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Abstract

BACKGROUND: Cardiac regeneration after injury is limited by the low proliferative capacity 

of adult mammalian cardiomyocytes (CMs). However, certain animals readily regenerate lost 

myocardium via a process involving dedifferentiation, which unlocks their proliferative capacities.

METHODS: We bred mice with inducible, CM-specific expression of the Yamanaka factors, 

enabling adult CM reprogramming and dedifferentiation in vivo.

RESULTS: Two days following induction, adult CMs presented a dedifferentiated phenotype 

and increased proliferation in vivo. Microarray analysis revealed that upregulation of ketogenesis 

was central to this process. Adenovirus-driven HMGCS2 overexpression induced ketogenesis 

in adult CMs and recapitulated CM dedifferentiation and proliferation observed during partial 
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reprogramming. This same phenomenon was found to occur after myocardial infarction, 

specifically in the border zone tissue, and HMGCS2 knockout mice showed impaired cardiac 

function and response to injury. Finally, we showed that exogenous HMGCS2 rescues cardiac 

function following ischemic injury.

CONCLUSIONS: Our data demonstrate the importance of HMGCS2-induced ketogenesis as 

a means to regulate metabolic response to CM injury, thus allowing cell dedifferentiation and 

proliferation as a regenerative response.
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Introduction

The adult human heart is incapable of replacing damaged or lost tissue due to the low 

proliferation rate of adult cardiomyocytes (CMs).1 Yet, certain animals such as zebrafish, 

newts, and neonatal mice, exhibit robust regeneration of the myocardium after injury as a 

consequence of the dedifferentiation and proliferation of surviving CMs.2–5 A variety of 

approaches have been described to induce proliferation of adult CMs, including the delivery 

of growth factors or by gene manipulation strategies,6–9 but robust and fully-translational 

regeneration of the adult mammalian heart has not been achieved.7 In injured zebrafish 

hearts, some preexisting CMs undergo dedifferentiation followed by proliferation, which 

allows for complete cardiac regeneration.10 CM dedifferentiation is manifest by reactivation 

of embryonic cardiac gene expression and disassembly of contractile sarcomeres.2, 11, 12 

The exact mechanisms responsible for triggering CM dedifferentiation are un-known. We 

hypothesized that if adult mammalian CMs were induced to dedifferentiate, this may enable 

CMs to initiate proliferation in response to relevant signals, thus allowing for adult heart 

regeneration in mammals.

Metabolic flexibility is essential for the heart to adapt to various changes in the 

microenvironment,13 and changes in metabolism and substrate utilization are well-

demonstrated in CMs during development and following injury. Proliferative fetal CMs 

favor glycolysis to generate ATP during cardiac development; however, soon after birth, 

CMs begin to utilize primarily aerobic fatty acid (FA) metabolism. During the same time 

period, neonatal human CMs rapidly lose their proliferative ability,14 and as the heart 

enlarges through childhood, rod-shaped CMs undergo hypertrophy, rather than hyperplasia. 

When injured by hypoxic stress, CMs enlarge due to pathological hypertrophy and their 

sarcomeric structures become disorganized. During this process, they also regain a small 

amount of proliferative ability along with a metabolic switch to glycolysis.15 This suggests 

that CM metabolism, dedifferentiation, and proliferation are intrinsically linked. Yet, in adult 

mammals this adaptive response is not strong enough for complete cardiac regeneration 

after injury. Therefore, we hypothesized that exploring metabolic reprogramming may yield 

exploitable methods for inducing adult CM proliferation following injury.

As discovered by Dr. Shinya Yamanaka, somatic cells can be reprogrammed by forced 

expression of OCT4, SOX2, KLF4, and c-MYC (OSKM) into induced pluripotent stem 

Cheng et al. Page 2

Circulation. Author manuscript; available in PMC 2023 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells (iPSCs) which have characteristics similar to those of embryonic stem cells.16 

The reprogramming process involves several cellular changes including the induction of 

proliferation, morphological alterations, and a metabolic switch.17, 18 Recently, short-term 

expression of OSKM in adult CMs in vivo was shown to induce their dedifferentiation 

and reprogramming, enabling reentry of mammalian CMs into the cell cycle, thus 

facilitating heart regeneration.19 These data support our hypothesis that reprogramming-

induced dedifferentiation is a feasible strategy for promoting cardiac regeneration. However, 

the mechanisms underlying these changes have not been fully explored. In addition, 

reprogramming has limitations as a regeneration approach, such as risks of tumorigenesis 

and loss of cellular epigenetic memory. Therefore, we aimed to identify potential 

downstream targets which may independently allow for inducing adult CM dedifferentiation 

and enable proliferation. Here, we show that HMGCS2-induced ketogenesis leads to 

metabolic switch in adult CMs during early reprogramming. This metabolic adaptation 

would increase adult CM dedifferentiation to facilitate cardiac regeneration after injury.

Methods

All data and materials are available within the article. Detailed methods are described in the 

Supplemental Material.

Animal Studies

All animal experiments were conducted in accordance with the Guides for the Use and Care 

of Laboratory Animals (ARRIVE guidelines), and all of the animal protocols have been 

approved by the Experimental Animal Committee, Academia Sinica, Taiwan.

Data Availability

Datasets are deposited and publicly available in the GEO database and the accession number 

is GSE169035.

Statistical Analysis

The statistical data were performed using GraphPad Prism and shown as mean ± standard 

error of the mean (SEM). Unpaired Studenťs t-test and two-way ANOVA were applied for 

statistical comparisons, and a P-value of < 0.05 was considered significant.

Results

In vivo CM-reprogramming induces metabolic switch, CM dedifferentiation and increased 
CM proliferation

In order to examine the process of adult CM reprogramming in vivo, transgenic mice were 

bred to overexpress mouse OSKM specifically in adult CMs after doxycycline induction, as 

shown in Figure 1A. Figure 1B and 1C show successful induction of OSKM mRNA and 

protein expression in isolated transgenic, adult CMs after doxycycline treatment for 2 days. 

The substantial levels of OCR4 and SOX2 were detected without doxycycline treatment 

indicating a certain leakiness of the genetic system in these CM-specific reprogramming 

mice. Importantly, this high level of induction was detected mainly in CMs, and not in 
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non-CMs in the heart, or other tissues isolated from doxycycline-treated mice (Figure 

S1A). We noted an increase of Oct4 expression in the lung and kidney, which may 

contribute toward the lethality of prolonged reprogramming induction in vivo. Tracking 

the degree of CM proliferation, a three-fold increase in BrdU+ CMs was found 2 days 

following doxycycline administration (Figure 1D and 1E). This proliferative response of 

adult CMs was highest at reprogramming day 2 compared to day 1 and 4. Gross heart 

function at reprogramming day 2 was measured by echocardiography and showed no 

difference in ejection fraction % (EF%) (Figure 1F). Six days of doxycycline treatment 

was lethal. Examining the heart tissue after five days of doxycycline we found more 

aggregated apoptotic cells (TUNEL+ population) in reprogramming hearts compared to the 

control (Figure 1G). At the same timepoint, the mice had a significantly lower EF% by 

echocardiography (Figure 1H). Thus, we concluded that continuous induction of OSKM in 

adult CMs severely impairs heart function, leading to death. On this basis, reprogramming 

day 2 was selected as the key time point for our further analyses. Using intravital 

microscopy (Figure 1I) to investigate the isolated whole hearts with membrane potential 

dye (Di-2-ANEPEQ) staining, we found that CMs in control (Ctrl) mice were normally 

aligned, but regions of poorly-aligned CMs were observed in the doxycycline-treated mice 

(Figure 1J). In addition, the in-vivo morphology of reprogramming CMs maintained their 

normal width but became shorter, leading to a rounder cell aspect ratio than control CMs 

(Figure 1K and 1L). By recording each contraction of the Ctrl or reprogramming hearts 

in vivo, we observed areas of disorganized or nonaligned contraction, consistent with the 

structural disruptions (Figure S2). Furthermore, heart tissue sectioning was performed to 

examine the relationship between CM alignment (WGA staining) and CM proliferation 

(H3P staining). We confirmed that doxycycline-induced hearts contained more proliferative 

CMs, and these same cells displayed a rounder morphology (around 50–60 μm in length 

and an aspect ratio of approximately 3) with poorer cell alignment (Figure 1M–1O). Lastly, 

CMs were isolated from the hearts of mice treated for 2 days with PBS or doxycycline, 

and RNA was extracted and subjected to microarray analysis (Figure 1P). Gene Ontology 

categorization showed that metabolism-related gene expression was significantly changed 

in the reprogramming CMs compared to the Ctrl CMs at reprogramming day 2 (Figure 

1Q). The gene expression changes included the up-regulation of glucose and amino acid 

metabolism and down-regulation of nucleotide metabolism. Similar trends were shown in 

heat map analysis (Figure 1R); ketone metabolism-related gene expression was up-regulated 

and aerobic respiration-related genes were down-regulated in the adult reprogramming 

CMs compared to the Ctrl CMs. Taken together, these data show that temporary CM 

reprogramming resulted in dedifferentiation with changes in cell morphology, proliferation, 

and expression of genes associated with metabolism.

Cardiac-specific ketogenesis creates a systemic and specific metabolic switch along with 
mitochondrial changes, inducing CM dedifferentiation at reprogramming day 2

Since a metabolic switch appears implicated in adult CM dedifferentiation, we decided to 

clarify any rearrangement of metabolic pathways in adult CMs during the reprogramming 

process. First, the metabolites of Ctrl and CM-reprogramming heart lysates were analyzed 

by liquid chromatography-mass spectrometry (LC-MS), identifying 101 metabolites in both 

groups (Figure 2A and 2B). Grouping these hits revealed that glucose and ketone body 
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metabolism-related metabolites were up-regulated in CM-reprogramming hearts (Figure 

2C), in agreement with gene expression changes identified by microarray. On the contrary, 

tri-carboxylic acid (TCA) cycle and nucleotide metabolism-related metabolites were down-

regulated in CM-reprogramming hearts (Figure 2C and 1R). In order to avoid influence by 

intermediate products derived from other tissues, an ex vivo heart system was set up and 

carbon NMR was used to detect the 13C-metabolites produced only from the exogenous 

addition of labeled substrates (Figure 2D).20 In NMR analysis, mixed fatty acids (mFA), 

which are the primary fuel for adult cardiac aerobic respiration, were decreased in the 

reprogramming hearts compared to the Ctrl hearts (Figure 2E). Although glucose and 

ketones slightly increased for ATP generation, the total percentage of aerobic respiration, 

derived from perfused 13C-metabolites, was decreased in the reprogramming hearts (Figure 

2E and Figure S4). In addition, the amounts of Lactate and Alanine were 1.5 times higher in 

reprogramming hearts than in the Ctrl hearts, indicating that glycolysis was increased in the 

hearts two days following OSKM induction (Figure 2F). Interestingly, β-hydroxybutyrate 

(OHB) was 2 times higher in the reprogramming hearts than in the Ctrl hearts, indicating 

that ketogenesis is increased (Figure 2F). Several techniques were further utilized to confirm 

ketogenesis induction (Figure 2G). The main intermediate product of ketogenesis is HMG-

CoA. Therefore, we isolated mitochondria and confirmed HMG-CoA amount was 2 times 

higher in the reprogramming hearts than in the Ctrl hearts (Figure 2H). The end product 

of ketogenesis, OHB, was measured >1.5 times higher in the reprogramming CMs than 

Ctrl CMs by an OHB colorimetric assay kit (Figure 2I). In order to control for potential 

metabolic effects of doxycycline, we performed the same metabolic profiling on C57BL/6J 

(normal) mice treated with doxycycline for 2 days. The levels of each 13C-metabolite were 

unchanged in Dox-treated normal hearts compared to PBS-treated CM-OSKM mice (Figure 

S5A). In addition, neither HMGCS2 expression nor OHB levels were significantly different 

(Figure S5B and S5C). Using Seahorse assay we found that the oxygen consumption rate 

(OCR) was lower in the adult reprogramming CMs than in the Ctrl CMs (Figure 2J and 

2K). HMGCS2, the rate-limiting enzyme of ketogenesis, was significantly increased at both 

the RNA and protein levels (Figure 2L and 2M). A schematic summary of these changes is 

shown in Figure 2N. Several metabolic pathways such as ketogenesis and aerobic respiration 

occur in mitochondria, and changes of OCR are often accompanied by mitochondrial 

differences. Therefore, we assessed CM mitochondria presenting that mitochondrial copy 

numbers were lower and RNA expression was significantly lower in the reprogramming 

CMs compared to the Ctrl CMs (Figure 2O and 2P). Transmission electron microscopy 

(TEM) revealed that mitochondrial area and aspect ratio were both significantly decreased 

in the reprogramming hearts (Figure 2Q–2S). Mitochondrial fission has been reported to 

be related to proliferative induction through post-translational phosphorylation of DRP-1 on 

serine 616.21 Indeed, DRP-1 serine 616 phosphorylation was higher in reprogramming CMs 

compared to the Ctrl CMs (Figure S6A), while DRP-1 on serine 637 showed no difference 

(Figure S6B). In summary, these data indicate that during CM reprogramming by OSKM 

induction, a metabolic switch occurs, including increased ketogenesis and glycolysis with 

deceased aerobic respiration and altered mitochondrial structure and function. This switch 

occurs in synchrony with the induction of CM proliferation.
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HMGCS2 induction in adult hearts induces ketogenesis leading to a metabolic switch in an 
oxygen-dependent manner

We determined to examine whether ketogenesis is the initiator of these metabolic changes 

in the heart. In vivo overexpression of HMGCS2 in normal adult mouse hearts was 

established through AAV9 infection to test if its overexpression would lead to the same 

metabolic changes found in reprogramming hearts (Figure 3A). AAV9-mediated HMGCS2 

induction was sustained for approximately 2 months and the expression peaked 5 weeks 

after injection (Figure S7A). Transduction efficiency was ~88% by measuring EGFP+ 

cells using flow cytometry (Figure S7B). After AAV9 infection for 5 weeks, HMGCS2 

expression and the amount of OHB were both confirmed to be increased in the isolated 

adult CMs from AAV9-HMGCS2 mice compared to AAV9-EGFP (Ctrl) mice (Figure 3B 

and 3C). Metabolic profiles of Ctrl and HMGCS2-overexpressing hearts were analyzed 

that ketogenesis was induced and aerobic FA metabolism was decreased in the HMGCS2-

overexpressing hearts (Figure 3D and 3E). This was in agreement with what we observed 

in the OSKM-induced adult CMs. However, under normal oxygen conditions, energy 

demand could be supplied from aerobic glucose and OHB metabolism (Figure 3D and 

3E). Glycolysis was also increased, likely to compensate for decreased ATP production via 
aerobic FA metabolism (Figure 3E). Seahorse analysis showed that OCR was not different 

in HMGCS2-overexpressing CMs compared to Ctrls (Figure 3F and 3G). In accordance with 

the finding that the total oxidation rate was not changed in the HMGCS2-overexpressing 

hearts, mitochondrial DNA and RNA expression, as well as mitochondrial structure, did 

not differ between Ctrl and HMGCS2-overexpressing hearts (Figure S8A–S8E). In addition, 

heart function was similar between Ctrl and HMGCS2-overexpressing hearts. Therefore, 

we conclude that cardiac HMGCS2 overexpression increases ketogenesis which in turn 

decreases aerobic FA metabolism and increases glycolysis and aerobic glucose metabolism, 

together maintaining oxygen consumption and overall energy production (Figure 3H). 

Although cardiac ketogenesis competitively reducing aerobic FA metabolism was shown in 

reprogramming hearts and cardiac HMGCS2-overexpressing hearts, the following metabolic 

outcome would differ based on environmental adaptation (Figure 2N and 3H). This implies 

that cardiac ketogenesis may lead to a “reprogramming metabolism” allowing adult CM 

dedifferentiation under temporary induction of Yamanaka’s factors. In order to test this 

hypothesis, cardiac HMGCS2 overexpression was performed on adult CM-OSKM mice 

to confirm if this overexpression would increase CM proliferative ability while inducing 

reprogramming. First, we examined the morphology of highly-HMGCS2-expressing CMs 

from CM-OSKM mice after OSKM induction for 2 days. These cells displayed a rounder 

morphology (50–60 μm in length and aspect ratio of approximately 3) similar to those we 

found in reprogramming CMs (Figure 3I and 3J). After HMGCS2 overexpression resulting 

from doxycycline treatment, the hearts showed ~2-fold higher Hmgcs2 RNA expression 

compared to the doxycycline treatment only or HMGCS2 overexpression only (Figure 3K). 

Through BrdU labeling of isolated adult CMs, flow cytometric analysis showed a two-fold 

increased BrdU+ population compared to the Ctrl reprogramming hearts (Figure 3L and 

3M). Heart tissue sectioning was also performed and showed 2-fold increase in the H3P+ 

CM population in HMGCS2-overexpressing reprogramming hearts compared to the control 

reprogramming hearts (Figure 3N and 3O). These proliferative cells were also confirmed 

as HMGCS2+ CMs (Figure S9). However, the discrepancy that lower H3P+ CM population 

Cheng et al. Page 6

Circulation. Author manuscript; available in PMC 2023 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



detected in AAV9-EGFP group than the +Dox group shown in Figure 1M may be due to 

the different mouse strains we used for AAV injection. Furthermore, the reprogramming 

induced CMs were isolated for in vitro culture and showed 3 times more H3P+/cTnT+ CMs 

in HMGCS2-overexpressing reprogramming hearts compared to the control reprogramming 

hearts (Figure 3P and 3Q). To further investigate whether HMGCS2 is necessary for the pro-

proliferative effects of OSKM expression, trigenic mice with CM-specific Dox-inducible 

OSKM expression in HMGCS2+/− mice were bred. After two days of doxycycline and 

BrdU administration, adult CMs isolated from HMGCS2 heterozygous mutant CMs had a 

2.5 times lower BrdU+ CM % than the Ctrl CMs (Figure S10A and S10B). In addition, 

adult CMs were isolated for in vitro culture and the proliferative H3P+/cTnT+ CM % was 

3.5 times lower in HMGCS2 heterozygous mutant mice compared to the control. These 

proliferative CMs showed a rounder morphology than the non-proliferative CMs (Figure 

S10C and S10D). In conclusion, the results in Figure 3 show that HMGCS2 overexpression 

by itself induces ketogenesis but does not trigger proliferation of CMs. However, in CM-

OSKM-induced hearts, HMGCS2 overexpression enhanced proliferation compared to the 

Ctrl.

CM-specific HMGCS2 knockout mice present a metabolic switch along with impaired 
mitochondria leading to a pathological hypertrophy

CM-specific HMGCS2 knockout mice were established to investigate the effects on 

cardiac metabolism. Conditional HMGCS2 knockout mice (floxP-HMGCS2) were bred 

by inserting loxP sites flanking exon 2 of HMGCS2 in the genome (Figure 4A). Through 

cross-breeding with αMHC promoter-driven CRE mice, CM-specific knockout mice (CM-

HMGCS2−/−) were established (Figure S11A). These mice showed loss of HMGCS2 

RNA and protein expression in isolated CMs even when we loaded more total protein 

(40 μg) (Figure 4B). OHB was undetectable in adult CM-HMGCS2−/− CMs (Figure 4C). 

Cardiac function was then measured by echocardiography and catheterization. EF% was 

significantly decreased in the CM-HMGCS2−/− mice (Figure 4D), and left ventricular 

pressure-volume indices revealed impaired heart function in the knockout mice compared 

to the Ctrl mice (Figure S11B). The dP/dt values were higher in CM-HMGCS2+/+ 

mice compared to CM-HMGCS2−/− mice under basal conditions (Figure S11B). During 

occlusion, CM-HMGCS2+/+ hearts showed higher ESPVR, EDPVR, and PRSW values and 

lower Tau values than HMGCS2−/− hearts (Figure S10B). The left ventricular (LV) mass 

was found to be higher in the CM-HMGCS2−/− mice compared to Ctrl mice (Figure 4E). 

The hypertrophic marker by the ratio of βMHC to αMHC expression showed increased 

2-fold in the CM-HMGCS2−/− mice (Figure 4F), while PGC1α expression was not changed 

indicating the presence of pathological hypertrophy in the CM-HMGCS2−/− mice (Figure 

4G). Through trichrome staining of adult mouse heart tissue sections, the percentage of 

fibrotic areas and CM size were both significantly increased in the CM-HMGCS2−/− mice 

compared to the CM-HMGCS2+/+ mice (Figure 4H–4J). Gradual decreases of HMGCS2 

expression were detected with embryonic hearts showing much higher HMGCS2 expression 

than adult hearts (Figure S11C). In addition, the proliferative ability of CMs isolated from 

newborn CM-HMGCS2−/− mice was also examined, showing a significantly lower H3P+ 

and AURKB+ CM% compared to the Ctrl mice (Figure 4K–4N). Upon reaching adulthood, 

the number of rod-shaped CMs in CM-HMGCS2−/− mice were reduced by approximately 
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half compared to Ctrl mice (Figure S11D). Thus, we hypothesize that CM-HMGCS2−/− 

mice generated less total CMs during development and hypertrophy may be used as a 

compensatory mechanism to maintain sufficient heart growth during adolescence. The 

metabolic profile of adult CM-HMGCS2−/− hearts was analyzed, revealing that glucose 

became the principal substrate for aerobic respiration (Figure S11E) and that glycolysis also 

increased, as shown by increased Lactate (Figure S11F). Ketogenesis was also reduced, 

shown by decreased OHB (Figure S10F). The OCR was also measured and found to be 

significantly decreased in CMs isolated from CM-HMGCS2−/− mice (Figure 4O and 4P). 

Accordingly, total mitochondrial DNA copies and the RNA expression of key mitochondrial 

genes were lower than those in CM-HMGCS2+/+ mice (Figure 4Q and 4R). TEM was 

used to find both misalignment and altered mitochondrial size and aspect ratio of CM-

HMGCS2−/− mice compared to CM-HMGCS2+/+ mice (Figure 4S–4U). These data indicate 

that reduction of HMGCS2 expression in the CMs leads to the rearrangement of metabolic 

pathways along with impaired mitochondria, resulting in pathological hypertrophy and 

damaged heart function.

Loss of CM-specific HMGCS2 expression worsens heart function after cardiac ischemia 
reperfusion (cI/R) injury and can be rescued by exogenous HMGCS2 expression

Although HMGCS2 expression is low in the adult heart, its role in development and 

maintenance of heart function is clearly shown in Figure 4. Next, we decided to investigate 

any role of HMGCS2 in cardiac protection or regeneration, since injured hearts may 

create a similar environment as OSKM-induced reprogramming hearts. Both hearts showed 

significant upregulation of dedifferentiation markers Myh7 and Nkx2.5 (Figure S12A), and 

Hmgcs2 was highly upregulated in CMs after inducing OSKM in adult CM of MI mice 

(Figure S12B). Besides, HMGCS2 expression was reported directly regulated by MYC 

protein.22 CM-HMGCS2−/− mice displayed impaired heart function even without cardiac 

injury (Figure 4). However, CM-HMGCS2+/− mice, confirmed to have half the amount 

of HMGCS2 expression, still produced OHB equal to the control mice and maintained 

normal heart function (Figure S13A–S13C). Therefore, HMGCS2+/− mice were utilized 

to investigate the role of HMGCS2 in cardiac regeneration following cI/R injury (Figure 

5A). HMGCS2 expression and OHB were both significantly lower in the CM-HMGCS2+/− 

mice one day after performing cI/R surgery (Figure 5B and 5C) which was the peak of 

HMGCS2 up-regulation in CM-HMGCS2+/+ mice (Figure S12C). One day after cI/R, CM-

HMGCS2+/− mice showed a significantly larger infarct area% than CM-HMGCS2+/+ mice 

(Figure 5D and 5E). EF% was reduced in both CM-HMGCS2+/+ and CM-HMGCS2+/− mice 

one day following cI/R injury. Weekly analysis revealed that EF% slightly decreased over 

time in CM-HMGCS2+/− mice, whereas CM-HMGCS2+/+ mice showed a small increase 

in EF% due to innate recovery. At D21 this difference was statistically significant (Figure 

5F). Heart function was further characterized by catheterization at D21 post-injury and all 

indices indicated poorer heart function in CM-HMGCS2+/− mice than CM-HMGCS2+/+ 

mice (Figure 5G). The percentage of fibrotic area was also higher in the CM-HMGCS2+/− 

mice compared to the CM-HMGCS2+/+ mice at D21 post-cI/R (Figure 5H and 5I). Next, 

we examined whether exogenous induction of HMGCS2 expression into CM-HMGCS2+/− 

mice may rescue cardiac function after cI/R injury. After exogenous HMGCS2 induction by 

AAV9 for 5 weeks, HMGCS2 expression and OHB amount were both highly up-regulated 
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in HMGCS2-rescued CM-HMGCS2+/− mice compared to Ctrl mice 1 day after cI/R injury 

(Figure 5J and 5K). HMGCS2-rescued CM-HMGCS2+/− mice showed lower infarct area% 

than Ctrl CM-HMGCS2+/− mice (Figure 5L and 5M). Echocardiography revealed that 

heart function was also rescued, showing higher EF% at D21 following cI/R surgery in 

the HMGCS2-rescued mice (Figure 5N). Catheter measurements indicated a trend toward 

improved systolic and diastolic functions in HMGCS2-rescued mice after cI/R injury for 21 

days compared to Ctrl mice (Figure 5O). At the same time, the percentage of fibrotic area 

was lower in HMGCS2-rescued mice compared to the Ctrl mice (Figure 5P and 5Q).

According to the results shown in Figure 2 and 3, cardiac ketogenesis should competitively 

reduce aerobic FA metabolism, leading to a metabolic switch based on oxygen level. This 

implies that HMGCS2-induced metabolic changes should be different in the hypoxic infarct 

area versus the normoxic remote area of hearts after cI/R injury. To test this hypothesis, 

heart tissue from each area was isolated and perfused with 13C-glucose through a working 

heart system. NMR data revealed that the ratio of 13C-Lactate to 13C-Succinate (Glycolysis/

aerobic Glc metabolism) was significantly higher in the infarct area of HMGCS2-rescued 

hearts (Figure 5R, S14A and S14B). This indicates that a higher rate of adult CM glycolysis 

in the border zone would induce their dedifferentiation, allowing for proliferation, which 

we previously found during CM reprogramming (Figure 2N). However, the 13C-Lactate 

(13C-Lac) to 13C-Succinate (13C-Suc) ratio was lower and both 13C-Lac and 13C-Suc were 

higher in the remote area of HMGCS2-rescued hearts compared to the infarct area (Figure 

5R, S14A and S14B). This indicates that the induction of CM glycolysis and aerobic 

Glc metabolism in the remote area would help to maintain their OCR and mitochondrial 

function, as mentioned previously in HMGCS2-overexpressing hearts (Figure 3H). At the 

same time, more H3P+ CMs was found at the border zone of HMGCS2-rescued hearts 

compared to the Ctrl (Figure 5S to 5T). In conclusion, cardiac ketogenesis lead to metabolic 

switching in adaptation to the hypoxic environment, thus supporting heart function and 

regeneration after injury (Figure 5U).

Forced HMGCS2 overexpression increases adult CM dedifferentiation and proliferation for 
heart function improvement after myocardial infarction (MI) or under hypoxia.

Lastly, we decided to investigate the possible therapeutic role of HMGCS2 on a permanent 

coronary artery ligation MI model (Figure 6A). After exogenous HMGCS2 induction 

by intramyocardial AAV9 injection immediately after MI, HMGCS2-overexpressing mice 

showed a higher EF% at post-MI D21 than Ctrl AAV9-EGFP mice (Figure 6B). 

Catheter measurements indicated better heart function in HMGCS2-overexpressing mice 

21 days after MI injury compared to Ctrl mice (Figure 6C). The infarct area showed no 

differences in Ctrl or HMGCS2-overexpressing mice 1 day after MI (Figure 6D and 6E), 

indicating that HMGCS2 overexpression may stimulate regeneration rather than protecting 

the myocardium. The fibrotic area was also smaller in HMGCS2-overexpressing mice 

compared to the Ctrl mice (Figure 6F and 6G). More H3P+ CMs were found in HMGCS2-

overexpressing hearts 3 days after MI injury compared to controls (Figure 6H and 6I). These 

proliferative CMs were all confirmed as HMGCS2+ (Figure S15A). Taken together, these 

findings show that exogenous HMGCS2 expression can support cardiac regeneration and 

improve heart function after MI.
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Next, we decided to test these findings in a human system. We utilized an in vitro 
model using hypoxic (1% O2) human induced pluripotent stem cell-derived CMs (hiPSC-

CMs) (Figure 7A). HMGCS2 expression was highly up-regulated in hiPSC-CMs after 

lentiviral infection (Lenti-HMGCS2) compared to the Ctrl (Lenti-EGFP) (Figure 7B and 

Figure S15B). HMGCS2 overexpression also induces increased ketone production in hiPSC-

CMs (Figure 7C). Furthermore, HMGCS2 overexpressing hiPSC-CMs showed a shorter 

morphology with a lower length-to-width ratio compared to the Ctrl cells under hypoxia 

(Figure 7D to 7G). HMGCS2 overexpressing hiPSC-CMs showed a two-fold greater 

proliferative ability compared to Ctrl cells under hypoxic conditions, while the same 

proliferation induction could not be detected during normoxia (Figure 7H and Figure S15C). 

We further examined mitochondrial gene expression and morphology by real-time PCR 

and TEM respectively. HMGCS2-overexpressing iPSC-CMs showed lower mitochondrial 

RNA expression compared to controls (Figure 7I). In addition, the same poorly-organized 

sarcomere structures with smaller, misaligned mitochondria were found in HMGCS2-

overexpressing iPSC-CMs, while elongated mitochondria were aligned between sarcomeres 

in control cells (Figure 7J). These data indicate that forced HMGCS2 overexpression 

supports CM dedifferentiation and facilitates proliferation under hypoxic condition.

Furthermore, the mechanism how HMGCS2 increases adult CM proliferation was examined. 

SRC has long been defined as an oncogene with the ability to increase cell proliferation, 

with its activation controlled by peroxisome proliferator-activated receptors (PPARs).23 

HMGCS2 has also been reported to regulate transcriptional expression through association 

with PPARα24. Thus, we hypothesized that HMGCS2 may activate Src expression to 

increase adult CM proliferation via associating with PPARα. We found that both Pparα 
and Src were significantly up-regulated in HMGCS2-overexpressing iPSC-CMs only under 

hypoxic conditions (Figure S16A). Down-regulation of Src or Pparα expression was 

performed to test adult CM proliferation after HMGCS2 overexpression during hypoxia. 

Src down-regulation by shRNA reduced expression to approximately 10% (Figure S16B), 

and adult CMs showed 2 times lower proliferative ability than the control cells after 

culturing in hypoxia chamber for 48 hours (Figure S16C). Down-regulation of Pparα 
by shRNA was then performed in human iPSC-CMs during HMGCS2 overexpression, 

successfully reducing Pparα expression to 20% (Figure S16D). Src expression was also 

found to be down-regulated to approximately 50% compared to control cells (Figure 

S16D). The proliferative ability was 1.6 times lower in Pparα knockdown cells than in 

the control cells (Figure S16E). Pparα knockdown by specific inhibitor GW6471 was 

also performed and showed the similar effects on reducing human iPSC-CM proliferation 

(Figure S16F and S16G). Furthermore, a mutant HMGCS2, unable to interact with 

PPARα, was generated. Palmitoylation of HMGCS2 has been previously reported to play 

an important role for its interaction with PPARα, and HMGCS2-C305S (mutant) could 

be generated to block this interaction without affecting its active site.25 Following the 

same strategy, HMGCS2-WT (wild type) or HMGCS2-C305S protein expression was 

confirmed to be upregulated in 293 cells after inducing overexpression by lentivirus (Figure 

S16H). Immunoprecipitation results presented that strong interaction with PPARα was 

detected in HMGCS2-WT overexpressing human iPSC-CMs, while the interaction was 

decreased in HMGCS2-C305S cells (Figure S16I). These data indicate that the position 
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305 is essential for HMGCS2 interaction with PPARα. Furthermore, Src expression was 

downregulated in HMGCS2-C305S overexpressing human iPSC-CMs compared to the 

wild type cells (Figure S16J). Finally, the proliferative ability was significantly decreased 

in mutant HMGCS2-overexpressing cells compared to the wild type (Figure S16K). We 

further examined this mechanism in HMGCS2-overexpressing CM-OSKM hearts. Src 

expression was only significantly up-regulated in reprogramming hearts compared to the 

control hearts while simultaneously inducing HMGCS2 overexpression (Figure S16L). We 

also investigated expression in the infarct border zone and remote area of hearts after 

HMGCS2 overexpression. Although Pparα expression was high in both areas of the MI-

performed hearts and even higher in the remote area, Src expression was only significantly 

up-regulated in the border zone area (Figure S16M). Taken together, these data indicate that 

HMGCS2 supports adult CM proliferation through association with PPARα for inducing 

SRC expression.

Discussion

In a previous study our group showed that in vitro reprogramming of neonatal mouse CMs 

up-regulated expression of proliferation-related genes. We then delivered these genes to 

successfully drive CM proliferation via activation of the cell cycle.18 However, neonatal 

CMs and adult CMs differ significantly in their structure, function, metabolism and response 

to injury.26 As a result, the gene cocktail described in our previous study was unable 

to efficiently induce proliferation in adult CMs. Through specific induction of adult CM 

reprogramming in vivo, we can not only investigate the transformation of CMs during the 

process, but the effects on whole mouse can be also detected. The data in this manuscript 

suggests that inducing a metabolic switch in adult CMs, rather than directly inducing 

cell cycle-related activators, may be a more efficient way to regain proliferative ability 

(Figure 1 and 2). A similar approach was published recently showing that short-term in vivo 
expression of OSKM in adult CMs induced dedifferentiation, enabling reentry into the cell 

cycle and facilitating heart regeneration.19 Our two studies therefore clearly demonstrate that 

partial reprogramming is a potential tool in the regeneration toolkit. One notable difference 

is that our study used intraperitoneal doxycycline administration rather than oral (drinking 

water) administration. This evidently led to a different progression of CM reprogramming. 

In our study, CM proliferation peaked 2 days after doxycycline injection, and 6 days was 

lethal, with mice showing apoptotic CMs. However, the study by Chen and colleagues 

showed a slower timeline of reprogramming, with dedifferentiation occurring at day 6. 

Extended administration of doxycycline resulted in cardiac tumors. Thus, it is clear that the 

reprogramming-based approach has limitations. Therefore, we were motivated to examine 

the adult CM reprogramming process and identify any potentially modifiable downstream 

targets which may allow induction of temporary adult CM dedifferentiation. Our microarray 

analysis of CMs during early reprogramming revealed changes in genes associated with 

metabolism and we also note that Chen and colleagues’ study found metabolism-related 

gene expression changes. In this current study we have comprehensively profiled the 

metabolism of early-reprogramming CMs using labelled substrates and identified a switch to 

ketogenesis.
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Ketogenesis is mainly carried out in the liver where ketones can be easily transferred to 

other tissues for utilization.27 Ketone utilization is common as an alternative energy source 

while fasting or exercising,28 and ketones are used as a metabolic substrate in the heart 

after injury.29–31 Under normal conditions with sufficient oxygen, the adult myocardium 

primarily utilizes fatty acid and glucose oxidation, with ketone bodies used minimally 

for energy production.32 However, if extra ketones are supplied, they can be utilized by 

the heart, subsequently reducing fatty acid and glucose metabolism.33–35 Failing hearts 

gradually lose their ability to oxidize fatty acids or glucose, and alternatively use ketone 

oxidation to bypass the dysregulation of β-oxidation pathway and pyruvate dehydrogenase 

complex. Despite mitochondrial damage during heart failure, ketones still can be completely 

oxidized with less steps.29, 36 Increased ketone use is thought to be adaptive since 

overexpression of ketolysis enzyme BDH1 has been shown to attenuate cardiac remodeling 

in a pressure-overloaded model.30, 37 However, there are few studies clearly defining the 

role of ketone synthesis in the heart tissue itself. Here, we provide evidence that HMGCS2-

induced ketogenesis in adult CMs competitively reduces FA metabolism leading to a 

metabolic switch and mitochondrial changes (Figure 2 and 3).

Metabolic flexibility allows cells to adapt changing conditions, and primarily occurs due 

to the antagonism between glucose and FA for providing energy production.38 Several 

studies have demonstrated the importance of metabolic reprogramming in the heart 

during periods of stress. Decreased aerobic respiration has also been shown to provide 

a suitable environment for adult CM proliferation by reduction of fatty acid or glucose 

oxidation.39–41 In a previous study, ectopic expression of cell cycle genes in human iPSC-

CMs resulted in reduced oxidative phosphorylation and increased anabolic metabolism, 

including gluconeogenesis.40 Our study corroborates this, since ketogenesis is also a form 

of anabolic metabolism, and thus may create a favorable environment for increasing CM 

proliferation. In addition, ketogenesis regulates FA metabolism, Glc metabolism, and the 

TCA cycle for maintaining hepatic metabolic homeostasis.28, 42, 43 The same scenario is 

presented in our current study, showing that an increase of HMGCS2-induced ketogenesis 

in adult CMs decreases FA metabolism. Glucose is then used via anaerobic or aerobic 

respiration, depending on the available oxygen. As such, ketogenesis-induced adult CM 

reprogramming can be specifically induced in the border zone but not the remote area of 

injury hearts (Figure 5).

HMGCS2 is a rate-limiting enzyme for catalyzing the first reaction of ketogenesis.44 3-

hydroxy-3-methylglutaryl-CoA lyase deficiency (HMGCLD) is a rare autosomal recessive 

error of ketone body synthesis and leucine degradation. There are more than 20 

different HMGCS2 mutations reported and these patients suffer from hepatomegaly and 

hypoglycemia during acute infection and prolonged fasting.45–49 HMGCS2 is up-regulated 

in the mouse ventricle within one week after birth, and its expression is diminished at 

postnatal day 12.50 However, the role of HMGCS2 in maintenance of heart function 

during development, or after injury, had not been previously investigated. In our study, 

we generated AAV9-HMGCS2 and CM-specific HMGCS2 knockout mice to thoroughly 

demonstrate the role of HMGCS2 in initiating adult CM dedifferentiation and proliferation, 

thus offering a degree of cardiac protection and regeneration after injury. Our study 

also provides other possible targets identified by microarray and metabolic profiling 
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experiments including up-regulation of immune response and apoptosis-related genes, and 

down-regulation of nucleotide synthesis-related genes during early reprogramming. Each 

of these provides new research directions for future studies hoping to induce adult CM 

proliferation.

Overall, we have demonstrated the importance of HMGCS2-induced ketogenesis as a 

means to regulate metabolic response to CM injury, thus allowing cell dedifferentiation 

and proliferation as a regenerative response. Overlaps between OSKM-induced CM 

reprogramming, heart development and maturation, and the response to heart injury become 

readily apparent. Since myocardial infarction remains the greatest cause of death in 

developed countries, we hope this study provides a foundation for future research, exploiting 

metabolism as a mechanism to drive myocardial regeneration following injury.
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Clinical Perspective

What Is New?

• Temporary reprogramming of adult cardiomyocytes (CMs) in vivo results 

in dedifferentiation with changes in cell morphology, proliferation, and 

metabolism.

• Upregulation of HMGCS2-mediated ketogenesis leads to a metabolic switch 

in the adult CMs during early reprogramming.

• Loss of CM-specific HMGCS2 expression worsens heart function after 

cardiac ischemia reperfusion (cI/R) injury, which can be rescued by 

exogenous HMGCS2 expression.

What Are the Clinical Implications?

• Exploiting CM dedifferentiation and manipulating CM metabolism are 

potential mechanisms for cardiac regeneration after injury.

• HMGCS2 overexpression improves heart function following myocardial 

infarction, and increases human iPSC-CM dedifferentiation and proliferation 

under hypoxic conditions.
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Figure 1. In vivo CM-reprogramming induces metabolic switch, CM dedifferentiation and 
increased CM proliferation.
A, The experimental design for investigating adult CM reprogramming in vivo. B, RNA 

expression level and induction level of OSKM in adult CMs after inducing OSKM 

reprogramming for 2 days. C, Protein expression level and induction level of OSKM 

in adult CMs after inducing OSKM reprogramming for 2 days. D, Flow cytometry 

analysis of isolated proliferative CMs through BrdU tracking in CM-reprogramming mice 

after OSKM induction. E, Percentage of proliferative CMs at each CM-reprogramming 
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day determined by flow cytometry. F, Heart function measured by echocardiography in 

control or CM-reprogramming hearts after doxycycline treatment for 2 days. G, TUNEL 

staining of heart sections isolated from CM-OSKM mice after doxycycline treatment at 

the different time points. H, Heart function measured by echocardiography in control or 

CM-reprogramming hearts after doxycycline treatment for 5 days. I, Schematic diagram of 

intravital imaging protocol used for live investigating CM-reprogramming hearts after PBS 

or OSKM induction in vivo for 2 days. J, Investigation of CM alignment in the whole 

CM-reprogramming hearts by intravital microscopy after PBS or OSKM induction in vivo 
for 2 days. K, The morphology of CMs in CM-reprogramming hearts determined by length 

and width in intravital imaging data after PBS or OSKM induction in vivo for 2 days. Each 

dot represents one CM in one Ctrl or reprogramming heart. L, Aspect ratio determined by 

length-to-width ratio of each CM-reprogramming mouse in intravital imaging data after PBS 

or OSKM induction specifically in CMs in vivo for 2 days. Each dot represents one mouse 

sample. M, Immunofluorescence staining of heart tissue sections showing morphology of 

proliferative CMs through H3P and WGA staining on CM-reprogramming hearts after PBS 

or OSKM induction for 2 days. Arrow heads represented H3P+ proliferative CMs. Scale bars 

were 50 μm. N, Percentage of proliferative CM percentage (H3P+ %) in the heart tissue 

sections of CM-reprogramming hearts after PBS or OSKM induction for 2 days. O, The 

morphology of H3P+ CMs in three CM-reprogramming hearts determined by length, width, 

and aspect ratio in heart tissue sections after OSKM induction in vivo for 2 days. Each 

dot represents one CM in one Ctrl or reprogramming heart. P, The experimental design 

for discovering the detail mechanism for adult CM reprogramming at day 2 by microarray 

analysis. Q, Gene ontology analysis of gene expressional changes in adult CMs after PBS 

or OSKM induction for 2 days in vivo. R, Heat map showing metabolism-related gene 

expressional changes in adult CMs after PBS or OSKM induction for 2 days in vivo.
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Figure 2. Cardiac-specific ketogenesis creates a systemic and specific metabolic switch along with 
mitochondrial changes, inducing CM dedifferentiation at reprogramming day 2.
A, The experimental design for metabolic profiling using LC-MS analysis. B, Hits 

detected by LC-MS analysis especially in both control and CM-reprogramming hearts. C, 

Grouping of metabolic hits detected by LC-MS analysis in control or CM-reprogramming 

hearts. D, The experimental design for metabolic profiling using a working heart system 

perfused with 13C-metabolites, detected by NMR. E, Oxidation percentage of control 

and CM-reprogramming hearts measured by 13C-glutamate level derived from different 
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13C-metabolic substrates through NMR analysis. F, Specific 13C-metabolites of control and 

CM-reprogramming hearts detected by NMR. G, The experimental design for measuring 

ketogenesis in the control or CM-reprogramming hearts. H, HMG-CoA level detected 

by HPLC in the isolated mitochondria from control or CM-reprogramming hearts. I, 

OHB level measured by OHB colorimetric assay in the isolated CMs from control or 

CM-reprogramming mice. J, OCR detected by Seahorse analysis in the isolated CMs 

from control or CM-reprogramming mice. K, Quantification of basal and maximal OCRs 

in the control or reprogramming CMs isolated from PBS or OSKM-treated hearts. L, 

RNA expression of Hmgcs2 normalized by Gapdh in CMs isolated from control or OSKM-

treated mice. M, Protein expression of HMGCS2 in CMs isolated from control or OSKM-

treated mice. N, Schematic diagram showing metabolic switch in adult CMs after OSKM 

induction for 2 days. O, Mitochondrial copy numbers detected by mtDNA through real-time 

PCR in control or reprogramming CMs isolated from PBS or OSKM-treated hearts. P, 

Mitochondrial RNA expression detected by real-time PCR in control or reprogramming 

CMs isolated from PBS or OSKM treated hearts. These RNA expressions were normalized 

by Gapdh. Q, Mitochondrial structure examined by TEM in isolated control or CM-

reprogramming hearts. R, Mitochondrial size in isolated control or CM-reprogramming 

hearts, determined by TEM. S, Aspect ratio of mitochondrial length-to-width in isolated 

control or CM-reprogramming, determined by TEM.
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Figure 3. HMGCS2 induction in adult hearts induces ketogenesis leading to a metabolic switch in 
an oxygen-dependent manner.
A, Experimental design for HMGCS2 overexpression in vivo through AAV9 infection. 

B, Protein expression of HMGCS2 detected by western-blot in AAV9-EGFP or AAV9-

HMGCS2 infected CMs. C, OHB level measured by colorimetric assay in the isolated 

CMs from AAV9-EGFP or AAV9-HMGCS2 infected hearts. D, Oxidation percentage 

of AAV9-EGFP or AAV9-HMGCS2 infected hearts measured by 13C-glutamate level 

derived from different 13C-metabolic substrates though NMR analysis. E, Specific 13C-
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metabolites of AAV9-EGFP or AAV9-HMGCS2 infected hearts detected by NMR. F, OCR 

detected by Seahorse analysis in the isolated CMs from AAV9-EGFP or AAV9-HMGCS2 

infected mice. G, Quantification of basal and maximal OCRs in the AAV9-EGFP or 

AAV9-HMGCS2 infected CMs. H, The representative diagram of metabolic switch in adult 

CMs after AAV9-EGFP or AAV9-HMGCS2 infection. I, Immunofluorescence staining of 

heart tissue sections showing morphology of highly HMGCS2 expressing CMs through 

HMGCS2 and WGA staining on CM-reprogramming hearts after OSKM induction for 

2 days. Scale bar was 50 μm. J, The morphology of highly HMGCS2-expressing CMs 

in three CM-reprogramming hearts determined by length, width, and aspect ratio in the 

heart tissue sections after OSKM induction in vivo for 2 days. Each dot represents one 

CM in 3 reprogramming hearts. K, RNA expression of Hmgcs2 normalized by Gapdh 

in CMs isolated from control or OSKM-treated mice after HMGCS2 overexpression. L, 

The percentage of isolated proliferative CM measured by flow cytometry through BrdU 

tracking in control or HMGCS2 overexpressed CM-reprogramming mice. M, The statistics 

of flow cytometric data representing the percentage of proliferative CMs in control or 

HMGCS2 overexpressed CM-reprogramming mice. N, Immunofluorescence of heart tissue 

sections to present morphology of proliferative CMs through H3P and WGA staining on 

control or HMGCS2 overexpressed CM-reprogramming hearts. Arrow Heads represented 

H3P+ proliferative CMs. Scale bar were 50 μm. O, Quantification of proliferative CM 

percentage (H3P+%) in the heart tissue sections of control or HMGCS2 overexpressed CM-

reprogramming hearts. P, Immunofluorescence of isolated CMs showing morphology of 

proliferative CMs through H3P and cTnT staining from control or HMGCS2 overexpressed 

CM-reprogramming hearts. Scale bar was 50 μm. Q, Proliferative CM percentage (H3P+/

cTnT+ %) in the isolated CMs from control or HMGCS2 overexpressed CM-reprogramming 

hearts.
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Figure 4. CM-specific HMGCS2 knockout mice present a metabolic switch along with impaired 
mitochondria leading to a pathological hypertrophy.
A, Schematic diagram showing establishment of CM-specific HMGCS2 knockout mice. B, 

RNA and protein expression of HMGCS2 detected by real-time PCR and western-blot in 

isolated CMs from 10-week-old CM-HMGCS2+/+ or CM-HMGCS2−/− mice. 40 μg protein 

was loaded for examination. RNA expression was normalized by Gapdh. C, OHB level 

measured by OHB colorimetric assay in isolated CMs from 10-week-old CM-HMGCS2+/+ 

or CM-HMGCS2−/− mice. D, Ejection fraction of 10-week-old CM-HMGCS2+/+ or CM-
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HMGCS2−/− hearts measured by echocardiography. E, Left ventricular mass of 10-week-

old CM-HMGCS2+/+ or CM-HMGCS2−/− hearts measured by echocardiography. F, RNA 

expression of hypertrophic marker βMHC and αMHC measured by real-time PCR in 

the isolated CMs from 10-week-old CM-HMGCS2+/+ or CM-HMGCS2−/− mice. RNA 

expression was normalized by Gapdh. G, RNA expression of PGC1α measured by real-time 

PCR in the isolated CMs from 10-week-old CM-HMGCS2+/+ or CM-HMGCS2−/− mice. 

H, The fibrotic area in 10-week-old CM-HMGCS2+/+ or CM-HMGCS2−/− hearts shown by 

Masson Trichrome staining of heart tissue sections. I, Quantification of fibrotic percentage 

in 10-week-old CM-HMGCS2+/+ or CM-HMGCS2−/− hearts measured by Masson 

Trichrome Staining. J, Quantification of CM size in 10-week-old CM-HMGCS2+/+ or 

CM-HMGCS2−/− hearts measured by Masson Trichrome Staining. K, Immunofluorescence 

of heart tissue sections to present morphology of proliferative CMs through H3P and cTnT 

staining on 1-day-old control or CM-HMGCS2−/− hearts. Arrow Heads represented H3P+/

cTnT+ proliferative CMs. Scale bars were 50 μm. L, Quantification of proliferative CM 

percentage (H3P+%) in the heart tissue sections of 1-day-old control or CM-HMGCS2−/− 

hearts. M, Immunofluorescence of heart tissue sections showing morphology of proliferative 

CMs through AURKB and cTnT staining on 1-day-old control or CM-HMGCS2−/− hearts. 

Arrow Heads represented AURKB+/cTnT+ proliferative CMs. Scale bars were 50 μm. N, 

The statistics of proliferative CM percentage (AURKB+%) in the heart tissue sections of 

1-day-old control or CM-HMGCS2−/− hearts. O, OCR detected by Seahorse analysis in 

the isolated CMs from CM-HMGCS2+/+ or CM-HMGCS2−/− mice. P, Quantification of 

basal and maximal OCRs in the isolated CMs from 10-week-old CM-HMGCS2+/+ or CM-

HMGCS2−/− mice. Q, Mitochondrial copy numbers detected by mtDNA through real-time 

PCR in the isolated CMs from 10-week-old CM-HMGCS2+/+ or CM-HMGCS2−/− mice. R, 

Mitochondrial RNA expression detected by real-time PCR in adult CMs isolated from 10-

week-old CM-HMGCS2+/+ or CM-HMGCS2−/− mice. RNA expressions were normalized 

by Gapdh. S, Mitochondrial structure examined by TEM in 10-week-old CM-HMGCS2+/+ 

or CM-HMGCS2−/− hearts. T, Mitochondrial size of isolated 10-week-old CM-HMGCS2+/+ 

or CM-HMGCS2−/− hearts in TEM data. U, The aspect ratio of mitochondrial length-to-

width in isolated 10-week-old CM-HMGCS2+/+ or CM-HMGCS2−/− hearts in TEM data.
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Figure 5. Loss of CM-specific HMGCS2 expression worsens heart function after cardiac 
ischemia reperfusion (cI/R) injury and can be rescued by exogenous HMGCS2 expression.
A, Experimental design of cI/R on CM-HMGCS2+/+ or CM-HMGCS2+/− mice. B, Protein 

expression of HMGCS2 measured by western-blot in CMs isolated from CM-HMGCS2+/+ 

or CM-HMGCS2+/− mice after cI/R for 1 day. C, OHB level measured by OHB colorimetric 

assay in isolated CMs from CM-HMGCS2+/+ or CM-HMGCS2+/− mice 1 day after cI/R. 

D, Infarct area presented by triphenyltetrazolium chloride (TTC) staining and remote 

area presented by Evans blue staining in heart sections of CM-HMGCS2+/+ or CM-
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HMGCS2+/− mice 1 day after cI/R. E, Quantification of infarct area% in heart sections 

of CM-HMGCS2+/+ or CM-HMGCS2+/− mice 1 day after cI/R. IS: infarct size; AAR: 

area at risk; LV: left ventricle. F, EF% of CM-HMGCS2+/+ or CM-HMGCS2+/− hearts 

measured by echocardiography at different time points after cI/R. G, Heart function of 

CM-HMGCS2+/+ or CM-HMGCS2+/− mice determined by catheterization at post-cI/R day 

21. H, The fibrotic area in CM-HMGCS2+/+ or CM-HMGCS2+/− hearts shown by Masson 

Trichrome staining of heart tissue sections at post-cI/R day 21. I, Quantification of fibrotic 

percentage in CM-HMGCS2+/+ or CM-HMGCS2+/− hearts at post-cI/R day 21 measured by 

Masson Trichrome staining. J, Protein expression of HMGCS2 measured by western-blot 

in control or HMGCS2 rescued CM-HMGCS2+/− mice 1 day after cI/R. K, OHB level 

measured by OHB colorimetric assay in isolated CMs from control or HMGCS2 rescued 

CM-HMGCS2+/− mice 1 day after cI/R. L, Infarct area presented by triphenyltetrazolium 

chloride (TTC) staining and remote area presented by Evans blue staining in heart sections 

of control or HMGCS2-rescued CM-HMGCS2+/− mice 1 day after cI/R. M, Quantification 

of infarct area% in heart sections of control or HMGCS2-rescued CM-HMGCS2+/− mice 

1 day after cI/R. IS: infarct size; AAR: area at risk; LV: left ventricle. N, EF% of control 

or HMGCS2 rescued CM-HMGCS2+/− hearts measured by echocardiography at different 

time points after cI/R. O, Heart function of control or HMGCS2 rescued CM-HMGCS2+/− 

hearts determined by catheterization at post-cI/R day 21. P, The fibrotic area in control 

or HMGCS2 rescued CM-HMGCS2+/− hearts shown by Masson Trichrome staining of 

heart tissue sections at post-cI/R day 21. Q, Quantification of fibrotic percentage in control 

or HMGCS2 rescued CM-HMGCS2+/− hearts at post-cI/R day 21 measured by Masson 

Trichrome Staining. R, Ratio of 13C-Lactate-to-13C-Succinate in the infarct or remote 

areas measured by NMR through perfusing 13C-Glucose with isolated hearts from control 

or HMGCS2-rescued CM-HMGCS2+/− mice at post-cI/R day 3. S, Immunofluorescence 

staining of heart tissue sections showing morphology of proliferative CMs through H3P and 

cTnT staining at the border zone of control or HMGCS2 rescued CM-HMGCS2+/− mice at 

post-cI/R day 3. Arrow heads represented H3P+/cTnT+ proliferative CMs. Scale bars were 

50μm. T, Quantification of proliferative CMs (H3P+%) in the heart tissue sections of at 

the border zone of control or HMGCS2 rescued CM-HMGCS2+/− mice at post-cI/R day 

3. U, Schematic diagram of metabolic switch in the infarct and remote areas of control or 

HMGCS2 rescued CM-HMGCS2+/− hearts at post-cI/R day 3.
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Figure 6. Forced HMGCS2 overexpression increases adult CM dedifferentiation and 
proliferation for heart function improvement after myocardial infarction.
A, Experimental design for performing myocardial infarction (MI) in AAV9-EGFP or 

AAV9-HMGCS2 mice. B, Heart function measured by echocardiography in AAV9-EGFP 

or AAV9-HMGCS2 mice. C, Heart function measured by catheterization in AAV9-EGFP 

or AAV9-HMGCS2 mice. D, The infarct area in AAV9-EGFP or AAV9-HMGCS2 hearts 

presented by TTC staining of heart tissues at post-MI day 21. E, Quantification of infarct 

percentage in AAV9-EGFP or AAV9-HMGCS2 hearts at post-MI day 21 measured by 

TTC staining. F, The fibrotic area in AAV9-EGFP or AAV9-HMGCS2 hearts shown by 

Masson Trichrome staining of heart tissue sections at post-MI day 21. G, Quantification of 

fibrotic percentage in AAV9-EGFP or AAV9-HMGCS2 hearts at post-MI day 21 measured 

by Masson Trichrome Staining. H, Immunofluorescence staining of heart tissue sections 

showing morphology of proliferative CMs through H3P and cTnT staining at the border 

zone of AAV9-EGFP or AAV9-HMGCS2 mice at post-MI day 3. Arrow heads represented 

H3P+/cTnT+ proliferative CMs. Scale bars were 50μm. I, Quantification of proliferative 

CMs (H3P+%) in the heart tissue sections of at the border zone of AAV9-EGFP or AAV9-

HMGCS2 mice at post-MI day 3.
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Figure 7. HMGCS2 overexpression increases adult human iPSC-CM dedifferentiation and 
proliferation under hypoxia.
A, Experimental design for examining effects on forced HMGCS2 expression in hiPSC-

CMs after Lenti-EGFP or Lenti-HMGCS2 infection. B, Protein expression of HMGCS2 

measured by western-blot in Ctrl or HMGCS2 overexpressed hiPSC-CM under hypoxia. 

C, OHB level detected by OHB colorimetric assay in Ctrl or HMGCS2 overexpressed 

hiPSC-CM under hypoxia. D, The morphology of control or HMGCS2 overexpressed 

hiPSC-CM under hypoxia. E, The length of each control or HMGCS2 overexpressed hiPSC-

CM under hypoxia. F, The width of each control or HMGCS2 overexpressed hiPSC-CM 

under hypoxia. G, Aspect ratio determined by length-to-width ratio of each control or 

HMGCS2 overexpressed hiPSC-CM under hypoxia. H, The proliferative ability determined 

by calculation of CM numbers of control or HMGCS2 overexpressed hiPSC-CM after 

culturing in hypoxia chamber for 48 hours. I, Mitochondrial RNA expression detected 

by real-time PCR in control or HMGCS2 overexpressed hiPSC-CM after culturing in 

hypoxia chamber for 48 hours. These RNA expressions were normalized by Gapdh. J, 

Mitochondrial structure examined by TEM in control or HMGCS2 overexpressed hiPSC-

CM after culturing in hypoxia chamber for 48 hours.
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