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Abstract

We used human cardiomyocyte-derived cells to create an in vitro model to study lipid metabolism 

and explored the effects of PPARγ, ACSL1 and ATGL on fatty acid-induced ER stress. Compared 

to oleate, palmitate treatment resulted in less intracellular accumulation of lipid droplets and more 

ER stress, as measured by upregulation of CHOP, ATF6 and GRP78 gene expression and 

phosphorylation of eukaryotic initiation factor 2a (EIF2a). Both ACSL1 and PPARγ adenovirus-

mediated expression augmented neutral lipid accumulation and reduced palmitate-induced 

upregulation of ER stress markers to levels similar to those in the oleate and control treatment 

groups. This suggests that increased channeling of non-esterified free fatty acids (NEFA) towards 

storage in the form of neutral lipids in lipid droplets protects against palmitate-induced ER stress. 

Overexpression of ATGL in cells incubated with oleate-containing medium increased NEFA 

release and stimulated expression of ER stress markers. Thus, inefficient creation of lipid droplets 

as well greater release of stored lipids induces ER stress.
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1. Introduction

Long chain fatty acids (FAs), either associated with albumin or contained in lipoproteins, are 

the main energy source for the heart, accounting for about 70% of its energy needs. Under 

normal conditions, the heart metabolizes FAs rather immediately; it has little capacity for 

storage [1]. However, obese and/or diabetic conditions lead to an excess influx of lipid to the 

heart, resulting in increased cardiac lipid accumulation, which is associated with impaired 

contractility [2] and cardiac hypertrophy (reviewed in [3]). Induction of endoplasmic 

reticulum (ER) stress by lipid oversupply has been proposed as one of the underlying 

mechanisms explaining lipid-driven cardiac dysfunction [4, 5]. Induction of ER stress has 

been shown in vitro with conditions that mimic ischemia [6, 7] and in vivo with infarction 

[7] and pressure overload [8]. Saturated FAs increase the saturated lipid content of the ER, 

leading to changes in ER structure and integrity, and contributing to the unfolded protein 

response (ER stress) [9]. Consequences of ER stress include mitochondrial dysfunction and 

reduced energy expenditure, activation of inflammatory pathways, impaired protein 

synthesis and cell growth, and apoptosis (reviewed in [10–12]).

Lipotoxicity is the result of an imbalance between lipid uptake and utilization. Saturated 

fatty acids (FAs) cause considerably more aggravating effects than unsaturated FAs. One 

possible reason for this is that the saturated FA palmitate leads to greater ceramide synthesis 

[13], triggers reactive oxygen species (ROS) generation [14], induces fusion/fission events 

of ER membranes [9], and impairs the synthesis of the mitochondrial membrane 

phospholipid cardiolipin, which causes mitochondrial dysfunction [15]. In combination 

these processes lead to apoptotic cell death [16, 17]. Some of these effects are likely due to 

insufficient conversion of palmitate into triacylglycerol (TAG). Unsaturated FAs help 

prevent lipotoxic cell death via activation of cellular survival pathways and channeling of 

FAs towards storage as TAG in lipid droplets [5, 18]. Storage of lipids in the form of inert 

TAG is considered harmless [2, 18]. In contrast, accumulation of lipid intermediates like 

nonesterified FAs, —and signaling lipids such as ceramide and diacylglycerol (DAG) is 

associated with lipotoxicity [19–21].

In this report we describe studies of the effects of peroxisome proliferator-activated receptor 

γ (PPARγ) and acyl-CoA synthetase (ACSL1) on palmitate-induced ER stress in the human 

cardiomyocyte-like cell line AC16 [22], which was derived from adult ventricular heart 

tissue. PPARγ is a nuclear receptor involved in regulation of intracellular lipid storage, and 

ACSL1 catalyzes esterification of long chain FAs with co-enzyme A – the initial step in 

fatty acid metabolism. Although cardiomyocyte specific overexpression of either PPARγ or 

ACSL1 causes lipid accumulation and cardiac dysfunction, both PPARγ and ASCL1 inhibit 

inflammation in FA-treated macrophages [23]. Our study shows that PPARγ and ACSL1 

can protect cardiomyocytes from ER stress. Moreover we found that oleate (OA), which is 

usually a non-toxic lipid, induces toxicity if its storage is disrupted by excess intracellular 

lipolysis.
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2. Materials and Methods

2.1 Cells

The human cardiomyocyte cell line AC16, derived from primary cultures of adult 

ventricular heart tissue [22], was used for the experiments. Cells were grown in DMEM/

F-12 medium (GIBCO Invitrogen Corporation, Carlsbad, California, USA) supplemented 

with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin in a 5% CO2 

atmosphere at 37°C. Prior to the infection of the cells with recombinant adenovirus, the 

medium was changed to DMEM/F-12 medium supplemented with 2% heat inactivated horse 

serum and 1% penicillin-streptomycin. When cells were treated with FA, the medium was 

changed to DMEM/F-12 medium supplemented with 1% FBS and 1% penicillin-

streptomycin.

2.2 Construction of recombinant adenoviruses

The plasmid that contained the cDNA of the human ACSL1 (pBS-hACS) was purchased 

from Open Biosystems. The hACSL1 cDNA was isolated with double digestion using 

BamHI and XbaI restriction enzymes. The 5′ and 3′ ends of hACSL1 were blunted with 

DNA polymerase I, Large (Klenow) Fragment. Accordingly, pAd-TrackCMV plasmid was 

digested with SalI restriction enzyme and ends were blunted with Klenow fragment. The 

cDNA of hACSL1 was then cloned in pAd-TrackCMV. The pAd-TrackCMV-hACSL1 

plasmid was used to produce adenoviral particles as previously described [24] using the Ad-

Easy-1 system [25]. The recombinant adenoviral vectors were linearized with PacI and used 

to infect human embryonic kidney 293 cells. The recombinant adenoviruses were purified 

by two consecutive cesium chloride ultracentrifugation steps, dialyzed, and titrated. Usually, 

titers of −5 × 1010 plaque-forming units (pfu)/ml were obtained. The adenovirus expressing 

the human PPARγ cDNA (Ad-PPARγ) was purchased from Vector Biolabs (Philadelphia, 

PA, USA). The adenovirus expressing ATGL was constructed as described previously [26]. 

Recombinant adenoviruses expressing green fluorescent protein (Ad-GFP) served as control.

2.3 Infection of cell cultures with recombinant adenoviruses and treatments with FA

At day 1, AC16 cells were plated in 6-well plates. The next day, cells were infected with 

either one of the recombinant adenoviruses, or solely GFP (control group) (multiplicity of 

infection - MOI: 10). Two days post-infection the cells were treated with FAs (palmitate or 

OA diluted in methanol, or solely methanol as a control) at a concentration of 0.1 mM or 0.4 

mM. FA-free bovine serum albumin (BSA) fraction V (Sigma-Aldrich, St. Louis, Missouri, 

USA) was added (1%) to serve as a FA carrier. Cells were treated for 15h. Subsequently, 

cells were processed for RNA isolation, protein isolation, or Oil-red-O staining.

2.4 Western blots

Cellular protein was isolated using lysis buffer containing 20 mM Tris-HCL (pH 8.0), 2 mM 

EDTA, 2mM EGTA, 6 mM β-mercaptoethanol, 0.1 mM sodium vanadate, 50 mM NaF, and 

complete protease inhibitor cocktail (Roche Pharma, Nutley, New Jersey, USA). Protein 

concentration was determined using the Pierce® BCA protein assay kit (Thermo Scientific, 

Waltham, Massachusetts, USA) and equal amounts of protein were loaded per lane. GAPDH 
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protein expression was used as loading control. Membranes were incubated with antibodies 

against ACSL1, PPARγ, eIF2a and phospho-eIF2a (Ser51) (all from Cell Signaling 

Technology, Danvers, Massachusetts, USA). Secondary antibodies (goat-anti-rabbit and 

goat-anti-mouse; Santa Cruz Biotechnology, Santa Cruz, California, USA) were horseradish 

peroxidase (HRP) conjugated and detected using an ECL Western blotting detection kit (GE 

Healthcare, Pittsburgh, Pennsylvania, USA).

2.5 RNA isolation, cDNA synthesis and gene expression analyses

Total RNA was purified using Trizol reagent and treated with DNase, following the 

manufacturer’s instructions (Invitrogen, Carlsbad, California, USA). cDNA was synthesized 

using the SuperScript cDNA synthesis system from Invitrogen (Carlsbad, California, USA) 

according to the supplier’s protocol. Quantitative real-time polymerase chain reactions 

(qPCR) were conducted with the Stratagene Mx3005 qPCR System (Stratagene, La Jolla, 

California, USA), using the Brilliant SYBR Green qPCR kit of Stratagene (La Jolla, 

California, USA). Primer sequences are listed in Supplemental Table 1. All samples were 

analyzed in duplicates and standardized to β-actin expression. Relative quantification of 

gene expression was performed with the comparative Ct method.

2.6 Oil-red-O staining

Neutral lipids were stained using Oil-red-O as previously described [2]. Microscopy was 

performed using a Nikon Eclipse E200 microscope (Nikon, Meltville, New York, USA) and 

digital images were obtained with a SPOT Insight Firewire digital camera (Diagnostic 

Instruments Inc., Sterling Heights, Michigan, USA) using SPOT Advanced software 

(Diagnostic Instruments Inc., Sterling Heights, Michigan, USA).

2.7 Cellular lipid analyses

Cellular lipids were extracted and TAG and free fatty acids (FFAs) measurements were 

performed as described previously [2].

2.8 Statistical analyses

The data were analyzed using the statistical program SPSS (SPSS 16.0 for Windows, 

Chicago, Illinois, USA). Differences between groups were evaluated with two-sided t-tests. 

Results were considered significant when P<0.05. Data are expressed as mean ± standard 

error of the mean (SEM).

3. Results

3.1 Palmitate induces ER stress in cultured human cardiomyocytes

AC16 cells were treated with 0.4 mM palmitate (PA; C16:0) or 0.4 mM monounsaturated 

fatty acid, oleate (OA; C18:1). Both treatments resulted in intracellular lipid accumulation 

(Fig. 1A). OA but not PA treatment significantly increases TAG accumulation (CTRL: 1.0-

fold ± 0.19 vs PA: 1.46-fold ± 0.20, p=0.08 vs OA: 2.12-fold ± 0.20, p=0.008; Supplemental 

Fig. 1A). Treatment with PA induced the expression of genes encoding ER stress markers 

such as activating transcription factor 6 (ATF6) (1.4-fold, P=0.003) (Fig. 1B), DNA-

damage-inducible transcript 3 (DDIT3/CHOP) (5.8-fold, P<0.001) (Fig 1C) and heat shock 
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70 protein GRP78 (1.4-fold, P=0.03) (Fig. 1D). This finding indicates that PA is a potent 

activator of ER stress. In contrast, treatment with OA did not modulate these ER stress 

markers (P=0.42 for ATF6, P=0.62 for CHOP) (Fig. 1). GRP94 was not altered in any of the 

treatment groups (Fig. 1E).

3.2 PPARγ-overexpression augments neutral lipid accumulation and inhibits PA-mediated 
induction of ER stress markers in cultured cardiomyocytes

TAG formation has been correlated with prevention of PA-mediated lipotoxicity [2, 18] and 

specifically ER-stress [27]. As PPARγ has been associated with cardiac TAG accumulation 

[28, 29] we performed adenovirus-mediated PPARγ overexpression in AC16 cells that were 

subsequently treated with PA. Recombinant adenovirus-mediated expression of PPARγ was 

verified by Western blot for PPARγ expression (Fig. 2A) and a dose-dependent induction of 

the target gene CD36 (Fig. 2B). Incubation with PA increased neutral lipid accumulation in 

cells transfected with Ad-PPARγ even when the PA concentration was 0.1 mM, which did 

not result in neutral lipid accumulation in control cells treated with Ad-GFP (Fig. 2C). 

Accordingly, Ad-PPARγ infection further increased neutral lipid accumulation in AC16 

cells that were treated with a low concentration of OA (0.1 mM) (Fig. 2C). TAG levels upon 

palmitate treatment were increased in PPARγ-infected cells compared to GFP-controls 

(CTRL: 1.0-fold ± 0.19; PA: 1.46-fold ± 0.20, p=0.08 vs CTRL; PPARγ: 1.47-fold ± 0.071, 

p=0.05 vs CTRL; PPARγ + PA: 2.06 ± 0.072, p=0.034 vs PA; Supplemental Fig. 1A). 

Likewise, non-esterified fatty acid levels (NEFA) were reduced by PPARγ overexpression 

(Supplemental Fig. 1B).

AC16 cells were then treated with Ad-PPARγ and 0.4mM PA. As hypothesized, PPARγ 

expression increased neutral lipid storage and blunted PA-induced upregulation of the ER 

stress markers ATF6 (PA-treated PPARγ overexpressing cells versus Ad-GFP treated 

controls; P<0.001) (Fig. 3A), CHOP (P=0.02) (Fig. 3B) and GRP78 (P=0.03) (Fig. 3C). 

Phosphorylation of eukaryotic initiation factor 2a (EIF2a), which is known to be increased 

in ER stress conditions under the influence of PRKR-like ER kinase (PERK) activity [31], 

increased 174% after incubation with PA (P=0.03, Fig. 3D). Consistent with the blunted 

transcriptional induction of the ER stress markers ATF6 and CHOP, induction of EIF2a 

phosphorylation upon PA treatment was diminished in PPARγ overexpressing cells (Fig. 

3B), while cells treated with Ad-PPARγ alone did not have altered pEIF2α/total EIF2α 

levels (Supplemental Fig. 2).

3.3 Acyl-CoA synthetase-mediated induction of intracellular neutral lipid accumulation 
protects against PA-mediated induction of ER stress markers

ASCL1 converts FA to fatty acyl-CoAs, and directs FAs to TAG synthesis [32]. To 

investigate whether TAG accumulation, which occurred with PPARγ overexpression, 

protects against PA-induced ER stress, we treated Ad-ACSL1 infected AC16 cells with PA. 

Infection of AC16 cells with Ad-ACSL1 followed by treatment with 0.1 mM PA (Fig. 4A) 

resulted in neutral lipid accumulation, as shown by Oil-red-O staining, while control Ad-

GFP-treated cells did not accumulate TAG (Fig. 4B). Similar to combined Ad-PPARγ and 

OA treatments, Ad-ACSL1 infection further enhanced neutral lipid accumulation in AC16 

cells that were treated with 0.1 mM OA (Fig. 4B). Accordingly, ACSL1 overexpression 
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reduced the induction of ER stress markers in PA-treated cells (ATF6; P<0.001, CHOP; 

P=0.001) (Fig. 4C–D). However, in contrast to PPARγ, ACSL1 overexpression did not 

reduce PA-induced expression of the ER stress marker GRP78 nor did it significantly 

increase cellular TAG levels (CTRL: 1.0-fold ± 0.19; PA: 1.46-fold ± 0.20, p=0.08 vs 

CTRL; ACSL: 1.32-fold ± 0.17, p=0.14 vs CTRL; ACSL + PA: 1.69 ± 0.12, p=0.196 vs 

PA; Supplemental Fig. 1A) or reduce cellular NEFA levels (Supplemental Fig. 1B). These 

data indicate that PPARγ overexpression results in better protection against PA-induced ER 

stress than ACSL1 overexpression.

3.4 Increased NEFA release associated with reduced TAG storage due to overexpression 
of ATGL increases expression of ER stress markers

Our in vitro observations with reduced expression of ER stress markers in PA-treated cells 

that overexpress PPARγ contrast with previous in vivo findings showing that 

cardiomyocyte-specific overexpression of PPARγ (αMHC-PPARγ) increases CHOP mRNA 

levels [29]. However, whole genome microarray analysis of RNA obtained from hearts of 

αMHC-PPARγ mice show increased expression of ATGL and reduced ACSL1 

(Supplemental Table 2). Thus, we tested whether ATGL-mediated release of FAs from 

stored TAGs might be the driving force that causes FA-induced ER stress. To this end, we 

treated AC16 cells with 0.4 mM of OA and adenovirus expressing ATGL (Ad-ATGL), 

which hydrolyzes TAG and releases NEFA. OA was chosen over PA for this experiment 

because OA is a better substrate for diacylglycerol acyl transferases (DGATs) and 

eventually leads to greater TAG synthesis compared to PA [33, 34]. Control cells were 

treated with Ad-GFP and OA (Fig. 5A). As anticipated, ATGL overexpression decreased 

intracellular neutral lipid accumulation in oleate-treated cells (Fig. 5B), reduced TAG levels 

(29% decrease, P=0.03) (Fig. 5C) and increased non-esterified FA (NEFA) levels (54% 

increase, P=0.01) (Fig. 5D). Although OA treatment alone does not induce ER stress, 

ectopic expression of ATGL increased mRNA levels of the ER stress markers ATF6 (4-fold, 

P=0.03) (Fig. 5E), CHOP (6-fold, P=0.05) (Fig. 5F), GRP78 (3-fold, P<0.01) (Fig. 5G), and 

GRP94 (3-fold, P<0.01) (Fig. 5H). These data suggest that NEFA released from the lipid 

droplet can be toxic.

4. Discussion

Cardiac lipotoxicity is an important cause of heart failure [3, 15]. One of the mechanisms 

involved in the pathogenesis of heart failure is ER stress. Here we show that increased 

ACSL1 and PPARγ expression leads to increased neutral lipid storage in cardiomyocytes 

and protect against PA-induced ER stress. Increasing NEFA release by overexpression of 

ATGL increased ER stress. These data further support the hypothesis that neutral lipid 

storage capacity modulates lipotoxicity.

Although accumulation of lipids in non-adipose tissues correlates with markers for impaired 

cellular function [35–37], directing FAs to neutral lipid storage in lipid droplets, primarily in 

the form of TAG, has been shown to protect against lipotoxicity and lipid-induced insulin 

resistance in various tissues including skeletal muscle, liver and heart [2, 18, 38–40]. 

Storage of FAs in TAG limits accumulation of lipid species with greater lipotoxic potential 

such as DAGs and ceramides (reviewed in [41–43]). Our findings are similar to those found 
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in vivo; cardiac lipid accumulation does not have lipotoxic consequences when due to 

exercise training-induced cardiac lipid accumulation [19] and DGAT1 overexpression [19, 

44]. These conditions are associated with more TAG formation but less DAG and ceramide.

The use of an in vitro system allowed us to study the effects of treatment with PA or OA 

specifically on cells without the influences of tissue- and organ-interactions. We chose to 

study the quantitatively most important FAs in plasma [1] and the impact of overexpression 

of ACSL1 and PPARγ. Our findings are consistent with the observation made in various cell 

types showing that saturated FAs like PA induce lipotoxic responses, whereas unsaturated 

FA like OA do not. OA can even protect against PA-induced toxicity [16, 45–48]. PA, in 

contrast to OA, increased the expression of the ER stress markers CHOP and ATF6. OA is a 

better substrate for DGAT-mediated TAG synthesis [18]. Palmitoyl-CoA may accumulate in 

mitochondria [45, 49], trigger ROS generation [9], and function as a precursor for ceramide 

synthesis [13]. ACSL1 and PPARγ overexpression reduced PA-induced ER stress, as 

demonstrated by the elimination of the PA-induced expression of the ER stress markers 

CHOP and ATF6. Our findings support those by Miller et al., who showed that inhibition of 

ACSL1 by triacsin C resulted in a 2-fold increase in PA-mediated apoptosis [50]. 

Furthermore, Muoio et al., showed that overexpression of ACSL1 in hepatocytes increased 

incorporation of NEFA into TAGs [51]. Our results are also consistent with animal studies 

in which cardiac-specific increased expression of ACSL1 [32] or PPARγ [29] increased 

cardiac TAG levels. Although cardiac PPARγ and ACSL1 overexpression in mice caused 

toxicity [29, 32], our studies using an in vitro system do not allow us to assess the long-term 

results of these gene overexpressions. However, our studies do suggest that over the long-

term ATGL hydrolysis of neutral stored lipids is likely to promote toxicity. The in vivo 

studies may also reflect toxic consequences of chronic TAG accumulation that is usually 

accompanied by accumulation of toxic lipids, such as DAG and ceramide [52].

The imbalance that renders greater lipid uptake toxic is unclear, but the comparison of our in 

vitro studies with those in mice illustrate the importance of TAG storage versus 

accumulation of less non-polar molecules. Protective effects of ACSL1 and PPARγ have 

been reported in other cell types. Particularly, PPARγ reduces inflammation in macrophages 

[23]. PPARγ overexpression was more effective in reducing palmitate-induced ER stress 

than ACSL1 overexpression. While ACSL1 merely catalyzes esterification of fatty acids 

with CoA, the initial step in intracellular fatty acid metabolism, PPARγ regulates key 

lipogenic pathways and regulates lipid droplet coat protein expression needed to facilitate 

TAG storage [53]. Our data do not exclude that the stronger protective effects of PPARγ 

versus ACSL1 overexpression are due to factors other than increased facilitation of TAG 

storage, such as increased utilization of NEFA for β-oxidation.

PPARγ actions in the heart have beneficial but sometimes also toxic actions. We recently 

showed that pharmacologic and genetic activation of cardiac PPARγ in mice treated with 

lipopolysaccharide (LPS) corrected cardiac dysfunction, further supporting the beneficial 

effects of increased PPARγ activity [54]. However, ectopic expression of ACSL1 or PPARγ 

in the heart eventually results in cardiac hypertrophy, myofibrillar disorganization, 

interstitial fibrosis, and left-ventricular dysfunction [32, 55, 56], indicating that prolonged 

overexpression of these proteins has negative consequences. Similarly, although treatment 
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with some PPAR agonists alleviates lipid-induced toxicity by increasing uptake of 

circulating lipids by adipose tissue [57], more robust activation of PPARγ can cause cardiac 

hypertrophy [58]. Although increased cardiac ACSL1 and PPARγ levels may not be 

beneficial in the long-term, this study does suggest that short-term stimulation of ACSL1 

and/or PPARγ may be beneficial in conditions of increased lipid supply.

To our surprise, we also found that release of FAs from stored TAGs led to ER stress. 

Besides free FAs other toxic lipids could be released from lipid droplets due to ATGL 

action, e.g. DAG. The aggravating effect of ATGL in ER stress may explain the increased 

CHOP mRNA levels observed in hearts of αMHC-PPARγ mice [29]; αMHC-PPARγ mice 

have increased cardiac ATGL expression [29]. Most studies of lipid-induced cellular and 

organ toxicity have focused on lipid entry leading to excess accumulation. In fact, others 

showed that release of lipids from lipid droplets by ATGL leads to the production of non-

toxic molecules, specifically diacylglycerols that do not activate PKC [59]. Although we 

cannot be sure which ATGL-generated lipids lead to ER stress, our observations that ATGL 

activity causes non-toxic lipid treatments such as oleic acid to induce ER stress is novel and 

might explain some of the inflammatory and cachectic effects of cancers that are prevented 

in ATGL knockout mice [60]. The reduction in PPAR-mediated gene expression responsible 

for cardiac FA oxidation in ATGL knockout mice and the correction of cardiac dysfunction 

by PPAR agonists that induce FA oxidation [61] is strong evidence that accumulation of 

non-metabolized lipid species is responsible, at least in part, for heart dysfunction. Our data 

with ATGL overexpression in lipid-loaded cells show that toxic lipids can be released from 

stored TAG. Therefore, our data suggest that TAG storage without excess lipolysis is needed 

to maintain normal cardiomyocyte function.

In summary, both ACSL1 and PPARγ overexpression augmented neutral lipid accumulation 

in cardiomyocytes and reduced the PA-induced upregulation of ER stress markers. Reducing 

TAG storage by overexpression of ATGL increased ER stress. Our results indicate that 

channeling of FA to TAG storage in conditions of increased fat supply protects against 

cardiac lipid-induced ER stress. However, toxicity can occur upon accumulation of lipid 

intermediates that may be either due to reduced TAG synthesis or lipolysis of stored lipids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ACSL1 acyl-CoA synthase 1

ATGL adipose triglyceride lipase
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DAG diacylglycerol

ER endoplasmic reticulum

FA fatty acid

LD lipid droplet

OA oleic acid

PA palmitic acid

PPAR peroxisome proliferator-activated receptor

ROS reactive oxygen species

TAG triacylglycerol
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Highlights

• Palmitate treatment of human cardiomyocyte cell line induces ER stress

• ACSL1 and PPARγ augment intracellular neutral lipid accumulation

• Increased neutral lipid formation ameliorates palmitate-induced ER stress

• Increased lipolysis negates the protective effect of oleate and induces ER stress
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Fig. 1. Palmitate induces expression of ER stress markers
(A) Oil-red-O staining of cardiomyocytes after overnight incubation with 400μM BSA-

coupled palmitate (PA), OA(OA) or BSA with methanol as a control (magnification x40). 

(B–E) Gene expression of the ER stress markers ATF6 (B), CHOP (C), GRP78 (D) and 

GRP94 (E) after overnight treatment with 400μM BSA-coupled palmitate (PA), oleate (OA) 

or solely BSA and methanol as a control. Data are presented as fold change in gene 

expression relative to the control group. *P<0.05, n=4, error bars represent SEM.
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Fig. 2. Ectopic expression of PPARγ increases neutral lipid accumulation in cardiomyocytes
(A) Western Blot data demonstrating successful adenovirus-mediated overexpression of 

PPARγ in AC16 cells (MOI: 10). Ad: adenovirus. (B) Dose-dependent induction of the 

PPAR target gene CD36 upon PPARγ overexpression. MOI: Multiplicity of infection. 

*P<0.05 versus GFP-control, n=4–6 per condition. Error bars represent SEM. (C) PPARγ 

overexpression (MOI: 10) increased neutral lipid accumulation (Oil-red-O staining, 

magnification x10). PA: palmitate, OA: oleate.
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Fig. 3. PPARγ overexpression reduces palmitate-induced ER stress in cardiomyocytes
(A–C) Reduction in palmitate-induced induction of ER stress markers ATF6 (A), CHOP (B) 

and GRP78 (C) upon PPARγ overexpression. N=3–4. (B) Representative Western Blot and 

quantification of eIF2a phosphorylation. PA: palmitate. N=3. *P<0.05 BSA-control versus 

palmitate within groups, #P<0.05 PPARγ versus GFP, error bars represent SEM.
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Fig. 4. Acyl-CoA synthetase (ACSL1) overexpression increases neutral lipid accumulation and 
relieves ER stress
(A) qPCR and Western Blot data demonstrating successful adenovirus-mediated 

overexpression of ACSL1 in AC16 cells. (B) Representative images of Oil-red-O stained 

AdGFP or AdACSL1-infected cells treated with either palmitate (PA) or oleate (OA) 

(magnification x10). (C–E) ACSL1-mediated reduction in palmitate-induced expression of 

ER stress markers ATF6 (C), CHOP (D) and GRP78 (E). N=3–4 per condition. Data are 

presented as mean±SEM. *P<0.05 BSA-control versus palmitate within groups, #P<0.05 

ACSL1+PA versus GFP+PA, n=4.
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Fig. 5. ATGL-mediated reduction in triglyceride (TAG) accumulation induces ER stress
(A) qPCR data demonstrating successful adenovirus-mediated overexpression of ATGL in 

AC16 cells. Mean±SEM, n=7–8, *P<0.05. MOI: 10. (B) Oil-red-O staining of AdGFP or 

AdATGL-infected AC16 cells in the absence or presence of oleate (magnification x10). (C–

D) ATGL overexpression reduces intracardiomyocellular TAG levels and increases FFA 

levels. Data are presented as fold change compared to the GFP control group. n=6, error bars 

represent SEM. *P<0.05 BSA-control versus palmitate within groups, #P<0.05 ATGL 

versus GFP. TAG: triacylglycerol, NEFA: non-esterified FA. (E–H) ATGL-mediated 

increase in ER stress markers ATF6 (E), CHOP (F), GRP78 (G) and GRP94 (H) in AC16 

cells treated with oleate. *P<0.05 BSA-control versus palmitate within groups, #P<0.05 

ATGL versus GFP, n=6, error bars represent SEM.
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