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Introduction: Cardiovascular diseases, especially metabolic-related disorders, are progressively growing worldwide due to high-fat-containing foods, which promote a deleterious response at the cellular level, termed lipotoxicity, or lipotoxic stress. At the cardiac level, saturated fatty acids have been directly associated with cardiomyocyte lipotoxicity through various pathological mechanisms involving mitochondrial dysfunction, oxidative stress, and ceramide production, among others. However, integrative regulators connecting saturated fatty acid-derived lipotoxic stress to mitochondrial and cardiomyocyte dysfunction remain elusive.
Methods: Here, we worked with a cardiomyocyte lipotoxicity model, which uses the saturated fatty acid myristate, which promotes cardiomyocyte hypertrophy and insulin desensitization.
Results: Using this model, we detected an increase in the mitochondrial E3 ubiquitin ligase, MUL1, a mitochondrial protein involved in the regulation of growth factor signaling, cell death, and, notably, mitochondrial dynamics. In this context, myristate increased MUL1 levels and induced mitochondrial fragmentation, associated with the decrease of the mitochondrial fusion protein MFN2, and with the increase of the mitochondrial fission protein DRP1, two targets of MUL1. Silencing of MUL1 prevented myristate-induced mitochondrial fragmentation and cardiomyocyte hypertrophy.
Discussion: These data establish a novel connection between cardiomyocytes and lipotoxic stress, characterized by hypertrophy and fragmentation of the mitochondrial network, and an increase of the mitochondrial E3 ubiquitin ligase MUL1.
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1 INTRODUCTION
Cardiovascular diseases (CVD) are the leading cause of death worldwide and are directly linked with unhealthy behaviors, such as smoking, sedentarism, and an unhealthy diet (World Health Organization, 2014). A high-fat diet (HFD) is among the main pathological drivers of obesity, metabolic syndrome, and insulin resistance, which frequently are underlying diseases of CVD (Ritchie and Dale Abel, 2020). Saturated fatty acids (SFAs) are often associated with a deleterious response termed lipotoxic stress or lipotoxicity, which induces several detrimental effects, such as mitochondrial dysfunction, sphingolipid production (ceramide synthesis), insulin-desensitization, and ultimately, cell death (Choi et al., 2021; Yoon et al., 2021). In this context, saturated long-chain fatty acids, such as myristic and palmitic acid, are usually associated with these pathological processes.
Mitochondrial dynamics, a concept comprising mitochondrial fusion, fission, biogenesis, and mitophagy, determine mitochondrial morphology, quality, abundance, and function (Vásquez-Trincado et al., 2016; Eisner et al., 2018; Giacomello et al., 2020). Regarding mitochondrial fusion and fission balance, mitofusins (MFN) 1/2 and optic atrophy 1 (OPA1) regulate mitochondrial fusion and the GTPase dynamin-related protein 1 (DRP1), mitochondrial fission factor (MFF), adaptor mitochondrial dynamics proteins of 49 and 51 kDa (MID49/51), and mitochondrial fission one protein (FIS1) promote mitochondrial fission. We have previously studied the effect of saturated fatty acids (Kuzmicic et al., 2014) and sphingolipids (Parra et al., 2008) on cardiomyocyte mitochondrial fusion and fission balance, in which these lipidic species promoted a marked mitochondrial fragmentation associated with mitochondrial dysfunction and apoptotic cell death.
The mitochondrial E3 ubiquitin ligase MUL1 (also known as MULAN/MAPL/GIDE) (Li et al., 2008; Zhang et al., 2008; Braschi et al., 2009) is a mitochondria-anchored protein that has been associated with NF-κB signaling, mitochondrial dynamics, cell death, inflammation, AKT regulation, and mitophagy (Li et al., 2008; Braschi et al., 2009; Jung et al., 2011; Bae et al., 2012; Jenkins et al., 2013; Yun et al., 2014). Regarding mitochondrial dynamics, MUL1 is associated with the reduction of MFN2 levels, through ubiquitination-mediated degradation (Puri et al., 2019). Additionally, MUL1 stabilizes DRP1 through SUMOylation, promoting mitochondrial fission (Braschi et al., 2009). MUL1 is also a negative regulator of AKT, a well-known regulator of insulin signaling, and reduces total levels of AKT through ubiquitination (Bae et al., 2012). Considering this background, we hypothesized that MUL1 mediates the detrimental effects of SFAs in cardiomyocytes. To test this, cultured cardiomyocytes were treated with the SFA myristate (14:0). This fatty acid increases cardiomyocyte cell area (Russo et al., 2012). Moreover, myristate has been associated with insulin resistance and metabolic syndrome in humans (18). Interestingly, a milk-fat based diet, with a high content of myristate and myristate-derived sphingolipids, induces profound hyperglycemia and insulin resistance (Russo et al., 2012). Additionally, this diet generates left ventricle (LV) hypertrophy and a reduction of the cardiac ejection fraction, faster than the commonly used HFD (Russo et al., 2012). Thus, myristate closely recapitulates the effects of fatty acid overload at the cardiac level in terms of morphological (hypertrophy) and functional changes (insulin-desensitization). Here, we found that myristate increased MUL1 protein levels in cardiomyocytes, and importantly, MUL1 was required for myristate-induced cardiomyocyte hypertrophy and mitochondrial fragmentation. Interestingly, MUL1 is dispensable for myristate-induced insulin-desensitization in the cardiomyocyte.
2 MATERIALS AND METHODS
2.1 Isolation of neonatal rat ventricular myocytes (NRVM)
Rats were bred at the Faculty of Chemical and Pharmaceutical Sciences Animal Breeding Facility (University of Chile). NRVM were isolated from the hearts of neonatal Sprague-Dawley rats as previously described (Kuzmicic et al., 2014). Neonatal pups, between 2–3 days old, were decapitated, and the hearts were extracted and washed with Hank’s buffer (Sigma, H2387) supplemented with NaHCO3 and HEPES, at 37°C. Cardiac atria were carefully removed, and the remanent ventricular portion was minced. The tissue was then enzymatically digested with type II collagenase (Gibco, 17101–015) (0.02 g/100 mL Hank’s) and pancreatin (Sigma, P3292) (0.06 g/100 mL Hank’s). The cell suspension was pre-plated in a 250 mL culture flask for 2–3 h in DME- (Sigma, D1152) and M199- (Sigma, M2520) containing medium, supplemented with 10% FBS (Biological Industries, 04-121-1A), to obtain a cardiomyocyte-enriched fraction. Cells in suspension were collected and centrifuged at 1,000 r.p.m. for 5 min and then resuspended in 25 mL of DME:M199 (4:1) medium, supplemented with 5% FBS and 10% NBCS (Gibco, 16010–159), to be finally seeded in gelatin 2% p/v (Winkler, GE0820) -coated plates.
All procedures and experiments in animals were performed according to NIH Guide for the Care and Use of Laboratory Animals and approved by the corresponding Institutional Ethics Committee.
2.2 Cell culture
NRVM were maintained in DME:M199 (4:1), supplemented with 5% FBS and 10% FCS, in the presence of 5-bromo-2′-deoxyuridine (SAFC, B5002). Before any experimental procedure, NRVM were carefully washed with PBS at 37 °C, and then maintained in DME:M199 (4:1) for 24 h. To prepare the myristate solution conjugated with fatty-acid-free bovine serum albumin (BSA) (Sigma, 126575), BSA was first dissolved in DME:M199 (4:1) to get a final concentration of 100 μM. Sodium myristate (Sigma, M8005) was slowly added to this solution, which was mixed and heated between 40°C–50 °C. To ensure the conjugation of the fatty acid to BSA, the solution was then constantly shaken at 37 °C for 1 h. Using this protocol, we prepared working solutions of 100, 250, and 500 μM of myristate, all of which were conjugated with 100 μM BSA. For all the experiments, 100 μM BSA was used as an experimental control condition. NRVM were incubated for 24 h with myristate or BSA solutions.
In the insulin stimulation experiments, after 24 h of myristate or BSA incubation, NRVM were treated with 10 nM insulin (Actrapid HM, Novo Nordisk) for 15 min or 3 h. The shorter time (15 min) was used to assess the activation of primary insulin receptor signaling components and glucose transport (Gutiérrez et al., 2014). The longer time (3 h) was used to evaluate the metabolic response of mitochondria to insulin (Parra et al., 2014).
2.3 NRVM transfection
Small interfering RNAs (siRNAs) for Mul1 (SASI_Rn02_00221478; SASI_Rn02_00221479, Sigma Aldrich) and control siRNA (MISSION siRNA universal negative control, Sigma Aldrich) were prepared and used as indicated by the manufacturer’s guidelines. NRVM were transfected following general guidelines described in (Gutiérrez et al., 2014). Transfection media was OPTI-MEM (Life Technologies, 31985062), using Oligofectamine (Sigma, 12252–011) as a transfection vehicle. The Mul1 siRNA sequences were the following: siRNA Mul1 (1): sense sequence (5′-GGG​AAA​GUG​UGU​GCC​UUA​U-3′); antisense sequence (3′-AUA​AGG​CAC​ACA​CUU​UCC​C-5′) and siRNA Mul1 (2): sense sequence (5′-CUG​AGC​AAC​UUC​AAG​UCU​U-3′); antisense sequence (3′-AAG​ACU​UGA​AGU​UGC​UCA​G-5′).
2.4 Cell viability
NVRM were seeded in 24-well plates and then subjected to the corresponding experimental conditions. Loss of viability was assessed by incubating the cells with 1 μg/mL propidium iodide (PI, Sigma, P4170-100 MG) under non-permeabilizing conditions, as similarly described in (Pennanen et al., 2014). Cell fluorescence was examined by flow cytometry (BD Accuri C6).
2.5 Cell area determination
NRVM were seeded in 12-well plates with coverslips. After experimental treatments, cells were washed with PBS at 4°C, and then fixed with 4% paraformaldehyde (Electron Microscopy Sciences, 15710) in PBS for 10 min. Cells were then incubated with 100 mM glycine (Amresco, 0167) in PBS for 20 min, permeabilized with 0.1% Triton X-100 (Merck, 108643) in PBS for 30 min, and blocked with 3% BSA (Winkler, 0150) for 1 h. Cells were incubated with rhodamine-phalloidin (Life Technologies, R415) 1:500 for 1 h, as described in (Pennanen et al., 2014). Finally, cells were washed with PBS, and mounted with DAKO (Dako, S3023). Cell area of 25–30 NVRM per experimental condition, from 3-4 different experiments, was quantified using ImageJ.
2.6 Western blot analysis
NRVM were seeded in 35 mm plates for this experiment. Total protein extracts were analyzed as previously described (Pennanen et al., 2014). Protein content was normalized with a loading control such as β-TUBULIN. Primary and secondary antibodies, and the corresponding dilutions used, are listed in Table 1.
TABLE 1 | List of antibodies used.
[image: Table 1]2.7 Immunofluorescence assays
NRVM were seeded in 12-well plates with coverslips. Cells were fixed, permeabilized, and blocked, as described above. For FOXO1 detection, cells were then incubated with the anti-FOXO1 primary antibody (Cell signaling Technology, 2880) and the Alexa-Fluo 488 anti-rabbit secondary antibody (Life Technologies, A11008). Compartmentalization analysis of FOXO1 signal was measured from 40–50 NVRM per condition, from 3 different experiments, using ImageJ, as previously described in (Bravo et al., 2011). For mtHSP70 and ceramide detection, NRVM were then incubated with the anti-mtHSP70 (GRP75/MOT) primary antibody (Abcam, 53098) and ceramide antibody (Enzo Life, ALX-804–196-T050) and the Alexa-Fluo 488 and Alexa-Fluo 568 anti-rabbit and anti-mouse secondary antibody, respectively (Life Technologies, A11008, and A11004). Cells were mounted with ProLong Gold (Invitrogen, P36935). Inhibition of ceramide synthase was obtained with 50 nM of Fumonisin B1 (Tocris-Bioscience 3103–1). The number of objects (mitochondria) stained with mtHSP70 immunolabelling was quantified with the ImageJ 3D Object Counter plug-in, following general guidelines provided by Parra et al. (2014).
2.8 Mitochondrial dynamics analysis
NRVM were washed with PBS at 37°C and then incubated for 30 min with 400 nM Mitotracker Green (MTG) (ThermoFisher Scientific, M7514) in Krebs buffer. Cells were visualized by confocal microscopy (LSM 700, Carl Zeiss) with a Plan-Apochromat 63X/1.4 Oil DIC objective, after exciting at 488 nm with an argon laser. Images were captured as sequential planes alongside the Z-axis, every 0.4–0.5 μm. The images were deconvolved using a Landweber function and the corresponding Point Spread Function (PSF). The number and the individual volume of objects (mitochondria) stained with the MTG probe were quantified with the ImageJ 3D Object Counter plug-in, as was performed in (Parra et al., 2014).
2.9 Fluorescence recovery after photobleaching (FRAP)
NRVM were washed with PBS at 37 °C and then incubated for 30 min with 200 nM Tetramethylrhodamine, Methyl Ester, Perchlorate (TMRM) (Invitrogen, T668) in Krebs buffer. TMRM was excited at 561 nm, and fluorescence emission was detected with a 650/710 emission filter. Bleaching of TMRM fluorescence was applied in a ≈20 μm2 square, at perinuclear and radial regions. Fluorescence intensity was normalized to the intensity levels before and after bleaching. The images were collected every 0.4–2.0 s and analyzed frame by frame with ImageJ software. Data were analyzed from 15 cells examined in three separate experiments.
2.10 Immunoprecipitation assay
Immunoprecipitation of DRP1 and MFN2 was performed overnight using 2 μg of anti-DRP1 antibody (BD-611113) and 2 μg of anti-MFN2 antibody (Ab50838) on 500–800 μg of total protein. DRP1 and MFN2 were precipitated with Sepharose beads conjugated to protein G (Protein A/G PLUS-Agarose, Santa Cruz, SC-2003) resolved by SDS-PAGE. SUMOylation was then assessed with an anti-SUMO1 antibody (Santa Cruz SC-9060) and ubiquitination was determined with anti-K48-linkage specific polyubiquitin antibody (CST-8081). As an experimental control to detect poly-ubiquitination, we used the proteosome inhibitor MG-132 (Calbiochem 474790).
2.11 ATP measurement
NRVM were seeded in 24-well plates. After the experimental treatments, cells were washed with Krebs buffer and treated with 50 μL of Cell Titer-Glo lysis buffer (Promega, G7571). The plate was then vigorously shaken for 2 min. The suspension was transferred into a 96-well plate, and the luminescence was measured with a Glomax Multidetection System (Promega), as (Pennanen et al., 2014). The cells were incubated with 1 μM oligomycin (Alomone, O500) for 1 h as a negative control.
2.12 Flow cytometry analysis of mitochondrial membrane potential and mitochondrial mass
NRVM were seeded in 24-well plates and incubated with 200 mM TMRM (ThermoFisher Scientific, T668) or 400 nM MTG for 30 min to measure mitochondrial membrane potential or mitochondrial mass, respectively, following general guidelines described in (Parra et al., 2014). Cells were then incubated with 300 μL of 1x Trypsin-EDTA (Biological Industries, 03-051-5B) for 5 min. To stop the enzymatic reaction, 50 μL of FBS was added. Cell fluorescence was examined by flow cytometry (BD Accuri C6). CCCP (Sigma, C2759-1G) (50 μM) and oligomycin (1 μM) were used as negative and positive controls, respectively, for mitochondrial membrane potential determination.
2.13 3H-2-deoxiglucose uptake
NRVM were seeded in 12-well plates and glucose uptake was performed as described in (Contreras-Ferrat et al., 2010). After the experimental treatments, cells were washed with HEPES buffer and incubated for 5 min with a Transport Solution containing 10 μM 2-deoxy-D-glucose (Sigma, D6134) and 1.0 μCi/mL 3H-2-deoxy-D-glucose (Perkin Elmer, NET328A25UC) in HEPES buffer at room temperature. The stop solution (0.95% m/v NaCl y 20 mM de D-glucose) was immediately added at 4°C and the cells were washed 2–3 times with this solution. Cells were then frozen at −20°C for 1 h. Finally, cells were lysed with 500 μL of NaOH 1N per well, and 350 μL of the total lysate was measured with a scintillation counter (Beckman, LS-6000TA). The remaining volume was used to measure the protein concentration with a BCA assay (ThermoFisher Scientific, 23227).
2.14 FOXO1 transcription factor binding sites analysis
Nucleotide sequences from −3000 to +1 bp, around to Mul1 transcription start sites (TSS) were extracted from NIH Gene database. Sequences were obtained from rat (Rattus norvegicus), mouse (Mus musculus) and human (Homo sapiens). These sequences were analyzed with the JASPAR database (http://jaspar.genereg.net) using the matrix profile for FOXO1 (MA0480.1), which contains FOXOs consensus binding sequence (5′-TTGTTTAC-3′) (Eijkelenboom and Burgering, 2013; Webb et al., 2016), using a threshold (relative profile threshold score) of 85%. This threshold value establishes searching sequences whose score is greater than or equal to 85% of the best possible score for the motif analyzed. The results were expressed as relative score. Relative score is calculated as (W—min)/(max—min), where W is the score of the sequence given the PWM (Position Weight Matrix), min (max) is the minimal (maximal) score that can be obtained from the PWM.
2.15 Statistical analysis
Experimental data are expressed as the mean ± SEM of independent experiments. Data were analyzed with GraphPad Prism 9.4.1, using one- or two-way ANOVA or Student’s t-test, and comparisons between groups were performed with the corresponding post-test. Statistical significance was defined as p < 0.05.
3 RESULTS
3.1 Myristate induces cardiomyocyte hypertrophy and insulin-desensitization
Cultured neonatal rat ventricular myocytes (NRVM) were incubated with the SFA myristate (100, 250, and 500 μM) for 24 h and 48 h to evaluate the effects of this SFA on cell viability. Exposure of NRVM to myristate for 24 h did not induce cell death in all three concentrations tested (Figure 1A). Incubation for 48 h altered cardiomyocyte morphology (data not shown) and caused cell death using 500 μM of the fatty acid (Figure 1A). Based on these findings, we chose the incubation period of 24 h to determine if myristate induced cardiomyocyte hypertrophy. We evaluated the protein levels of the hypertrophic marker β-MHC, which was increased in NRVM exposed to myristate 500 μM (Figure 1B). Consequently, the cardiomyocyte area was significantly elevated using myristate 500 μM for 24 h (Figure 1C). SFAs have been associated with insulin desensitization and, subsequently, glucose transport impairment. Thus, we tested if myristate altered cardiomyocyte response to insulin by evaluating 3H-deoxyglucose uptake. We detected that myristate impairs glucose transport in response to insulin stimulation (Figure 1D). Further analysis of insulin signaling components by immunoblot revealed that AKT phosphorylation (Serine 473 residue) was significantly reduced with the myristate 500 μM treatment (Figure 1E), without any change in total AKT levels (Supplementary Figure S1). Finally, myristate treatment did not affect insulin receptor (IR) activation (Figure 1E); however, it increased (although not significantly) the phosphorylation of ERK proteins, without insulin stimulation.
[image: Figure 1]FIGURE 1 | Myristate induces cardiomyocyte hypertrophy and insulin desensitization. (A) NRVM were treated with BSA 100 μM or Myristate (Myr) 100, 250 and 500 μM, for 24 and 48 h. Total cell death was evaluated with propidium iodide (PI) incorporation under non-permeabilizing conditions by flow cytometry (n = 3). H2O2 500 μM was used as a positive control for cell death. (B) Top: Representative immunoblot of β-MHC, detected in NRVM treated with Myr 100, 250 and 500 μM, for 24 h. β-TUBULIN (β-TUB) was used as a loading control. Treatment with norepinephrine (NE) 10 μM for 24 h, was used as a positive control for cardiomyocyte hypertrophy. Bottom: Quantification of β-MHC/β-TUB (n = 5). (C) Top: Representative images of NRVM treated with BSA and myristate 500 μM (M500) for 24 h and stained with rhodamine-phalloidin to evaluate cell area and Hoeschst nuclear stain. Scale bar: 10 μm. Bottom: Quantification of cell area, from ∼25 NRVM for each experimental condition (n = 4). (D) 3H-2-deoxyglucose (DG) uptake of NRVM incubated with BSA or M500 for 24 h and stimulated with insulin (Ins) 10 nM for 15 min, or non-stimulated (n = 4). (E) Left: Representative immunoblots of phospho (p)-AKT (Ser473), total AKT, p-IR (Tyr1150/1151), total IR, p-ERK1/2 (Thr202/Tyr204) and total ERK1/2 from NRVM treated with BSA or M500 for 24 h, unstimulated or stimulated with insulin 10 nM for 15 min. β-TUBULIN was used as a loading control. Right: Quantification of p-AKT/AKT, p-IR/IR and p-ERK1/2/ERK1/2 (n = 3). In all panels: individual data points are shown, and bars represent mean ± S.E.M. Statistical comparisons: *p < 0.05, **p < 0.01, and ***p < 0.01. N.S: non-significant.
3.2 Myristate increases MUL1 protein levels
FOXOs transcription factors are the relevant target of AKT. They are important regulators of cell metabolism and survival (Eijkelenboom and Burgering, 2013). Upon growth factor stimulation, such as insulin, active AKT phosphorylates FOXO, resulting in increased cytosolic localization of FOXO. Conversely, under cellular stress, FOXO translocates to the nucleus and shows increased transcription factor activity (Battiprolu et al., 2012; Eijkelenboom and Burgering, 2013). Since myristate 500 μM impairs insulin signaling in NRVM at AKT level, we evaluated FOXO phosphorylation by immunoblot. Due to its relevance in cardiac metabolism (Battiprolu et al., 2012), we specifically focused on FOXO1. We found that myristate significantly reduced insulin-induced FOXO1 phosphorylation (Threonine 24 residue) (Figure 2A). Evaluation of FOXO1 subcellular localization by immunofluorescence, showed a decrease of FOXO1 nuclear signal, accompanied by enrichment at the perinuclear portion, with insulin stimulation, in NRVM incubated with BSA (Figure 2B). In contrast, we detected, with the exposure to myristate 500 μM, an increase in the nuclear localization, therefore increased transcriptional activity, of FOXO1 in NRVM, which was persistent upon insulin action (Figure 2B). One protein that has been associated with FOXO1/O3 transcriptional activity is the mitochondrial E3 ubiquitin ligase MUL1, a novel regulator of mitochondrial dynamics and several other cellular functions (Calle et al., 2022). We analyzed the promoter region of the Mul1 gene (from human, rat and mouse) and found several binding sites for FOXO1, using FOXOs consensus binding sequence 5′-TTGTTTAC-3’ (Eijkelenboom and Burgering, 2013) (Figure 2C). Finally, to determine if myristate exposure increased MUL1 protein levels, we stimulated NRVM with myristate (100, 250, and 500 μM) for 24 h, and we found a significant increase of MUL1 levels with myristate 250 and 500 μM (Figure 2D).
[image: Figure 2]FIGURE 2 | Myristate increases Mul1 protein levels in cultured cardiomyocytes. (A) Top: Representative immunoblots of phospho (p)-FOXO1/3a (Thr24/Thr32) and total FOXO1 from NRVM treated with BSA or myristate 500 μM (M500) for 24 h, unstimulated or stimulated with insulin 10 nM for 15 min. β-TUBULIN was used as a loading control. Bottom: Quantification of p-FOXO1/FOXO1 (n = 4). (B) Left: Representative immunofluorescence images of NRVM treated with BSA or M500 for 24 h, unstimulated or stimulated with insulin 10 nM for 15 min, using FOXO1 antibody and the Hoechst nuclear stain. Scale bar: 10 μm. Right: Quantification of the relative fluorescence of the nuclear compartment (nuclear/total fluorescence), associated with the FOXO1 signal, from 40–50 NRVM per experimental condition (n = 3). (C) Top: JASPAR matrix profile used to find FOXO1 binding sites in the Mul1 promoter region. Bottom: Diagram of Mul1 promoter region from rat, mouse, and human, showing the precise localization of the predicted sequences for FOXO1 binding, with the corresponding relative score, related to the sequence analyzed and matrix utilized. A threshold value of 85% was used. This threshold value establishes searching sequences whose score is greater than or equal to 85% of the best possible score for the motif analyzed. (D) Top: Representative immunoblot of MUL1, detected in cardiomyocytes treated with Myr 100, 250 and 500 μM, for 24 h. β-TUBULIN (β-TUB) was used as a loading control. Bottom: Quantification of MUL1/β-TUB (n = 5). In all panels: individual data points are shown, and bars represent mean ± S.E.M. Statistical comparisons: *p < 0.05, *p < 0.01 and ***p < 0.01.
3.3 Myristate induces mitochondrial fragmentation
MUL1 has been associated with mitochondrial fragmentation through two mechanisms involving reduction of the mitochondrial fusion protein MFN2 and an increment of the mitochondrial fission protein DRP1 (Braschi et al., 2009; Ren et al., 2019). To determine whether myristate induced the fragmentation of the mitochondrial network, NRVM were exposed to myristate 500 μM for 24 h and stained with the mitochondrial-specific dye MitoTracker Green (MTG). Myristate induced disruption of the mitochondrial network connectivity, especially in the perinuclear region (Figure 3A, top). Quantification of the number and volume of individual mitochondria showed that myristate increased the number of mitochondria per cell (Figure 3A, bottom) and, concomitantly, decreased mitochondrial volume (Figure 3A, bottom). To functionally address mitochondrial connectivity, we performed FRAP experiments, which showed a markedly halted fluorescence recovery in myristate-treated NRVM, at both perinuclear (Figure 3B) and radial (Figure 3C) regions. Lipotoxicity is usually associated with ceramides, a class of sphingolipids involved in cardiovascular diseases (Choi et al., 2021). Inhibition of ceramide production has been shown to have beneficial effects at the cardiomyocyte level, especially under myristate exposition (Russo et al., 2012). To test if mitochondrial network fragmentation induced by myristate 500 μM, is associated with ceramide production, we used Fumonisin B1 (FB1), an inhibitor of ceramide synthases (Riley and Merrill Jr 2019). We obtained that M500-dependent mitochondrial network fragmentation, denoted by the increase in the number of mitochondria per cell, is partially inhibited with FB1 (Supplemental Figure S3A).
[image: Figure 3]FIGURE 3 | Myristate induces mitochondrial fragmentation in cultured cardiomyocytes. (A) Top: Representative images of NRVM treated with BSA or myristate 500 μM (M500) for 24 h and stained with MTG to visualize the mitochondrial network. Scale bar = 10 μm. Bottom: Quantification of mitochondrial number and average mitochondrial volume (n = 5). (B) Left: Representative image from FRAP analysis of the perinuclear mitochondrial network of NRVM treated with BSA or M500 for 24 h. Bleaching of TMRM fluorescence was applied in a square at chosen region (perinuclear). Right: Quantification of TMRM fluorescence levels. Fluorescence intensity was normalized to the intensity levels before and after bleaching. Red line in the graph indicates the fluorescence decay during the acquisition in a non-bleached area. (C) Left: Representative image from FRAP analysis of the radial mitochondrial network of NRVM treated with BSA or M500 for 24 h. Bleaching of TMRM fluorescence was applied in a square at chosen region (radial). Right: Quantification of TMRM fluorescence levels. (D) Representative immunoblots of MFN2, DRP1, OPA1 and FIS1, detected in NRVM treated with Myr 100, 250 and 500 μM, for 24 h β-TUBULIN (β-TUB) was used as a loading control. Right: Quantification of MFN2/β-TUB, DRP1/β-TUB, OPA1/β-TUB and FIS1/β-TUB (n = 4–5). (E) DRP1 SUMOylation (SUMO1) assessed by immunoblot after immunoprecipitation of DRP1 protein from NRVM treated with BSA or myristate 500 μM (M500) for 24 h. A representative image is shown from three independent experiments with similar outcomes. In all panels: individual data points are shown, and bars represent mean ± S.E.M. Statistical comparisons: *p < 0.05, **p < 0.01, and ***p < 0.01. N.S: non-significant.
To address the specific mechanisms behind myristate-induced mitochondrial fragmentation, we measured the protein levels of mitochondrial dynamics components, namely, MFN2, OPA1 (mitochondrial fusion), DRP1, and FIS1 (mitochondrial fission). Cells exposed to myristate 100, 250, and 500 μM for 24 h exhibited a decrease in MFN2 protein levels, specifically with myristate 500 μM (Figure 3D). On the other hand, all three concentrations of myristate increased DRP1 protein levels (Figure 3D). Neither OPA1 nor FIS1 protein levels were changed by myristate treatment (Figure 3D). Because MUL1 induces MFN2 reduction through ubiquitination and DRP1 stabilization through SUMOylation, we tested if myristate 500 μM exposition for 24 h, increases these specific post-translational modifications on MFN2 and DRP1. NRVM incubated with myristate, showed an increase in DRP1-SUMOylation (Figure 3E). We were unable to detect MFN2 ubiquitination in either BSA- or myristate-treated NRVM (Supplemental Figure S3B). However, a detectable signal was visible in NRVM exposed to myristate, when proteosome inhibitor MG132 was used (Supplemental Figure S3B). MUL1 has also been associated with the regulation of mitochondrial clearance through mitophagy (Yun et al., 2014). We determined mitochondrial mass in NRVM treated with myristate (100, 250, and 500 μM for 24 h), using MTG and mtHSP70 as a marker of mitochondrial mass. We observed no variations of MTG intensity (Supplemental Figure S3C) nor of mtHSP70 protein levels with all fatty acid concentrations tested (Supplemental Figure S3D). Thus, treatment of NRVM with myristate 500 μM for 24 h induced mitochondrial fragmentation, associated with the decrease of the mitochondrial fusion protein MFN2 and the increase of the mitochondrial fission protein DRP1.
3.4 Mul1 knockdown prevented myristate-induced mitochondrial fragmentation and cardiomyocyte hypertrophy
Finally, we tested if Mul1 knockdown (KD) could prevent the lipotoxic effects of myristate on NRVM. Using two oligonucleotides against the Mul1 mRNA sequence, we obtained a significant decrease in MUL1 protein levels (Figure 4A). Next, we evaluated whether Mul1-KD prevented myristate-induced mitochondrial fragmentation. We found that preincubation with the siRNA against Mul1 prevented myristate-induced mitochondrial fragmentation, as evaluated by the quantification of mitochondrial number and volume (Figure 4B). As a functional evaluation of enhanced mitochondrial interconnectivity, NRVM were stimulated with insulin for 3 h to boost mitochondrial function (Parra et al., 2014). Since NRVM ATP production is strongly supported by mitochondrial oxidative phosphorylation (Supplemental Figure S4A), we measured intracellular ATP levels as a surrogate of mitochondrial ATP production. Treatment with insulin for 3 h increased intracellular ATP levels, which was halted after incubating the cells with myristate 500 μM for 24 h (Figure 4C). Knockdown of Mul1 reestablished insulin-induced ATP increase (Figure 4C) and additionally, restored mitochondrial membrane potential response elicited by insulin (Supplemental Figure S4B). Mitochondrial fission has been associated with cardiomyocyte hypertrophy (Pennanen et al., 2014), so we next evaluated the participation of MUL1 in this morphological change induced by myristate. We observed no change in cardiomyocyte cell area upon stimulation with myristate 500 μM (Figure 4D) and, consequently, no increase in the hypertrophic marker β-MHC after silencing Mul1 (Figure 4E). Finally, we evaluated the effects of Mul1-KD on insulin-dependent glucose uptake. The reduction of MUL1 levels did not improve insulin-stimulated glucose uptake altered by myristate incubation (Supplemental Figure S4C). Similarly, in myristate-treated NRVM, activation of AKT upon insulin stimulation exhibited no improvement in the presence of the Mul1 siRNA (Supplemental Figure S4D).
[image: Figure 4]FIGURE 4 | Mul1-KD prevents myristate-induced cardiomyocyte hypertrophy and mitochondrial fragmentation. (A) Top: Representative immunoblot of MUL1, detected in NRVM treated with scrambled siRNA (siScr) or siRNA against Mul1 (si1 or/and si2). β-TUBULIN (β-TUB) was used as a loading control. Bottom: Quantification of MUL1/β-TUB (n = 4). (B) Top: Representative images of NRVM treated with scrambled siRNA (siScr) or Mul1 siRNA (siMul1), incubated with BSA or myristate 500 μM (M500) for 24 h and stained with MitoTracker Green to visualize the mitochondrial network. Scale bar = 10 μm. Bottom: Quantification of mitochondrial number and average mitochondrial volume (n = 4). (C) Measurement of intracellular ATP levels of NRVM treated with scrambled siRNA (siScr) or Mul1 siRNA (siMul1), incubated with BSA or myristate 500 μM (M500) for 24 h and stimulated with insulin (Ins) 10 nM for 3 h, or non-stimulated (n = 5). (D) Left: Representative images of NRVM treated with scrambled siRNA (siScr) or Mul1 siRNA (siMul1), incubated with BSA and myristate 500 μM (M500) for 24 h and stained with rhodamine-phalloidin to evaluate cell area. Right: Quantification of cell area (n = 3). (E) Top: Representative immunoblot of β-MHC, detected in NRVM treated with scrambled siRNA (siScr) or Mul1 siRNA (siMul1), incubated with BSA or myristate 500 μM (M500) for 24 h β-TUBULIN (β-TUB) was used as a loading control. Bottom: Quantification of β-MHC/β-TUB (n = 3). In all panels: individual data points are shown, and bars represent mean ± S.E.M. Statistical comparisons: *p < 0.05, **p < 0.01, and ***p < 0.01. N.S: non-significant.
4 DISCUSSION
Our findings showed that lipotoxic stress due to the exposure of NRVM to the SFA myristate, increased the protein levels of the mitochondrial E3 ubiquitin ligase MUL1. To our knowledge, this is the first evidence linking lipotoxicity and MUL1 at the cardiac level. We found that MUL1 is required for myristate-induced cardiomyocyte hypertrophy and mitochondrial fragmentation. A previous study linked MUL1 to phenylephrine-induced cardiomyocyte hypertrophy and mitochondrial fission by decreasing MFN2 (Zhao et al., 2017). In our in vitro lipotoxicity model, cardiomyocytes exhibited mitochondrial fragmentation associated with reduced MFN2 levels and, additionally, increased DRP1 levels. Both MFN2 and DRP1 have been reported as MUL1 targets, whose levels also concomitantly change in other pathological conditions, such as ischemic stroke (Ren et al., 2019). MUL1 reduces MFN2 levels through ubiquitination and stabilizes DRP1 through SUMOylation. In myristate-exposed NRVM, we only could detect DRP1 SUMOylation. Originally, MUL1 was described to function as efficient SUMO1 E3 ligase, rather than a ubiquitin ligase, at a physiological range of ubiquitin and SUMO substrates (Braschi et al., 2009). Interestingly, DRP1 SUMOylation has been linked to apoptosis (Prudent et al., 2015), however in our model, myristate incubation for 24 h, was not associated with a significant increase in NRVM cell death (Figure 1A). It could be possible that MUL1-dependent DRP1 SUMOylation is a signal which is activated under elevated cellular stress, like lipotoxicity, and could connect mitochondrial fragmentation with cell death, if the stress conditions surpass an intensity or time threshold. The serine/threonine kinase AKT is another reported target of MUL1 (Bae et al., 2012; Kim et al., 2017; Zhao et al., 2020). In our model, we observed no change in total AKT levels with myristate or the siRNA against MUL1. However, it is important to consider that MUL1-dependent AKT degradation involves a complex interplay between the ubiquitin-proteasome system (UPS) and the autophagy-lysosome pathway (Kim et al., 2021). Another possible explanation could be related to the cell type-dependent selectivity of MUL1 for its targets, where different properties of the cell type, such as metabolic rate, differentiation state, functional profile, mitochondrial abundance, and organelle communication, influence the accessibility of MUL1 to its targets.
Myristate-induced cardiomyocyte hypertrophy and insulin desensitization was associated with reduced phosphorylation and increased nuclear localization of FOXO1 (Figure 2B). Particularly, FOXO1 is a known regulator of cardiac remodeling in physiological conditions such as exercise (Weeks et al., 2021) and in pathological conditions such as pressure overload (Ferdous et al., 2020), and specially, metabolic overload (Battiprolu et al., 2012), which is directly connected to insulin-desensitized conditions, where AKT activity is decreased, and therefore, FOXO1 transcriptional activity is elevated (Eijkelenboom and Burgering, 2013). Importantly, deletion of Foxo1 in the heart, prevented cardiac hypertrophy and steatosis, in HFD-fed mice (Battiprolu et al., 2012), and additionally, Foxo1 KO blunted TAC (transverse aortic constriction)-induced cardiac hypertrophic growth (Ferdous et al., 2020). In this context, a possible mechanism for MUL1 increase in the cardiomyocytes exposed to a metabolic overload, such as myristate exposition, might be FOXO1-dependent transcription. Due to the presence of several FOXO1-binding sites in the Mul1 promoter, it is possible that FOXO1 regulates MUL1 levels in the cardiomyocyte. Additionally, it has been reported that MUL1 levels are regulated by the transcription factor FOXO3, another member of FOXO family, in cancer cells (Kim et al., 2017) and primary myotubes (Sanchez et al., 2018).
An important finding of our work is that Mul1-KD prevented myristate-induced mitochondrial fragmentation and cardiomyocyte hypertrophy. Our group has previously reported the relationship between the balance of mitochondrial network and cardiomyocyte hypertrophy (Pennanen et al., 2014). Remarkably, MFN2-KD is sufficient to induce mitochondrial fragmentation and cardiomyocyte hypertrophy. Conversely, the inhibition of mitochondrial fission prevents NE-induced mitochondrial dysfunction and cardiomyocyte hypertrophy (Pennanen et al., 2014). Similarly, pharmacological inhibition of DRP1, using mdivi-1, prevents phenylephrine-induced cardiomyocyte hypertrophy (Liu et al., 2020). Therefore, maintaining a fused mitochondrial network represents a beneficial approach to preventing cardiomyocyte hypertrophic growth, as Mul1-KD did in the myristate-induced cardiomyocyte hypertrophy. Keeping the mitochondrial network interconnection, might improve the metabolic adaptation and energy production (as ATP) of cardiomyocytes to a metabolic overload (such as SFA exposition) or an anabolic stimulus, such as insulin. Mitochondrial network connectivity allows efficient distribution of the potential energy through the cell, especially in skeletal muscle and heart (Glancy et al., 2017). In this context, silencing of Mul1 increased mitochondrial network connectivity, improving mitochondrial energy production and membrane potential transmission along the network, under metabolic overload, with myristate, and insulin stimulation. This was evidenced by the evaluation of mitochondrial network (Figure 4B), intracellular ATP production (Figure 4C) and mitochondrial membrane potential (Supplemental Figure S4B). In a similar way, calcineurin deletion in skeletal muscle, enhanced mitochondrial elongation, and consequently, mitochondrial ATP-coupled respiration (Pfluger et al., 2015). This effect was considered protective against a metabolic overload condition, such as diet-induced obesity.
This study established a novel link between cardiomyocyte lipotoxic stress and MUL1 and, given the increasing number of metabolic-induced CVD, is highly relevant and will help identify potential therapeutical targets or explore mitochondrial dynamics-derived therapies in CVD.
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