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Introduction
Congenital heart disease (CHD) occurs in over 1% of  all live births, with one-third of  these infants need-
ing surgery within the first month of  life (1, 2). Despite a remarkable reduction in operative mortality 
after corrective surgery, heart failure remains a major determinant of  outcomes in patients with corrected 
CHD (3, 4). Multiple factors that predispose to the development of  heart failure may include anatomical 
abnormalities, obligatory ischemic injury during surgery, and cardiac hypertrophy in response to chronic 
volume and/or pressure overload (5, 6). Energy metabolic perturbations during maturation may also play 
a key role in the development of  heart failure associated with CHD (7–9). Immediately after birth, myo-
cardial fatty acid oxidation normally increases rapidly and predominates as a source of  myocardial energy 
production, while glycolytic rates dramatically decline and glucose oxidation rates remain low (10–12). In 
contrast, cardiac hypertrophy in the neonatal heart results in a more fetal metabolic profile, which includes 
a greater reliance of  the heart on glycolysis in conjunction with the delayed maturation of  fatty acid oxida-
tion, thereby compromising the ability of  the newborn heart to respond to stress (8, 9). This alteration in 
cardiac energy metabolism is a complex process, which includes alterations in posttranslational control of  
energy metabolism as well as allosteric and transcriptional regulations of  metabolic enzymes (7, 13–16).

Lysine acetylation has been recently identified as a novel posttranslational modification that controls 
cardiac energy metabolism (16–18). Numerous energy metabolic enzymes can be acetylated, including mito-
chondrial fatty acid oxidation enzymes (19–21). We previously reported that increased acetylation of  fatty 
acid β-oxidation enzymes increases the activities of  these enzymes and leads to an increase in fatty acid 
oxidation rates in the newborn hearts as well as hearts from obese mice with heart failure (16, 17, 22). This 
mitochondrial acetylation is regulated by the mitochondrial acetyltransferase general control of  amino acid 

A dramatic increase in cardiac fatty acid oxidation occurs following birth. However, cardiac 
hypertrophy secondary to congenital heart diseases (CHDs) delays this process, thereby decreasing 
cardiac energetic capacity and function. Cardiac lysine acetylation is involved in modulating fatty 
acid oxidation. We thus investigated what effect cardiac hypertrophy has on protein acetylation 
during maturation. Eighty-four right ventricular biopsies were collected from CHD patients 
and stratified according to age and the absence (n = 44) or presence of hypertrophy (n = 40). A 
maturational increase in protein acetylation was evident in nonhypertrophied hearts but not in 
hypertrophied hearts. The fatty acid β-oxidation enzymes, long-chain acyl CoA dehydrogenase 
(LCAD) and β-hydroxyacyl CoA dehydrogenase (βHAD), were hyperacetylated and their activities 
positively correlated with their acetylation after birth in nonhypertrophied hearts but not 
hypertrophied hearts. In line with this, decreased cardiac fatty acid oxidation and reduced 
acetylation of LCAD and βHAD occurred in newborn rabbits subjected to cardiac hypertrophy due to 
an aortocaval shunt. Silencing the mRNA of general control of amino acid synthesis 5-like protein 
1 reduced acetylation of LCAD and βHAD as well as fatty acid oxidation rates in cardiomyocytes. 
Thus, hypertrophy in CHDs prevents the postnatal increase in myocardial acetylation, resulting in a 
delayed maturation of cardiac fatty acid oxidation.
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synthesis 5–like (GCN5-like) protein 1 (GCN5L1) (23), while deacetylation is regulated by mitochondrial 
deacetylases such as sirtuin 3 (SIRT3) (19). However, the effect cardiac hypertrophy has on acetylation control 
of  energy metabolism in the newborn heart has been unknown.

In this study, we determined whether the presence of  cardiac hypertrophy alters acetylation control of  
fatty acid oxidation along with regulatory enzymes of  glycolysis and glucose oxidation in human neonatal 
hearts, using right ventricular (RV) biopsy samples from CHD patients. To examine actual metabolic rates, 
neonatal rabbits with volume overload hypertrophy were also used as an animal model of  CHD (8, 9). Fur-
thermore, we determined the effects of  Gcn5l1 gene knockdown on developmental alterations in acetylation 
and energy metabolism in hypertrophied H9c2 cardiomyocytes.

Results
Myocardial characteristics of  the study subjects. Demographic and baseline characteristics of  the studied patients 
are shown in Table 1. Among the 84 samples, 38 were in age group 1 (21–100 days), and 46 were in age group 
2 (101–200 days). Of the 84 samples, 40 samples were identified as hypertrophied hearts, based on the echo-
cardiographically assessed Z-score of  more than 2.0. Similar numbers of  hypertrophic and nonhypertrophic 
myocardial samples were obtained for each age group. Echocardiographic study revealed that there was no 
difference in preprocedural left ventricular (LV) function among the 2 age groups, regardless of  the presence 
or absence of  hypertrophy. RV end-diastolic diameter and tricuspid annular plane systolic excursion, an index 
of  RV systolic function, were not different among groups. RV anterior wall thickness (RVAW) was greater in 
hypertrophied hearts than nonhypertrophied hearts in age group 1, and Z-scores of  RVAW were significantly 
increased in hypertrophied hearts compared with nonhypertrophied hearts in each age group.

Myocardial protein lysine acetylation and its regulatory enzymes in congenital diseased hearts. To investi-
gate the effect of  age and cardiac hypertrophy on cardiac lysine acetylation, we first examined the total 
protein acetylation in nonhypertrophied and hypertrophied hearts (Figure 1). The level of  cardiac pro-

Table 1. Patient characteristics

Group 1 (age 21–100 d, n = 38) Group 2 (age 101–200 d, n = 46)
Demographic factors Nonhypertrophy (n = 23) Hypertrophy (n = 15) Nonhypertrophy (n = 21) Hypertrophy (n = 25)
Age, d 50.7 ± 17.6 66.9 ± 30.3A 150 ± 29.3 152 ± 28.2
Males, n (%) 23 (58%) 7 (44%) 79 (54%) 14 (56%)
Body surface area, m2 0.23 ± 0.08 0.23 ± 0.08 0.28 ± 0.05 0.28 ± 0.05
Congenital heart diseases
TOF, n (%) 7 (29%) 7 (44%) 9 (43%) 13 (52%)
VSD, n (%) 3 (13% 1 (6%) 6 (27%) 2 (8%)
AVSD, n (%) 3 (13%) 1 (6%) 2 (10%) 3 (12%)
DORV, n (%) 3 (13%) 3 (19%) 0 (0%) 2 (8%)
TGA, n (%) 0 (0%) 1 (6%) 3 (14%) 1 (4%)
TA, n (%) 1 (4%) 0 (0%) 0 (0%) 1 (4%)
PA, n (%) 1 (4%) 1 (6%) 0 (0%) 2 (4%)
BAV, n (%) 1 (4%) 0 (0%) 0 (0%) 0 (0%)
Others, n (%) 4 (17%) 1 (6%) 1 (5%) 1 (4%)
Echocardiographic data
LV EDD, mm 2.04 ± 0.05 1.85 ± 0.06 2.17 ± 0.43 2.08 ± 0.46
LVFS, %  38 ± 9.1  37 ± 7.7  38 ± 9.6  39 ± 9.7
LVML, g/m2  63 ± 33  41 ± 17  64 ± 44  55 ± 26
RV EDD, mm 1.22 ± 0.45 1.41 ± 0.42 1.06 ± 0.36 1.11 ± 0.26
RVAW, mm 0.38 ± 0.04 0.43 ± 0.07 0.32 ± 0.04 0.51 ± 0.1
RVAW (Z-score) 0.84 ± 0.75 3.26 ± 1.19A 0.97 ± 0.72 4.37 ± 1.71A

TAPSE 1.13 ± 0.27 0.81 ± 0.1 1.18 ± 0.22 0.98 ± 0.4

Data represent mean ± SD. AP < 0.05, t test. TOF, tetralogy of Fallot; VSD, ventricular septal defect; AVSD, atrioventricular septal defect; DORV, double 
outlet right ventricle; TGA, transposition of the great arteries; TA, tricuspid atresia; PA, pulmonary atresia; BAV, bicuspid aortic valve; LV, left ventricular; 
EDD, end-diastolic diameter; LVFS, LV fractional shortening; LVMI, LV mass index; RV, right ventricular; RVAWT, RV anterior wall thickness; TAPSE, 
tricuspid annular plane systolic excursion.
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tein acetylation was age-dependently elevated in nonhypertrophied samples, whereas the increase was 
diminished in hypertrophied hearts (Figure 1, A and B). To understand what may be responsible for 
these differences in acetylation, we measured the expression of  a diverse family of  acetyltransferase and 
deacetylase enzymes (Figure 1C). Protein expression of  cardiac SIRT1 and SIRT2 were unaltered among 
groups, regardless of  the presence or absence of  hypertrophy (Figure 1, C–E). In contrast, the mitochon-
drial deacetylase SIRT3 was unchanged in nonhypertrophied hearts, but age-dependently upregulated 
in hypertrophied hearts, while other mitochondrial deacetylases, SIRT4 and SIRT5, remained unal-
tered among age groups. The expression of  nuclear deacetylase SIRT6 and the acetyltransferase GCN5 
decreased in an age-dependent manner in nonhypertrophied hearts, whereas this decrease was attenu-
ated in hypertrophied hearts. Of  importance, the mitochondrial acetyltransferase GCN5L1 increased 
following aging in nonhypertrophied hearts, but the increase was markedly declined in hypertrophied 
hearts (Figure 1, C and K). The increase in GCN5L1 was consistent with the overall increase in protein 

Figure 1. Overall acetylation of cardiac protein in neonatal human hearts, and postnatal alterations in sirtuins and acetyltransferases. (A and B) Repre-
sentative immunoblots of total protein acetylation and its densitometric analysis normalized to tubulin (n = 6/group). (C–I) Representative immunoblots of 
sirtuin 1–6 (SIRT1–6) and their densitometric analysis normalized to tubulin (n = 6/group, C–E and G; n = 8/group, F), (C, J and K) Representative immunoblots 
of nuclear acetyltransferase general control of amino acid synthesis 5 (GCN5) (n = 6/group, J), mitochondrial acetyltransferase GCN5-like protein 1 (GCN5L1, 
n=9/group, K) and their densitometric analysis normalized to tubulin. All lanes were run on the same gel but were noncontiguous, except for SIRT2, SIRT6, 
GCN5, and GCN5L1, which were from different gels for each group (hypertrophy/nonhypertrophied). Values represent mean ± SEM. *P < 0.05, 2-way ANOVA, 
comparing ages 21–100 days and 101–200 days in the same group. Black circles denote age of 21–100 days, and white circles denote age of 101–200 days.
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acetylation following aging in nonhypertrophied hearts, with the decrease in GCN5L1 being consistent 
with the decreased acetylation with aging in the hypertrophied hearts (Figure 1, A and B).

Acetylation control of  fatty acid β-oxidation enzymes in congenital diseased hearts. We previously demonstrated 
in rabbits and pigs that cardiac hypertrophy delays the normal maturational increase in fatty acid oxidation 
(8, 9), and acetylation of  fatty acid β-oxidation enzymes positively regulates their activities and fatty acid 
oxidation rates (16). To understand if  this mechanism also occurs during maturation of  human hearts, we 
examined the levels of  acetylation of  the fatty acid β-oxidation enzymes long-chain acyl CoA dehydrogenase 
(LCAD) and β-hydroxyacyl CoA dehydrogenase (βHAD) in hypertrophied and nonhypertrophied human 
hearts. Despite unaltered total protein expression of  cardiac LCAD and βHAD (Figure 2, A–C), the acety-
lation levels of  LCAD and βHAD were significantly increased following aging in nonhypertrophied hearts 
(Figure 2, D–F). However, this maturational increase in LCAD and βHAD was not seen in hypertrophied 
hearts (Figure 2, D–F). The increased acetylation of  LCAD and βHAD was mirrored by increased activity of  
LCAD and βHAD in nonhypertrophied hearts (Figure 2, G and H). A positive correlation between acetylated 
levels of  LCAD or βHAD and the activity of  LCAD or βHAD (R2 = 0.49 and 0.54, respectively, n = 6/group, 
P < 0.01) was evident in nonhypertrophied hearts (Figure 2, I and J). However, age-dependent increases in 
LCAD and βHAD activity were not seen in hypertrophied hearts (Figure 2, G and H), nor was a correlation 
seen between LCAD and βHAD activity and acetylated LCAD and βHAD, respectively (Figure 2, I and J), 
suggesting that cardiac hypertrophy decreased the maturational increase in fatty acid oxidation in human 
hearts in part through a mechanism involving decreased acetylation of  fatty acid β-oxidation enzymes.

Increased acetylation of  peroxisome proliferator–activated receptor γ coactivator 1α in hypertrophied newborn 
hearts. Mitochondrial biogenesis increases following birth, due in part to an increase in peroxisome prolif-
erator–activated receptor γ coactivator 1α (PGC1α) transcriptional activity (24). Following birth, an age-
dependent increase in PGC1α expression was seen, which was not altered by the presence of  hypertrophy 
(Figure 3, A and C). Recent studies have shown that acetylation of  PGC1α activity can reduce its activity 
(25). Of  interest is that a maturational increase in acetylation of  PGC1α was observed in the hypertrophied 
hearts (Figure 3, B and D), despite a decrease in overall acetylation in these hearts (Figure 1, A and B). 
This was accompanied by maturational increases in protein levels and activity of  citrate synthase (CS) in 
nonhypertrophied hearts (Figure 3, E–G), but not in hypertrophied hearts, consistent with a compromised 
mitochondrial biogenesis in hypertrophied hearts. This lack of  increase in CS with age in hypertrophied 
hearts is consistent with an acetylation and inhibition of  PGC1α in the hypertrophied hearts.

Cardiac hypertrophy enhances enzymes related to triacylglyceride and ceramide synthesis. To understand whether 
decreased mitochondrial biosynthesis and fatty acid oxidation in hypertrophied hearts could shift intracellular 
lipids toward biosynthesis of  triacylglyceride and ceramide in CHDs hearts, we examined protein expres-
sion of  key enzymes involved in triacylglyceride and ceramide synthesis. Protein expression of  diacylglycerol 
acyltransferase 2 (DGAT2), a major enzyme catalyzing triacylglyceride biosynthesis from diacylglycerol, was 
enhanced with age only in hypertrophied hearts (Figure 3H), whereas the expression of  adipose triglyceride 
lipase (ATGL), a major triacylglyceride lipase in the heart, was unaltered following aging in both hypertro-
phied and nonhypertrophied hearts (Figure 3I). In addition, protein levels of  serine palmitoyltransferase 1 
(SPT1) and SPT2, the rate-limiting enzymes for de novo ceramide synthesis, were both elevated with age only 
in hypertrophied hearts but not in nonhypertrophied hearts (Figure 3, J and K).

Acetylation control of  fatty acid β-oxidation enzymes in hypertrophied neonatal rabbit hearts. To further inves-
tigate the effects of  hypertrophy on acetylation control of  cardiac energy metabolism in the newborn, 
we directly assessed energy metabolism in neonatal rabbit hearts subjected to a volume overload-induced 
hypertrophy. Cardiac hypertrophy was produced by creating an aortocaval shunt in 7-day-old rabbits, as 
described previously (8, 9). By 21 days of  age, a 33% increase in cardiac mass was observed (8), and its 
myocardial metabolic profile is thought to reflect that in age group 2 (101–200 days) in humans (26).

Subsequent biventricular working heart perfusions of  these hearts showed a prominent depression (by 
58%) in palmitate oxidation rates in hypertrophied hearts compared with hearts from sham-operated rabbits 
(Figure 4A). In contrast, glycolytic rates were 293% higher in hypertrophied hearts compared with nonhy-
pertrophied hearts (Figure 4B). These data confirmed the delayed maturation of  fatty acid oxidation seen in 
hypertrophied newborn hearts (7–9). Glucose oxidation rates were similar in these two groups (Figure 4C). 
As a result, overall myocardial ATP production rates were decreased in hypertrophied hearts, which was 
mainly attributed to a decrease by 29% in ATP production rates from palmitate oxidation. This deprivation of  
ATP production in hypertrophied hearts was accompanied by their lower level of  functional work compared 
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with sham hearts (12.9 ± 0.79 vs. 19.9 ± 1.40 mmHg × min–1 × 103, n = 7, P < 0.05), while heart rates were 
similar between hypertrophied and sham hearts during aerobic perfusion (236 ± 11 vs. 247 ± 7 bpm/min, n = 
7, P = NS). Although protein expression of  LCAD and βHAD was unaltered by hypertrophy (Figure 4, D–F), 
their acetylation levels were significantly lower in hypertrophied hearts than sham hearts (Figure 4, G–I), as 
were their activities (Figure 5, A and B). This paralleled what was observed in hypertrophied human newborn 
hearts in age group 2 (101–200 days), as shown in Figure 2, E–H, because this age of  human hearts corre-
sponds to 21-day-old rabbit hearts. A positive correlation between acetylated levels of  LCAD or of  βHAD 
and their activities was also evident (Figure 5, C and D).

Of  interest, the decrease in acetylation of  LCAD and βHAD was accompanied by a repressed GCN5L1 
protein expression (Figure 5, E and F), while SIRT3 expression was unaltered (Figure 5, E and G). Impor-
tantly, a positive correlation between acetylated levels of  LCAD or of  βHAD and palmitate oxidation rates 
(Figure 5, H and I) was evident, suggesting that decreased acetylation of  fatty acid β-oxidation enzymes 
contributes to a decrease in fatty acid oxidation and compromised cardiac energetics in neonatal hearts 
with volume-overloaded hypertrophy.

Figure 2. Acetylation control of fatty acid β-oxidation enzymes in neonatal human hearts. (A–C) Representative immunoblots and densitometric analy-
sis of long-chain acyl CoA dehydrogenase (LCAD, n = 6/group) and β-hydroxyacyl CoA dehydrogenase (βHAD, n = 6/group). (D–F) Representative immunob-
lots and densitometric analysis of acetylated LCAD (Ac-LCAD, n = 6/group) and acetylated βHAD (Ac-βHAD, n = 6/group). (G and H) LCAD activity (n = 6/
group) and βHAD activity (n = 6/group). (I and J) Correlation between activity and acetylation for LCAD (n = 6/group) and βHAD (n = 6/group), respectively. 
Lanes were run on the same gel but were noncontiguous. Values represent mean ± SEM. *P < 0.05, 2-way ANOVA and linear regression analysis using the 
least squares methods, comparing ages 21–100 days and 101–200 days in the same group. R2, correlation coefficient; IgG-HC, antibody IgG heavy chain.
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Cardiac hypertrophy enhances glycolysis via upregulation of  pyruvate dehydrogenase kinase 4 in hypertrophied human 
newborn hearts. The lower fatty acid oxidation rates observed in hypertrophied newborn rabbit hearts were 
accompanied by a greater reliance on glycolysis (Figure 4B), metabolic effects that parallel what has been previ-
ously reported in RV hypertrophied hearts from adult rats secondary to pulmonary hypertension (27). Since 
we could not measure glycolysis in the human heart samples, we examined what transcriptional factors and 
enzymes might be involved in the effects of hypertrophy on the maturational changes in glucose metabolism. 
Protein expression of HIF1α, a key transcriptional factor involved in the upregulation of glycolysis, was only 
increased in hypertrophied human hearts with age but was not increased in nonhypertrophied hearts (Figure 6, 
A and B). Similar, phosphorylation of pyruvate dehydrogenase, the rate-limiting enzyme for glucose oxidation, 
was increased following aging in hypertrophied hearts (Figure 6, A and C), in conjunction with an increased 
expression of the upstream kinases pyruvate dehydrogenase kinase 2 (PDK2) and PDK4 (Figure 6, A, D, and 
E). Among the known transcription factors that control PDK4 (which include E2F1, PPARα, forkhead box 

Figure 3. Acetylation of peroxisome proliferator–activated receptor γ coactivator 1α, and expression of enzymes for triacylglycerol/ceramide synthesis 
in human neonatal hearts. (A–D and F) Representative immunoblots and analysis of peroxisome proliferator–activated receptor γ coactivator 1α (PGC1α) 
(n = 6/group), acetylated PGC1α (Ac-PGC1α, n = 8/group), and citrate synthase (CS, n = 6/group). (G) CS activity (n = 5/group). (E and H–K) Representative 
immunoblots and analysis of diacylglycerol acyltransferase 2 (DGAT2), adipose triglyceride lipase (ATGL), and serine palmitoyltransferase 1 and 2 (SPT1 or 
SPT2) (n = 6/group in H–K). All lanes were run on the same gel but were noncontiguous, except for ATGL and SPT1, which were from different gels for each 
group (hypertrophy/nonhypertrophied). Values represent mean ± SEM. *P < 0.05, 2-way ANOVA, comparing ages 21–100 days and 101–200 days in the same 
group. IgG-LC, antibody IgG light chain; PC, positive control from the heart lysate without incubation of antibody. White circles denote age of 21–100 days, 
and black circles denote age of 101–200 days.
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protein O1 [FOXO1], and estrogen-related receptor α [ERRα], refs. 28–30), only cardiac E2F1 was enhanced 
postnatally in hypertrophied hearts (Figure 6, A and F). In addition, among the enzymes involved in the nuclear 
translocation of E2F1 (31), phosphorylation of retinoblastoma protein (p-Rb) was not altered among age groups 
with or without hypertrophy (Figure 6, A and G), whereas cyclin D1 and cyclin D–dependent kinase 4 (CDK4) 
were upregulated in hypertrophied hearts (Figure 6, A, H, and I), implicating a role of the cyclin D1/E2F1 path-
way in the hypertrophy-induced upregulation of PDK4. Although glucose transporter 1 (GLUT1) and GLUT4 
regulate glucose uptake and glycolysis in stressed fetal hearts (32), their protein levels were similar among age 
groups, regardless of the presence or absence of hypertrophy (data not shown).

GCN5L1 and PDK4 are involved in developmental changes in acetylation and energy metabolism in phenylephrine-
induced cardiac hypertrophy in vitro. Since the acetyltransferase GCN5L1 was increased during maturation of  
human newborn hearts but was decreased in hypertrophied hearts, we examined what effect hypertrophy and 
Gcn5l1 gene knockdown had on fatty acid oxidation in a cardiomyocyte cell line (H9c2 cells). We conducted 
Gcn5l1 gene knockdown experiments using phenylephrine-stimulated (PE-stimulated) cardiac hypertrophy 
in undifferentiated or differentiated cardiomyocytes, a well-established in vitro model of  pathological hyper-
trophy (33). Microscopic analysis showed that undifferentiated cells had a mononuclear and spindle shape, 
while differentiated cells exhibited long branched multinucleated myotubes, a distinct morphological feature 
of  cardiomyocyte differentiation (Figure 7A). Retinoic acid–induced differentiation of  H9c2 cells was also 

Figure 4. Acetylation and fatty acid β-oxidation in neonatal rabbit hearts with hypertrophy. (A) Rates of palmitate oxidation (n = 6/group). (B) Rates of 
glycolysis (n = 5–6/group). (C) Rates of glucose oxidation (n = 4–7/group). (D–F) Representative immunoblots and densitometric analysis of β-hydroxyacyl 
CoA dehydrogenase (βHAD, n = 5/group) and long-chain acyl CoA dehydrogenase (LCAD, n = 6/group). (G–I) Representative immunoblots and densitomet-
ric analysis of acetylated βHAD (Ac-βHAD, n = 7/group) and acetylated LCAD (Ac-LCAD, n = 6/group). Values represent mean ± SEM. *P < 0.05 by t test.
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confirmed by increased levels of  cardiac marker troponin I (Supplemental Figure 1A; supplemental material 
available online with this article; https://doi.org/10.1172/jci.insight.99239DS1). Additionally, H9c2 cells 
treated with PE displayed an increase in expression of  atrial natriuretic peptide (ANP), a distinct marker of  
hypertrophy (Supplemental Figure 1B). The coimmunostaining with tubulin and DAPI further confirmed 
PE-induced hypertrophy, as indicated by increased cellular and nuclear sizes (Supplemental Figure 1, C–F).

In agreement with decreased GCN5L1 protein expression in hypertrophied human and rabbit hearts, the 
GCN5L1 protein level was significantly downregulated in response to PE stimulation in differentiated cells 
(Figure 7B). The transfection of Gcn5l1 siRNA into H9c2 cells reduced its protein expression by 20% compared 
with scrambled siRNA in differentiated cells (Figure 7B). Of note, the knockdown of Gcn5l1 caused cellular 
hypertrophy comparable to the cellular hypertrophy seen with PE in immature H9c2 cells, whereas the hyper-
trophy stimulated by PE was attenuated in H9c2 cells with Gcn5l1 knockdown (Supplemental Figure 2, A and 
B). Furthermore, Gcn5l1 knockdown strongly induced cellular hypertrophy in the process of cell differentiation 
(Supplemental Figure 2, C and D). This is consistent with the phenomenon in which GCN5L1 was decreased 

Figure 5. Positive correlation between acetylation of either β-hydroxyacyl CoA dehydrogenase or acetylation of long-chain acyl CoA dehydro-
genase with either their activities or rates of palmitate oxidation, respectively, as well as expression of general control of amino acid synthesis 
5-like protein 1 and sirtuin 3 in neonatal rabbit hearts with hypertrophy. (A) Activity of β-hydroxyacyl CoA dehydrogenase (βHAD) (n = 6/group). 
(B) Activity of long-chain acyl CoA dehydrogenase (LCAD) (n = 6/group). (C and D) Correlation between activity and and acetylation of β-hydroxyacyl 
CoA dehydrogenase (Ac-βHAD) (n = 6/group) or acetylation of LCAD (Ac-LCAD) (n = 5–6/group), respectively. (E–G) Representative immunoblots and 
densitometric analysis of general control of amino acid synthesis 5-like protein 1 (GCN5L1) (n = 6/group) and sirtuin 3 (SIRT3) (n = 6/group). (H) Cor-
relation between palmitate oxidation and Ac-βHAD (n = 6/group). (I) Correlation between palmitate oxidation and Ac-LCAD (n = 5–6/group). Values 
represent mean ± SEM. *P < 0.05, t test. R

2
, correlation coefficient.
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in hypertrophied human hearts (Figure 1, C and K). The repressed GCN5L1 expression due to PE stimulation 
or Gcn5l1 knockdown was accompanied by reduced oleate oxidation rates as well as overall protein acetylation 
in differentiated cardiomyocytes, but this was not evident in undifferentiated cells (Figure 7, C–E).

Importantly, the acetylated levels of LCAD and βHAD were significantly suppressed following Gcn5l1 
knockdown or PE stimulation in differentiated cells (Figure 8, A–C), suggesting that GCN5L1 is a key molecule 
modulating acetylation of myocardial fatty acid enzymes in response to hypertrophic stimuli in cardiomyocytes.

We also investigated whether PE stimulation promotes glycolysis in a PDK4-dependent manner in 
cardiomyocytes. Phosphorylation of  PDH was upregulated in response to PE stimulation in differentiated 
H9c2 cells, which was significantly inhibited after incubation with a PDK4 inhibitor (Figure 8, D and E). 
Consistent with this result, PDK4 inhibition significantly attenuated PE-mediated increases in glycolysis 
in differentiated cardiomyocytes but not in undifferentiated cells (Figure 8F), suggesting that PDK4 plays 
a crucial role in PE-mediated upregulation of  glycolysis following the development of  cardiomyocytes.

Figure 6. Upregulation of HIF1α and pyruvate dehydrogenase kinase in hypertrophied human neonatal hearts. (A–E) Representative immunoblots and 
densitometric analysis of HIF1α (n = 6/group), phosphorylation of pyruvate dehydrogenase (p-PDH, n = 6/group), and pyruvate dehydrogenase kinase 2 
(PDK2) (n = 6/group) and PDK4 (n = 6/group). (F–I) Representative immunoblots and densitometric analysis of transcription factor E2F1 (n = 6/group) 
and phosphorylation of retinoblastoma protein (p-Rb, n = 6/group) as well as phosphorylation of cyclin D1 (p-cyclin D1, n = 6/group) and cyclin-dependent 
kinase 4 (CDK4, n = 6/group). All lanes were run on the same gel but were noncontiguous, except for HIF1α, p-PDH, and E2F1, which were from different 
gels for each group (hypertrophy/nonhypertrophied). Values represent mean ± SEM. *P < 0.05, 2-way ANOVA, comparing ages 21–100 days and 101–200 
days in the same group. White circles denote age of 21–100 days, and black circles denote age of 101–200 days.
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Discussion
Cardiac hypertrophy that occurs secondary to CHD is linked to the perturbation of  the maturational 
changes in cardiac energy metabolism. Energy metabolic derangements originate from alterations in post-
translational modifications (18) as well as allosteric (7, 14, 15) and transcriptional controls of  key metabolic 
enzymes (9). We report the finding that the presence of  cardiac hypertrophy blunts protein lysine acetyla-
tion with a delayed maturation of  fatty acid oxidation and an increased reliance on glycolysis as a source of  
energy. The mitochondrial acetyltransferase GCN5L1 plays critical role in reduced acetylation with a shift 
in fuel preference, as silencing of  GCN5L1 resulted in a significant reduction in acetylation of  fatty acid 
β-oxidation enzymes and cellular fatty acid oxidation rates, leading to overt hypertrophy.

Combined, these data demonstrate an important role for posttranslational lysine acetylation in control-
ling the dramatic energy metabolic changes in the newborn heart as well as demonstrating how the presence 
of  hypertrophy can perturb this process.

Cardiac hypertrophy and acetylation control of  fatty acid oxidation during maturation of  the neonatal heart. 
Protein lysine acetylation has emerged as an important mechanism linking metabolic derangements to 

Figure 7. Expression of general control of amino acid synthesis 5-like protein 1, overall protein acetylation, and glycolysis in H9c2 cells with or without 
phenylephrine and knockdown of Gcn5l1. (A) Morphological features of H9c2 cells with or without phenylephrine (PE) (scale bar: 500 μm) (representative 
of 3 independent experiments). (B) Representative immunoblots and densitometric analysis of general control of amino acid synthesis 5-like protein 1 
(GCN5L1) with/without PE and knockdown of Gcn5l1 (Gcn5l1 KD) in differentiated H9c2 cells (n = 3/group). (C) Oleate oxidation rates in H9c2 cells (n = 4–7/
group). (D and E) Representative immunoblots and densitometric analysis of overall protein acetylation (n = 3/group). Values represent mean ± SEM. *P < 
0.05, 1-way ANOVA vs. with or without Gcn5l KD.
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pathological remodeling of  the heart in obesity, diabetes, and heart failure (16, 34, 35). We and others have 
recently demonstrated that increased acetylation of  fatty acid β-oxidation enzymes promotes their activities 
and thereby increases fatty acid utilization in obese or diabetic hearts, which is responsible for metabolic 
inflexibility (16, 17, 22). In addition to the pathological role, we recently showed that cardiac acetylation 
contributes to the postnatal metabolic shift from glycolysis to fatty acid oxidation in the newborn rabbit 
hearts (16). In agreement with this, the present study also shows an age-dependent increase in overall 
acetylation as well as acetylated LCAD and βHAD in nonhypertrophied hearts. Importantly, the presence 
of  cardiac hypertrophy abrogates a physiological increase in acetylation in the neonatal heart, resulting in 
delayed maturation of  fatty acid oxidation, which is in line with our previous finding (8). Of  interest, the 
decreased mitochondrial fatty acid oxidation is linked to the increased enzymes involved in triacylglyceride 
and ceramide biosynthesis in hypertrophied hearts. This may reflect the lipid accumulation within hyper-
trophied cardiomyocytes, implicating its role in the development of  insulin resistance and cardiac dysfunc-
tion (36, 37). However, further investigation for actual lipid contents is necessary to confirm this possibility.

We previously reported that the combination of  delayed fatty acid oxidation with low glucose oxida-
tion compromises the postischemic recovery of  neonatal hypertrophied hearts, and stimulating fatty acid 
β-oxidation with a PPARα agonist had beneficial effects on post–ischemic functional recovery of  these 
hearts (9). As such, hypertrophy-induced alterations in cardiac energy metabolism may increase the suscep-
tibility to ischemic injury during corrective surgery for CHDs.

Figure 8. Changes in acetylation and glycolysis in H9c2 cells with or without phenylephrine and knockdown of general control of amino acid synthesis 
5-like protein 1 or inhibition of pyruvate dehydrogenase kinase 4. (A–C) Representative immunoblots and densitometric analysis of acetylated long-chain 
acyl CoA dehydrogenase (Ac-LCAD, n = 3/group) and acetylated β-hydroxyacyl CoA dehydrogenase (Ac-βHAD, n = 3/group). (D and E) Representative immu-
noblots and densitometric analysis of phosphorylated pyruvate dehydrogenase (p-PDH, n = 3/group) with or without pyruvate dehydrogenase kinase 4 (PDK4) 
inhibitor in H9c2 cells. (F) Glycolysis rates with/without phenylephrine (PE) and PDK4 inhibitor in H9c2 cells (n = 4–5/group). All lanes were run on the same gel 
but were noncontiguous, except for Ac-LCAD and Ac-βHAD, which were from different gels for each group (hypertrophy/nonhypertrophied). Values represent 
mean ± SEM. *P < 0.05, 1-way ANOVA vs. without or without knockdown of general control of amino acid synthesis 5-like protein 1 (Gcn5l1 KD).
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Our data appear to be in contrast to studies that suggest increased acetylation provokes mitochondrial 
dysfunction and energy deficiency in failing hearts (34, 35). However, the postnatal change in cardiac acety-
lation has not been explored previously. In addition, the effect of  acetylation on metabolic enzymes might 
be different between RV and LV tissues in response to volume and/or pressure overload because the degree 
of  acetylation is shown to correlate with the inherent contractility of  failing myocardium (38). Hence, it 
seems difficult to translate our findings to other types of  cardiac hypertrophy.

The level of  protein acetylation is regulated by the balance between acetyltransferase and deacetylase 
enzymes (19, 20). In the adult heart, the deacetylase, SIRT3, has an important role in regulating cardiac fatty 
acid oxidation (19). Fatty acid oxidative enzymes are a major target for SIRT3 (19). Furthermore, decreas-
ing SIRT3 expression (by either knocking out SIRT3 or feeding mice a high-fat diet) increases acetylation of  
LCAD and βHAD, resulting in an increase in fatty acid oxidation (17). However, in human newborn hearts, 
the increased acetylation with age was not accompanied by alterations in SIRT3 expression. Curiously, an 
increase in SIRT3 expression was observed with increased age in hypertrophied newborn hearts and, com-
bined with the decrease in GCN5L1 expression, may contribute to the decreased overall acetylation occurring 
at the same time with decreased LCAD and βHAD acetylation that was seen in the hypertrophied hearts. 
However, the similar relationship between SIRT3 and fatty acid β-oxidation enzymes was not observed in rab-
bit hypertrophied hearts, highlighting the need for further study the role of  SIRT3 in this pathway.

However, the important role of  GCN5L1 in mediating these acetylation changes was supported in the 
isolated cardiomyocyte studies, since inhibition of  GCN5L1 significantly attenuated the levels of  acetylated 
LCAD and βHAD, resulting in a depression of  fatty acid oxidation rates. Notably, in vitro studies with the 
manipulation of  GCN5L1 clearly demonstrate that the repressed GCN5L1 is a critical contributor for car-
diac hypertrophy, corroborating the reduced GCN5L1 expression observed in human hypertrophied hearts. 
We previously reported that the mitochondrial acetyltransferase GCN5L1 is postneonatally elevated in the 
newborn heart and facilitates fatty acid oxidation by enhancing mitochondrial protein acetylation (16). This 
is further supported in the current study, suggesting that hypertrophy-induced downregulation of  GCN5L1 
contributes to a decrease in acetylation of  fatty acid β-oxidation enzymes, which, in turn, inhibits a matura-
tional increase in fatty acid oxidation in neonatal hearts and further exacerbates cardiac hypertrophy.

Acetylation control of  mitochondrial biogenesis. Aside from its role as a acetyltransferase, recent studies have 
shown that GCN5L1 positively regulates mitochondrial content in concert with PGC1α, a master regulator 
of  mitochondrial biogenesis (39, 40). In the present study, a postnatal increase in GCN5L1 was associated 
with an increase in CS activity, a well-defined marker of  mitochondrial content in nonhypertrophied CHD 
hearts, while CS activity was unaltered in hypertrophied hearts with a marked decline in GCN5L1. Moreover, 
this decrease in mitochondrial content is potentially due to an increase in acetylation of  PGC1α, because 
hyperacetylation of  PGC1α can inhibit enzyme activity in skeletal muscles and newborn hearts (16, 41). 
Although both SIRT1 and SIRT6 have been shown to coordinately modulate acetylation of  PGC1α (42), 
both deacetylases are unlikely to contribute to the increase in acetylation of  PGC1α in hypertrophied hearts. 
Instead, protein expression of  GCN5, a nuclear acetyltransferase and a downstream target of  SIRT6, is 
reduced in nonhypertrophied hearts, indicating the relative increase in PGC1α acetylation through sustained 
GCN5 expression in hypertrophied hearts. Collectively, hyperacetylation of  PGC1α together with the deple-
tion of  GCN5L1 may contribute to impaired mitochondrial biogenesis in hypertrophied hearts with CHD.

PDK4 axis is upregulated and contributes to increase in glycolysis in hypertrophied hearts. PDK4 negatively 
regulates glucose oxidation through phosphorylation and inhibition of  PDH (43). In adult hearts, we 
previously reported that hypertrophy-induced activation of  PDK4 plays a critical role in exerting a car-
diac metabolic switch from glucose to fatty acid oxidation (44). In line with this, Piao et al. showed that 
PDK4 activation contributes to an increase in glycolysis relative to glucose oxidation in a rodent model 
of  RV hypertrophy (29). In this study, we show that in hypertrophied neonatal hearts the increase in 
PDK4 expression and phosphorylation were accompanied by an increased reliance on glycolysis as a 
source of  ATP production. Although the PDK4 promoter region has multiple binding sites for ERRα/
PPARα and FOXO1 (28–30), those transcriptional regulators are unlikely to initiate PDK4 activation. 
Instead, the cyclin D1/E2F pathway is operational in stimulating PDK4 in hypertrophied CHD hearts. 
This is in agreement with our previous findings that angiotensin II induces a reduction in glucose oxida-
tion via the cyclin D1/CDK4/E2F1 axis (33). As with CHD hearts, this pathway has also been reported 
to be increased in, and correlated to, cardiomyocyte hypertrophy in myocardial samples from patients 
with advanced heart failure (45). In addition to E2F1-induced PDK4 activation, a postnatal increase in 
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HIF1α, a key transcriptional regulator of  genes that favor anaerobic glycolysis, potentially contributes 
to the glycolytic metabolic profile in hypertrophied neonatal hearts (8, 46). As the heart matures and 
the availability of  oxygen rises, HIF-1α protein levels rapidly drop, resulting in a decreased reliance on 
glycolysis (46). However, in the presence of  hypertrophy, we and other groups observed an increase in 
HIF1α expression during the development and progression of  hypertrophy (8, 47). The glycolytic phe-
notype seen in hypertrophied hearts appears to be a maladaptive response, because dichloroacetate, a 
nonspecific PDK inhibitor, decreases lactate levels and improves cardiac function in an experimental 
model of  hypertrophy (48). Indeed, a potent PDK4 inhibitor reduced PE-induced PDH phosphoryla-
tion, which results in reduced glycolytic rates in hypertrophied cardiomyocytes. As a result, inhibition of  
PDK4 might be a potential therapy for cardiac hypertrophy associated with CHD.

The limitation of  the current study is that clinical population is not representative of  the normal 
neonate. The lack of  a normal control population can be responsible for the lack of  significant differ-
ences for some of  the proteins among the groups and, most importantly, can affect the generalizability 
of  such findings to the whole neonatal population. Second, assessment of  the cardiac energetic profile 
and immunoblotting were performed only on the RV. Although animal studies suggest the presence of  
ventricle-specific differences in energy metabolism, due to ethical issues, this study was only able to 
analyze RV biopsy samples that were resected as part of  a standard surgical procedure. The newborn 
heart samples examined in this study originated from infants from 21–100 days of  age and 101–200 
days of  age. We also collected myocardial samples from newborns of  0–21 days of  age, where key met-
abolic changes may be occurring. However, most of  these infants in this age group were infants with 
hypoplastic left heart syndrome. Since we were unable to accurately access the presence or absence of  
hypertrophy in these infants (indeed, more were hypertrophied), we did not include any infants with 
hypoplastic left heart syndrome in this study. Finally, limited tissue availability prevented additional 
biochemical analyses beyond determination of  the expression of  some of  the major proteins as well 
as analysis of  mRNA expression involved in the energy substrate metabolism. However, data obtained 
from such analysis are strong enough to support some of  the experimental findings from animal mod-
els and to further enhance the research efforts in this area.

In conclusion, an increased acetylation of  fatty acid β-oxidation enzymes contributes to the dramatic 
increase in cardiac fatty acid oxidation rates after birth. The presence of  cardiac hypertrophy prevents the 
normal increase in myocardial acetylation after birth, resulting in a delayed maturation of  fatty acid oxida-
tion. The low rates of  fatty acid oxidation combined with low rates of  glucose oxidation in the hypertro-
phied newborn heart compromise the energy-generating capacity of  the heart and increase the susceptibil-
ity of  the heart to ischemic injury, as is seen during cardiac surgery to correct CHDs.

Methods
Newborn subjects. A total of  84 RV samples were collected from infants (21–200 days) undergoing cor-
rective surgery for CHDs at the University of  Alberta Hospital (Edmonton, Alberta, Canada) between 
2006 and 2016. Myocardial samples (5–200 mg) were obtained as part of  the normally resected and 
discarded specimen from the RV and stored immediately in liquid nitrogen until used for biochemical 
analyses. Infants with CHDs had one or more cardiac defects, including tetralogy of  Fallot, ventricu-
lar septal defect, atrioventricular septal defect, double outlet right ventricle, transposition of  the great 
arteries, tricuspid atresia, pulmonary atresia, and bicuspid aortic valve. Body surface area was calcu-
lated according to the Haycock formula (49). Since dramatic maturational changes in cardiac energy 
metabolism are reported to occur after birth (12, 16, 50), myocardium samples were stratified in two 
age groups based on the age of  the patient: age group 1 (21–100 days) and age group 2 (101–200 days). 
Myocardial samples were further stratified based on the presence or absence of  RV hypertrophy. In 
order to better define the RV hypertrophy, a Z-score of  RVAW was determined according to a previous 
report (51). In brief, RVAW at the end diastole was measured via M-mode and 2D echocardiographic 
techniques by using multiple apical and parasternal long axis views from presurgical recordings (medi-
an 2–3 recordings in the immediate days preceding surgery), and a Z-score of  RVAW was calculated 
based on body surface area (51). RV hypertrophy was defined as a Z-score of  RVAW greater than 2.0, 
which corresponds to 2 SDs above the mean value for a particular body surface area (52, 53). LV end-
diastolic diameter, LV fractional shortening, LV mass index, RV end-diastolic diameter, and tricuspid 
annular plane systolic excursion were also assessed by echocardiography.
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Animal studies. Newborn New Zealand White rabbits of  either sex (7 days old, 90–200 g) (Charles 
River Co.) were subjected to an aortocaval shunt to induce volume-overloaded cardiac hypertrophy under 
anesthesia with inhaled isofluorane (2%), as described previously (8, 9). Fourteen days after the surgery, all 
animals were euthanized with sodium pentobarbital (60 mg/kg body weight), and hearts were removed for 
isolated biventricular working heart perfusions.

Biventricular working heart perfusion. Rabbit hearts were perfused using a modified Krebs-Henseleit solu-
tion that contains 2.5 mmol/l Ca2+, 5.5 mmol/l glucose, 1.2 mmol/l palmitate prebound to 3% BSA, 
0.5 mmol/l lactate, and 100 μU/ml insulin, as described previously (8, 9). Rates of  palmitate oxidation, 
glycolysis, and glucose oxidation were measured during the aerobic periods using radiolabeled [9,10-3H] 
palmitate, [5-3H]glucose, and [U-14C]glucose, respectively. Heart rates and peak systolic pressures of  aortas 
and pulmonary veins were measured using a Gould P21 pressure transducer attached to the aortic and 
pulmonary outflow line. Normalized cardiac function was calculated as [heart rates × (aortic peak systolic 
pressure + pulmonary vein peak systolic pressure)], as previously described (8, 9). At the end of  the aerobic 
perfusion protocol, hearts were immediately frozen in liquid N2 and stored at –80°C. Steady-state rates of  
ATP production from exogenous substrates was calculated with the values of  2, 31, and 105 mol ATP/mol 
of  glucose produced from glycolysis, glucose oxidation, and palmitate oxidation, respectively (8).

Immunoblot analysis. Thirty mg frozen RV tissue was homogenized for 30 seconds with a Polytron 
homogenizer in buffer containing 50 mmol/l Tris-HCl, 150 mmol/l NaCl, 0.5% NP-40, 1% Triton-X 
100, 5 mmol/l EDTA, and 0.1% SDS in the presence of  phosphatases and protease inhibitors (Milli-
poreSigma) as well as deacetylase inhibitors (10 mmol/l nicotinamide, 10 μmol/l trichostatin A, and 10 
mmol/l sodium butyrate). Thirty μg of  the denatured proteins was subjected to 5%–12% SDS/PAGE 
and transferred to nitrocellulose membranes as previously described (54). After blocking in 5% fat-free 
milk for 1 hour, membranes were probed with the following antibodies: acetyl-lysin (catalog 9441), PDH 
(catalog 2784), phosphor-Rb (catalog 9307), phospho-cyclin D1 (catalog 3300), cyclin D1(catalog 2922), 
CDK4 (catalog 12790), phosphor-FOXO1 (catalog 9461), FOXO1 (catalog 9454), GLUT4 (catalog 2213), 
and ATGL (catalog 2439) (all from Cell Signaling Technology); SIRT1 (catalog ab7343), SIRT2 (catalog 
ab75436), SIRT3 (catalog ab86671), SIRT4 (catalog ab124521), SIRT5 (catalog ab13697), PDK4 (cat-
alog ab71240), PPARα (catalog ab8934), PGC1α (catalog ab77210), ERRα (catalog ab93173), LCAD 
(catalog ab129711), βHAD (catalog ab37673), E2F1 (catalog ab86431), and ANP (catalog ab189921) (all 
from Abcam); phosphor-PDH serine 293 (catalog ABS204) and SIRT6 (catalog S4322) (both from Mil-
liporeSigma); HIF1α (catalog NB100-449) and DGAT2 (catalog NB100-57851) (both from Novus Bio-
logicals); GCN5 (catalog sc-20698), SPT1 (catalog sc-32916), SPT2 (catalog sc-27500), GLUT1(catalog 
sc-1605), and PDK2 (catalog sc-100534) (all from Santa Cruz); and GCN5L1 (provided by M.N. Sack, 
NIH, Bethesda, Maryland, USA). Membranes were incubated with the appropriate secondary antibod-
ies (goat anti-rabbit, catalog sc-2054; goat anti-mouse, catalog sc-2055; and goat anti-chicken, catalog 
sc-2901; Santa Cruz) for 1 hour. These bands were visualized with enhanced chemiluminescence and 
quantified with ImageJ software (NIH). Tubulin (catalog 2144; Cell Signaling Technology) was used as an 
internal control to normalize for any variation in protein loading between samples.

Immunoprecipitation. A total of 300 μg of lysates was precleared with 20 μl protein A/G-agarose beads. 
The lysates were incubated with anti–acetyl-lysine antibodies (3 μg/300 μg lysate, catalog 9441; Cell Signaling 
Technology) overnight at 4°C, and 40 μl protein A/G-agarose beads was added to each sample and incubated 
on a rotator for 6 hours at 4°C as previously described (16, 17). After 6 hours, samples were washed 3 times and 
centrifuged at 16,000 g for 5 minutes. The immune complexes were then subjected to immunoblot analysis as 
described above. As a negative control, heart lysates were immunoprecipitated with normal rabbit IgG (sc-2027; 
Santa Cruz) coupled to agarose A/G beads or agarose A/G beads alone. Heart lysates without rabbit IgG were 
used as a positive control. The light chain of IgG or heavy chain of IgG was used as the loading control.

Measurement of  βHAD activity, LCAD activity, and CS activity. βHAD activity was measured in total heart 
lysates prepared from frozen heart tissues, as previously described (54). Briefly, heart lysates were pipetted 
into a 96-well plate that contains 50 mmol/l imidazole and 150 mmol/l NADH as an assay buffer. The 
reaction was initiated by the addition of  acetoacetyl CoA (100 mmol/l), and the absorbance was followed 
at a 340-nm wavelength for 5 minutes. LCAD activity was measured by following the initial decrease in 
absorbance at 300 nm upon the reduction of  the ferricenium ion measured as previously described (17). 
The reaction was started by the addition of  palmitoyl CoA (50 μmol/l), followed spectrophotometrically 
for 2 minutes. CS activity was determined in the mitochondria isolated from heart tissues and was mea-



1 5insight.jci.org      https://doi.org/10.1172/jci.insight.99239

R E S E A R C H  A R T I C L E

sured with buffer containing 0.2 mmol/l acetyl CoA, 0.5 mmol/l oxaloacetate in 100 mmol/l Tris, pH 7.5, 
buffer, and 0.1 mmol/l and 5′-Dithiobis 2-nitrobenzoic acid, followed spectrometrically at 412 nm (55). 
Those enzyme activities were normalized for mg protein content.

Cell culture, transfection, and immunostaining. Embryonic rat heart-derived H9c2 cells (ATCC) were cul-
tured in Dulbecco’s Modified Eagles Medium (MilliporeSigma) with 10% (v/v) FBS and 1% (w/v) Pen-
Strep (MilliporeSigma) at 37°C with a humidified atmosphere of  5% CO2. The H9c2 cardiomyoblasts 
were seeded into the 25-cm2 flasks at a density of  5 × 103 cells/ml; when they reached approximately 
70%–80% confluency, the myoblasts were divided into two groups: undifferentiated cardiac myoblasts and 
differentiated cardiomyocytes. Cell cardiac differentiation was induced with medium containing 1% FBS 
followed by the supplementation of  1 μmol/l all-trans-retinoic acid (MilliporeSigma) for 7–10 days, as 
previously described (56, 57). The differentiation was confirmed by morphological features by light micros-
copy, including alignment, elongation, fusion, and protein expression of  cardiac marker troponin I, as pre-
viously described (56, 57). To induce hypertrophy, undifferentiated or differentiated cardiomyocytes were 
randomly grouped and exposed to either saline or 100 nmol/l PE for 48 hours. These cells were also seeded 
in a 6-well plate at a density of  2.0 × 105 cells/well and transfected 24 hours later with 50 nmol/l control 
scrambled siRNA or siRNA against Gcn5l1 for 48 hours using DharmaFECT reagent (Dharmacon) accord-
ing to the manufacturer’s instructions (16). For the inhibition of  PDK4, H9c2 cells were incubated at 37°C 
with 100 μmol/l PDK4 inhibitor (CR-37-001, molecular weight 158.2; MilliporeSigma) for 24 hours. For 
immunofluorescence staining, cells plated onto coverslips were fixed with 4% paraformaldehyde in PBS 
solution, followed by the permeabilization with 0.1% Triton X-100. After washing with PBS and blocking 
with 3% BSA for 1 hour, cells were incubated with primary antibody (α-Tubulin; Cell Signaling Technol-
ogy) overnight at 4°C, followed by incubation with Dako Envision HRP labelled polymer anti-rabbit for 30 
minutes. The coverslips were mounted on glass slides in Vectashield mounting medium containing DAPI 
(Vector Laboratories) and visualized by fluorescence microscopy.

Measurements of  fatty acid oxidation and glycolytic rates of  cardiomyocytes. Oleate oxidation rates were measured 
in H9c2 cells grown in T25 flasks as previously described (16, 58). Briefly, cell culture media were switched 
to Krebs-Henseleit buffer containing 118 mmol/l NaCl, 4.7 mmol/l KCl, 1.2 mmol/l KH2PO4, 1.2 mmol/l 
MgSO4, 2.5 mmol/l CaCl2, 25 mmol/l NaHCO3 5 mmol/l glucose, 4% BSA, and 0.4 mmol/l [1–14C] oleate. 
After the incubation for 3 hours at 37°C, oleate oxidation rates were measured by counting 14CO2 captured into 
hyamine hydroxide in a scintillation counter (2800TR; Perkin Elmer). Glycolytic rates were assessed using cells 
incubated with [5–3H]glucose, and the 3H2O released at the enolase step of glycolysis was measured (58).

Statistics. Data are represented as mean ± SEM. The significance of  differences among age groups in 
hypertrophied or nonhypertrophied hearts was estimated by 2-way ANOVA followed by the Bonferroni 
post hoc tests. For multiple group comparisons, 1-way ANOVA followed by Tukey’s test was performed. 
For categorical variables, the χ2 or Fisher exact tests were used for further analysis. Correlations were exam-
ined by linear regression analysis using the least squares method. A 2-tailed t test was used. The differences 
were considered statistically significant when P values were less than 0.05.

Study approval. Collection of  specimens from newborn patients were approved by the University of  Alber-
ta Health Research Ethics Board protocol (ID no. Pro0001112). All participants or their guardians provided 
written informed consent for the sample collection, following analysis and prior to inclusion in the study. All 
animals were treated according to the guidelines of  the Canadian Council on Animal Care. All animal proto-
cols were approved by the University of  Alberta Health Sciences Animal Welfare Committee.
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