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Obesity-driven cardiac lipid accumulation can progress to lipotoxic cardiomyopathy. Soluble 

epoxide hydrolase (sEH) is the major enzyme that metabolizes epoxyeicosatrienoic acids (EETs), 

which have biological activity of regulating lipid metabolism. The current study explores the 

unknown role of sEH deficiency in lipotoxic cardiomyopathy and its underlying mechanism. Wild-

type and Ephx2 knock out (sEH KO) C57BL/6J mice were fed with high-fat diet (HFD) for 24 

weeks to induce lipotoxic cardiomyopathy animal models. Palmitic acid (PA) was utilized to 

induce lipotoxicity to cardiomyocytes for in vitro study. We found sEH KO, independent of 

plasma lipid and blood pressures, significantly attenuated HFD-induced myocardial lipid 

accumulation and cardiac dysfunction in vivo. HFD-induced lipotoxic cardiomyopathy and 

dysfunction of adenosine 5’-monophosphate-activated protein kinase-mammalian target of 

rapamycin complex (AMPK-mTORC) signaling mediated lipid autophagy in heart were restored 

by sEH KO. In primary neonatal mouse cardiomyocytes, both sEH KO and sEH substrate EETs 

plus sEH inhibitor AUDA treatments attenuated PA-induced lipid accumulation. These effects 

were blocked by inhibition of AMPK or autophagy. The outcomes were supported by the results 

that sEH KO and EETs plus AUDA rescued HFD- and PA- induced impairment of autophagy 

upstream signaling of AMPK-mTORC, respectively. These findings revealed that sEH deficiency 

played an important role in attenuating myocardial lipid accumulation and provided new insights 

into treating lipotoxic cardiomyopathy. Regulation of autophagy via AMPK-mTORC signaling 

pathway is one of the underlying mechanisms.

Keywords

Autophagy; AMPK-mTORC pathway; cardiac lipid accumulation; lipotoxic cardiomyopathy; 
soluble epoxide hydrolase

Introduction

Recent national data on obesity prevalence among U.S. adults and youths show that 39.8% 

of adults and 18.5% of youth were obese [1]. When the caloric intake exceeds the caloric 

expenditure, obesity initiates. Obesity has many adverse effects on cardiac structure and 

hemodynamics. The hemodynamic hallmarks of obesity, increased heart rate and stroke 

volume, are thought to be a compensatory adaptation to increased adipose tissue mass at the 

expense of left ventricular remodeling, which progress to nonischemic dilated 

cardiomyopathy [2]. Lipotoxic cardiomyopathy is characterized by functional and structural 

alterations of the heart, such as echocardiographic changes consistent with systolic 

dysfunction, increases in myocardial triglyceride (TG) content, lipotoxicity, and enhanced 

oxidative stress. There is still a lack of effective treatment for obesity-related lipotoxic 

cardiomyopathy and the mechanism remains under debated.

Soluble epoxide hydrolase (sEH) is the major enzyme that metabolizes epoxyeicosatrienoic 

acids (EETs) to the less bioactive dihydroxyeicosatrienoic acids (DHET)[3]. EETs are 

metabolites of arachidonic acid by cytochrome P450 (CYP) [4–6]. sEH inhibition stabilizes 

EETs and demonstrates cardiac protection effects [7]. sEH gene Ephx2 was identified as a 

heart failure susceptibility gene in spontaneously hypertensive heart failure rats. sEH 

deficiency protected mice from pressure overload-induced heart failure and cardiac 

Wang et al. Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



arrhythmias [8]. sEH inhibition improves coronary endothelial function and prevents cardiac 

remodeling and diastolic [9]. Our previous study found that sEH knockout (KO) prevented 

cardiac hypertrophy, not only directly to cardiomyocytes but also to cardiac fibroblasts, by 

reducing expression of fibroblast growth factor-2[3]. sEH deficiency or inhibition also 

exhibits diverse and critical biological effects on lipid metabolism such as inhibiting 

adipogenesis and obesity-associated adipose expansion [10, 11].

Autophagy is a self-conservative cellular mechanism to degrade and recycle unwanted or 

damaged cell debris including macromolecules, organelles and nutrients [12]. Traditionally, 

autophagy is implicated in providing amino acids through protein degradation.

Nevertheless, evidence has emerged that autophagy also provides cellular energy through 

generation of free fatty acids (FFAs) and maintains lipid homeostasis [13, 14]. Adenosine 

5’-monophosphate-activated protein kinase (AMPK) is an enzyme that plays a critical role 

in regulating cellular growth and metabolism, acting as a metabolic sensor [15]. Activation 

of AMPK can inhibit downstream mammalian target of rapamycin complex (mTORC), 

which induces an autophagic response [16, 17]. Previous studies found that sEH inhibitor 

produced antisteatotic action in mice adipose tissue, as well as upregulated hepatic 

autophagy [18]. It was also established that sEH substrate EETs enhance autophagic 

responses in HL-1 (cardiac muscle cell line) cells and rat neonatal cardiomyocytes via a 

pmKATP-AMPK (cardiac plasma-membrane ATP-sensitive K+ channel) dependent pathway 

during cell starvation [19]. However, whether sEH deficiency attenuates lipotoxic 

cardiomyopathy through AMPK-mTORC regulated lipid autophagy and contributes to its 

multiple cardiac protective phenotypes is unclear.

Using sEH gene Ephx2 KO mice, we found sEH KO protected from high fat diet (HFD)-

induced myocardial lipid metabolism dysfunction, termed as lipotoxic cardiomyopathy and 

illustrated AMPK-mTORC signaling pathway-mediated autophagy as one of the underlying 

mechanisms. The outcomes were echoed by in vitro experiments.

This study broadens the interpretations on the mechanism that sEH deficiency or inhibition 

protects against cardiac dysfunction and provided a new therapeutic target for the treatment 

of obesity-related lipotoxic cardiomyopathy.

Materials and methods Reagents

The HFD formula fodder (D12492) was obtained from Guangdong Medical Laboratory 

Animal Center, (Guangzhou, China). All cell culture reagents were obtained from 

GibcoBRL (Life Technologies, Inc., Grand Island, NY). mRFP-GFP-LC3 adenoviruses were 

purchased from Hanbio Co. (Shanghai, China). TRIzol reagent and SuperScript III First-

Strand Synthesis Supermix were from Invitrogen (Carlsbad, California). SYBR Green PCR 

Master Mix was from Applied Biosystems (Foster City, California). TG reagents were from 

Nanjing Jiancheng Biocompany (Nanjing, China). sEH rabbit mAb was kindly donated by 

Dr. Bruce D. Hammock from University of California. Species- specific secondary 

antibodies were from Sigma-Aldrich. Enhanced chemiluminescent substrate was from 

Pierce (Rockford, IL). Polyvinylidene difluoride (PVDF) membranes were from Merck 
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Millipore (Billerica, MA). All other chemicals and reagents were purchased from Sigma-

Aldrich unless otherwise specified.

Mice

Animal experiments were approved by the Committee on Ethics of Animal Experiments in 

Sun Yat-sen University in China and conducted in accordance with the Guidelines for 

Animal Experiments, (NIH Publication No. 85-23, revised 1996). Ephx2 gene (coding sEH) 

knockout male mice with a background of C57BL/6J were obtained from Jackson 

Laboratory (Bar Harbor, ME). Phenotype of Ephx2 KO mice and genotyping identification 

procedure have been described previously [3]. In brief, animals were housed under 

temperature-controlled conditions (21 ± 2 °C), humidity (55 ± 5%), and a 12 h/12 h light–

dark circadian cycle with access to food and water ad libitum in the specific pathogen free 

(SPF) animal facility.

HFD protocol

Eight-week-old male Ephx2 KO and WT mice weighing 18–20 g were subjected to a 1- 

week adaptation period and then randomly assigned to different treatment groups. Mice 

were fed with SFD (percentage of kcal from: protein, 20%; fat, 10.0%; and carbohydrates, 

70.0%) and HFD (percentage of kcal from: protein, 20.0%; carbohydrate, 20.0%; and fat, 

60.0% D12492) for a total of 24 weeks [20].

Blood pressure measurement

The CODA 8 noninvasive blood pressure acquisition system for mice (Kent Scientific, 

Torrington, CT) was used for all tail-cuff measurements as previously described [21].

Echocardiography

Cardiac geometry and contractile function were evaluated in anesthetized (ether inhalation) 

mice using the 2-D guided M-mode echocardiography (VEVO 2100, Visual Sonics, 

Canada). Left ventricular (LV) anterior and posterior wall dimensions during diastole, 

interventricular septum (IVS), fractional shortening (FS), left ventricular end-diastolic 

(LVEDD) and end-systolic diameters (LVESD), left ventricular end diastolic posterior wall 

dimension (LVPWD), LV mass, ejection fraction (EF) and mitral doppler E/A ratio were 

calculated [3].

TEM

Tissue from the apex of left ventricular for electron microscopy were submerged in cold 

(4°C) fixative buffer (2% formaldehyde, 2% glutaraldehyde in 0.1 M phosphate buffer 

(NaPi), pH 7.4) and stored at 4°C for a minimum of 2 h (maximum 6.5 h) before osmication. 

The heart tissue samples were subdivided into five parallels, ≤1 mm pieces and embedded, 

cut, and contrasted using standard protocols as previously described [22]. Images were 

obtained using a Tecnai G2 electron microscope from FEI (Tecnai G2 Spirit Twin, FEI).
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Serum and heart lipid measurements

Animals were anesthetized intraperitoneally with 1% pentobarbital (80 mg/kg) to harvest 

serum samples before sacrifice. Serum TG levels were assessed as described previously [23]. 

TG levels in heart tissue and primary cultured cardiomyocytes were measured with the 

Triglycerides Quantification Kit (Nanjing, China). The unit of TG measurement was 

indicated by microgram per gram protein (mg/g) according to the manufacturer’s 

instructions.

Cardiac histological analysis and Oil Red O staining

Following anesthesia, hearts were excised and partly placed in 10% neutral-buffered 

formalin at room temperature for 24 h after a brief rinse with phosphate-buffered saline 

(PBS). The specimen was embedded in paraffin, cut in 5-μm sections and stained with 

hematoxylin and eosin. Cardiomyocyte cross-sectional areas were calculated on a digital 

microscope (×200) using the Image J (ver1.51) software [24]. Oil Red-O staining and 

quantification have been described previously [25].

Autophagy detection

Detection of autophagosomes using electron microscopy was described previously [26]. 

Under TEM, autophagosomes (also referred to as initial autophagic vacuoles, AVi) have a 

double membrane that is usually at least partly visible as two parallel membrane bilayers 

separated by an electron-lucent cleft [27]. Morphologically, the AVi can be identified by its 

contents (intact cytoplasm, including ribosomes, and rough endoplasmic reticulum). The 

late/degradative autophagic vacuoles/autolysosomes (AVd or AL) typically have only one 

limiting membrane; frequently they contain electron dense cytoplasmic material and/or 

organelles at various stages of degradation. Autophagic vacuoles were counted from at least 

20 random cells, averaged and expressed as the number of autophagic vacuoles per cell.

PA preparation and neonatal CM treatment

PA/BSA (bovine serum albumin) conjugates were prepared as described previously [28]. 

Primary culture of neonatal mice cardiomyocytes (CMs) were described previously [29]. 

With sEH deficiency and WT control cardiomyocytes, PA (400 μM, 24h) was employed to 

induce cardiomyocyte lipotoxicity, and Compound C (5 μM) or 3-MA (10 mM) were 

incubated with cardiomyocytes. Next, we incubated PA (400 μM), 14,15-EET (1μM), and 

AUDA (10μM, inhibitor of sEH) with WT cardiomyocytes for 24h. Then, we used 

Compound C and 3-MA to further illustrate the relationships among sEH and AMPK- 

mTORC-mediated autophagy.

qRT-PCR

Total RNA was isolated from left ventricles. Quantitative real-time polymerase chain 

reaction (qRT-PCR) analysis was performed for CD36, ATGL, SREBP1c, LAL, HSL, LPL 

and GAPDH. The sequences of the primers used for mouse samples were:

CD36, F 5’-ATTGGTCAAGCCAGCT-3’, R 5’- TGTAGGCTCATCCACTAC -3’
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GPAT, F 5’-ACTGGGTTGACTGTGGGTTC-3’, and R 5’-

GCAGGAATGCAGCACCTTC-3’ ATGL, F 5’-TGTTTCAGACGGAGAGAACG-3’, 

and R 5’-GGAGGGTGGAGGAATGAGG-3’ SREBP1c, F 5’-

AATCAGGACCATGCCG-3’, and R 5’- CTCAACCTATGAAAATAAAGTTTGC-3’ 

LAL, F 5’-TGGAGGGACAAACCACTGA-3’, and R 5’-

AAGGGAATCGGACCACTTG-3’

HSL, F 5’-CTTCTCCCTCTCGTCTGCTG-3’, and R 5’-

AATGGTCCTCTGCCTCTGTC-3’ LPL, F 5’-GATCCGAGTGAAAGCCGGAG-3’, 

and R 5’-TTGTTTGTCCAGTGTCAGCCA-3’ GAPDH, F 5’-

GTCCTCGGGCATAATGCGTA-3’, and R 5’-TAACCTCAGATCAGGGCGGA

Western blotting

The protein of left ventricles and neonatal cardiomyocytes was extracted as previously 

described [5]. Protein were detected with anti-LC3II/3I (1:1,000), anti-p62 (1:1,000), anti- 

sEH(1:1,000), anti-AMPK (1:1,000), anti-pThr172-AMPK (1:1,000), anti-mTOR (1:1,000), 

anti-pSer2448-mTOR (1:1,000), and anti-GAPDH (1:1,000) antibodies (Cell Signaling 

Technology Inc., Beverly, MA). Antigens were detected by the luminescence method. 

Quantification of band density was determined using Gene Snap software (Syngene, 

Frederick, MD) and reported in optical density per square millimeter.

Autophagic flux detection

Primary neonatal mouse cardiomyocytes were transfected with mRFP-GFP-LC3 

adenoviruses at 50 MOI for 24h as previously described [30]. After indicated treatment, the 

autophagosomes (merged yellow puncta) and autolysosomes (red puncta) in cardiomyocytes 

were visualized under a confocal microscope (×400). At least 30 cells were recorded for 

each group.

Lipidtox red staining and LC3II staining colocalization

C57 primary cells grown on bovine skin collagen-coated coverslips were incubated in the 

presence or absence of 400 μM of PA, chloroquine chloride (10 μM inhibitor of infusion of 

autophagosome and lysosome) for 24 h. Immunofluorescence staining were done as 

previously describe. Stained cells were analyzed by Leica epifluoresence microscope with 

either a 40×or 60× oil immersion objective [31].

Liquid chromatography tandem mass spectroscopy

All samples were reconstituted in 30 μl of 30% ethanol. Online liquid chromatography was 

performed with an Agilent 1200 Series capillary HPLC (Agilent Technologies, Santa Clara, 

CA), which described previously [32].

Statistical analysis

All experiments were repeated at least 3 times, and continuous data were expressed as mean 

± standard error of the means (SEMs) when in normal distribution. Homogeneity of the 

variance was assessed via the F test (2 groups). When comparing results with 2 groups, we 

applied the standard Student’s t-test if equal variance and normal distribution were satisfied; 
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otherwise, the nonparametric Mann-Whitney U test was used. When there were more than 2 

groups and 1 factor was involved, we used one-way analysis of variance (ANOVA) analysis. 

The P values were adjusted for multiple comparisons where appropriate. Data were analyzed 

with SPSS 20.0 statistical software package and presented as mean ± SEMs. p ＜ 0.05 was 

considered to be statistically significant.

Results

sEH KO attenuated HFD-induced mouse lipotoxic cardiomyopathy

To determine whether sEH deficiency contributes to protection against HFD-induced 

lipotoxic cardiomyopathy, we fed WT or sEH KO mice with HFD for 24 weeks. By then, 

HFD induced a significant increase of sEH expression in WT mice (Fig. 1A). sEH KO mice 

showed comparable blood pressures in both systolic and diastolic pressures with WT mice 

(Fig. 1B). Both sEH KO and WT mice developed obesity presenting significant body weight 

gain with elevated plasma triglyceride compared with mice fed with standard fat diet (SFD) 

control. The control levels under SFD and increases in body weight and triglyceride after 

HFD were comparable between sEH KO and WT mice (Fig. 1C). Compared with mice fed 

with SFD, echocardiographic analysis revealed that HFD significantly decreased left 

ventricular (LV) fractional shortening (FS%) and increased LV mass in WT mice (Fig. 1D–

F, Table 1). Accordingly, HFD significantly increased heart sized in gross observation and 

heart to body weight ratio (mg/g) in WT mice. Commensurate with the increased heart 

weight, HFD significantly increased the cardiomyocyte cross-sectional area in WT mice 

(Fig. 1G–I). These effects were remarkably mitigated in sEH KO mice (sEH KO+HFD vs 
WT + HFD, p < 0.01 for FS% and LV mass, p < 0.05 for heart/body weight ratio, and p < 

0.005 for cell cross-sectional area (Fig. 1D–I). Together, these indicated that sEH KO, 

independent of plasma lipid or blood pressure, significantly attenuates HFD-induced 

lipotoxic cardiomyopathy.

sEH KO attenuated HFD-induced mouse cardiac lipid accumulation

Metabolic perturbations stemming from HFD can lead to accumulation of lipids in the 

heart[20]. To examine the effect sEH KO on HFD-elicited lipid accumulation in the heart, 

we analyzed lipid droplet (LD) accumulation in the heart by Oil Red O staining, 

transmission electron microscope (TEM) and heart triglyceride content measurement in WT 

and sEH KO mice under SFD or HFD, respectively. Oil Red O staining in myocardium 

revealed that HFD significantly promoted cardiac lipid accumulation in WT mice. This 

change was attenuated by sEH KO (Fig. 2A). Heart sections were visualized by TEM at 

2,400× and 18,500× magnification. LDs were identified as round light-density structures 

with homogenous amorphous content and an average diameter of 0.5 μm that increased 10 to 

15 fold in response to HFD [14].We found that sEH KO effectively ablated HFD-induced 

LD accumulation in hearts (sEH KO+HFD vs. WT+HFD, p<0.05, Fig. 2B–C). Moreover, 

sEH KO mice had lower triglyceride in the heart than WT mice (sEH KO+HFD vs. WT

+HFD, p<0.01, Fig. 2D). In sum, these indicated that sEH KO prevents HFD-elicited lipid 

accumulation in the heart.
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Effects of sEH KO on HFD-induced alterations of fatty acid metabolism and transportation 
associated gene expressions

We also measured expressions of key genes involved in fatty acid metabolism. CD36, a 

transportation protein on the membrane of cardiomyocyte, through which fatty acid mainly 

enters, dramatically increased in WT mice with HFD intake. Additionally, glycerol-3-

phosphate acyltransferases (GPAT), which initiates triglyceride synthesis and sterol 

regulatory element-binding protein 1c (SREBP1c), the master regulator of fatty acid 

synthesis, was upregulated accordingly. Meanwhile, genes associated with cardiac fatty acid 

catabolism, including adipose triglyceride lipase (ATGL), lysosomal acid lipase (LAL), 

hormone-sensitive lipase (HSL) and lipoprotein lipase (LPL), were downregulated in WT 

mice with HFD as well. Compared with WT mice, sEH KO failed to elicit any notable 

effects on these synthetic or catabolic lipid genes under SFD feeding. However, it 

significantly attenuated HFD-induced elevations in CD36, GPAT, SREBP1c (Fig. 2E) and 

decreases in ATGL, LAL, HSL, and LPL (Fig. 2F).

sEH KO protected against HFD-induced suppression on AMPK-mTORC mediated 
autophagy in mouse myocardium

While we were analyzing the LDs accumulation in heart sections under TEM, we 

surprisingly found plenty of degradative autophagic vacuoles (AVd) inside LDs in HFD 

feeding sEH KO mice, which conformed to the structures of lipophagy[27]. It encouraged us 

to ask what the role of the autophagy is during this process. We therefore carefully evaluated 

the autophagy morphologically as well as the autophagy induction markers. As described in 

the Methods section, autophagic vacuoles were counted from at least 20 random cells in the 

heart sections of each group using TEM to define the evidence of autophagy induction, 

which were averaged and expressed as the number of autophagic vacuoles per cell [26]. The 

autophagic vacuoles in myocardium of WT mice fed with HFD were significantly depressed. 

These changes were prevented in HFD feeding sEH KO mice (Fig. 3A–B). Intriguingly, 

these autophagic vacuoles were inside LDs. On aspect of autophagy markers, the 

autophagosome adaptor p62 was markedly upregulated, while the LC3II/LC3I ratio 

decreased significantly in HFD feeding WT mice. These abnormalities were restored in sEH 

KO mice (Fig. 3C–D top panel).

AMPK-mTORC is recognized as a main upstream signaling pathway of autophagy, and 

previous research has indicated that genetic sEH disruption or sEH inhibition promotes 

AMPK phosphorylation [33, 34]. We therefore assumed systemic sEH KO promotes 

phosphorylation of AMPK, then inhibits mTORC and activates autophagy, which ultimately 

impacts cardiac lipid accumulation. To test this hypothesis, we examined the signaling 

pathway. Our data showed that HFD intake significantly suppressed phosphorylation of 

AMPK while it significantly increased phosphorylation of mTORC in WT mice. These 

effects were ablated by sEH KO (Fig. 3C–D bottom panel).

Inhibition of AMPK or autophagy blocked sEH KO-conferred protection against palmitic 
acid (PA)-induced lipotoxicity in cardiomyocytes

To further confirm the role of AMPK-mTOR mediated autophagy in protection of sEH KO 

against cardiac lipotoxicity, we induced lipotoxicity in primary cultured neonatal mouse 
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cardiomyocytes using palmitic acid (PA). AMPK inhibitor Compound C (Com C) and 

autophagy inhibitor (3-MA) were applied to study their relationships. Cardiomyocyte lipid 

accumulation, triglyceride content level, sEH expression, AMPK signaling cascade and 

AMPK-mTORC regulated autophagy markers were assessed. Isolated cardiomyocytes from 

WT or sEH KO mice were incubated with PA (400 μM for 24 h) with the Com C (5μM) or 

3-MA (10 mM), respectively [14]. Consistent with in vivo results, the Oil Red O staining 

and cardiomyocyte lipid quantification data revealed that PA markedly increased lipid 

accumulation in WT mouse cardiomyocytes, while sEH KO attenuated lipid accumulation. 

This sEH KO-conferred protective effect on cardiomyocytes was blocked by Com C or 3-

MA, respectively (Fig. 4A–C). Furthermore, PA upregulated levels of sEH and p62 as well 

as decreased the LC3II/LC3I in WT cardiomyocytes. These effects were restored by sEH 

KO, but the restoration was reversed by Com C. Regarding AMPK-mTOR regulated 

autophagy signaling cascade, our data showed that PA inhibited the phosphorylation of 

AMPK and upregulated the phosphorylation of mTOR in WT mouse cardiomyocytes, sEH 

KO significantly ablated these effects. The ablation was blocked by Com C (Fig. 4D–F).

Inhibition of AMPK or autophagy blocked protection of sEH substrate plus sEH inhibitor 
against PA-induced lipid accumulation in cardiomyocytes

We have showed that sEH KO prevents cardiac lipid accumulation and upregulates AMPK-

mTORC mediated autophagy in myocardium in vivo. These results were recapitulated and 

blocked with AMPK or autophagy inhibitors in sEH KO cardiomyocytes in vitro. To further 

confirm this, we performed in vitro experiments in primary neonatal WT cardiomyocytes 

incubated with PA and sEH substrate 14,15-EET plus sEH inhibitor AUDA. 14,15-EET 

levels measured by liquid chromatography-mass spectrometry were found to be increased in 

14,15-EET plus AUDA treated cardiomyocytes (Fig. 5A). Interestingly, 14,15-EETs plus 

AUDA treatment significantly reduced PA-induced lipid accumulation in cardiomyocytes, 

which is comparable to the changes in sEH KO primary cardiomyocytes. Then, we 

incubated cardiomyocytes with or without Com C or 3-MA. Com C or 3-MA showed a 

reverse effect on attenuating lipid accumulation (Fig. 5B–C and S1). Nest, we detected the 

AMPK-mTORC mediated autophagy signaling pathway. As shown in Fig.5D–E and S2, 

14,15-EET plus AUDA resulted in upregulation of autophagy revealed by the increase of 

LC3II to LC3I ratio and decrease of p62. This improvement in autophagy was supported by 

upregulation of p- AMPK and downregulation of p-mTORC. All these changes could be 

blocked by Com C or 3-MA.

LC3-II has a crucial role in the formation of autophagosomes, which are subsequently 

targeted to autolysosomes. An individual autophagosome is represented as a LC3II punctum 

by immunofluorescence microscope. Chloroquine (CQ), known to prevent the 

autophagosome-lysosome fusion and result in autophagosome accumulation within the cell, 

was used as a control treatment to demonstrate morphological hallmarks of autophagosomes 

during autophagy. In PA-treated primary cardiomyocytes, we found 14,15-EET plus AUDA 

significantly increased the number of autophagosomes compared to cells without EET plus 

AUDA demonstrated by only a few LC3II puncta and highly dispersed intracellular 

fluorescence. Importantly, we observed that the LC3II puncta, indicator of the formation of 
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autophagosomes, was robust and appeared to merge, and there were much fewer lipid 

droplets in the cells treated with 14,15-EET plus AUDA (Fig. 5F–G).

sEH substrate plus sEH inhibitor reversed PA-induced suppression on autophagic flux in 
cardiomyocytes

To further illustrate whether sEH deficiency selectively promotes autophagosome formation 

or it may regulate autophagic flux, we infected primary neonatal WT mouse cardiomyocytes 

with adenoviruses harboring tandem fluorescent mRFP-GFP-LC3. Then cells were 

incubated with 14,15-EET plus AUDA with or without PA or chloroquine. We found that 

sEH deficiency, being simulated with sEH inhibitor AUDA plus sEH substrate 14,15-EET, 

slightly increased the basal autophagic flux in cardiomyocytes evidenced by the increased 

number of both autophagosome (yellow) and autolysosome (red) puncta. Intriguingly, PA 

treatment suppressed the formations of both autophagosome and autolysosome, suggesting a 

PA-induced impairment of autophagic flux. By way of counter reaction, 14,15-EET plus 

AUDA treatment significantly increased both yellow and red dots in cardiomyocytes, 

indicating the autophagic flux was restored. The autophagy was more presented as 

autophagosomes in the presence of chloroquine, which blocked the autophagic flux by 

decreasing autophagosome-lysosome fusion. These results certified the pivotal role of 14,15-

EET plus AUDA in restoring PA-induced suppression on autophagic flux in cardiomyocytes 

(Fig. 6A–B).

Discussion

In HFD fed mice, we showed that HFD led to obesity and lipotoxic cardiomyopathy, which 

were attenuated by sEH KO. Dysfunction of the AMPK-mTORC signaling pathway-

mediated autophagy due to HFD was restored by sEH KO. In primary neonatal mouse 

cardiomyocytes, sEH KO or EETs plus AUDA treatment attenuated PA-induced lipid 

accumulation, which were blocked by inhibition of AMPK or autophagy. These data were 

further supported by HFD- or PA-induced down-regulation of autophagy markers LC3II/

LC3I, as well as p62 accumulation, suggesting the impairment of initiating AMPK-mTORC 

driven autophagy and autophagic flux. This was rescued by sEH deficiency in vivo and in 
vitro. Consistent with previous studies [35, 36], sEH KO did not affect bodyweight gain and 

plasma TG level compared with WT mice under HFD in this study. We also found 

comparable blood pressures between sEH KO and WT mice fed with HFD. Taken together, 

these findings revealed that HFD lead to cardiac lipotoxicity, sEH deficiency played a 

critical role in decreasing lipid accumulation of myocardium by increasing autophagy 

through AMPK-mTORC signaling pathway (Fig. 7), which highlighted a novel target for 

treating lipotoxic cardiomyopathy.

Under normal physiological conditions, autophagy serves as an essential housekeeper to 

maintain homeostasis for multiple organs including the heart [37]. Recently, a revival of 

interest in its role has emerged with the discovery that autophagy can mediate lipid 

metabolism by engulfing lipid in LDs or provide cellular energy through generation of 

FFAs. Singh et al. termed macrolipophagy as a direct interrelationship between autophagy 

and lipid metabolism for the first time. They depicted that autophagy regulated lipid content 
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in hepatocytes in vitro and in vivo. Inhibition of autophagy may trap hepatocytes in a 

harmful cycle in which decreased autophagy promotes lipid accumulation that then further 

suppresses autophagic function, thereby additionally increasing lipid retention [14]. 

Lipophagy is ubiquitous as it functions in other cells that do not store lipids in large 

quantities as hepatocytes including fibroblasts, neurons, and stellate cells[38]. Our study 

firstly observed some morphological clues and changes of autophagy markers that sEH 

deficiency upregulated lipophagy in myocardium, which was a mechanism that sEH 

mitigated cardiac lipid accumulation.

AMPK is a heterotrimeric enzyme composed of a catalytic α subunit tethered to the 

regulatory β and γ subunits. It is an important regulator of cardiac energy homeostasis. This 

serine/threonine kinase is activated by adenosine triphosphate (ATP) depletion through 

phosphorylation of its Thr172 residue by upstream kinases such as liver kinase B1[15]. 

AMPK responds to increases in the AMP/ATP ratio by switching off energy- consuming 

pathways. AMPK plays a key role in regulating cellular growth and metabolism, acting as a 

metabolic sensor, allowing adaptive responses to reduced energy. PA was a widely used 

reagent to induce cellular model of lipid accumulation in cardiomyocytes[39]. Lipid 

overload suppresses AMPK activity by impairing AMPK phosphorylation [40]. EETs have 

been reported to directly interacting with AMPKα2β2γ1 to activate AMPK signaling and 

protect against cardiac hypertrophy [41]. The most recent research in HFD-mediated renal 

injury shows 14,15-EET (a major substrate of sEH), but not its sEH-mediated metabolite 

14,15-DHET, significantly reversed PA-induced increase in Pax2 (paired box gene 2) and 

decrease in AMPK activation. In addition, Pax2 may positively regulate AMPK transcription 

in murine renal mesangial cells [34]. The way EET or sEH activates AMPK in lipotoxic 

cardiomyopathy may also involve these mechanisms but needs to be further illustrated in the 

future.

Activation of AMPK can inhibit downstream mTORC signaling, which will induce an 

autophagic response [42]. AMPK represents the most well characterized regulator of 

mTORC. In our study, AMPK-mTORC pathway activity status was accompanied by 

changes of gene expressions involved in lipid metabolism. In the HFD-induced mouse 

lipotoxic cardiomyopathy model, we detected suppression of the AMPK-mTORC pathway 

and subsequent increased expressions of lipid transport or anabolic genes of CD36, GPAT, 

and SREBP1c and decreased expressions of lipid catabolic genes of ATGL, HSL, LAL and 

LPL (Fig. 2E–F). These changes were consistent with previous reported roles of the AMPK-

mTORC pathway in lipid metabolism [43, 44]. sEH KO successfully attenuated the HFD-

induced changes of lipid accumulation, lipophagy and lipid metabolism related gene 

expressions, suggesting that sEH KO protected against cardiac lipotoxicity and mTORC 

may act as a bridge connecting the crosstalk between the lipid metabolism-related genes and 

autophagy processes. Although lipophagic responses in other organs were not investigated in 

this study, considering HFD also induced lipid deposition in liver and kidney and this 

pathway was involved in the processes [35, 45], the protective effects induced by sEH 

deficiency or inhibition on lipotoxicity in this study should be non-cardiac-specific and 

present in kidney and liver as well. The relationship between sEH deficiency conferred 

protection against lipotoxic cardiomyopathy and AMPK-mTORC mediated autophagy was 

strongly supported by the in vitro study showing that the protective effects were blocked by 
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AMPK or mTORC inhibitors. However, we believe lack of similar blockade study on the 

pathway in mice to further consolidate this relation in vivo represents the limitations of this 

study.

Conclusion

In summary, the in vivo and in vitro experiments demonstrated that sEH deficiency or 

inhibition attenuated lipid accumulation in cardiomyocytes through upregulation of AMPK-

mTORC mediated autophagy. Lipotoxic cardiomyopathy was ameliorated by sEH deficiency 

in vivo. These findings provided experimental evidence for the potential clinical application 

of sEH inhibition in treating lipotoxic cardiomyopathy.
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Highlights

• sEH deficiency attenuates lipid accumulation in myocardium in vivo and in 
vitro

• sEH deficiency increases autophagy in myocardium in vitro and in vitro

• sEH regulates autophagy in myocardium through AMPK-mTORC pathway
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Fig. 1. sEH KO attenuated HFD-induced mouse lipotoxic cardiomyopathy.
(A) Heart sEH expression levels significantly increased in WT mice at 24 weeks after HFD. 

(B, C) Blood pressure, body weight gain, and plasm triglyceride level were comparable 

between sEH KO and WT mice at 24 weeks after HFD. (D-F) Echocardiography showed 

sEH KO ablated the decrease of fractional shortening (FS) and restored the increase of left 

ventricle (LV) mass induced by HFD. (G, I-top panel) HFD significantly increased WT 

mice heart volume in general review and heart to body weight ratio (mg/g), sEH KO 

attenuated the effects. (H, I-bottom panel) Cardiomyocyte cross-sectional area (H&E 

staining, ×200) was elevated with HFD, and sEH KO partially reversed the effects. * P<0.05, 

**P<0.01, *** P<0.005, **** P<0.001. n=8–10 (b, c) and 3–5 (a, d-i) per group.
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Fig. 2. sEH KO attenuated HFD-induced mouse cardiac lipid accumulation and abnormal 
transcriptions of lipid synthetic and catabolic genes.
(A) Oil Red O staining in heart sections (400×, Scale bars indicate 50 μm). (B) Heart 

sections were visualized by transmission electron microscope (TEM) at 2,400× (scale bars 

indicate 5 μm) and 18,500× (scale bars indicate 0.5 μm) magnification. (C) Quantification of 

TEM at 18500×, each value represents the average of counts from 10 random fields of each 

sample. (D) Measurement of triglyceride content in hearts. (E, F) The mRNA expression 

levels of the lipid anabolic gene CD36, GPAT, and SREBP1c, and the lipid catabolic gene 

ATGL, LAL, HSL, and LPL were shown. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001. 

n=3–5 per group. LDs: lipid droplets. LDs were marked with black open arrows.
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Fig. 3. sEH KO increased autophagic vacuoles in mouse myocardium and ameliorated HFD-
induced suppression on AMPK-mTORC-regulated autophagy.
(A) Degradative autophagic vacuoles (AVd) were shown in electron microscopy. Scale bars 

indicate 0.5 μm. (B) Quantification of AVd counts per cell (n = 20). (C, D) Representative 

western blots and protein quantifications of LC3II to LC3I, p62 to GAPDH, phosphorylated 

AMPK to total AMPK, and phosphorylated mTOR to total mTOR ratios. *P<0.05, 

**P<0.01, ***P<0.005, n =3–5 per group. Sarc: sarcomere. Mito: mitochondria. LDs: lipid 

droplets. LDs were marked with black solid arrows.

Wang et al. Page 18

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Inhibition of AMPK or autophagy blocked the amelioration of lipid accumulation 
conferred by sEH KO in primary neonatal cardiomyocytes.
(A) Oil Red O staining of primary neonatal cardiomyocytes from WT and sEH KO mice 

incubated with palmitic acid (PA) in combination with or without AMPK inhibitor 

compound C (Com C) or autophagy inhibitor (3-MA). (B) Quantification of lipid 

accumulation with Oil Red O staining normalized to protein content (OD560/μg protein). 

(C) Triglyceride content quantification in cardiomyocytes. (D) Representative western blots 

of sEH and AMPK- mTOR regulated autophagy pathway. (E, F) Protein level 

quantifications of LC3II to LC3I, p62 to GAPDH, sEH to GAPDH, phosphorylated AMPK 

to total AMPK, and phosphorylated mTOR to total mTOR ratios. Scale bars indicate 200 

μm. *P<0.05, **P<0.01, ***P<0.005, **** P<0.001. n=3 per group.
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Fig. 5. Inhibition of AMPK or autophagy blocked the amelioration of lipid accumulation 
conferred by sEH substrate EET plus sEH inhibitor treatments in primary neonatal 
cardiomyocytes.
(A) Measurements of 14,15-EET in cardiomyocytes by liquid chromatography-mass 

spectrometry. (B) Triglyceride content of primary neonatal mouse cardiomyocytes from WT 

mice incubated with PA, 14,15-EET+AUDA, Compound C (Com C) or 3-MA. (C) 
Quantification of lipid accumulation with Oil Red O staining normalized to protein content 

(OD560/ μg protein). (D) Representative western blots of AMPK-mTOR-regulated 

autophagy pathway under Com C treatment. (E) Protein level quantifications of LC3II to 

LC3I, p62 to GAPDH, phosphorylated AMPK to total AMPK, and phosphorylated mTOR 

to total mTOR ratios. (F) Immunofluorescence images of LC3II and lipidTox. Scale bars 
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indicate 50 μm. (G) Quantification of LC3II. *P<0.05, **P<0.01, ***P<0.005, 

****P<0.001. n=3 per group. PA, palmitic acid; AUDA, sEH inhibitor; Com C, AMPK 

inhibitor; 3-MA, autophagy inhibitor; CQ, chloroquine; CON, no PA control; DAPI, 4’,6-

diamidino-2-phenylindole; lipidTox, dye for lipid staining.
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Fig. 6. sEH substrate EET plus sEH inhibitor alleviated PA-induced suppression on autophagic 
flux.
Primary mouse neonatal WT cardiomyocytes were incubated with PA, PA+14,15-EET

+AUDA or PA+14,15-EET+AUDA+CQ and without PA as controls. (A) Representative 

confocal immunofluorescence images of mRFP-GFP-LC3 puncta are shown to present 

autophagic flux in cardiomyocytes. (B) Quantification of autophagy flux. Graph bars show 

the mean numbers of autophagosomes (yellow dots) and autolysosomes (red dots) per cell. 

Scale bars indicate 50 μm. *p < 0.05, **p<0.01, ****p < 0.001. n=3 per group. PA, palmitic 

acid; AUDA, sEH inhibitor; CQ, chloroquine; CON, no PA control; mRFP, monomeric red 

fluorescent protein; GFP, green fluorescent protein.
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Fig. 7. Schematic graph of the mechanism by which the sEH gene regulates lipotoxic 
cardiomyopathy.
Upper panel shows that HFD led to mouse obesity and lipotoxic cardiomyopathy. These can 

be attenuated by sEH gene deficiency. Lower panel demonstrates that sEH gene deletion 

increases EETs, EETs promote AMPK phosphorylation and activates AMPK, activated 

AMPK decreases mTORC phosphorylation and suppresses mTORC, and suppressed 

mTORC increases lipid autophagy. This reaction chain finally leads to attenuation of 

lipotoxic cardiomyopathy resulting from lipid accumulation.
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Table 1.

Echocardiographic parameters of mouse heart in different groups.

WT WT+HFD sEH KO sEH KO+HFD

IVS d (mm) 0.92±0.03 0.99±0.08 0.92±0.02 0.91±0.07

IVS s (mm) 1.42±0.19 1.36±0.19 1.33±0.11 1.52±0.20

LVID d (mm) 3.53±0.37 3.74±0.46 3.24±0.36 3.31±0.22*

LVID s (mm) 2.09±0.40 2.68±0.60* 2.1±0.16 2.10±0.23*

LVPW d (mm) 0.99±0.069 1.1±0.047 0.95±0.12 0.99±0.08

LVPW s (mm) 1.29±0.23 1.35±0.14 1.3±0.05 1.40±0.06

EF (%) 55.36±7.31 57.16±12.22 57.1±2.34 67.72±6.28

FS (%) 36.84±4.45 28.56±4.74* 36.13±2.11 35.88±5.06**

LV Mass(mg) 97.27±5.049 121.8±8.76*** 98.33±2.33 102.6±8.36**

E/A 1.43±0.05 1.21±0.05 1.41±0.02 1.39±0.10

WT+WFD vs. WT, sEH KO+HFD vs. WT+HFD,

*
p<0.05,

**
p<0.01,

***
p<0.005, n=3–5 per group.

IVS, interventricular septum; d, end-diastolic; s, systolic; LVID, left ventricular internal diameter; LVPW, left ventricular posterior wall thickness; 
EF, ejection fraction; FS, fractional shortening; LV, left ventricular; E/A, mitral doppler peak ratio.
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