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Abstract

High fatty acid oxidation (FAO) is associated with lipotoxicity, but whether it causes lipotoxic 

cardiomyopathy remains controversial. Molecular mechanisms that may be responsible for FAO-

induced lipotoxic cardiomyopathy are also elusive. In this study, increasing FAO by genetic 

deletion of acetyl-CoA carboxylase 2 (ACC2) did not induce cardiac dysfunction after 16 weeks 

of high fat diet (HFD) feeding. This suggests that increasing FAO, per se, does not cause 

metabolic cardiomyopathy in obese mice. We compared transcriptomes of control and ACC2 

deficient mouse hearts under chow- or HFD-fed conditions. ACC2 deletion had a significant 

impact on the global transcriptome including downregulation of the peroxisome proliferator-

activated receptors (PPARs) signaling and fatty acid degradation pathways. Increasing fatty acids 

by HFD feeding normalized expression of fatty acid degradation genes in ACC2 deficient mouse 

hearts to the same level as the control mice. In contrast, cardiac transcriptome analysis of the 

lipotoxic mouse model (db/db) showed an upregulation of PPARs signaling and fatty acid 

degradation pathways. Our results suggest that enhancing FAO by genetic deletion of ACC2 

negatively regulates PPARs signaling through depleting endogenous PPAR ligands, which can 

serve as a negative feedback mechanism to prevent excess activation of PPAR signaling under 

non-obese condition. In obesity, excessive lipid availability negates the feedback mechanism 

resulting in over activation of PPAR cascade, thus contributes to the development of cardiac 

lipotoxicity.
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INTRODUCTION

Obesity and Type 2 diabetes mellitus are the major risk factors for the development of 

cardiovascular disease. Obesity and ectopic fat accumulation induce a variety of remodeling 

in the cardiovascular system leading to manifestations ranging from subclinical myocardial 

diastolic dysfunction to severe end-stage heart failure phenotype [1]. However, the 

mechanisms that lead to obesity/diabetes induced cardiomyopathy are complex and remain 

largely unknown. Abnormalities in cardiac metabolism and energy production have been 

proposed as a contributor to the development of obesity and diabetes related cardiovascular 

disease [2, 3]. Under obese condition, chronic systemic hyperlipidemia and intracellular 

lipid accumulation are the major causes for the dysregulated glucose and fatty acid 

metabolism, which in turn leads to the cardiac metabolic inflexibility, and thus contributes to 

impaired cardiac energy homeostasis [3]. Moreover, increased circulating free fatty acid plus 

a shift in substrate utilization towards fatty acid metabolism in obesity also contributes to 

intracellular accumulation of toxic lipid species, which leads to morphological and 

functional impairments in the heart. Since high fatty acid oxidation (FAO) is always 

associated with lipotoxicity, it has been proposed to be responsible for metabolic 

cardiomyopathy in obesity and/or diabetes [4, 5].

It has been suggested that over activation of peroxisome proliferator-activated receptors 

(PPARs) and its downstream transcriptional program is responsible for the exaggerated 

reliance on fatty acid utilization and the development of cardiac lipotoxicity in obese and 

diabetic animal models [6–9]. PPARs belong to the nuclear receptor superfamily of ligand-

activated transcription factors and include three member isoforms, PPAR-α, PPAR-β/δ, and 

PPAR-γ. PPARs govern the expression of key molecules involved in fatty acid metabolic 

pathway, including the uptake, oxidation and storage of FAs [10–12]. The transcriptional 

activity of PPARs is regulated by their endogenous ligands and/or metabolites produced 

from fatty acids metabolic pathways [12–14]. Therefore, increased lipid load in the setting 

of obesity has been proposed to be responsible for the excess activation of PPAR-α and/or 

PPAR-γ, leading to the enhanced fatty acid utilization and the development of cardiac 

lipotoxicity.
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We previously have demonstrated that deletion of Acetyl-CoA Carboxylase 2 (ACC2) in the 

mouse heart decreases malonyl-CoA level and enhanced FAO by relieving the inhibition of 

carnitine-palmityl-transferase 1 (CPT1). The ACC2 deficient heart maintains normal 

function in the long-term indicating that increasing FAO per se does not cause cardiac 

dysfunction [15]. However, increases of FAO in the setting of PPARs activation or obesity 

are associated with changes in fatty acid uptake or activation. It is unknown whether similar 

changes occur in ACC2 deficient hearts. More importantly, it has not been determined 

whether ACC2 deficient hearts will succumb to conditions of increased fatty acid supply, 

such as obesity.

In order to address the above questions, we compared cardiac transcriptome of ACC2 

inducible knock out (iKO) mice after 16 weeks of chow or high fat diet (HFD) feeding with 

that of control mice fed a matched diet. We found that the PPARs signaling and fatty acid 

degradation pathway were downregulated in ACC2 iKO hearts under chow-fed condition, 

which was normalized by HFD feeding. On the contrary, activation of the PPARs signaling 

was observed in the heart of lipotoxicity models, e.g. HFD-fed and db/db mouse hearts. 

Consistent with the notion that enhanced FAO depleted the availability of PPARs ligands, 

global metabolomics analysis showed decreases of active lipids species in chow-fed ACC2 

iKO mouse hearts, which was normalized by HFD. Collectively, these results identified a 

novel regulatory circuit between fatty acid oxidation and PPAR signaling, which served as a 

negative feedback mechanism for preventing the development of cardiac lipotoxicity.

RESULT

Four-month HFD feeding did not alter cardiac function in ACC2 iKO mice

We induced high FAO in adult mouse hearts by cardiac-specific deletion of ACC2 using a 

tamoxifen inducible model (iKO) as previously reported [16]. In order to examine the effect 

of increasing FAO on the regulation of gene expression in iKO heart under normal or obese 

conditions, both control (Con) and iKO mice were subject to chow or high fat diet (60 kcal% 

fat) feeding and the hearts were subsequently harvested for the transcriptome analysis 

(Figure 1A). From here on, we will use Con-chow, iKO-chow, Con-HFD and iKO-HFD to 

represent the four groups of mice in this study. After 16 weeks of HFD feeding, both Con 

and iKO mice showed similar obese phenotype with comparable body weight gain (Figure 

1B). Since deletion of ACC2 shifted cardiac metabolism towards FAO in normal mice, we 

then asked whether increasing fatty acid supply with HFD feeding would further alter 

cardiac substrate metabolism in iKO mice. In isolated perfused hearts, iKO-chow exhibited 

higher FAO as compared to Con-chow, which was accompanied by a reduction in the 

contribution of glucose oxidation (Figure 1C). A similar increase in FAO was also observed 

in Con-HFD (Figure 1C). Interestingly, HFD feeding further increased FAO in iKO 

compared with Con-HFD (Figure 1C). During the perfusion, we found that cardiac systolic 

function was maintained in both Con-HFD and iKO-HFD mice compared with chow-fed 

mice (Supplementary Table 1). Since cardiac diastolic dysfunction was often observed in 

obese mice, we further examined the Pressure-Volume relationship for left ventricular end-

diastolic pressure to determine whether cardiac diastolic function was altered in these mice. 

We found that the P-V relationship was indistinguishable in Con and ACC2 iKO mice under 
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both chow- and HFD-fed conditions (Figure 1D). Consistently, echocardiography analysis 

revealed that four months of HFD feeding did not cause any cardiac contractile dysfunction, 

evidenced by the preserved ejection fraction in Con-HFD mice compared with Con-chow 

mice (Figure 1E, Supplementary Table 2) [17]. More importantly, iKO-HFD mice also 

maintained normal cardiac function (Figure 1E, Supplementary Table 2). There is no 

obvious cardiac hypertrophy induced by this short-term HFD feeding in both Con and ACC2 

iKO mice (Supplementary Figure 1). At cellular level, HFD feeding increased the MDA 

level in Con heart, indicative of oxidative stress, which was prevented in iKO-HFD hearts 

(Figure 1F). Taken together, these data indicated that increasing myocardial FAO per se did 

not cause the development of cardiac dysfunction in obese mice.

Global cardiac transcriptome analysis in ACC2 iKO mice

In order to explore the molecular mechanisms by which iKO mice adapted to high cardiac 

FAO, RNA deep-sequencing and transcriptome analysis was conducted using heart samples 

from Con and iKO mice under chow- or HFD-fed conditions. Principal component analysis 

(PCA) demonstrated that differentially expressed genes (DEGs) were clustered into four 

groups by two preselected factors, genotype and diet, suggesting that these two factors 

impacted the global transcriptome in the heart (Figure 2A). We then performed the pairwise 

comparison of gene expression in Con and iKO hearts under chow- or HFD-fed conditions, 

respectively. The volcano plot demonstrated that 50 transcripts were upregulated and 182 

transcripts were downregulated in iKO-chow hearts compared with Con-chow hearts (Figure 

2B). This accounts for 0.92% of the 25053 mouse transcripts covered by the global 

transcriptome. On the other hand, in response to HFD feeding, 34 transcripts were 

upregulated and 72 transcripts were downregulated in iKO-HFD hearts compared with Con-

HFD hearts (Figure 2C), which accounts for 0.42% of the global transcriptome. These 

observations suggested that selectively enhancing mitochondrial FAO, via deletion of ACC2 

in adult hearts, affected the transcription of a very limited number of genes, and 

interestingly, the effect was minimized by HFD. Notably, the numbers of DEGs, especially 

the downregulated genes, were much lower (by 2–3 folds) in HFD than that of chow-fed 

conditions (Figure 2D). Furthermore, we found that less than 10% of differentially regulated 

genes, i.e. 19 downregulated transcripts and 4 upregulated transcripts, were shared between 

chow- and HFD-fed conditions (Figure 2D). These observations collectively suggest that 

ACC2 iKO causes specific changes of gene transcription that is likely dependent on dietary 

fat.

The downregulated DEGs revealed that the PPARs signaling pathway was suppressed in 
ACC2 iKO hearts

In order to examine the mechanisms by which enhancing cardiac FAO regulated gene 

expression, we performed the pathway enrichment analysis using the DEGs in iKO-chow 

hearts. Among upregulated transcripts, ribosome was the only pathway enriched in iKO-

chow hearts compared with Con-chow hearts (p< 0.05, Supplementary Table 3). On the 

other hand, in the group of downregulated DEGs, twelve pathways were significantly 

enriched in iKO-chow group (p< 0.05, Supplementary Table 3). In the top ten pathways, 

ranked by p. value, relative enrichment and the number of genes involved, fatty acid 

degradation is the most significantly enriched pathway (Figure 3A). Fifteen out of 50 genes 
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in the fatty acid degradation pathway were significantly downregulated in iKO-chow hearts 

(Supplementary Table 3). This is somewhat unexpected as iKO hearts exhibited ~50% 

higher FAO compared with Con hearts [16]. The association of a greater FAO with a 

downregulation of gene expressions in the fatty acid degradation pathway suggested that a 

negative feedback mechanism existed between the metabolic flux and the transcriptional 

regulation of the pathway in iKO hearts. Furthermore, a large fraction of downregulated 

DEGs in iKO-chow hearts were enriched in pathways related to fatty acid metabolism, i.e. 

peroxisome pathway, peroxisome proliferator-activated receptor (PPAR) signaling pathway, 

and fatty acid elongation or biosynthetic pathways (Figure 3A).

To search for transcriptional regulatory mechanisms responsible for the global suppression 

of fatty acid degradation/metabolism in iKO hearts, we performed “regulons” analysis using 

the downregulated DEGs in iKO hearts. A regulon is defined as a group of genes which 

share one or more transcription factor binding motifs [18]. Motifs identified this way were 

clustered by similarity, ranked by NES (normalized enrichment score) and named by M1, 

M2 and etc. (Supplementary Table 4). Four out of the top five transcription factor binding 

motifs found among the downregulated DEGs in iKO hearts were categorized as M1 cluster 

and predicted as ones that occupied by RXRα, PPARα and PPARγ (Supplementary Table 

4). We first selected several predicted PPARα and PPARγ target genes, which have shown 

the most significant changes in iKO mice and validated their expression by RT-PCR. The 

gene expression of PPARs’ targets examined by RT-PCR in Con and iKO mice under both 

chow-and HFD-fed conditions showed similar expression patterns compared with RNA 

sequencing results (Supplementary Figure 2A–2D). From this analysis, we have identified 

29 DEGs (16% of the total downregulated DEGs) as predicted targets of PPARα, and 42 

DEGs (23% of the total downregulated DEGs) as predicted targets of PPARγ (Figure 3B–

3D). Notably, multiple downregulated DEGs that had been grouped in the fatty acid 

degradation pathway (Figure 3A) were also predicted as targets of PPARα and PPARγ. To 

examine whether PPARα and PPARγ directly bind to the promoters of these genes in vivo 

as predicted, we conducted chromatin immunoprecipitation (ChIP) experiments using 

PPARα and PPARγ antibodies. We found that the enrichment of PPARα or PPARγ on the 

promoters of the selected target genes were significantly reduced in ACC2 iKO mice, which 

is consistent with the gene expression profiles (Figure 3E–3F, Supplementary Figure 2B and 

2D). On the other hand, ChIP analysis also confirmed that HFD treatment increased PPARs 

transcriptional activity in Con hearts and normalized the promoter binding occupancy in 

ACC2 iKO mice (Figure 3E–3F, Supplementary Figure 2B and 2D). However, the 

downregulated DEGs did not include any isoforms of PPAR (data not shown), suggesting a 

change of transcriptional activity rather than the expression level of the transcription factors 

in iKO hearts. Taken together, these analyses suggested that iKO hearts exhibited a 

deactivation of PPARα and/or PPARγ transcriptional program, which likely resulted in the 

suppression of gene expression for fatty acid degradation.

Cardiac transcriptome of lipotoxicity mouse models was distinct from ACC2 iKO and 
showed upregulation of the PPARs signaling and fatty acid degradation pathways

Cardiac dysfunction observed in several lipotoxic animal models was associated with 

increased FAO [19–21]. Despite higher FAO in iKO hearts, no obvious adverse effect on 
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cardiac function or morphology has been observed even under chronic conditions [15, 16]. 

These observations suggest that high FAO is unlikely the culprit of lipotoxic 

cardiomyopathy. Thus, we reasoned that a comparison of the transcriptomes of these two 

types of high FAO hearts might generate mechanistic insight into cardiac lipotoxicity. 

Accordingly, we performed similar pathway analysis using transcriptome data from two 

well-established lipotoxic models: HFD induced obesity (the present study) and db/db 
mouse models (previously published database) [22], in which higher FAO has been observed 

[6, 20, 23]. We found that there was a total of 1736 DEGs in Con-HFD hearts compared 

with the Con-chow group (Supplementary Figure 3). We then compared the downregulated 

DEGs or the upregulated DEGs generated from iKO-chow hearts with those in HFD-fed or 

db/db mouse hearts. Venn diagram indicated that there are total 84 downregulated transcripts 

overlapping between HFD and db/db mouse hearts, whereas iKO-chow shares only 2 

transcripts with db/db and 32 transcripts with HFD-fed mice (Supplementary Figure 4A). 

We further conducted the pathway analysis on these downregulated and overlapping genes, 

and found that the p53 signaling pathway was significantly enriched among the shared 

DEGs between HFD and db/db mouse hearts (Supplementary Figure 4B). Due to the small 

number of overlapping genes between iKO-chow and HFD-fed mouse hearts or between 

iKO-chow and db/db mouse hearts, we were unable to perform the pathway analysis. For 

upregulated genes, there were total 37 transcripts overlapping between HFD and db/db 
mouse hearts, whereas iKO-chow mice shared only 3 transcripts with HFD-fed mouse hearts 

and 0 transcripts with db/db mouse hearts (Supplementary Figure 5A). Overall, there were 

minimal DEGs in iKO mouse hearts that overlapped with that in HFD-fed or db/db mouse 

hearts. These findings suggest that despite high FAO, the transcriptional changes in iKO 

mouse hearts are distinct from that of lipotoxic hearts.

In the subsequent pathway analysis, we found that HFD-fed and db/db mouse hearts did not 

share any pathways in the downregulated DEGs (Figure 4A and 4C). On the other hand, the 

two models shared four pathways that were significantly enriched among upregulated DEGs, 

including fatty acid degradation, PPAR signaling pathway, peroxisome and fatty acid 

synthesis (Figure 4B and 4D, Supplementary Figure 5B). Surprisingly, all of the four 

pathways were significantly downregulated in iKO-chow mouse hearts (Figure 3A). Taken 

together, these data suggested that despite the elevated cardiac FAO in all three groups, 

expression of genes for fatty acid degradation as well as PPARs signaling pathway were 

changed in the opposite direction in iKO hearts compared to that in HFD-fed or db/db mice. 

Thus, the lipotoxic phenotype does not correlate with the level of FAO but closely associated 

with gene expression profiles for the PPARs signaling and its targets involved in fatty acid 

metabolism.

Fatty acid degradation gene expressions were normalized in ACC2 iKO-HFD mouse hearts

PPARs activation in the heart of HFD-fed and db/db mice is considered to be driven by 

increased availability of lipid ligands [24, 25]. We speculated that the deactivation of PPARs 

signaling in iKO-chow hearts was due to the depletion of lipid ligands secondary to 

increased FAO. This appeared to be consistent with the observation of no change in PPAR 

transcripts in the iKO hearts (data not shown). If our hypothesis is correct, increasing lipid 

supply, such as HFD feeding, should restore PPARs signaling in iKO hearts. We tested the 
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hypothesis by using the top twenty genes from the pool of downregulated DEGs in iKO 

hearts that were involved in fatty acid degradation and PPARs signaling pathway. Consistent 

with our hypothesis, majority of the twenty genes was upregulated in the heart of HFD-fed 

or db/db mice (Figure 5A). Furthermore, when the iKO mice were subjected to HFD 

feeding, log2 fold changes for these genes were near 0, indicating that the expression of 

these genes was normalized to the level of control mice under chow-fed condition (Figure 

5A). Independent metabolomics analysis showed that a group of active lipid species were 

downregulated in iKO-chow hearts, but upregulated in Con-HFD hearts, consistent with the 

expression pattern of PPAR target genes (Figure 5B, Dataset S1). Furthermore, HFD feeding 

normalized the amount of those lipids in iKO hearts to the similar level as Con-chow hearts 

(Figure 5B, Dataset S1). Among the altered active lipid metabolites, eicosapentaenoic acid 

(EPA), one of the eicosanoids/docosanoids species, has been shown to directly bind to 

PPARs and activate PPARs transcriptional activity [26, 27]. Arachidonic acid and its 

metabolites are also considered as biologically active mediators for PPARs activation [28]. 

These data suggested that downregulation of fatty acid degradation and PPAR signaling 

pathway in iKO mice was likely due to reduced PPAR ligands under chow-fed condition, 

which could be restored to the normal level through increasing lipid supply, such as HFD 

feeding. Activation of PPARs leads to cardiac lipid accumulation, an indication that lipid 

uptake exceeds FAO [29, 30]. Consistently, we found that HFD treatment induced cardiac 

triglyceride (TG) accumulation in Con hearts (Figure 5C). On the other hand, iKO mice 

attenuated HFD induced TG accumulation with no activation of PPAR signaling (Figure 5B 

and 5C). Taken together, the results suggest that a positive loop between ligands mediated 

PPAR activation and enhanced FAO in HFD-fed or db/db mice may contribute to the 

development of intracellular lipotoxicity and cardiac remodeling. On the contrary, enhancing 

FAO via a PPAR independent mechanism, e.g. deletion of ACC2, consumes intracellular 

lipid ligands and triggers a negative feedback to prevent over activation of the PPAR 

signaling and the development of lipotoxicity (Figure 5D).

DISCUSSION

In this study, we have compared cardiac transcriptional profiles in mouse models with 

elevated cardiac FAO but demonstrated opposite susceptibility to lipotoxic cardiomyopathy. 

Increased FAO in ACC2 deficient hearts transcriptionally suppresses the PPARs signaling 

and fatty acid oxidation pathway under normal condition, while HFD feeding restores those 

pathways to the normal level. The negative feedback between FAO and PPARs signaling in 

these hearts maintains the homeostasis of lipid metabolism and prevents the development of 

cardiomyopathy during HFD induced obesity. On the other hand, upregulation of PPARs 

signaling and fatty acid oxidation pathways is observed in HFD-fed and db/db mouse hearts, 

two well-established lipotoxic cardiomyopathy models, suggesting that lipid overload in 

these hearts triggers a positive coupling of PPARs signaling and FAO that leads to the 

detrimental outcome. Our observations suggest that appropriate control of PPARs signaling 

to maintain the balance between fatty acid supply and oxidation is essential for preventing 

the development of lipotoxicity in the heart.

Although we have observed increased cardiac FAO in ACC2 deficient mouse hearts [15, 16], 

RNA sequencing data revealed that ACC2 iKO mouse hearts exhibited the coordinated 
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decrease in the expression of genes involved in fatty acid degradation pathway. Consistent 

with our observation, downregulation of several fatty acid degradation genes, e.g. medium-

chain acyl-CoA dehydrogenase (MCAD) and CPT1, was reported in the heart of the whole 

body ACC2 KO mice [31]. Therefore, we speculate that there is a negative feedback 

mechanism between FAO and transcriptional program of fatty acid degradation under 

normal conditions. In support of this notion, another study reported decreased PPAR 

signaling in the mouse heart with increased FAO due to an active mutation in Cpt1b 

(Cpt1bE3A) [32]. On the other hand, reducing FAO by inhibiting CPT1 via pharmacological 

or genetic approaches led increased mRNA levels of PPAR downstream targets, e.g. citrate 

synthase, Cpt1, PDK-4 or CD36 [33–35]. Our unbiased search using Iregulon motif analysis 

clearly show that a large pool of downregulated DEGs in ACC2 iKO mouse heart contains 

PPAR binding elements, thus identifying that FAO suppresses the transcription of fatty acid 

degradation genes via regulating the PPAR signaling pathway.

Previously, we found that ACC2 deletion did not change myocardial triglyceride content or 

acylcarnitine levels in the heart despite higher FAO [15]. Results here suggest that these 

hearts maintain lipid homeostasis through regulating the level of PPAR ligands. Previous 

report suggest that mRNA levels of PPARs target genes are upregulated by exposure of the 

heart to fatty acids [36, 37]. In hearts examined in this study, the expression of PPAR 

targeted genes closely correlates with a group of bioactive lipid species while the transcripts 

of PPAR remain unaltered. Among identified lipid species, long-chain fatty acids such as 

eicosapentaenoic acid, has been shown as a PPAR agonist [14]. Our metabolomics analysis 

confirms that cardiac level of EPA in ACC2 iKO mice is reduced while its level is increased 

in HFD-fed control mice. More importantly, increasing fatty acid supply by HFD feeding 

normalized the cardiac EPA level and restored the expression of genes involved in PPARs 

signaling in iKO hearts.

In the present study, 16 weeks of HFD feeding significantly increased body weight of the 

mice without causing systolic or diastolic dysfunction of the heart. Our previous findings 

demonstrated that HFD feeding for a similar duration increased blood glucose level and 

caused cardiac lipid accumulation in mice [17]. Therefore, analysis of cardiac transcriptome 

at this time point allow us to decipher the impact of metabolic changes independent of the 

confounding effects due to contractile dysfunction. In the absence of measurable changes of 

cardiac function, perturbing the lipid availability and/or FAO in the heart leading to distinct 

transcriptional responses that is not predicted by FAO rate but is concordant with the balance 

between supply and consumption.

The observation is consistent with the emerging concept that the association between high 

FAO and cardiac lipotoxicity, though often observed, does not indicate a causal relationship. 

Instead, the balance between fatty acid supply and oxidation is essential for the maintenance 

of lipid homeostasis and prevention of lipotoxicity in the heart. Promoting fatty acid 

oxidation under conditions of normal lipid supply will reduce PPAR ligands and thus, limit 

excessive oxidation via transcriptional suppression of fatty acid degradation pathway. Under 

conditions of increased lipid load, enhancing fatty acid oxidation will sustain the balance of 

supply and consumption. This not only prevents the accumulation of toxic lipid species but 

also limits further activation of PPAR signaling which would otherwise promote fatty acids 
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import and activation. In support of this concept, reducing fatty acid uptake or promoting 

neutral lipid storage have also been shown to prevent cardiac lipotoxicity [38–40]. On the 

other hand, worsened cardiac toxicity and adverse cardiovascular events have been observed 

in rodents and human with diabetic complications after treatment with PPARs agonists (e.g. 

tesaglitazar and muraglitazar) [41–43]. Although the detailed mechanisms are not 

completely understood, observations from the current study suggest that excessive activation 

of PPAR signaling and the consequent imbalance between fatty acid uptake and utilization 

contributes to excess lipid accumulation and cardiac lipotoxicity. Consistently, PPARs 

activation on top of high FAO in the heart has been shown to mediate severe cardiomyopathy 

through the downregulation of Sirt1-PGC1 alpha pathway in obese mice [43]. It is worth to 

test whether the activity of Sirt1-PGC1 alpha axis was altered in our animal models in the 

future. Apparently, complete blocking PPARs activity in the heart is detrimental and not 

ideal under the obese conditions. Possible interventions which prevent excessive PPARs 

activation or increasing FAO through PPAR independent mechanisms may be effective 

approaches to prevent the development of obesity induced cardiomyopathy.

In conclusion, we report that high FAO causes downregulation of the PPAR signaling and 

fatty acid degradation pathways in ACC2 deficient hearts. The suppression of PPARs 

signaling may serve as a compensatory mechanism to prevent excessively high FAO under 

normal conditions and the development of cardiac lipotoxicity during lipid overload 

conditions.

MATERIALS AND METHODS

Animal Model

ACC2 flox/flox-MerCreMer+ (ACC2−f/f−MCM+) mice were mated with ACC2f/f to produce 

both study and control littermates. All the mice were housed at 22°C with a 12-hour light, 

12-hour dark cycle with free access to water and standard chow. At 8 weeks of age, both 

ACC2f/f−MCM+ and ACC2f/f mice received an intraperitoneal injection of tamoxifen 

(20mg/kg) for 5 days, which was sufficient to cause ACC2 deletion in ACC2f/f−MCM+. Four 

weeks after the last injection of tamoxifen, ACC2f/f (designated as Con) and ACC2f/f−MCM+ 

(designated as iKO) mice were subjected to high fat diet (Research Diets, D12492) feeding 

for 16 weeks. The experiments included in this study were performed with male mice 

maintained on a C57BL/6 background. All protocols concerning animal use were approved 

by the Institutional Animal Care and Use Committee at University of Washington.

Transthoracic Echocardiography

The mice were anesthetized and maintained with 1–2% isofluorane in 95% oxygen. 

Transthoracic echocardiography was conducted at 16 weeks post high fat diet feeding with 

Vevo 2100 high-frequency, high-resolution digital imaging system (VisualSonics) equipped 

with a MS400 MicroScan Transducer. A parasternal short axis view was used to obtain M-

mode images for analysis of fractional shortening, ejection fraction, and other cardiac 

functional parameters.
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Isolated Heart Perfusion Experiments and NMR Spectroscopy

Mouse hearts were excised and perfused in Langendorff-mode at a constant pressure of 80 

mmHg at 37°C. The equilibration perfusate contained (in mmol/L): NaCl 118, NaHCO3 25, 

KCl 5.3, CaCl2 2, MgSO4 1.2, EDTA 0.5, glucose 5.5, mixed long-chain fatty acids (LCFA) 

0.4 (bound to 1.2% albumin), lactate 1.2, and insulin 50 μU/mL, equilibrated with 95% O2 

and 5% CO2 (pH 7.4). After a 20-minute period, hearts were then perfused with a buffer in 

which the unlabeled LCFA and glucose were replaced with uniformly labeled 13C long-

chain fatty acids and 1,6-13C glucose to determine the relative contribution of each substrate 

to oxidative metabolism. At the end of the 40-minute perfusion period, hearts were freeze-

clamped. The frozen tissue was pulverized under liquid nitrogen, extracted with perchloric 

acid, neutralized, and lyophilized. The sample was resuspended in deuterium oxide and 

analyzed via 13C NMR spectroscopy. The contributions of glucose and fatty acids was 

determined by isotopomer analysis of the C3 and C4 glutamate multiplets from the NMR 

spectra. Left ventricular (LV) function was monitored via a water-filled balloon inserted into 

the LV and connected to a pressure transducer with the data acquisition system (PowerLab, 

ADInstruments). After 5 min of stabilization, hearts were equilibrated for 10 min at 

spontaneous HRs and then fixed at a HR of ~450 beats/min with an electrical stimulator 

(Grass Technologies). Pressure-volume relationships (i.e., Frank-Starling curves) were 

assessed by gradually increasing the volume of the LV balloon by 5μl increments [16, 44].

RNA Extraction and Deep Sequencing

Total RNA was extracted from frozen LV tissue using the RNeasy Fibrous Tissue Mini Kit 

(Qiagen) according to the manufacturer’s instructions. RNA samples (RNA integrity number 

(RIN) >8) were used for library preparation and sequencing. Poly(A)- enriched cDNA 

libraries were prepared using the Illumina TruSeq RNA Library Preparation kit according to 

the manufacturer’s instructions. Then, library templates were sequenced on the HiSeq 4000 

sequencing system at a read length of 100nt single end, and a depth of about 50 million per 

sample (Illumina, USA). Five mice per genotype or diet condition are used for subsequent 

data analysis.

RNA Sequencing Data Processing

The low quality reads, reads with adaptors and reads with unknown bases were filtered with 

the software SOAPnuke to get the clean reads [45]. Clean reads were mapped to the 

reference using Bowtie 2 [46], and then calculate gene expression level using RSEM [47]. 

Differential gene expression analysis was conducted with R packages DESeq2 [48]. Cut off 

for differential expression was chosen at an adjusted p value <0.05.

Pathway Enrichment and Transcription Factor Binding Analysis

Pathway enrichment analysis was performed using the ClueGO v2.5.1 plugins in Cytoscape 

(v3.6.1) with the KEGG pathway and Reactome database (adjusted P value (Bonferroni) 

<0.01) [49]. The analysis was visualized by CluePedia v1.5.1. Iregulon v1.3 was used to 

predict transcription factor binding motif [18]. The following options, Motif collection: 10K 

(9713 PWMs), putative regulatory region: 20kb centered around TSS (7species) alongside 

Liu et al. Page 10

J Mol Cell Cardiol. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the program default settings for Recovery and Transcription factor prediction options were 

selected for the analysis.

Biochemical assays

Cardiac TG level was measured using Triglyceride Colorimetric Assay (Cayman Chemical) 

according to the supplier’s protocol. To assess the extent of oxidative stress, the levels of 

malondialdehyde (MDA) in heart tissue were measured using Lipid Peroxidation (MDA) 

Assay (Abcam) according to the supplier’s protocol. Values were normalized to frozen tissue 

weight.

Lipidomics Analysis

Pre-weighed frozen tissue was transferred to a pre-chilled 2 mL homegenization tube 

containing 300 mg of 1 mm zirconium disruption beads. Ethanol:water (80:20) extraction 

solvent, containing deuterated internal standards, was added at volumes to achieve a 

normalized concentration of 50 mg of tissue per 1 μL of solvent for each sample. The 

samples were then homogenized for 3 cycles of 10 seconds on followed by 10 seconds of 

dwell time at a speed of 8 m/s using an Omni International Bead Ruptor Elite homogenizer. 

The samples were then placed on dry ice for 1 minute to cool. The homogenization and 

cooling step were then repeated 2 more times. The homogenate was then transferred to a 

clean 1.5 mL microfuge tube and allowed to deproteinize for 30 minutes at −20 °C. To aide 

in more efficient SPE extraction, each sample was transferred to an Axygen 500 μL V-

bottom 96-well plate (P/N P-DW-500-C) with 300 μL of water in each well. A Phenomenex 

Strata-X SPE plate was then washed with subsequent additions of 600 μL of methanol, 600 

μL of ethanol, and 900 μL of water per well. Each addition of solvent was pulled through 

using a vacuum manifold taking care to not let the wells dry out between additions of 

solvents. The entire volume of the diluted samples were then added to the SPE wells and 

allowed to drain fully using gravity. Each well was then washed with 600 μL of a mixture of 

water:methanol (90:10) which was then slowly pulled through (5 mmHg vacuum) until no 

liquid was showing in the wells. The wells were then dried for an additional 60 seconds 

under 20 mmHg of vacuum. Metabolites were then eluted into an Axygen 500 μL V-bottom 

96-well plate with the addition of 450 μL of room temperature ethanol and allowed to sit for 

120 seconds. The eluent was then pulled through with the aid of 5 mmHg of vacuum. The 

eluent was then immediately dried in vacuo using a Thermo Savant centrifugal vacuum 

concentrator at a temperature of 40 °C. Once dried, each well was resuspended with 50 μL 

of a solution containing methanol:water (40:60) contain 0.1% acetic acid as well as CUDA, 

Resolvin D1-d5, and LTB4-d4 internal standards. The plate was then immediately sealed and 

vortexed at 500 rpm at 4 °C for 10 minutes. Samples were then immediately transferred into 

a Greiner deep-well 96-well plate (P/N 780215) where each well contains a Wheaton 300 μL 

glass insert (P/N 11–0000-101B). The sample plate was then immediately sealed and 

centrifuged at 500 rpm at 4 °C for 5 minutes to remove any air bubbles. Samples were then 

placed into a Thermofisher Vanquish UHPLC autosampler and maintained at 4 °C until 20 

μL of each sample was injected for analysis by LC-MS/MS [50, 51].

Chromatographic separation was performed on a Thermofisher Vanquish UHPLC equipped 

with a Phenomenex Kinetex C18 column (1.7 μm particle size, 100Å, 100 × 2.1 mm. P/N 
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00D-4475-AN) maintained at a temperature of 50 °C. Elution was performed with mobile 

phases A (70:30 water:acetonitrile and 0.1% acetic acid) and B (50:50 

acetonitrile:isopropanol and 0.02% Acetic Acid), flowing at 0.375 mL/min with following 

gradient was used: 1% B from 0 to 0.25min, 1% to 55%B from 0.25 to 5.00 minutes, 55% to 

99%B from 5 to 5.50 minutes, and 99% B from 5.50 to 7 minutes. Mass detection was 

performed with a Thermo Scientific Q Exactive HF orbitrap mass spectrometer equipped 

with a heated electrospray injection (HESI) source. Mass detection was performed in 

negative ionization mode using the following source conditions: spray voltage 3.55 kV; 

sweep gas flow rate 2 arbitrary units; AUX gas flow rate 10 arbitrary units; sheath gas flow 

rate 40 arbitrary units; capillary temperature 265 °C; S-lens RF level 45; AUX gas heater 

temperature 350 °C. MS1 acquisition was performed under the following settings: 

Resolution 15,000; AGC volume 1×106; Maximum IT 50 ms; scan range 250 to 650 m/z. 

Data Dependent MS/MS acquisition was performed under the following settings: Resolution 

15,000; AGC volume 1×105; Loop count 8; Isolation Window 1.0 m/z; Normalized collision 

energy 35 eV; minimum AGC volume 2×103; Dynamic Exclusion 5.0 seconds [50, 51].

RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from frozen LV tissue using the RNeasy Fibrous Tissue Mini Kit 

(Qiagen) according to the manufacturer’s instructions. Total RNA was reverse-transcribed 

into the first-strand cDNA using the Superscript First-Strand Synthesis Kit (Invitrogen). 

cDNA transcripts were quantified by Rotor Gene Real-Time PCR System (Qiagen) using 

SYBR Green (Biorad). Results of mRNA levels were normalized to 36B4 rRNA levels and 

reported as fold-change over Control. Primer information is listed below:

Gene Species Forward sequence Reverse sequence

Agt Mouse GACCTCCTGACTTGGATAGAGA GAGTTCGAGGAGGATGCTATTG

Fbp2 Mouse GCTCGTCTCCGAAGAGAATAAA CAGGGTTGCACTACCATACA

Acsf2 Mouse TTCAGTCCTCCCACACAAAG GCAAAGTGCTGGGAAATTAGG

Decr1 Mouse CACCATTGTCCTCTGTGCTATAA GCCTTGTTCCAAACCCAAAC

Slc25a20 Mouse CTGACAGACAGACAGACAGAAG TCCAAGGTCCCAGAGTACATA

Acot2 Mouse ACAGTTGGGTAGCAAGAGTTAG GCCAAGGGTACACAGAGAAA

Scn4b Mouse CAAGGCATAGAGCAGAAGAGAG CCAGAGATGAGGACAGGATAGA

Slc25a34 Mouse GACAAGGCTACATCAGGACTAC CTACCACAGCACCACAGATAA

36B4 Mouse AGATTCGGGATATGCTGTTGG AAAGCCTGGAAGAAGGAGGTC

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using the ChIP-IT® Express Chromatin Immunoprecipitation Kit 

(Active motif) with some modifications. Hearts were dissected from mice and atria were 

removed. Ventricles corresponding to 70–75 mg were minced to 1 mm block and 

homogenized with douce homogenizer (1400 rpm, 20 strokes) with 5 mL cold PBS until no 

big tissue chunk can be seen. The samples were centrifuged at 600 g for 5 minutes and 

resuspended in 1% Formalin/PBS. After incubation and rotation at RT for 10 minutes, 10× 

Liu et al. Page 12

J Mol Cell Cardiol. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Glycine solution was added, followed by incubation for 5 minutes with rotation. After 

centrifugation, the pellets were washed 10 ml ice cold PBS with 10 mM PMSF 

(Phenylmethanesulfonyl fluoride) twice. The pellets then were resuspended in 1mL ChIP 

lysis buffer (20mM Tris-HCl pH 8.0, 85mM KCl, 0.5% NP-40) for 20 min at 4 °C and 

centrifuge at 5,000 rpm to pellet the nuclei. The cell nuclei were resuspended in 400 μL 

nuclei lysis buffer (50mM Tris-HCl pH8.0, 10mM EDTA, 1% SDS) and then subjected for 

sonication for 15 min with 30s intervals. Purified chromatin was analyzed by 1% agarose gel 

to determine the shearing efficiency and concentration. Chromatin solution corresponding to 

3 μg DNA dissolved with ChIP buffer 1, 1 g antibodies and 20 μL protein G magnetic beads 

were used for each immunoprecipitation. Antibodies used for ChIP assays were PPARα 
(Santa Cruz) and PPARγ (Cell Signaling). As a control, normal IgG was used as a 

replacement of PPARα and PPARγ (Santa Cruz). Procedures for immunoprecipitation, 

chromatin elution and reverse crosslinking were performed by following the manufacturer’s 

instructions. Collected chromatin fragments were measured by quantitative PCR using the 

same conditions used for determination of mRNA expression levels. The mean value of the 

control mice was expressed as 1. PCRs were carried out using the following oligonucleotide 

primers:

PPARα targets:

Gene Species Forward sequence Reverse sequence

Agt Mouse CAGGCTTGACCAAGATGGAT CCCAGAGAGGCTTACGAGTG

Fbp2 Mouse TCATTCTGCACGGTTGAGAC AACTGGCAAATCAACCCTGA

Decr1 Mouse CTGCCTTACCCTCTGAGGAC GAGAGGGAGCGGAGAACTG

PPARγ targets:

Gene Species Forward sequence Reverse sequence

Agt Mouse GGAAAGCAGCAGTTTTGGAG GTCCACATGGCCAAGAGATT

Scn4b Mouse GGTTCCAGGCCACAAAATAA CTTGGAGCTGGAGACAAAGG

Acot2 Mouse TTTGTGTGGGAGGACCTAGC GGAAATGAGTTCAAGTCCTTCG

Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM). Statistical comparisons 

between groups were conducted by one-way or two-way ANOVA followed by a Newman-

Keuls comparison test by Prism (GraphPad). The value of p<0.05 was considered to be 

significant.

Data Availability

RNA-seq data displayed are deposited in NCBI Gene Expression Omnibus under accession 

code GSE131122. All other remaining data are available within the article and 

Supplementary Files, or available from the authors upon request.
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Supplementary Material

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

• Increasing FAO by ACC2 deletion does not cause cardiac dysfunction in 

response to HFD feeding.

• ACC2 deletion increases FAO and negatively regulates PPAR signaling likely 

via reduction of endogenous PPAR ligands in non-obese mice.

• Activation of PPARs signaling and downstream lipid metabolism pathways is 

observed in the heart of lipotoxic mouse models.

• Enhancing FAO by ACC2 deletion in obese mice consumes intracellular lipid 

ligands and triggers a negative feedback to prevent over activation of the 

PPAR signaling and the development of lipotoxicity.
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Figure 1. Four months’ HFD feeding did not alter cardiac function in ACC2 iKO mice.
(A) Schematic demonstration of the experimental procedure. (B-F) Con and ACC2 iKO 

mice were subjected to HFD feeding for 16 weeks. (B) Body weight was measured. (C-D) 

Hearts were perfused with a buffer containing 13C labeled fatty acids, 13C labeled glucose, 

lactate, and insulin (mixed substrates). (C) Contribution of 13C labeled substrates to 

tricarboxylic acid (TCA) cycle was determined by 13C NMR spectroscopy in heart extracts. 

Relative contribution of fatty acids, glucose, and other unlabeled substrates (lactate, 

endogenous) is reported as fold changes over Con-chow (dotted line) (*p<0.05 vs. Con/

chow, #p<0.05 vs. Con/HFD, n=3–6). (D) Left ventricular pressure–volume relationship for 

end diastolic pressure is shown (n=3–6). (E) Left ventricular ejection fraction (LVEF %) was 
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measured by echocardiography (n=4–6). (F) Evaluation of ROS generation by TBARS 

assay. Malondialdehyde (MDA) was quantified colorimetrically to monitor lipid 

peroxidation (*p<0.05 vs. Con/chow, #p<0.05 vs. Con/HFD, n=4).
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Figure Figure . Global transcriptome analysis in Con and ACC2 iKO mouse hearts under chow 
or HFD feeding.
(A) Principle component analysis (PCA) of RNA-seq data sets from Con and ACC2 iKO 

mouse hearts after 16-weeks chow and HFD feeding. PCA is based upon the abundance of 

all the transcripts detected in RNA-seq analysis. (B-C) Patterns of differential gene 

expression in ACC2 iKO mouse hearts compared with Con under chow-fed (B) and HFD-

fed (C) conditions were analyzed by Enhanced Volcano Package. Red dots represent genes 

with p value < 0.001. (D) The number of shared DEGs between ACC2 iKO and Con mouse 

hearts under chow-fed and HFD-fed conditions was shown by Venn diagrams.
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Figure 3. Pathways enrichment and TF binding analysis of the downregulated DEGs in ACC2 
iKO mouse heart under chow-fed condition.
(A) Pathway enrichment analysis of the downregulated genes in ACC2 iKO hearts under 

chow-fed condition was conducted using Cytoscape with ClueGo and CluePedia plugins. 

Top 10 clusters are shown. Adjusted p value was represented by dot color. Gene numbers 

were represented by dot size. Rich factor indicated the percentage of genes in the pathway. 

(B) Transfac Positional Weight Matrix for PPARα (upper panel) and PPARγ (lower panel). 

Motif name is attached. PPARs and RXR binds to direct repeat of a nuclear receptor-binding 

site (AGGTCA) spaced by one nucleotide. (C–D) The downregulated DEGs in ACC2 iKO 
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hearts were subjected to transcriptional factor binding analysis. A network representing the 

selected targets (oval yellow nodes) regulated by the top potential transcriptional factor 

PPARα (C) and PPARγ (D) were shown. (E-F) Con and ACC2 iKO mice were subjected to 

HFD feeding for 16 weeks. ChIP-qPCR assays were performed with anti-PPARα (E) and 

anti-PPARγ (F) antibodies, respectively. The enrichment of individual PPARs’ targets was 

calculated as % of input DNA. (*p<0.05 vs. Con/chow, n=4–6).
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Figure 4. PPAR signaling and fatty acid degradation genes are upregulated in lipotoxic hearts 
but not in ACC2 iKO mouse hearts.
Pathway enrichment analysis of the downregulated DEGs in HFD-fed mice (A) and db/db 
mice (C) (GEO accession: GSE36875, p-value < 0.01) compared to their respective control. 

Pathway enrichment analysis of the upregulated DEGs in HFD-fed mice (B) and db/db mice 

(D) compared to their respective control.
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Figure 5. Differential transcriptional regulation of fatty acid degradation genes by FAO and fatty 
acid supply.
(A) Heatmap of FAO related gene transcription levels in ACC2 iKO/chow, Con/HFD, db/db 
and ACC2 iKO/HFD hearts. Color coding for each gene was assigned using a log2 fold 

change versus the mean value of Con/chow. (B) Heatmap of bioactive lipids in Con and 

ACC2 iKO hearts with chow or HFD feeding. Color coding for each gene was assigned 

using a log2 fold change versus the mean value of Con/chow. (C) Cardiac triglyceride (TG) 

content normalized to tissue weight (*p<0.05 vs. Con/chow, #p<0.05 vs. Con/HFD, n=5). 

(D) Schematic working hypothesis. Ligands mediated PPAR activation and enhanced FAO 

in HFD induced obesity or db/db mice may contribute to the development of lipotoxicity. On 

the other hand, enhancing FAO by ACC2 deletion may deplete intracellular fatty acids, 

which can serve as a negative feedback to prevent over activation of PPAR pathway.
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