusion 4 hours; D, 

DMSO; S, SAHA; Pre, Pretreatment; Reper, Reperfusion only treatment.
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Figure 3. SAHA treatment decreases oxidative stress in cardiomyocytes subjected to I/R injury.
Cardiomyocytes (NRVMs and hESC-CMs) subjected to simulated I/R injury and treated 

with DMSO or SAHA were stained with H2DCFDA to detect ROS. Staining intensity was 

quantified by ImageJ software and flow cytometry. A-B, Representative fluorescence 

microscopy images of H2DCFDA staining and fluorescence intensity quantification in 

NRVMs. C-D, Representative histograms and quantification of H2DCFDA fluorescence 

intensity in NRVMs. E-F, Representative fluorescence microscopy images of H2DCFDA 

staining and fluorescence intensity quantification in hESC-CMs. G-H, Representative 
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histograms and quantification of H2DCFDA fluorescence intensity in hESC-CMs. I2R4, 

Ischemic 2 hours and reperfusion 4 hours.
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Figure 4. SAHA preserves mitochondrial membrane potential in cardiomyocytes subjected to I/R 
injury.
Cardiomyocytes (NRVMs and hESC-CMs) subjected to simulated I/R injury and treated 

with DMSO or SAHA were stained with TMRM to assess mitochondrial membrane 

potential. Images were obtained by fluorescence microscopy and quantified using ImageJ 

software. A-B. Representative images of TMRM staining in NRVMs and hESC-CMs 

subjected to simulated I/R injury. C-D, Quantification of TMRM fluorescence intensity in 

NRVMs and hESC-CMs subjected to simulated I/R injury. I2R4, Ischemic 2 hours and 

reperfusion 4 hours.
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Figure 5. The protective effects of SAHA on mitochondria in cardiomyocytes depend on 
autophagy.
NRVMs were treated with siRNAs targeting ATG5 and ATG7 and then subjected to 

simulated I/R injury and treatment with DMSO or SAHA. A, Representative images and 

quantification of the 16.2 kb product amplified by semi-qPCR from ATG5/7 and control 

siRNA-treated NRVMs treated with DMSO or SAHA during I/R injury. B, Representative 

fluorescence microscopy images of siRNA-treated NRVMs stained with TMRM to analyze 

mitochondrial membrane potential. C-D, Representative histograms quantifying 
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MitoTracker Green (mitochondrial mass) fluorescence intensity (C) and H2DCFDA (ROS) 

fluorescence intensity (D) in siRNA-treated NRVMs. E-G, Quantification of TMRM 

fluorescence intensity in ATG7 siRNA-treated NRVMs using ImageJ Software (E) and 

quantification of MitoTracker Green (F) and H2DCFDA fluorescence intensity by flow 

cytometry (G). I2R4, Ischemic 2 hours and reperfusion 4 hours.
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Figure 6. The protective effects of SAHA protective effect on mouse heart mitochondria depend 
on autophagy.
After cardiac I/R injury (45 min/24 hour), heart tissue was isolated from ATG7 WT (ATG7 
f/f treated with Tamoxifen IP) and ATG7 cKO (αMHC-merCremer+; Atg7f/f treated with 

Tamoxifen IP) mice and separated by zone (ischemic, border, and remote) for DNA and 

protein extraction. A-B, Representative images and quantification of western blot analysis of 

ATG7 and VDAC expression in the three zones. C, Representative images (upper) and 

quantification (lower) of the 16.2 kb and 0.22 kb products amplified by semi-qPCR using 
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samples from the three zones of heart tissue. D, mtDNA copy number analyzed by qPCR 

using primers specific for COXII (upper) and ATP6 (lower).
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Figure 7. SAHA induces PGC-1α-mediated mitochondrial biogenesis in cardiomyocytes 
subjected to I/R injury
At the end of I/R injury in heart and cardiomyocytes, samples were collected for RNA 

extraction. Heart tissue was isolated and separated into three zones (Ischemic, Border and 

Remote). A: PGC-1α/β mRNA expression level by real-time qRT-PCR in mouse hearts 

subjected to I/R injury. B: PGC-1α mRNA expression level in NRVMs treated with ATG7 

siRNA and subjected to simulated I/R injury. C: Real-time qRT-PCR assay for PGC-1α 
mRNA relative expression in NRVM treated with adenovirus for PGC-1α knockdown 
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during I/R injury. D: mtDNA copy number by qPCR using primers of COXII and ATP6 in 

NRVM treated with adenovirus hosting PGC-1α siRNA during I/R injury. SI, siRNA 

knockdown of PGC-1α; NC, negative control, adenoviruses hosting only GFP.
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