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Variations in Energy Metabolism Precede Alterations in Cardiac Structure and Function in Hypertrophic Preconditioning
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Recent studies have unveiled that myocardial hypertrophic preconditioning (HP), which is produced by de-banding (De-TAC) of short-term transverse aortic constriction (TAC), protects the heart against hypertrophic responses caused by subsequent re-constriction (Re-TAC) in mice. Although cardiac substrate metabolism is impaired in heart failure, it remains unclear about the role of HP-driven energetics in the development of cardiac hypertrophy. Here, we investigated energy metabolism, cardiac hypertrophy, and function following variational loading conditions, as well as their relationships in HP. Male C57BL/6J mice (10–12 weeks old) were randomly subjected to Sham, HP [TAC for 3days (TAC 3d), de-banding the aorta for 4 days (De-TAC 4d), and then re-banding the aorta for 4 weeks (Re-TAC 4W)], and TAC (TAC for 4 weeks without de-banding). Cardiac echocardiography, hemodynamics, and histology were utilized to evaluate cardiac remodeling and function. The mRNA expression levels of fetal genes (ANP and BNP), glucose metabolism-related genes (glut4, pdk4), and fatty acid oxidation-related genes (mcad, pgc1α, mcd, pparα) were quantitated by real-time quantitative PCR. Activation of hypertrophy regulators ERK1/2, a metabolic stress kinase AMP-activated protein kinase (AMPK), and its downstream target acetyl-coA carboxylase (ACC) were explored by western blot. Compared with TAC 4W mice, Re-TAC 4W mice showed less impairment in glucose and fatty acid metabolism, as well as less cardiac hypertrophy and dysfunction. Moreover, no significant difference was found in myocardial hypertrophy, fibrosis, and cardiac function in TAC 3d and De-TAC 4d groups compared with Sham group. However, glut4, pdk4, mcad, pgc1α, mcd, and pparα were all decreased, while AMPK and ACC were activated in TAC 3d and returned to Sham level in De-TAC 4d, suggesting that the change in myocardial energy metabolism in HP mice was earlier than that in cardiac structure and function. Collectively, HP improves energy metabolism and delays cardiac remodeling, highlighting that early metabolic improvements drive a potential beneficial effect on structural and functional restoration in cardiac hypertrophy.
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INTRODUCTION

Heart failure (HF) is a leading cause of death, threatening human health worldwide (1). Left ventricular (LV) hypertrophy is an adaptive alteration of the heart in response to increased mechanical overload, per se serving as an independent risk factor of major cardiac events (2, 3). Clinical studies on hypertensive patients and basic studies using animals with transverse aortic constriction (TAC) indicate that sustained pressure overload causes the transition from compensated to decompensated cardiac hypertrophy with the eventual progression to HF (4). If pressure overload is withdrawn timely, regression of cardiac remodeling is accompanied with functional improvement (5). Intriguingly, similar to ischemic preconditioning whereby a brief episode of ischemia increases cardiac resistance to subsequent prolonged ischemia, hypertrophic preconditioning (HP) also exists in the heart (6, 7). Using a unique in vivo model of HP, we and others sequentially imposed, removed, and re-imposed pressure overload on the mouse heart through TAC, de-banding the aorta (De-TAC), and then re-banding the aorta (Re-TAC). It is found that the heart was protected from the subsequent pressure overload induced by Re-TAC (6, 7). Although the discovery of HP would convincingly explain diverse extent of cardiac hypertrophy shown in hypertensive patients and enlighten us with new strategy to blunt the initiation of cardiac hypertrophy, the underlying mechanism remains largely unknown.

It is well-established that LV hypertrophy and HF are associated with metabolic abnormalities (8). Pressure overload forces a shift of reliance on glucose instead of fatty acids to provide energy for the heart (9, 10). The prominent metabolic changes result in impaired cardiac energetics, which precedes manifestation of cardiac dysfunction and LV hypertrophy (8, 11). Although many of these metabolic changes are due to an aberration of transcriptional expression level of metabolic enzymes, it is only recently found that this abnormality of metabolic flexibility is reversible, for normalization of cardiac energy metabolism and LV hypertrophy precedes recovery of LV function, in HF mice with De-TAC and in HF patients with left ventricular assist device (LVAD)-induced mechanical unloading (1, 5). Moreover, considering HP renders the heart resistant to hypertrophy, it would have clinical implications for early detection and prevention of LV hypertrophy and HF, through examination of correlation between metabolic changes, LV function, and hypertrophy. Therefore, we in this study used a mouse model of HP to determine the temporal and causal relationships of these changes.



MATERIALS AND METHODS


Experimental Animals

Male C57BL/6J mice (12–13 weeks old, purchased from the Department of Laboratory Animal Sciences, Fudan University, Shanghai, China) were enrolled in this study. The animals were housed under controlled conditions (24 ± 2°C, 12-h dark/12-h light cycle, ad libitum access to normal chow and water). All animal experiments conformed to the Guide for the Care and Use of Laboratory Animals (No. 85-23, revised 1996; National Institutes of Health, Bethesda, MD, USA). The study protocol was approved by the Animal Care and Use Committee of Zhongshan Hospital, Fudan University.

The mice were randomly assigned to Sham (n = 10), TAC (n = 15), HP (n = 40) groups. For HP mice, serial assessments described below were performed at Baseline (1 day before operation), 3 days after TAC (TAC 3d), 4 days after aortic de-banding (De-TAC 4d), and 4 weeks after re-banding (Re-TAC 4W) (Supplementary Figure 1). The similar thoracotomies were also performed in Sham and TAC mice to minimize the possible confounding effects of repeated surgical injuries. At each time point, at least three mice were randomly selected for histology, quantitative real-time PCR, and Western blot analyses.



TAC, De-TAC, and Re-TAC

TAC surgery was performed as we described previously (7, 12). In brief, mice were anesthetized by 2% isoflurane; the aortic arch was isolated and secured against a 27-gauge needle with a 6-0 silk ligature, which was promptly removed to form an aortic constriction. Meloxicam (0.13 mg each) was administered for analgesia. Sham mice underwent similar operation without tying the ligature around the aorta.

Three days after TAC, a second thoracotomy was given through the original incision site to de-band the aorta (De-TAC). An additional 4 days later, mice were subjected to a third thoracotomy to re-band the aorta (Re-TAC).



Echocardiography

Cardiac structure and function under 1.5% isoflurane (7, 13) were evaluated by a Vevo2100 high-frequency ultrasound system with a 30-MHz transducer (VisualSonics, Toronto, ON, Canada). The echocardiographic assessment had good intra- and inter-observer agreement as reported in our previous studies (4, 7, 14, 15). Peak flow velocity at the aortic banding site (PVb, for prediction of pressure gradients, see Supplementary Figure 2), left ventricle posterior wall thickness in diastole (LVPWTd) and systole (LVPWTs), left ventricular end-diastolic (LVEDD) and end-systolic (LVESD) dimensions, and left ventricular ejection fraction (LVEF) and fractional shortening (LVFS) were acquired.



Invasive Hemodynamics

After echocardiography, LV hemodynamics were evaluated as we described previously (4, 7). Briefly, under 2% isoflurane, a micromanometer (Millar 1.4F, SPR 835; Millar Instruments, Houston, TX) was inserted into the right common carotid artery and then advanced into the LV for measurement of end-systolic and end-diastolic pressure (LVESP and LVEDP), maximal contraction, and relaxation velocity (Max dp/dt and Min dp/dt).



Histology

Mice were euthanized after hemodynamic measurements. Hearts were excised, rinsed in saline, and heart weight-to-body weight ratios are compared (HW/BW). The LV tissue was separated into several parts longitudinally and stored at −80°C for further analysis after removing the right ventricular free wall. The hearts were stained with hematoxylin and eosin (H&E) for assessment of cardiomyocyte size or with Masson trichrome for cardiac fibrosis. Digital photographs were taken using an image analysis system (KF-TB-400, Konfoong biotech international, Ningbo, China).



Quantitative Real-Time PCR

LV tissue samples were isolated and homogenized in TRIzol Reagent (ThermoFisher Scientific, Carlsbad, CA, USA). The RNA concentration was assessed by spectrophotometry (NanoDrop, ThermoFisher Scientific, Carlsbad, CA, USA). Equivalent amounts (2 μg) of purified RNA were used as a template to synthesize cDNA by the Hifair III cDNA Synthesis SuperMix (Yeasen, Shanghai, China). Quantitative real-time (qRT)-PCR was performed using QuantStudio 6 Flex Real-Time PCR System with ChamQ Universal SYBR qPCR Master Mix (Vazyme biotech, Nanjing, China). Relative mRNA expression levels of target genes were normalized to the amount of the constitutively expressed housekeeping gene β-actin (Actb). Based on previous studies (4, 5, 7, 8, 16), relative gene expression levels of hypertrophy markers such as atrial natriuretic peptide and brain natriuretic peptide (anp and bnp), fibrosis such as collagen type I alpha 1 (col1α1) and collagen type 3 alpha 1 (col3α1), glucose metabolism such as pyruvate dehydrogenase kinase 4 and glucose transporter type 4 (glut4 and pdk4), and fatty acid metabolism such as medium-chain acyl-CoA dehydrogenase, malonyl-CoA decarboxylase, peroxisome proliferator-activated receptor α, and peroxisome proliferator-activated receptor gamma coactivator 1α (mcad, mcd, pparα, and pgc1α) were analyzed using the 2−ΔΔCt method. The nucleotide sequences of primers used are shown in Supplementary Table 1.



Western Blot Analysis

LV tissue was homogenized in RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China), electrophoresed in 8% or 10% polyacrylamide gels, and transferred to a PVDF membrane (Millipore, Billerica, MA, USA). Membranes were blocked with 5% bovine serum albumin, followed by incubation with appropriate primary antibodies: anti-extracellular signal-regulated kinase (ERK1/2, #9102), anti-phosphorylated (p-)ERK1/2 (p-ERK1/2, #9101A), anti-p-AMP-activated protein kinase α (p-AMPK, #2535), and anti-p-acetyl-coA carboxylase (p-ACC, #3661). Those primary antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). The blotted membranes were incubated with horseradish peroxidase-conjugated rabbit secondary antibody (Kang-Chen Biotechnology, Shanghai, China), detected with chemiluminescence reagents (catalog RPN2106, GE Healthcare, Piscataway, NJ, USA), visualized using a LAS-3000 chemiluminescence detection system (FUJIFILM, Kanagawa, Japan), and analyzed with the ImageJ software (National Institutes of Health, Bethesda, MD, USA).



Statistics

Data are expressed as the means ± SEM. Statistical evaluations were performed using the software SPSS 15.0 (SPSS Inc., Chicago, IL, USA). Multiple comparisons were conducted by one-way ANOVA with the Student-Newman-Keuls (S-N-K) test. P < 0.05 was considered statistically significant.




RESULTS


HP Attenuates LV Hypertrophy in Pressure Overload Hearts

Decompensated LV hypertrophy in response to chronic pressure overload is characterized by thickening of the heart muscle and dilation of LV chamber (7, 17). Compared with Sham mice, TAC 4W mice showed decompensated cardiac hypertrophy evidenced by a striking increase of HW/BW, LV wall thickness, inner dimension, fibrosis, and cardiomyocyte size (Figure 1). Re-TAC 4W mice showed that HP treatment significantly mitigated the morphological changes compared with TAC 4W mice, although still showed moderate cardiac hypertrophy compared with Sham mice (Figure 1).


[image: Figure 1]
FIGURE 1. Hypertrophic preconditioning improves cardiac morphological changes and function in pressure overload hearts. (A) M-mode echocardiography from Sham, TAC 4W, and Re-TAC 4W mice. (B) Gross appearance of hearts. Scale bar = 1 mm. (C) Cardiomyocytes stained by H&E. Scale bar = 20 μm. (D) Cardiac fibrosis stained by Masson's trichrome. Scale bar = 50 μm. Representative images of (E) LV pressure and (F) contraction and relaxation velocity (dp/dt). Scale bar = 100 mmHg for pressure, scale bar = 10,000 mmHg/s for dp/dt. (G,H) LV end-diastolic (LVPWTd) and end-systolic (LVPWTs) posterior wall thickness, respectively. (I,J) LV end-diastolic (LVEDD) and end-systolic (LVESD) dimension, respectively. (K) Heart weight-to-body weight ratio (HW/BW). (L) Cross-sectional area (CSA) of cardiomyocytes. (M,N) Real-time quantitative PCR analyses for the gene expression of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), respectively. Representative images (O) and densitometric assessment (P) of Western blot for ERK1/2 activation. (Q) Quantification of collagen staining expressed as % area. Gene expression of makers of cardiac fibrosis (R) collagen type I alpha 1 (col1α1) and (S) collagen type 3 alpha 1 (col3α1). Echocardiographic measurements of (T) LV ejection fraction (LVEF) and (U) LV fractional shortening (LVFS). Invasive hemodynamic assessment of (V,W) LV end-systolic (LVESP) and end-diastolic (LVEDP) pressure, respectively. (X,Y) Maximum (Max dp/dt) and minimum (Min dp/dt) value of LV dp/dt, respectively. *P < 0.05 vs. Sham TAC; †P < 0.05 vs. TAC 4W.


The hypertrophic response to pressure overload are underlined with reprogramming of fetal genes and activation of hypertrophic signaling effectors (12, 17). We therefore measured cardiac mRNA and protein levels of markers of LV hypertrophy and failure. Compared with Sham mice, ANP and BNP in TAC 4W mice are overtly up-regulated, as well as p-ERK1/2 activation (Figure 1). HP in Re-TAC 4W mice notably compromised the hypertrophic response at a molecular level (Figure 1).



HP Improves LV Function in Pressure Overload Hearts

As we and others previously reported, 4 weeks of pressure overload results in cardiac dysfunction (4, 12, 18). To determine whether HP restored cardiac function, mice in this study were subjected to echocardiography and invasive hemodynamic analysis. TAC 4W mice showed a prominent reduction in LVEF, LVFS, Max dp/dt, and Min dp/dt and an increase in LVEDP, compared with Sham mice. Intriguingly, Re-TAC 4W mice presented an improvement in the aforementioned indexes (Figure 1).



HP Improves Substrate Utilization and Alleviates Metabolic Changes in Pressure Overload Hearts

Sustained pressure overload is associated with alterations at the transcriptional level of metabolic enzymes that is detrimental to cardiac energetics (5). To interrogate whether these changes are permanent, the transcript levels of typical genes associated with metabolism of glucose (glut4 and pdk4) and fatty acid (mcad, mcd, pgc1α, and pparα) were measured. They were considerably reduced in TAC 4W hearts but were mostly recovered to the sham-operated level in Re-TAC 4W hearts (Figure 2).


[image: Figure 2]
FIGURE 2. Hypertrophic preconditioning improves substrate utilization in pressure overload hearts. Real-time quantitative PCR analyses for the gene expression of (A) pyruvate dehydrogenase kinase 4 (pdk4), (B) glucose transporter type 4 (glut4), (C) medium-chain acyl-CoA dehydrogenase (mcad), (D) malonyl-CoA decarboxylase (mcd), (E) peroxisome proliferator-activated receptor α (pparα), and (F) peroxisome proliferator-activated receptor gamma coactivator 1α (pgc1α). Representative images (G) and densitometric assessment (H,I) of cardiac phosphorylated AMP-activated protein kinase (p-AMPK) and phosphorylated acetyl-CoA carboxylase (p-ACC) as acquired by Western blot analysis. *P < 0.05 vs. Sham TAC; †P < 0.05 vs. TAC 4W.


To underpin the correlation between mRNA and protein expression levels, we investigated the activation of AMPK, a key metabolic stress kinase, at a post-translational level (19). We found that AMPK was robustly activated in TAC 4W mice, which was recapitulated by its downstream target ACC (Figure 2), whereas Re-TAC 4W mice showed less activation in AMPK and ACC.



Serial Assessment in HP-Treated Mice Reveals Delayed Changes in LV Morphology

To investigate the process of LV hypertrophy in the murine HP model, serial evaluations were performed in Baseline, TAC 3d, De-TAC 4d, and Re-TAC 4W mice. We found that HW/BW, LV wall thickness, inner dimension, fibrosis, and cardiomyocyte size were comparable in Baseline mice, TAC 3d mice, and De-TAC 4d mice. Only Re-TAC 4W mice showed signs of moderate cardiac hypertrophy compared with the above groups (Figure 3).


[image: Figure 3]
FIGURE 3. Serial assessment of cardiac morphological and functional changes in HP murine hearts. (A) M-mode echocardiography of LVs at baseline, 3 days after TAC (TAC 3d), 4 days after de-banding (De-TAC 4d), and 4 weeks after re-banding (Re-TAC 4W). (B) Gross appearance of hearts. Scale bar = 1 mm. (C) Cardiomyocytes stained by H&E. Scale bar = 20 μm. (D) Cardiac fibrosis stained by Masson's trichrome. Scale bar = 50 μm. Representative images of (E) LV pressure and (F) dp/dt. Scale bar = 100 mmHg for pressure, scale bar = 10,000 mmHg/s for dp/dt. (G) LVPWTd. (H) LVPWTs. (I) LVEDD. (J) LVESD. (K) HW/BW. (L) CSA of cardiomyocytes. (M,N) Real-time quantitative PCR analyses for the gene expression of ANP and BNP, respectively. Representative images (O) and densitometric assessment (P) of Western blot for ERK1/2 activation. (Q) Quantification of collagen staining expressed as % area. Gene expression of makers of cardiac fibrosis (R) col1α1 and (S) col3α1. Echocardiographic measurements of (T) LVEF and (U) LVFS. Invasive hemodynamic assessment of (V) LVESP, (W) LVEDP, (X) Max dp/dt, (Y) Min dp/dt. *P < 0.05 vs. Baseline; †P < 0.05 vs. TAC 3d; ‡P < 0.05 vs. De-TAC 4d.


At mRNA and protein levels, Baseline mice and De-TAC 4d mice demonstrated similar scenarios without hypertrophic characteristics. Intriguingly, TAC 3d mice displayed increased ERK1/2 phosphorylation, although ANP and BNP showed an increasing trend without statistical significance (Figure 3). Re-TAC 4W mice showed a moderate increase of ANP and BNP expression and p-ERK1/2 activation.



Serial Assessment in HP-Treated Mice Reveals Delayed Changes in Cardiac Function

To explore LV function closely in the murine HP model, serial echocardiography and invasive hemodynamic analyses were performed in Baseline, TAC 3d, De-TAC 4d, and Re-TAC 4W mice. LVEF and LVFS were not significantly different for mice at all time points (Figure 3), whereas invasive hemodynamics showed a transient reduction in cardiac function in TAC 3d hearts especially manifested in LVEDP and Max dp/dt, following a recovery in De-TAC 4d hearts. Cardiac function reflected by LVEDP, Max dp/dt, and Min dp/dt was moderately impaired after Re-TAC 4W (Figure 3). Taken together, in most instances, these data demonstrated that HP delayed the onset of functional decompensation in pressure overload hearts.



Serial Assessment in HP-Treated Mice Reveals Early Changes in Cardiac Energy Metabolism

All genes involved in the metabolism of glucose (glut4 and pdk4) and fatty acid (mcad, mcd, pgc1α, and pparα) were downregulated in TAC 3d hearts when compared to Baseline mice. The gene expression was elevated to Baseline levels in De-TAC 4d hearts, then was suppressed again in Re-TAC 4W hearts, although pdk4 and mcad were downregulated to a lesser extent compared with other metabolism markers (Figure 4).
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FIGURE 4. Serial assessment of substrate utilization in HP murine hearts. Real-time quantitative PCR analyses for the gene expression of (A) pdk4, (B) glut4, (C) mcad, (D) mcd, (E) pparα, and (F) pgc1α. Representative images (G) and densitometric assessment (H,I) of cardiac p-AMPK and p-ACC as acquired by Western blot analysis. *P < 0.05 vs. Baseline; †P < 0.05 vs. TAC 3d; ‡P < 0.05 vs. De-TAC 4d.


Consistent with our gene expression data, at a post-translational level, AMPK and ACC were considerably activated in TAC 3d mice, recessed to Baseline level, and fueled again in Re-TAC 4W mice (Figure 4), suggesting improved cardiac energetic status precedes morphological and functional recovery in pressure overload hearts.




DISCUSSION

This study, to the best of our knowledge, for the first time examined the temporal and causal relationships among cardiac morphological, functional, and metabolic changes in a murine model of HP. We observed HP-improved cardiac energetics, morphology, and function effectively in the pressure overload heart. We also identified that short-term TAC treatment induced swift changes in levels of metabolites associated with energy provision and sensing, which varied in accordance with loading conditions. The metabolic changes occurred at early stages before the development of cardiac hypertrophy and dysfunction, which may serve as a sensitive indicator and predisposing factor for cardiac hypertrophy.

LV hypertrophy and HF are tightly associated with metabolic abnormalities (8). Hypertrophied hearts switch from mainly using fatty acids to preferential utilization of glucose for energy production (9). The switch compromises the capacity of cardiac mitochondrial ATP production, contributing to exacerbation of LV hypertrophy and dysfunction (5, 11). On the other hand, preservation of fatty acid oxidation prevents the shift of substrate preference, ameliorates cardiomyocyte hypertrophy, and maintains cardiac function (9). It is thus proposed that maladaptive metabolic remodeling precedes, triggers, and preserves detrimental contractile dysfunction in heart failure progression (20). Nevertheless, only recently, by using pressure overload models and hypertrophy regression models, as well as in patients with LVAD-induced mechanical unloading, it has been evident that metabolic deficit is an early event that contributes to the onset of LV hypertrophy and progression of HF, rather than a consequence of HF (1, 5, 11). In the present study, we with a HP in vivo model further demonstrated that the attenuation of LV hypertrophy and regression of function is associated with early improvements in cardiac metabolism, which corroborates the concept that early interventions in metabolic reprogramming are critical for subsequent morphological and functional recovery.

AMPK, a serine-threonine kinase, coordinates anabolic and catabolic processes as a metabolic stress sensor and thus endogenously reflects cardiac myocardial energetic status (19, 21). AMPK and its downstream target ACC is activated in TAC hearts (22) but normalized in De-TAC hearts (5). We further showed that the activation of AMPK and ACC was attenuated by HP and varied in concert with changes in loading conditions of the heart. Intriguingly, a recent study using 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) to activate AMPK transiently before TAC reported decreased maladaptive LV hypertrophy and fibrosis (23). Taken together, these data suggest that AMPK is a nexus linking myocardial energetic with LV remodeling and thus a target for early detection and prevention of LV hypertrophy and HF.

Although it has been well-recognized that HP blunts LV hypertrophy and improves cardiac function (6, 7), the process of LV morphological and functional changes in HP mice has been sparsely investigated. We in this study found that short-term variations of loading conditions (TAC 3d, De-TAC 4d) did not alter morphological appearance. However, ERK1 and ERK2, which are central mediators of LV hypertrophy (24), underwent notable changes during the course, providing evidence that hypertrophic response at a post-translational level is not irreversible. Coincidently, we previously demonstrated that preconditioning with Angiotensin II for a short time prevents the subsequent damage of Angiotensin II in cultured endothelial cells, and the protection was abrogated by an ERK inhibitor PD98059 (25), recapitulating the involvement of ERK1/2 in the cardioprotective role of HP. Moreover, ERK1/2 may contribute to the improvement of cardiac energetics induced by HP, since a recent study reports that AMPK stimulation inhibits cardiac hypertrophy through ERK1/2 (26). Since ERK1/2 and AMPK are hub genes involved in coordinations of cell growth, autophagy, and metabolism, more in-depth studies associated with cardiac apoptosis, autophagy, etc., are warranted.


Limitations

We in this study used β-actin as an internal control for normalization of mRNA expression as described previously (7, 27), for it is stably expressed in murine left ventricles subjected to pressure overload (7, 18, 27, 28). However, as the Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines for qPCR suggest, two or multiple validated housekeeping genes should be used to ensure the reliability of qPCR data (29). We thus further performed a stability test across our samples and found that the relative level of GAPDH is almost equal to that of β-actin in our samples (Supplementary Figure 3).

In summary, we for the first time depicted that HP improves energetics, morphology, and function in the pressure overloaded heart. We also demonstrated metabolic changes occurred at early stages before the development of hypertrophy and dysfunction. The time course of events makes it possible that early metabolic abnormalities could serve as antecedent indicators and targets for hypertension-induced LV hypertrophy and HF.
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