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Abstract

Branched chain α-keto acids (BCKAs) are endogenous metabolites of branched-chain amino acids 

(BCAAs). BCAA and BCKA are significantly elevated in pathologically stressed heart and 

contribute to chronic pathological remodeling and dysfunction. However, their direct impact on 

acute cardiac injury is unknown. Here, we demonstrated that elevated BCKAs significantly 

attenuated ischemia-reperfusion (I/R) injury and preserved post I/R function in isolated mouse 

hearts. BCKAs protected cardiomyocytes from oxidative stress-induced cell death in vitro. 

Mechanistically, BCKA protected oxidative stress induced cell death by inhibiting necrosis 

without affecting apoptosis or autophagy. Furthermore, BCKAs, but not BCAAs, protected 

mitochondria and energy production from oxidative injury. Finally, administration of BCKAs 

during reperfusion was sufficient to significantly attenuate cardiac I/R injury. These findings 

uncover an unexpected role of BCAAs metabolites in cardioprotection against acute ischemia/

reperfusion injury, and demonstrate the potential use of BCKAs treatment to preserve ischemic 

tissue during reperfusion.
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INTRODUCTION

Branched chain amino acids (BCAA), including leucine, isoleucine and valine, are essential 

amino acids which can be degraded via shared catabolic pathway. BCAA degradation yields 

branched chain α-keto acids (BCKAs), including α-ketoisocaproate (KIC), α-keto-β-

methylvalerate (KMV), and α-ketoisovalerate (KIV) [1]. BCAA catabolic defects and 

elevated tissue levels of BCKA or BCAA have been reported in pathologically stressed 

mouse hearts or human cardiomyopathy [2-4]. Furthermore, abnormal plasma BCAA/

BCKA is a common feature in diabetes and insulin resistance [1]. BCKAs inhibit 

mitochondrial respiration and energy metabolism in neuronal cells [5]. In heart muscle cells, 

BCKAs inhibit Complex I activity in mitochondria and induce superoxide production [2]. 

BCAA catabolic defects significantly contribute to heart failure and myocardial remodeling 

following chronic pressure-overload or myocardial infarction [2, 3]. However, a direct effect 

of BCAA/BCKA on acute cardiac injury is unknown.

Prolonged ischemia followed by reperfusion (I/R) leads to loss of cardiac muscle cell 

viability and functional recovery [6, 7]. Oxidative stress due to elevated reactive oxygen 

species (ROS) such as superoxide and hydrogen peroxide (H2O2) is a major contributor to 

I/R injury and myocyte death [8]. Apoptosis and necrosis are two fundamental types of cell 

death. Unlike apoptosis, necrosis was previously considered as an uncontrolled and energy 

independent cell death process characterized by early plasma membrane rupture and 

swelling of organelles [9]. However, recent studies have revealed that the necrotic process is 

also mediated through highly regulated process, referred to as programmed necrosis or 

necropotosis [10]. Pro-death stimuli trigger a series of cellular events involving protein 

kinases, ATP depletion, and proteolysis, to induced regulated necrosis [11]. In particular, 

tumor necrosis factor-α (TNF-α) induced Receptor-Interacting Serine/threonine Kinase 

(RIPK) pathway has been extensively studied and shown to be important for necrotic cell 

death [12], It is well reported that high level of H2O2 induces necrosis [13-17]. Preventing or 

reducing myocyte necrosis death is a potentially effective therapeutic strategy to reduce 

heart attack injury as well as other ischemic/reperfusion induced organ injuries [18].

In the present study, we investigate the direct effect of BCKAs on oxidative stress induced 

myocyte death and acute I/R injury in heart. Opposite from our expectation based on 

previously observed detrimental effect of BCKA in cardiac remodeling and dysfunction, we 

observed a significant cardio-protective effect of BCKA administration against acute 

oxidative stress and I/R injury. Mechanistically, we demonstrate that BCKA treatment 

protected cells from H2O2 induced necrosis and mitochondrial damage. Our study 

uncovered an unexpected cardiac protective property of BCAA downstream metabolites and 

revealed a potential novel class of reagents as potential treatment for myocardial infarction.
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RESULTS

BCKAs protect hearts from I/R Injury

To establish the direct effect of BCKAs on acute I/R injury, we performed studies in the 

Langendorff murine hearts following 35 min no-flow ischemia and 120 min reperfusion 

protocol. In addition to saline control, KIC, the branched-chain keto acid from leucine, was 

perfused throughout the experiment. Pretreatment of KIC significantly attenuated the infarct 

size after 120min reperfusion (Figure 1A and B). Meanwhile, comparing to the Control 

group of ~32% recovery of Left Ventricle Developed Pressure (LVDP) after 60min 

reperfusion, KIC group showed a significant higher functional recovery of ~51% (Figure 

1C). The recovery of left ventricular systolic function (dP/dtmax) and diastolic function (dP/

dtmin) during reperfusion was also substantially improved by KIC treatment (Figure 1D and 

E). These data clearly demonstrate an unanticipated protective effect of BCKAs against 

myocardial I/R injury.

BCKAs protect cardiomyocytes against oxidative stress-induced death

Cardiomyocyte is the functional cell type in myocardium. Oxidative stress is one major 

contributor of cell death during I/R [8]. We found that H2O2 treatment at a dose of 20 μM 

induced rapid cell death in primary Neonatal Rat Ventricular Myocytes (NRVM), based on 

MTT activity, morphological alterations of rounding up and detachment. Treatment of 

BCKAs significantly reduced H2O2-induced NRVM death (Figure 2A and 2B). Meanwhile, 

among the three BCKA species, KIC demonstrated the strongest protective activity against 

NRVM death (Figure 2B). In addition, BCKA-dependent protection against H2O2-induced 

cell death was also dosage dependent (Figure 2C). In addition to oxidative stress, calcium 

overload has also been demonstrated as one major contributor for cell death during I/R 

injury [19]. However, BCKAs failed to protect the calcium overloaded-induced cell death 

triggered by ionomycin (Figure 2D). Thus BCKAs possess specific cyto-protective activity 

against oxidative stress- but not calcium overload-induced cell death of cardiomyocytes.

BCKAs protect different types of cells and inhibit mitochondrial respiration

We further tested if the protective effect of BCKAs is cardiomyocyte specific or applicable 

to other cell types. H2O2 treatment at a dose of 500 μM induced high level of cell death in 

mouse embryonic fibroblast (MEF) cells (Figure 3A). As shown in Figure 3B, either a 30-

minute pre-treatment of BCKAs prior to H2O2 administration (0.5 hr) or concurrent 

treatment of BCKA and H2O2 (0 hr in Figure 3B) showed significant protective effect in 

MEFs. Furthermore, adding BCKAs 30 minutes or 1 hour after the initiation of H2O2 

treatment still induced similar level of protective effects. In contrast, starting treatment of 

BCKAs two hours after initial H2O2 treatment or later, the BCKA mediated protective effect 

diminished. BCKAs also protected Hela cells from oxidative stress induced cell death 

(Figure S1). In addition, BCKAs failed to protect MEF against the Death Receptor-induced 

necrotic cell death (Figure 3C). Similar to their inhibitory effect on isolated mitochondria 

[2], BCKAs suppressed the cellular respiration in cultured MEF (Figure 3D). These data 

suggest that BCKA mediated cyto-protection against oxidative stress is a conserved effect 

across different cell lines and species associated with mitochondrial inhibition, although 
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subtle differences do exist in terms of relative strengths of the protection by each of the 

BCKA species and in different cellular contents.

BCKAs inhibit necrosis

To determine if BCKAs affects oxidative stress induced apoptosis, we then determined the 

type of cell death under the experimental conditions in the present study. z-VAD-fmk, a pan-

caspase inhibitor, failed to block the high dose of H2O2-indcued cell death (Figure 4A). 

BCKAs still protected cells against oxidative stress even in presence of z-VAD-fmk (Figure 

4B). In addition, BCKAs failed to inhibit cells death induced by an apoptosis inducer 

staurosporine (Figure S2)[20]. Bax and Bak double knockout MEF (BaxBak DKO) is a cell 

line widely used for studying non-apoptotic cell death [21, 22]. H2O2 induced similar level 

of cell death in wildtype and the BaxBak DKO MEF, however, they were protected by 

BCKAs to a similar extent (Figure 4C and Figure S3A). Together, these data indicate that 

BCKAs treatment affects specifically non-apoptotic cell death induced by H2O2 rather than 

apoptotic cell death.

Autophagy is also known to contribute myocyte death during ischemia and reperfusion 

injury[23]. Using an autophagy deficient MEF (ATG5-KO) (Figure S3B), we observed no 

significant differences between ATG5-KO MEFs vs. wildtype control MEFs in H2O2-

induced cell death, while BCKAs protected both wildtype and ATG5 deficient MEFs at 

similar extents (Fig 4D), suggesting autophagy was not involved in cell death protection by 

BCKAs.

A distinguished character of necrosis is the loss of membrane integrity at the early stage of 

cell death, which can be detected by propidium iodide (PI) staining of nuclei. Under the 

present experimental conditions, cell nuclei were readily stained with PI early after H2O2 

treatment in presence of caspase inhibitor z-VAD-fmk, strongly supporting necrotic cell 

death. BCKAs markedly reduced the number of PI-positive cells treated with H2O2, 

indicating that BCKAs protected cells against oxidative stress-induced necrosis (Figure 4E).

BCKAs, but not BCAAs, inhibit oxidative stress-induced cell death

We then attempted to explore the mechanism underlying BCKAs’ protection against necrotic 

cell death. BCKAs can be converted into BCAAs in cells with Branched Chain 

Aminotransferase 2 (BCAT2) expression [1]. We then investigated whether BCKAs’ 

protective effect is exerted by BCAAs. Without BCAT2 expression, hepatocytes cannot 

convert BCKAs to BCAAs [24]. In AML12 murine hepatocyte cell line, replenishment of 

BCAAs did not protect cells but instead enhanced H2O2-induced cell death. Meanwhile, 

BCKAs protected hepatocytes against H2O2 (Figure 5A). We further explored the role of 

BCKAs by using PP2Cm deficient MEFs, a cell line with defective BCKAs degradation 

[25]. Compared to wildtype MEFs, a significantly stronger protection of BCKAs in the 

PP2Cm deficient MEFs suggested that BCKAs played a critical role in the cellular 

protection (Figure 5B).
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BCKAs protect mitochondria and energy production

A major reason that cells undergo necrosis is the exhaustion of ATP [10]. As shown in 

Figure 6A, H2O2 dramatically decreased the intracellular ATP level to approximately one 

fourth of normal abundance after 30 mins of treatment and completely depleted ATP after 3 

hour of treatment, consistent with the characteristics of necrosis. Interestingly, although 

BCKAs failed to maintain the ATP level at the early stage of H2O2 treatment, they 

reconstituted ATP abundance in cells at later stages, suggesting that avoiding ATP depletion 

by BCKAs prevented cells from necrosis (Figure 6A). Meanwhile, post-treatment of BCKAs 

also attenuated ATP depletion by H2O2 (Figure 6B), consistent with delayed protective 

effect against cell death (Figure 3B). To further verify the role of energy homeostasis in 

BCKA mediated protection against cell death, we treated the cells with oligomycin, a 

mitochondrial ATP synthase inhibitor. As expected, the inhibition of ATP production 

abolished the BCKAs’ protective effect (Figure 6C). Moreover, BCKAs inhibited the loss of 

mitochondrial membrane potential induced by H2O2 (Figure 6D). Together, these data 

indicate that BCKAs protect cells from H2O2-induced necrosis through preserving 

mitochondrial integrity and energy production.

Post-treatment of BCKAs attenuates myocardial I/R injury

In clinical setting when a heart attack has already occurred, a protective treatment after the 

ischemia or at the time of reperfusion should be beneficial to reduce I/R injury. We then 

examined the effect of BCKAs on intact hearts when administrated at reperfusion. The 

Langendorff murine heart was perfused and underwent 35 min no-flow ischemia, followed 

by 120 min reperfusion with (post-treatment) or without KIC (Control). KIC post-treatment 

significantly attenuated infarct size (Figure 7A and 7B), in agreement with their cellular 

protective effect (Figure 3B and 6B). LVDP, left ventricular systolic function (dP/dtmax), 

and diastolic function (dP/dtmin) were also substantially improved by KIC post-treatment 

after 30min reperfusion (Figure 7C-E). These ex-vivo data support the potential clinical 

benefits of BCKAs administration during reperfusion in ischemic hearts.

DISCUSSION

In the present study, we found that BCKAs attenuated acute I/R injury in hearts. BCKAs, but 

not BCAAs, protected cells from oxidative stress induced cell death by inhibiting necrosis 

without affecting apoptosis or autophagy. Mechanistic study revealed that mitochondria and 

energy production were protected by BCKAs, contributing to cell survival. Importantly, 

BCKAs’ protective effect was observed in both cultured cells and intact hearts with either 

pre- or post-treatment. These results identified a novel anti-necrotic function of BCAAs’ 

metabolites and a potential application of BCKAs-like compounds in the treatment of 

ischemic diseases.

The BCKAs’ protection against I/R injury is unexpected. Previously, we showed that 

BCKAs inhibited mitochondrial respiration and induced oxidative stress, promoting heart 

failure [2]. A recent report also suggested that BCKAs increased the susceptibility to 

apoptosis in cardiomyocytes [4]. In the current study, a cytotoxic effect of BCKAs was 

expected at the beginning and the beneficial effect of BCKAs against oxidative stress and 
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I/R injury was unanticipated. However, there are a few major differences between these two 

situations. The exposure to BCKAs was chronic in the pressure overload-stressed heart 

where the cell death wasn't a major consequence of BCKAs exposure [2]. In the current 

study, the BCKAs treatment and I/R injury or oxidative stress-induced cell death were all 

acute. Part of the discrepancy may be due to the manner of BCKAs exposure and the nature 

of injury/stress. On the other side, it has been well known that respiratory inhibitors protect 

hearts from I/R injury [26]. Blockade of electron transport of mitochondria at different 

Complex sites reduces cardiac I/R injury [27-31]. BCKAs inhibit Complex I activity in 

cardiac mitochondria[2]. Thus BCKAs may function as mitochondrial inhibitors to protect 

hearts.

The underlying mechanism of BCKAs’ protection against oxidative stress remains to be 

further investigated. BCKAs protect cells from H2O2-induced necrosis through preserving 

mitochondrial function (Figure 6), offering a compelling mechanistic basis. However, the 

underlying molecular/biochemical mechanism for BCKA's protection on mitochondria 

remains unclear. It has been shown that oxidative stress-induced necrosis is mediated by 

mitochondria-dependent burst of ROS. Mitochondrial complex I inhibitor blocked H2O2-

induced ROS burst and subsequent neuronal cell death [32]. BCKAs can inhibit cardiac 

mitochondrial Complex I [2]. It is plausible that BCKAs protect mitochondria and thus cells 

via inhibiting mitochondria-dependent ROS burst. Meanwhile, mitochondrial suppression by 

BCKAs may lead to “gradual wake-up of metabolism”, a mechanism implicated in the 

protective effect of synthetic mitochondrial inhibitors on heart against I/R injury [26]. On 

the other hand, like the synthetic mitochondrial inhibitors, BCKAs induce oxidative stress 

[2]. This apparent paradox remains to be resolved. Nevertheless, future investigations are 

warranted to address how BCKAs protect mitochondria and cells from acute oxidative 

stress.

It has been reported that JNK signaling pathway is a key modulator in cell death induced by 

reactive oxygen and nitrogen species [33, 34]. It has also been shown that activation of the 

PI3K-Akt-mTOR signaling pathway promotes necrotic cell death [35]. Protein kinases of the 

receptor interacting protein (RIP) family are key mediators of apoptotic and necrotic cell 

death induced by death receptor proteins [36] and oxidative stress [15]. To test the 

involvement of these pathways in H2O2-induced cell death, we used pharmacological 

inhibitors to block these pathways. JNK inhibitor did not significantly block H2O2-induced 

cell death, suggesting a JNK-independent cell death (data not shown). Inhibition of AKT or 

mTOR signaling pathways also failed to prevent cell death (Figure S4). Under the present 

experimental conditions, Rip1 inhibitor Nec-1 [37] did inhibit Death Receptor-induced 

(Figure 3D) but not H2O2-induced cell death (Figure S5). Meanwhile, BCKAs failed to 

reduce Death Receptor-induced cell death. These data suggested that BCKAs protected cell 

against oxidative stress via RIP-, JNK- and AKT-independent mechanisms.

Cell death is one major consequence of I/R injury. Intense investigation has generated 

significant insights into the pathophysiology of I/R injury. Yet finding pharmacological 

strategies that ultimately protect cells and reduce the infarct size still remains as a major 

challenge [6]. The protection of synthetic mitochondrial inhibitors against I/R injury comes 

with potential toxicity and side effects [26]. BCKAs’ inhibition on respiration is less potent 
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[2] and thus may function as less-toxic mitochondrial respiratory inhibitors to attenuate I/R 

injury. Meanwhile, the BCKAs’ protection against I/R injury in vivo and the potential 

neurotoxicity of high level of BCKAs need to be investigated in intact animals [38, 39]. The 

BCKA derivatives and chemicals with similar structure may provide candidates with lower 

toxicity. Nevertheless, the common protective effects of pre- and post-treatment of BCKAs 

on numerous types of cells point to the intriguing property of this class of molecules as 

novel and potentially potent agents against tissue I/R injury.

MATERIALS AND METHODS

Animals

Wildtype C57BL/6 mice were housed at 22°C with a 12-hour light, 12-hour dark cycle with 

free access to water and standard chow. Studies were performed with male mice. All animal 

procedures (including the one used for neonatal rat ventricular myocytes isolation) were 

carried out in accordance with the guidelines and protocols approved by the University of 

California at Los Angeles Institutional Animal Care and Use Committee (IACUC). All 

animals in this study were handled in accordance with the Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Health.

Cell Culture

Mouse embryonic fibroblast (MEF) , Hela, and other cell lines were maintained in 

Dulbecco's minimal essential medium (DMEM) (Invitrogen) supplemented with 10% fetal 

bovine serum, 2 mM L-glutamine, 100U/mL penicillin, and 100 μg/ml streptomycin. 

Neonatal rat ventricular myocytes (NRVM) from 1-2 day old Sprague Dawley rat were 

prepared and used as described previously [40]. Neonates were euthanized by decapitation 

and the hearts were excised and both atria were removed. NRVM were prepared by 

enzymatic digestion with collagenase (Worthington) and pancreatin (Sigma) in 1xADS 

buffer at 37°C. NRVM were cultured in serum-free DMEM supplemented with 100U/mL 

Pen/Strep (Invitrogen) and 0.5% ITS (w/v) (BD Biosciences). Murine immortalized 

hepatocyte cell line AML12 was obtained from ATCC and cells were maintained in DMEM/

F-12 media (1:1) containing supplements as instructed. Cells were cultured at 37°C in 

humidified 5% CO2–95% air. NRVM cells were seeded into 6 well plates at a density of 

2×105 cells per well the day before experiments. Cell lines were seeded the day before 

treatment and reached confluency when treated. BCAAs-free DMEM was customized from 

Invitrogen. Branched-chain alpha keto acids (BCKAs) stock solution was prepared by 

dissolving alpha-ketoisocaproate-Na (KIC), alpha-keto-beta-methylvalerate-Na (KMV), and 

alpha-ketoisovalerate-Na (KIV) into water. The stock concentration of each of BCKAs was 

500 mM and used at 500 μM concentration. H2O2, BCAAs, BCKAs, and other chemicals 

were purchased from Sigma.

Measurement of Cell Death

To induce cell death, 20 μM H2O2 diluted in culture medium was used for NRVM and 

500-1000 μM H2O2 was used to treat MEFs and other cell lines unless otherwise specified 

[13, 15]. Treatment usually lasted for 16-24 hours for viability assay. Cell viability was 

determined by MTT assay, trypan blue staining, or calcein-AM staining. For MTT assay, 
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cells were incubated with 0.5 g/L MTT for 0.5 h. After formazan crystals formed, the culture 

medium was removed, and DMSO was added to dissolve the formazan crystals. The 

absorbance of the solution at 570 nm was measured. For calcein-AM staining, after 

treatments, cells were incubated with calcein-AM (2 μM) for 15 min. For Propidium Iodide 

(PI) staining, PI (2 μM) was incubated with cells for 20 min at room temperature. The 

stained cells were then observed under an OLYMPUS fluorescent microscope for imaging. 

To induce the death receptor-mediated cell death, cells were treated with TNFalpha (50 ng/

ml), cycloheximide(10 μg/ml), and Z-vad (40 μM).

ATP Measurement

The ATP content in cells was determined using a Luciferase-based Bioluminescence Assay 

Kit (Beyotime, Haimen, China) following the manufacturer's instruction. Protein 

concentration of cell lysate was determined using the BCA protein assay. ATP abundance 

was normalized to the protein content.

Metabolic assays with a Seahorse XF24 analyzer

Cellular oxygen consumption was measured using a Seahorse XF24 extracellular flux 

analyzer according to manufacturer's instructions. Briefly, MEF cells were seeded on 24-

well XF24 well plates in DMEM medium. Before assay, the medium was changed to KHB 

XF Assay media (2.5 mM glucose, 0.5 mM carnitine, 111 mM NaCl, 4.7 mM KCl, 2 mM 

MgSO4 , 1.2 mM Na2HPO4, 150 μM BSA) with or without BCKAs (500 μM) and 

incubated in a non-CO2 incubator at 37°C for 1 hour for pH stabilization. Analyses were 

performed both at basal conditions and after injection of oligomycin (1 μM), FCCP (3 μM), 

Rotenone (1 μM), Antimycin A (1 μM).

Real-time RT-PCR analysis

Total RNA was extracted from cells using Trizol Reagent (Invitrogen) according to the 

manufacturer's instructions. Total RNA was reverse-transcribed into the first-strand cDNA 

using the Superscript First-Strand Synthesis Kit (Invitrogen). Then cDNA transcripts were 

quantified by the Step-One Plus Real-Time PCR System (ABI) using SYBR Green (ABI). 

18sRNA were used as control. The PCR primers used were as follows: Bak forward primer, 

5’-ggaatgcctacgaactcttca-3’; reverse primer, 5’-ccagctgatgccactcttaaa-3’; Bax forward 

primer, 5’-gtgagcggctgcttgtct-3’; reverse primer, 5’-ggtcccgaagtaggagagga-3’. The PCR 

products were electrophoresed on 1% agarose gel and visualized under UV light.

Western Blot Analysis

Proteins from cells were harvested in buffer (50 mM HEPES [pH7.4], 150 mM NaCl, 1% 

NP-40, 1 mM EDTA, 1 mM EGTA, 1 mM glycerophosphate, 2.5 mM sodium 

pyrophosphate 1 mM Na3VO4, 20 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 1 μg/mL 

of aprotinin, leupeptin, and pepstatin). Samples were separated on 4-12% Bis-Tris gels 

(Invitrogen), and transferred onto a nitrocellulose blot (Amersham). The blot was probed 

with the indicated primary antibodies. Protein signals were detected using HRP conjugated 

secondary antibodies and enhanced chemiluminescence (ECL) western blotting detection 

regents (Pierce). The primary antibodies were purchased from Cell Signaling Technology.
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Murine Hearts for Langendorff Perfusion

The isolated perfusion hearts were prepared and used as described previously [41]. Briefly, 

male mice (8–10 weeks of age) were anticoagulated with heparin (1000 IU/kg i.p.) and 

euthanized through cervical dislocation. Hearts were excised and Langendorff perfusion was 

performed retrogradely via the aorta with modified Krebs-Henseleit buffer oxygenated with 

95% O2/5% CO2. In the control group, hearts were perfused and stabilized for 30 min, 

followed by 35 min of zero-perfusion global ischemia and then 120 min of reperfusion. In 

the BCKA pre-treatment group, hearts followed the same perfusion protocol as Control 

group except that KIC (0.6 mM) was included in Krebs-Henseleit buffer throughout the 

experiments. In the BCKA post-treatment group, KIC was only included in the reperfusion 

buffer. Cardiac hemodynamic parameters including left ventricular developed pressure 

(LVDP), dP/dTmax, dP/dTmin was measured with a balloon inserted into the left ventricle 

[41]. To determine the infarct size, after the perfusion protocol was completed, the heart was 

perfused with 1% 2,3,5,-triphenyltetrazolium chloride (TTC) for 2 min at 37°C and then 

frozen at −20°C. The frozen hearts were then sectioned into ~1-mm-thick slices along the 

long axis of left ventricle and stored in 10% formalin. Images were recorded digitally using 

a camera mounted on a dissecting scope. The infarct area was measured using SPOT image 

analysis software by counting the red viable myocardium and pale white infarct area. The 

relative infarction was calculated as a percentage infracted area over the total ventricular 

area.

Statistics

Unless otherwise specified, statistical analyses were performed with Student's t-test (2 

groups) or one-way ANOVA using Prism5 program (> 2groups) where appropriate. Data are 

calculated as the mean±STDEV or mean±SEM (standard error of the mean) unless 

otherwise indicated. Statistical significance is represented in figures by *, p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

➢ BCKAs attenuate ischemia-reperfusion injury and preserve heart 

function

➢ BCKAs protect cardiomyocytes from oxidative stress-induced necrosis

➢ BCKAs protect mitochondria and energy production against oxidative 

injury

➢ BCKAs administration during reperfusion significantly attenuates 

cardiac I/R injury
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Figure 1. BCKAs protected heart from ischemia/reperfusion injury
A. Representative images of cross-sections of TTC stained ischemic hearts with or without 

pretreatment of KIC. B, Relative infarct size expressed as a percentage of the total 

ventricular area was calculated from control group (without KIC treatment) (n=11) and KIC-

pretreatment (n=15) groups. C-E, Time courses of functional recovery (percentage of 

baseline) of ischemic hearts with (n=14) or without (n=11) KIC pre-treatment. Pre-treatment 

was performed by including KIC in both perfusion and reperfusion buffer. LVDP, Left 

Ventricular Developed Pressure. *, p<0.05.
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Figure 2. BCKAs protected cardiomyocytes against H2O2-induced death
A, Representative bright field and green fluorescent images of corresponding NRVM cells 

stained with calcein-AM. Cells were treated with BCKAs in presence or absence of H2O2 

(20 μM). The experiment has been repeated three times with similar result. B, Protective 

effect of individual BCKA. NRVM cells were treated with individual or mixed BCKAs in 

presence or absence of H2O2 (20 μM). Cell viability was determined by MTT assay. C, 

Concentration-dependent protection of BCKAs against H2O2-induced NRVM death. Cells 

were treated with designated concentrations of BCKAs in presence or absence of H2O2 (20 

μM). D, Effect of BCKAs on calcium overload-induced cell death. NRVM cells were treated 

with BCKAs in presence or absence of ionomycin (1 μM). All results showed relative cell 

viability determined by MTT assay. The data represented the average values with standard 

deviation of triplicate samples from one experiment representative of three independent 

experiments.*, p<0.05.
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Figure 3. BCKAs protected MEF cells and inhibited mitochondrial respiration.
A: Representative bright field images showing effects of BCKAs on MEF cell death. MEF 

cells was incubated with or without H2O2 (500 μM) or BCKAs (500 μM) overnight. The 

experiment has been repeated three times with similar results. B, Cells were incubated with 

or without H2O2 (500 μM); BCKAs were added for designated periods of time: 0.5 hr before 

H2O2 treatment (−0.5), concurrent with H2O2 (0), or 0.5, 1, 2, 3, 4 hr after H2O2 treatment, 

respectively. *, p<0.05 compared to H2O2 group. C, MEF cells were treated with TNFα(50 

ng/ml)/Cycloheximide(1 μg/ml)/z-VAD-fmk (20 μM) (T/C/Z) for overnight in presence or 

absence of KIC (1000 μM) or Nec-1 (40 μM). D, Oxygen consumption rate (OCR) was 

measured by Seahorse Bioscience XF-24 analyzer. MEFs (50,000 cells/well) were pretreated 

with or without BCKAs for 1 hour before analysis. The data represented the average values 

with standard deviation of triplicate samples from one experiment representative of three 

independent experiments. *, p<0.05 compared to Control group.
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Figure 4. BCKAs protected cells from necrotic cell death
A, H2O2 induced caspase-independent cell death in NRVM. Cells were treated with H2O2 

(20 μM) after pretreatment with vehicle or zVAD-fmk (40 μM), the caspase inhibitor. B, 

BCKAs diminished caspase-independent cell death in MEFs. Cells were left untreated or 

treated with BCKAs, z-VAD-fmk, and/or H2O2. C and D, BCKAs diminished cell death 

independent of autophagy and BaxBak. BaxBak double knockout (C) and ATG5 knockout 

(D) MEFs cells and their wildtype MEFs, respectively, were treated with or without BCKAs 

in presence or absence of H2O2 (500 μM). A-D, Cell viability was determined by MTT 

assay. E, Representative images of PI staining showing effects of BCKAs on plasma 

membrane integrity. NRVM cells were treated with or without H2O2 (20 μM) in presence or 

absence of BCKAs and/or zVAD-fmk (40 μM), 3hr after H2O2 treatment, Propidium iodide 

(PI) and/or calcein-AM were loaded and cell images were taken with bright light or different 

excitation light to visualize PI (red) or calcein-AM (green) fluorescent signal. The 

experiment has been repeated three times with similar results (E). The data represented the 

average values with standard deviation of triplicate samples from one experiment 

representative of three independent experiments (A-D). *, p<0.05.
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Figure 5. BCKAs, but not BCAAs, protected cells against H2O2-induced death
A, Cell viability analysis showing the effect of BCAAs- and BCKAs- replenishment on 

AML-12 murine hepotocyte survial. Cells were treated with BCAAs-free DMEM and then 

replenished with BCAAs (800 μM) or BCKAs (500 μM) and treated with H2O2 (500 μM). 

B, Cell viability analysis showing the effect of BCKAs on MEF cell death. Wildtype or 

PP2Cm deficient MEF cells were treated with BCKAs in presence or absence of H2O2 (500 

μM).
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Figure 6. BCKAs protected mitochondria and energy production
A, ATP concentrations were measured in cultured cells that were pre-treated with BCKAs 

and then treated with or without H2O2 for the designated time. *, p<0.05 compared to H2O2 

group. B, ATP concentrations in MEFs cells treated with H2O2. BCKAs were added at the 

designated time (0, 0.5,1,2 hours) after H2O2 treatment started. C, Cell viability assay result. 

Cells were pretreated with or without Oligomycin (0.5 μM), followed by H2O2 treatment in 

presence or absence of BCKAs. D, Mitochondrial membrane potential measurement. Cells 

were incubated in absence or presence of BCKAs and treated with H2O2, then stained with 

TMRM (0.2 μM). Fluorescent pictures were taken after 20 min staining. Representative 

bright field (top row) and red fluorescent (middle row) images of corresponding cells were 

shown. The images in bottom rows were amplified corner sections (white squares) of the 

corresponding images in the middle row. The experiment has been repeated three times with 

similar results (D). The data represented the average values with standard deviation of 

triplicate samples from one experiment representative of three independent experiments (A-

C). *, p<0.05.
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Figure 7. Post-treatment of BCKA protected heart from ischemia/reperfusion injury
A. Representative images of cross-sections of TTC stained ischemic hearts with or without 

post-treatment of KIC. B, Relative infarct size expressed as a percentage of the total 

ventricular area was calculated from control group (without KIC treatment) (n=11), and KIC 

post-treatment group (n=7). C-E, Functional recovery (percentage of baseline) of ischemic 

hearts at 30 minutes after reperfusion with (n=7) or without (n=11) KIC post-treatment. 

Post-treatment was performed by including KIC (600 μM)in reperfusion buffer. *, p<0.05.
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