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Abstract

The arachidonic acid preferred long-chain acyl-CoA synthetase 4 (ACSL4) is a key enzyme for 

fatty acid metabolism in various metabolic tissues. In this study, we utilized hamsters fed a normal 

chow diet, a high-fat diet or a high cholesterol and high fat diet (HCHFD) as animal models to 

explore novel transcriptional regulatory mechanisms for ACSL4 expression under hyperlipidemic 

conditions. Through cloning hamster ACSL4 homolog and tissue profiling ACSL4 mRNA and 

protein expressions we observed a selective upregulation of ACSL4 in testis and liver of HCHFD 

fed animals. Examination of transcriptional activators of the ACSL family revealed an increased 

hepatic expression of PPARδ but not PPARα in HCHFD fed hamsters. To explore a role of PPARδ 
in dietary cholesterol-mediated upregulation of ACSL4, we administered a PPARδ specific agonist 

L165041 to normolipidemic and dyslipidemic hamsters. We observed significant increases of 

hepatic ACSL4 mRNA and protein levels in all L165041-treated hamsters as compared to control 

animals. The induction of ACSL4 expression by L165041 in liver tissue in vivo was recapitulated 

in human primary hepatocytes and hepatocytes isolated from hamster and mouse. Moreover, 

employing the approach of adenovirus-mediated gene knockdown, we showed that depletion of 

PPARδ in hamster hepatocytes specifically reduced ACSL4 expression. Finally, utilizing HepG2 

as a model system, we demonstrate that PPARδ activation leads to increased ACSL4 promoter 

activity, mRNA and protein expression, and consequently higher arachidonoyl-CoA synthetase 

activity. Taken together, we have discovered a novel PPARδ-mediated regulatory mechanism for 

ACSL4 expression in liver tissue and cultured hepatic cells.
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1. Introduction

The liver plays a central role in fatty acid (FA) homeostasis by regulating the uptake, 

synthesis, oxidation and export of FA based upon different nutritional conditions. 

Dysregulation of long chain FA (LCFA) has been associated with metabolic diseases such as 

non-alcoholic fatty liver disease (NAFLD) [1], type 2 diabetes mellitus [2,3] and cancer [4].

Long chain acyl-CoA synthetase (ACSL) is a family of five enzymes (ACSL1, ACSL3, 

ACSL4, ACSL5 and ACSL6) which esterifies a LCFA into acyl-CoA in the process of fatty 

acid activation [5,6]. Because LCFA must be esterified to LCFA-CoA in order for entry into 

various metabolic pathways including FA β-oxidation, triglyceride generation and 

phospholipid synthesis, ACSL is considered a rate determining enzyme in FA metabolism 

[4,7–10]. ACSL4, in particular, has a substrate preference for arachidonic acid (AA) and 

plays an important role in the cellular metabolism of this polyunsaturated FA in different 

tissues [5,11]. Human ACSL4 has two isoforms with the longer one of 711 amino acids 

expressed in the brain, while the shorter isoform of 670 amino acids is expressed in other 

adult tissues at different levels [12]. Clinical studies have reported that ACSL4 gene 

mutation causes developmental and neuronal problems such as X-linked mental retardation 

[12]. Based on these observations, new mechanistic studies in zebrafish demonstrated that 

ACSL4 regulates Bmp-Smad signaling and that it can influence the developmental process 

significantly [13].

Recently, multiple in vitro studies described various functions of ACSL4 in different cell 

lines. For example, exogenous overexpression of ACSL4 in rat smooth muscle cell inhibited 

IL-1β induced PGE2 secretion [14]. In breast cancer cells exogenous expression of ACSL4 

promoted the cell invasiveness by regulating AA availability for enzymes such as COX, 

LOX and CYP450s to generate eicosanoids [15]. In pancreatic cell lines, diminished ACSL4 

expression by siRNA mediated knockdown reduces glucose-stimulated insulin secretion 

[16]. Studies also have shown ACSL4 being capable of channeling fatty acid towards 

phosphatidylinositol production in COS-7 cells [17] and that it also affects AA incorporation 

into phospholipids in rat fibroblasts [18]. Besides being involved in fatty acid metabolism, 

ACSL4 is reported to regulate steroidogenic acute regulatory protein [19], which is the rate 

determining enzyme in steroidogenesis. Thus, ACSL4 regulates steroid hormone production 

in testis and adrenal gland indirectly.

Despite ACSL4's diverse functions, there are limited literature reports about its regulation. 

ACSL4 expression in steroidogenic cells was shown to be regulated by hormones such as 

EGF, ACTH, 8Br-cAMP and NGF [19]. Also, apolipoprotein O depletion in HepG2 cells 

causes ACSL4 mRNA to upregulate [20]. ACSL4 gene expression in mouse liver is 

regulated by circadian clock [21]. In addition, the transcription of ACSL4 gene in mouse 

steroidgenic MA-10 cells was induced by cAMP via a CRE sequence embedded in the 

proximal promoter region of mouse ACSL4 gene [22]. At the post-transcriptional level, 

ACSL4 mRNA has been identified as target for several microRNAs. It was reported that 

miR-347 upregulates ACSL4 in neuronal cells [23] and miR-224 downregulates ACSL4 

mRNA during adipocyte differentiation [24]. ACSL4 protein is also subject to post-

translational modification. Our laboratory has recently identified an AA-induced and 
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proteasome-mediated degradation mechanism to downregulate ACSL4 protein expression in 

liver cells [25], and another group reported that ACSL4 forms homodimers which enables 

PKA and PKC to induce or reduce, respectively, its activity in Y1 cells through 

phosphorylation [19].

While above described studies in different cell lines have provided some understanding of 

the regulatory mechanisms that modulate ACSL4 expression and activity in cultured cells, to 

date, no precedent studies have examined the in vivo regulation of ACSL4 in different 

metabolic organs under normal and dyslipidemic conditions.

The golden Syrian hamster has been increasingly utilized to study lipoprotein metabolism 

and to evaluate the effects of hypolipidemic agents such as PPAR agonists [26,27], statins 

[28–30] and CETP inhibitors [31] because hamsters share more characteristic features in 

lipid metabolism with those found in humans than mouse or rat [32,33]. In particular, 

hamsters rapidly respond to dietary cholesterol and high-fat diet with elevated plasma lipid 

levels and hepatic accumulations of cholesterol and neutral lipids in a fashion comparable to 

humans. Therefore, the aims of this current study were to employ hamsters as an in vivo 

model to profile the mRNA and protein expressions of ACSL4 in different tissues of animals 

fed a normal chow diet (NCD), a high-fat diet (HFD) or a high-cholesterol and high-fat diet 

(HCHFD), and to further identify critical transcriptional regulatory mechanisms that 

modulate ACSL4 gene expression and activity under hyperlipidemic conditions in a tissue-

specific fashion.

2. Materials and methods

2.1. Cells and reagents

Human hepatoma HepG2 cells and mouse hepatoma AML12 cells were obtained from 

ATCC. HEK293A cell line was obtained from Invitrogen. Hamster primary hepatocytes 

were isolated from male golden Syrian hamsters in our laboratory. Human primary 

hepatocytes were obtained from Invitrogen. Mouse primary hepatocytes were isolated from 

male C57BL/6 J mice at San Francisco General Hospital Liver Center. L165041 and 

GW0742 were purchased from TOCRIS Biosciences (Bristol, UK). Cholesterol, 25-

hydroxylcholesterl and WY-14643 were purchased from Sigma, and 6α-ethyl-

chenodeoxycholic acid (6ECDCA) and 24(S)-hydroxylcholesterol (24-OHC) were 

purchased from Abcam (Cambridge, MA).

2.2. Culture of primary hepatocytes

Primary hepatocytes were seeded on collagen coated plates at a density of 1 × 105 cells/well 

in a 24-well plate in Williams E Medium supplemented with a Cell Maintenance Cocktail 

(Cell Maintenance Supplement Pack, Invitrogen). After overnight seeding, cells were treated 

with different compounds or cytokine oncostatin M (OM) for 24 h before isolation of total 

RNA or cell lysates.
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2.3. Cloning of hamster ACSL4 complete coding sequence

To clone the hamster ACSL4 complete coding sequence, as previously described for hamster 

ACSL3 cloning [34], we first compared mRNA sequence from human, mouse and rat 

ACSL4 gene and selected highly conserved regions across these species for primer sets 

design. Using primers identified by this approach, hamster ACSL4 coding region was 

amplified from a hamster liver cDNA library, cloned into pCR2.1-Topo vectors (Invitrogen, 

Carlsbad, CA, USA) and sequenced. The primers are listed in Supplemental Table 1. The 

hamster ACSL4 coding region was subcloned into pcDNA4.0-HisMax-TOPO vector, 

resulting in the plasmid pHis-HamACSL4 for hamster ACSL4 expression in mammalian 

cells. Recently, the genomic sequence of a female golden Syrian hamster (Mesocricetus 

auratus) became available on NCBI. The NCBI reference sequence (XP_005082531.1) 

predicted ACSL4X5 protein sequence differs from our ACSL4 protein sequence at amino 

acid position 311 with a proline substituted by serine.

2.4. Animals and diets

All animal experiments were performed according to procedures approved by the VA Palo 

Alto Health Care System Animal Care and Use Committee (IACUC). Ten-week old male 

golden Syrian hamsters were purchased from Harlan. Hamsters were housed (2 animals/

cage) under controlled temperature (72 °F) and lighting (12 h light/dark cycle). Animals had 

free access to autoclaved water and food. Hamsters were fed a NCD (Teklad Global 18% 

Protein Rodent Diet 2018; 0% cholesterol), a HCHFD (Research Diets D12336; 35% 

calories from fat; 1.25% cholesterol) or a HFD (Harlan TD.88137; ~42% of total calories 

from fat; 0.15% cholesterol) for two weeks. At the experimental termination, hamsters were 

fasted overnight before euthanization for serum and tissue collections.

2.5. Drug treatments

For studying PPARδ activation in normolipidemic hamsters, eighteen hamsters fed NCD 

were divided into two groups. One group was given a daily dose of 10 mg/kg of L165041 

intraperitoneally and the other group was given equal volume of vehicle [35]. The treatment 

lasted for 7 days. Hamsters were fasted overnight before euthanization for serum and liver 

tissue collections.

To study PPARδ activation under hyperlipidemic conditions, hamsters were fed the HFD for 

two months to induce hyperlipidemia and hepatosteatosis. After 8-weeks on HFD, overnight 

fasting blood samples were taken to randomize hamsters into homogenous treatment groups 

according to total cholesterol (TC) levels. Hamsters were then maintained on the HFD and 

were treated orally with vehicle (0.5% hydroxypropyl methylcellulose in PBS) or L165041 

(10 mg/kg, once a day) for 1 week. At the experimental termination, hamsters were fasted 

overnight before euthanization for serum and tissue collections.

2.6. RNA isolation and quantitative real-time PCR (qPCR)

Total RNA isolation, generation of cDNA, and qPCR were conducted as previously reported 

[36]. Each cDNA sample was run in duplicate. The correct size of the PCR product and the 

specificity of each primer pair were validated by examination of PCR products on an 

agarose gel. Species-specific primer sequences used in qPCR are listed in Supplemental 
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Table 1. Target mRNA expression in each sample was normalized to the housekeeping gene 

GAPDH. The 2−ΔΔCt method was used to calculate relative mRNA expression levels.

2.7. Western blot analysis

Approximately 50 mg of frozen tissue was homogenized in RIPA buffer containing 1 mM 

PMSF and protease inhibitor cocktail (Roche). After protein quantitation using BCA protein 

assay reagent (Pierce), 50 µg of homogenate proteins from individual tissue samples was 

resolved by SDS-PAGE and transferred to nitrocellulose membranes. The anti-ACSL4 

antibody recognizes a 15 AA peptide of N-terminal sequences of ACSL4 of human, mouse, 

rat and hamster origins [25]. Rabbit anti-hamster ACSL3 antibody was previously generated 

in our laboratory that recognizes the C-terminal sequences of ACSL3 of human, mouse, rat 

and hamster origins [34]. The anti-human ACSL1 (ab76702) was obtained from Abcam, 

Cambridge, MA. The membranes were reprobed with anti-β-actin (Sigma), anti-GAPDH 

(Sigma) or anti-transferrin receptor (TFR) antibodies. Immunoreactive bands of predicted 

molecular mass were visualized using an ECL plus kit (GE Healthcare life Sciences, 

Piscataway, NJ) and quantified with the Alpha View Software with normalization by signals 

of β-actin or GAPDH.

2.8. Measurement of tissue acyl-CoA synthetase activity

Approximately 50 mg frozen tissue were dounce-homogenized 15 times in a buffer 

containing 250 mM sucrose, 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM dithiothreitol (DTT), 

protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Sigma). 

Homogenates were centrifuged at 16,000 ×g for 30 min at 4 °C, protein concentrations in 

supernatants were determined by BCA assay, and aliquots were stored at −80 °C. Initial 

rates of total ACSL activity in tissue homogenate were measured using 5 µg of homogenate 

at 37 °C in the presence of 175 mM Tris (pH 7.4), 8 mM MgCl2, 5 mM DTT, 10 mM ATP, 

250 µM CoA, 50 µM [3H]arachidonic acid (AA) in 0.5 mM Triton X-100, and 10 µM EDTA 

in a total volume of 0.1 ml. The reaction was initiated by adding the homogenized sample 

and terminated by adding 1 ml Dole's reagent as previously described [36]. Generated 

[3H]AA-CoA were extracted, and the radioactivity was determined in a scintillation counter. 

The radioactivity in the reaction that contained all components but omitted homogenate was 

included as a negative control.

2.9. Construction of Ad-ham-shPPARδ adenoviral vector for PPARδ knockdown

A U6 promoter-based vector (pSH-PPARδ) that expresses a shRNA targeting hamster 

PPARδ coding region (5′-GCAAGCCCTTCAGTGACATCA-3′) was generated using 

Invitrogen's BLOCK-iT™ U6 RNAi Entry Vector Kit following the manufacturer's 

instruction. The sequence identity and orientation of PPARδ shRNA in pSH-PPARδ were 

confirmed by sequencing. The pSH-PPARδ plasmid was then recombined with pAD/

BLOCK-iT DEST vector to generate Ad-shPPARδ viral vector and transduced it into 

HEK293A cells. The crude viral stocks were further amplified and purified.
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2.10. Adenoviral transduction

Hamster primary hepatocytes were seeded at 1 × 105 cells/well in 24-well plates overnight. 

The next day, cells were transduced with the adenovirus at various multiplicity of infection 

(MOI) in 1 ml medium containing 0.5% FBS for 8 h. Then viral-containing medium was 

replaced by fresh complete medium and cells were cultured for 72 h before harvesting.

2.11. Constructions of human ACSL4 promoter luciferase reporters

For generation of ACSL4 promoter reporter, a DNA fragment of 3026 bp covering human 

ACSL4 proximal promoter region from −2997 to +29 relative to the 5′ end of exon 1 was 

amplified from HepG2 genomic DNA and was cloned into Topo 2.1 vector, followed by 

subcloning into pGL3-basic at the Sac1 and Xho1 sites to yield the promoter reporter pGL3-

ACSL4-3Kb. Likewise, the plasmid pGL3-ACSL4-0.7Kb was made that covered the 

genomic region of −622 to +29. After transformation and propagation in E. coli, two 

independent clones per reporter constructs were sequenced to verify the sequence and 

orientation of the promoter fragment.

2.12. Luciferase reporter assay

Luciferase reporter assay was performed by using Dual Luciferase Reporter Assay System 

(Promega) according to the manufacturer's instructions. Promoter luciferase reporters were 

individually transfected into HepG2 cells along with plasmid pRL-SV40, a renilla luciferase 

reporter as an internal transfection efficiency control. One day after transfection, cells were 

switched to low serum medium for overnight before the addition of PPARδ agonist L165041 

and cells were lysed 24 h later. Cells were lysed with 50 µl of lysis buffer followed by 

measurements of firefly luciferase and renilla luciferase activities. The firefly luciferase 

activity was normalized to renilla activity. Four wells were assayed for each condition.

2.13. Statistical analysis

Values are presented as the mean ± SEM. Significant differences between diet or treatment 

groups were assessed by two-tailed Student t-test (nonparametric Mann Whitney test) or 

one-way ANOVA with Dunnett's posttest. Statistical significance is displayed as p < 0.05 

(one asterisk), p < 0.01 (two asterisks) or p < 0.001 (three asterisks).

3. Results

3.1. Cloning of the hamster ACSL4 coding region

To examine the dietary effects on ACSL4 expression in hamster tissues, we first cloned the 

ACSL4 coding region from a male golden Syrian hamster liver cDNA. The hamster ACSL4 

cDNA coding sequence is 2013 base pairs in length that encodes the hamster ACSL4 protein 

of 670 amino acids with a calculated molecular weight of 74.4 kD. The overall homology of 

hamster ACSL4 amino acids to rat, mouse and human is 98, 97, and 97%, respectively 

(Supplemental Fig. 1). The hamster ACSL4 expressing plasmid (pHis-HamACSL4) was 

transfected into HepG2 and HEK293A cells. Western blot analysis using anti-His antibody 

detected the expression of His-tagged hamster ACSL4 as the predicted molecular mass of 

~75 kD protein in HepG2 cells and anti-human ACSL4 antibody recognized the hamster 
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ACSL4 in HEK293A cells transfected with pHis-HamACSL4 but not in mock transfected 

cells (Supplemental Fig. 2A,B).

3.2. Tissue-selective induction of ACSL4 expression in hamsters by hyperlipidemic diets

Next, we conducted a tissue profiling of ACSL4 mRNA and protein expressions in hamsters 

fed three different diets, a NCD, a HCHFD and a HFD for two weeks. Feeding hamsters 

HCHFD and HFD increased serum TC levels by 3.7-fold and 2.0-fold respectively as 

compared to that of NCD (Supplemental Fig. 3A). Serum TG levels were increased by 

HCHFD and HFD to comparable levels of 3.2- and 3.7-fold of the control diet 

(Supplemental Fig. 3B). The cholesterol-enriched HCHFD produced a more pronounced 

increase in hepatic TC and TG as compared to the HFD feeding (Supplemental Fig. 3C, D).

We performed qPCR to assess ACSL4 mRNA expression levels in various tissues of the 

three diet groups (Fig. 1A). ACSL4 mRNA levels were significantly increased by 1.6-fold (p 
< 0.05) in liver and 2.1-fold in testis (p < 0.001) of HCHFD fed animals and by 1.4-fold in 

adipose tissue (p < 0.05) of HFD fed animals as compared to that of NCD. Western blot 

analysis confirmed the significant increases in ACSL4 protein expressions in liver and testis 

of HCHFD group. In adipose, ACSL4 protein levels were elevated 2-fold (p < 0.01) by HFD 

and 1.6-fold (p < 0.05) by HCHFD feeding (Fig. 1B). Both hyperlipidemic diets did not alter 

ACSL4 mRNA or protein levels in heart, kidney, muscle and brain (Supplemental Fig. 4). In 

hamster brain tissues, in addition to the 75 kDa band, a brain-specific higher molecular mass 

species around 80 kDa was also detected by Western blotting. Again, levels of the 80 kDa 

isoform of ACSL4 were similar among the diet groups.

To compare ACSL4 protein levels among different tissues of hamsters we pooled equal 

amount of tissue protein homogenates from the same tissue of each diet group and 50 µg of 

pooled protein samples was analyzed by Western blotting (Supplemental Fig. 5). ACSL4 

protein level was most abundant in hamster liver and modest levels of ACSL4 were detected 

in other metabolic tissues including adipose, testis, heart and muscle. The pooled samples 

also confirmed the elevated ACSL4 protein levels in liver and testis of HCHFD group and in 

adipose of HFD and HCHFD groups.

We next measured ACSL activity of individual homogenates of liver, adipose and testis from 

NCD, HCHFD and HFD groups in the presence of 3H-arachidonic acid (20:4), the preferred 

substrate of ACSL4. Fig. 1C shows that liver homogenates had approximately 4-fold higher 

arachidonoyl-CoA synthetase activity as compared to adipose or testis and the hepatic 

enzyme activities did not further increase by hyperlipidemic diets. In adipose samples, the 

arachidonoyl-CoA synthetase activity was increased by ~32% (p < 0.05) in HFD and 

HCHFD fed hamsters. Likewise, we detected a ~21% increase (p < 0.05) of arachidonoyl-

CoA synthetase activity in testis of HCHFD fed animals. Taken together, our dietary studies 

have discovered for the first time that ACSL4 expression and the arachidonoyl-CoA 

synthetase activity are upregulated by hyperlipidemic diets in a tissue-specific manner.

3.3. Hepatic ACSL4 gene expression is upregulated by PPARδ agonist

The higher expression level of ACSL4 in the liver relative to other tissues suggests that 

ACSL4 plays an important role in hepatic FA metabolism. Therefore, it is of interest to 
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understand how dietary cholesterol regulates its hepatic expression. Our previous studies 

have observed an increased hepatic expression of ACSL3 in hamsters fed a HCHFD [34]. 

We subsequently demonstrated that ACSL3 is a molecular target of peroxisome proliferator-

activated receptor δ (PPARδ) [35]. In addition to PPARδ, PPARα has been demonstrated to 

transactivate ACSL1 gene expression in mouse and rat liver cells [37–39]. Thus, we 

examined hepatic mRNA levels of PPARδ and PPARα along with ACSL3 and observed that 

HCHFD did not affect PPARα gene expression, but increased PPARδ mRNA levels in liver 

tissue by approximately 50% (p < 0.05) as compared to the liver of hamsters fed a NCD or a 

HFD (Supplemental Fig. 6). In adipose and testis PPARδ mRNA levels were unchanged 

among diet groups.

To explore a functional role of PPARδ in ACSL4 gene expression in liver tissues, we 

examined ACSL mRNA levels in NCD fed hamsters that were treated with vehicle or 

PPARδ specific ligand L165041 at a daily dose of 10 mg/kg for 7 days [35]. Real-time 

qPCR analysis (Fig. 2A) shows that ACSL4 and ACSL3 mRNA levels were increased to 

~45% (p < 0.05) and ~56% (p < 0.05) of vehicle control, respectively by L165041 treatment. 

In contrast, L165041 treatment had no effect on ACSL1 or ACSL5 mRNA expression in 

hamster liver. Western blotting of individual liver homogenates shows that ACSL4 protein 

levels were 24% (p < 0.05) higher in agonist-treated livers as compared to the control (Fig. 

2B). These results provide the first direct evidence to support a positive role of PPARδ in 

hepatic ACSL4 expression in addition to its known target ACSL3, another ACSL family 

member.

Ligand-induced activation of PPARδ has been shown to improve hepatic lipid metabolism in 

various dyslipidemic animal models [40–43]. Thus, we fed ten hamsters a HFD for eight 

weeks to induce dyslipidemia which was evident by 2.7-fold increase in serum TC relative 

to hamsters fed a NCD (NCD, 117.8 ± 27.4 mg/dl; HFD, 326.6 ± 50.7 mg/dl). While 

continued on HFD, hamsters were orally dosed once a day for 7 days with L165041 (10 

mg/kg) or vehicle. Analysis of circulating and hepatic lipids showed that L165051 treatment 

did not change serum and hepatic cholesterol levels but it reduced serum and hepatic TG 

levels significantly (Supplemental Fig. 7).

Western blot analysis of individual liver homogenates (Fig. 2C) shows that ACSL1 protein 

levels were not affected by the drug treatment. ACSL4 protein levels were elevated to 25% 

(p < 0.05) in the liver of L165041 treated hamsters as compared to vehicle group, which 

further suggests that ACSL4 gene expression in liver tissue is under the regulation of 

PPARδ. In line with previous studies, L165041 also increased hepatic ACSL3 protein levels 

[35].

To examine the direct effect of PPARδ activation on ACSL4 expression in hepatic cells, we 

isolated primary hepatocytes from hamster liver and treated these cells with various doses of 

L165041, WY14643, a PPARα agonist and oncostatin M (OM), a cytokine that induces 

PPARδ expression [35]. The result of Western blot analysis in Fig. 2D shows that ACSL4 

protein levels were increased by all treatments with one exception of a high dose of OM that 

caused cytotoxicity in these primary hepatic cells. We also isolated primary hepatocytes 

from mouse liver and examined the effects of L165041 and WY14643. ACSL4 protein 
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levels (Fig. 2E) were upregulated by L165043 as well as WY14643. Fig. 2F shows the 

summarized result of six separate experiments in which ACSL4 protein levels were 

increased by 64% (p < 0.001) in mouse primary hepatocytes upon L165141 treatment.

3.4. Induction of ACSL4 expression in human primary hepatocytes by PPAR ligands

To determine whether activation of PPARs affects ACSL4 expression in normal human liver 

cells we treated human primary hepatocytes derived from two individual donors (Hu8123, 

Hu8150) with L165041 and WY14643. Western blot analysis of Hu8123 total cell lysates 

showed that ACSL4 protein levels were increased 51% (p < 0.01) by L165043 and 30% (p < 

0.05) by WY14643 compared to control (Fig. 3A). Gene expression analysis by qRT-PCR 

confirmed that the mRNA levels of ACSL4 and two known PPARδ target genes (ACSL3 

and CPT1A) were all significantly elevated by activators of PPARδ/α in Hu8123 cells (Fig. 

3B). Additionally, we measured mRNA levels of three FA transport proteins (FATPs) in 

control and treated cells to learn whether ACSL4 could be co-regulated with hepatic FATPs 

[44,45] by PPAR activators. We observed that activation of PPARδ had stronger positive 

effects on FATP gene expression than activation of PPARα in Hu8123 cells.

In Hu8150 cells, ACSL4 protein (Fig. 3C) and mRNA levels (Fig. 3D) were slightly 

increased by L165043 with statistical significances. Interestingly, the inducing effects of 

L165041 on ACSL3 and CPT1A mRNA levels in Hu8150 cells were as strong as in Hu8123 

cells. Thus, we compared mRNA levels of ACSL4, ACSL3 and CPT1A in un-induced cells 

of Hu8123 and Hu8150 (Supplemental Fig. 8A) and found that while ACSL3 and CPT1A 

mRNA levels were the same between these two donors, Hu8150 cells had ~3.5-fold more 

ACSL4 transcript than Hu8123 cells, which could explain its lower induction by PPAR 

activators. Additionally, we compared relative mRNA levels of ACSL isoforms in these 

human primary hepatocytes and in liver tissue of normolipidemic hamsters (NCD group) 

(Supplemental Fig. 8B). It is interesting to note that among ACSL family members, ACSL4 

mRNA levels showed the most variations. Nevertheless, these data produced from human 

primary hepatocytes are consistent with the data generated in hamster and mouse 

hepatocytes, indicating that activation of PPARδ leads to increased ACSL4 gene expression 

in primary hepatocytes of human, hamster and mouse origins.

3.5. Transcriptional activation of ACSL4 gene expression by L165041 in human hepatic cell 
line HepG2

To further characterize the functional role of PPARδ in hepatic ACSL4 expression, we 

utilized human hepatic cell line HepG2 as a model system. HepG2 cells were treated with 

L165041 or another PPARδ specific ligand GW0742 for 24 h. Western blot analysis showed 

that ACSL4 protein levels were increased 2.2-fold (p < 0.01) by L165041 and 1.6-fold (p < 

0.05) by GW0742 (Fig. 4A). The stronger induction of ACSL4 protein levels by L165041 

over GW0742 was corroborated by a significant increase in arachidonoyl-CoA synthetase 

activity in HepG2 cells treated with this PPARδ ligand (Fig. 4B). We did not detect a 

statistically significant increase in palmitoyl-CoA synthetase activity upon PPARδ 
activation.
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In accord with the results of Western blot and enzyme activity assays, gene expression 

analysis by qRT-PCR showed that ACSL4 mRNA levels were increased 2.6- and 1.5-fold by 

L165041 and GW0742, respectively. The stronger activity of L165041 over GW0742 was 

also reflected by the higher induction of PPARδ target gene CPT1A in cells treated with 

L165041 as compared to that of GW0742. Consistent with the hamster in vivo data, ACSL5 

mRNA levels were not induced by PPARδ activation. We also did not observe changes in 

mRNA levels of ELOVL5, a known PPARα target gene. Altogether, these data demonstrate 

that ACSL4 gene expression is increased by PPARδ agonists in HepG2 cells to similar 

magnitudes as that in liver tissue and in various primary hepatocytes.

Analysis of the nucleotide sequence upstream of exon 1 of human ACSL4 gene by the 

MatInspector software revealed the presence of five putative PPAR response element 

(PPRE) motifs residing in the region of −2418 to −1243 upstream of the 5′ end of exon 1. 

Thus, we constructed two ACSL4 promoter luciferase reporter vectors (Fig. 4D upper 
panel). The reporter pGL3-ACSL4-3Kb includes all putative PPRE sites and the reporter 

pGL3-ACSL4-0.7Kb devoid these regulatory sequences. These reporters were transfected 

into HepG2 cells along with pRL-SV40 for the normalization. Fig. 4D left panel shows one 

representative transfection results and the right panel shows summarized results of 5 

separate transfections. These data clearly demonstrated that while the 3 Kb and 0.7 Kb 

constructs have similar basal promoter activities, L165041 treatment only increases the 

promoter activity of 3 Kb ACSL4 construct containing the PPRE sequences. Collectively, 

these new results from HepG2 cells strongly suggest that ACSL4 gene transcription in liver 

cells is positively regulated by PPARδ.

3.6. Hepatic depletion of PPARδ leads to the suppression of ACSL4 gene expression

As aforementioned, we observed the correlated upregulation of ACSL4 and PPARδ in liver 

tissue in HCHFD fed hamsters. Here we performed ex vivo experiments to examine the 

impact of depleting PPARδ on hepatic ACSL4 mRNA expression. We made an Ad-

shPPARδ adenoviral construct that expresses a shRNA targeting hamster PPARδ coding 

sequence. Hamster primary hepatocytes were transduced with different MOIs of Ad-

shPPARδ or a shRNA control virus Ad-shLacZ for 3 days, and subsequently gene 

expression was analyzed by q-PCR. Fig. 5A shows that Ad-shPPARδ transduction 

specifically reduced PPARδ mRNA levels without affecting PPARα or PPARγ mRNA 

expression, thus confirming the specific targeting effect of the shRNA to hamster PPARδ. 

Importantly, both hamster ACSL3 and ACSL4 mRNA levels were significantly attenuated 

by the depletion of PPARδ whereas mRNA levels of ACSL5 in hamster primary hepatocytes 

were not affected by Ad-shPPARδ infection (Fig. 5B). These results further demonstrate that 

hepatic ACSL4 gene transcription is under the control of PPARδ.

3.7. Hepatic PPARδ gene expression is not regulated by the nuclear sterol-activated 
receptors LXR and FXR

The LXRs and farnesoid X receptors (FXRs) are nuclear receptors that are activated by 

oxysterols and bile acids in liver tissue. Our observation of elevated hepatic PPARδ mRNA 

levels in hamsters fed the cholesterol enriched diet (HCHFD) raised an interesting question 

of whether PPARδ gene transcription is upregulated by LXR or FXR. To address this 
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question, we treated HepG2 cells with cholesterol (CHO), a strong LXR agonist 24-OHC or 

a FXR agonist 6-ECDCA for 24 h. Gene expression analysis (Fig. 6A) showed that mRNA 

level of LXR target gene ABCA1 (ATP-binding cassette transporter A1) was greatly 

elevated in cells treated with 24-OHC; FXR suppressive gene CYP7A1 (cytochrome P450 

7A1) mRNA level was inhibited by cholesterol and 6-ECDCA whereas IBABP (ileal bile 

acid binding protein) mRNA expression was increased 3.2-fold of control by the FXR 

agonist. However, in contrast to these known LXR and FXR target genes, activation of these 

nuclear receptors did not affect the mRNA levels of PPARδ and its target gene CPT1A. We 

observed a small decrease in ACSL4 mRNA levels in HepG2 cells treated with cholesterol 

and 24-OHC. To further validate these findings, we performed similar experiments in mouse 

hepatic AML12 cells (Fig. 6B) and hamster primary hepatocytes (Supplemental Fig. 9). 

Again, we did not detect any increases in PPARδ or ACSL4 mRNA levels after LXR 

activation. Altogether, these data suggest that hepatic PPARδ transcription is not directly 

activated by LXR or FXR. The precise molecular mechanism of dietary cholesterol-induced 

elevation of PPARδ mRNA levels in liver tissue remained elusive.

4. Discussion

ACSL4 is one of the five members of the ACSL family that are essential for LCFA 

metabolism and utilization in mammalian cells. It has been well recognized that whereas 

ACSL enzymes catalyze similar enzymatic reactions to esterify free FA to acyl-CoA, they 

exhibit variable cellular functions and generate distinct metabolic outcomes in an isoform 

specific and tissue/cell type specific manner [10,46]. It is generally believed that the 

substrate specificity, subcellular localization, tissue specific expression and upstream 

signaling pathways all contribute to the unique functions of the individual ACSLs. In 

particular, how an ACSL isozyme is transcriptionally activated might affect its cellular 

functions under that stimulated condition.

When ACSL4 was first cloned and characterized, its mRNA expression in adult human 

tissues was analyzed by Northern blot [12,47]. The ACSL4 expression was detected at high 

levels in brain, placenta, testis, ovary, spleen and adrenal cortex; low levels were detected in 

liver samples. A subsequent study of Western blot using anti-ACSL4 antibody also 

confirmed its low expression in adult liver sample as compared to the intestine and brain 

[48]. However, recent studies have revealed elevated ACSL4 mRNA expression in human 

liver samples of NAFLD [49–51]. The interesting and unanswered questions are 1) how 

ACSL4 expression is elevated in steatotic human liver? And 2) is heightened ACSL4 a 

causal factor for the development of NAFLD or it is needed to compensate the demand of 

liver to metabolize excessive FAs due to oversupply of nutrients?

In this current study, we tissue profiled ACSL4 mRNA and protein expressions in hamsters 

fed three different diets. Through this process, we have uncovered for the first time that 

ACSL4 expression and arachidonoyl-CoA synthetase activity are upregulated by 

hyperlipidemic diets in a tissue-specific manner: HCHFD feeding upregulated ACSL4 

mRNA and protein expressions in liver and testis, and ACSL4 protein abundance in adipose 

tissue was increased by both hyperlipidemic diets.
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PPARs are transcriptional activators of genes encoding enzymes to metabolize FA in the 

liver as well as other metabolic tissues [52]. Both PPARα and PPARγ have been reported to 

activate ACSL1 transcription in different cell lines of mouse or rat origins and to increase 

ACSL1 expression in animal models [37–39]. PPARδ was demonstrated to bind to ACSL3 

gene promoter and increase its transcription in HepG2 cells and in the liver of hamsters 

treated with PPARδ ligand L165041 [35]. In this current study, PPARα mRNA expressions 

in liver, testis and adipose of hamsters of the three diet groups did not change, we observed 

an increased PPARδ mRNA levels in liver tissues but not in adipose or testis.

The co-induction of PPARδ with ACSL4 as well as with ACSL3, a known PPARδ target 

gene by HCHFD, suggested a positive role of PPARδ in ACSL4 gene expression in liver 

tissue. Indeed, treating hamsters with L165041 for 7 days increased ACSL4 mRNA and 

protein levels in the liver. This induction occurred under normolipidemic and dyslipidemic 

conditions. It is worthy to note that ACSL1 and ACSL5 are abundant isoforms of ACSL 

family in hamster liver tissue; their expressions were not responsive to PPARδ activation 

under in vivo conditions.

It has been demonstrated that the increased PPARδ expression level alone in liver by 

adenovirus-mediated over expression and by direct ligand activation without PPARδ 
overexpression both led to its target gene expression [40–43]. It is also known that some 

fatty acids and fatty acid derivatives are endogenous ligands for PPARs [52]. Thus, it is 

conceivable that HCHFD feeding or HFD feeding increased endogenous PPARδ ligands in 

liver, testis or adipose tissues of hamsters that led to an increased PPARδ-mediated 

upregulation of ACSL4 expression with or without changes in PPARδ expression levels.

In addition to the in vivo study, we examined the effects of specific PPARδ and PPARα 
ligands on ACSL4 expression in human primary hepatocytes as well as hepatocytes isolated 

from hamster and mouse. Our results clearly indicate that activations of PPARs, particularly 

PPARδ, elevate ACSL4 protein and mRNA expressions regardless of the hepatocyte origin. 

Based upon these consistent results from hamster liver tissue and various hepatocytes, we 

opted to use HepG2 cells as a model system to further elucidate the underlying mechanism 

of PPARδ-dependent upregulation of ACSL4 expression. Unlike liver tissue and primary 

hepatocytes in which ACSL1 and ACSL5 are dominant isoforms, HepG2 cells express 

abundant ACSL4 in a level higher than ACSL1 according to mRNA analysis [53]. Thus, 

changes in its expression level could affect ACSL enzyme activity, in particular, when 

labeled AA is used as the substrate. Indeed, we showed that treating HepG2 cells with 

L165041 produced approximately a 2-fold increase in ACSL4 protein abundance that was 

accompanied by a 22% increase in arachidonoyl-CoA synthetase activity.

Our sequence analysis suggested five putative PPRE motifs residing in the 5′ flanking 

region of the human ACSL4 gene from −2418 to −1243 upstream of the 5′ end of exon 1. 

To firmly demonstrate the transcriptional induction of ACSL4 mRNA expression by PPARδ 
agonist, initially we made two luciferase constructs with one that contains the PPRE clusters 

(pGL3-ACSL4-3Kb) and one without (pGL3-ACSL4-0.7Kb). Multiple transfection 

experiments in HepG2 cells clearly demonstrated that L165041 treatment induced the 

promoter activity of the former without an effect on the latter. These results establish that 
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activation of PPARδ increases ACSL4 gene expression by inducing its promoter 

transcriptional activity.

To substantiate the critical role of PPARδ in ACSL4 transcription, we utilized the approach 

of adenovirus-mediated depletion of hamster PPARδ in ex vivo experiments. Transduction 

of Ad-shPPARδ did not affect PPARα or PPARγ mRNA levels but markedly lowered 

PPARδ mRNA abundance, which was accompanied with significant reductions of ACSL4 

and ACSL3 mRNA levels without lowering ACSL1 (data not shown) or ACSL5 mRNA 

abundance, thereby further support the selective regulation of PPARδ to ACSL4 and ACSL3 

isoforms.

We were puzzled by the observation of increased PPARδ mRNA levels in the liver of 

HCHFD fed animals. It is well known that over accumulation of hepatic sterols activates the 

LXR and FXR pathways to accelerate the cholesterol execration from the body by inducing 

target gene expression [54]. We used HepG2 and AML12 cells as well as hamster primary 

hepatocytes to examine the possibility of FXR or LXR-mediated upregulation of PPARδ in 

liver cells. We demonstrate that treating these cells with a LXR agonist or a FXR agonist 

strongly impacted the expression of their canonical target genes without any inducing effects 

on PPARδ and PPARδ regulated gene CPT1A or ACSL4, which largely rule out the 

possibility of a direct effect of LXR or FXR on PPARδ gene expression. These data are also 

consistent with our in vivo finding that treating hamsters with LXR agonist did not affect 

liver PPARδ mRNA expression [36].

Currently, little is known about the transcriptional networks that regulate PPARδ gene 

expression. A recent study by Chistyakov et al. [55] reported that in astrocytes PPARδ 
expression and activity were induced by LPS. The LPS-induced kinetics of PPARδ 
expression was similar to that of the proinflammatory gene cyclooxynase 2. Other studies of 

PPARδ agonists in diabetic rats [56] and in LDLR−/− mice [41] have suggested that PPARδ 
activation attenuates hepatic steatosis in part by anti-inflammatory mechanism. Thus, it is 

conceivable to speculate that the elevated levels of PPARδ in HCHFD-fed liver could reflect 

the liver response to lessen the low-grade chronic inflammatory status caused by excessive 

cholesterol accumulation. Further studies to examine the signaling pathways linked to 

inflammatory response might aid to elucidate the mechanism of dietary cholesterol induced 

PPARδ gene expression in liver tissue.

Our current understandings about the ACSL family with regard to their tissue expression 

patterns and responses to nutritional status are largely gained from animal studies, 

particularly from rats and mice [57–59]. In this study, by utilizing human primary 

hepatocytes we showed that activation of PPARδ increased ACSL4 gene expression to 

different degrees in hepatocytes derived from two individual donors and the magnitude of 

induction was reversely correlated to the basal ACSL4 expression levels. It is tempting to 

postulate that hepatic ACSL4 expression in humans is highly regulated and this ACSL 

isoform has important roles in hepatic lipid metabolism in humans.

In conclusion, we have demonstrated that hyperlipidemic diets upregulate ACSL4 

expression in a tissue-specific manner. Importantly, combined the in vivo upregulation of 
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ACSL4 in liver tissue by PPARδ specific agonist with the direct inducing effects of PPARδ 
activation on ACSL4 promoter activity, protein expression and arachidonoyl-CoA synthetase 

activity in HepG2 cells, our comprehensive studies have identified PPARδ as a novel 

transcriptional activator for ACSL4 expression in liver cells. This work further supports our 

hypothesis that the transcription of each ACSL isoformis controlled by specific members of 

the PPAR family, and this intrinsic relationship may endow individual ACSLs with unique 

cellular functions under an induced condition.
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FA fatty acid

FATP fatty acid transport protein

FXR farnesoid X receptor

HCHFD high-cholesterol and high-fat diet

HFD high-fat diet

LXR liver X receptor

MOI multiplicity of infection

NAFLD non-alcoholic fatty liver disease

NCD normal chow diet

24-OHC 24S-hydroxycholesterol

PPAR peroxisome proliferator-activated receptor

PPRE PPAR response element
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Fig. 1. 
Tissue-specific inductions of ACSL4 expression by HCHFD and HFD. (A) Quantitative 

real-time RT-PCR analysis of ACSL4 mRNA levels in liver, adipose and testis of hamsters 

of three diet groups. Hamsters were sacrificed and tissues were isolated after two weeks on 

the indicated diets. Total RNA was isolated from each tissue sample and relative mRNA 

abundance of ACSL4 was determined by conducting q-PCR and normalized to GAPDH. *p 
< 0.05, ***p < 0.001 compared to NCD group. (B) Western blot analysis of ACSL4 protein 

abundance. Individual tissue protein extracts were prepared and protein concentrations were 
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determined. 50 µg of homogenate proteins of individual samples was resolved by SDS-

PAGE and ACSL4 protein was detected by immunoblotting using anti-ACSL4 antibody. The 

membrane was reprobed with anti-β-actin or anti-GAPDH antibody. The protein abundance 

of ACSL4 was quantified with Alpha View Software with normalization by signals of β-

actin or GAPDH. Values are mean ± SEM of 5 samples per group. * p < 0.05 and ** p < 

0.01 compared to the NCD group. (C) Measurement of tissue ACSL enzymatic activity. 

Initial rates of total ACSL activity of individual tissue homogenates from three diet groups 

were measured using 5 µg of homogenate per sample at 37 °C in the presence of [3H] 

labeled AA. *p < 0.05 compared to NCD group.
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Fig. 2. 
Elevation of ACSL4 mRNA and protein expressions in hamster liver tissue and primary 

hepatocytes by L165041 treatment. (A, B) Hamsters fed a NCD were treated with 10 mg/kg 

of L165041 (n = 9) or with vehicle (n = 9) for 7 days. At the end of treatment, animals were 

sacrificed for liver tissue collection. In A, total RNA was isolated from each liver sample 

and relative mRNA abundances of ACSL family members were determined by q-PCR and 

normalized to GAPDH. In B, total protein extracts were individually prepared from 6 

randomly chosen liver samples of vehicle group or the treatment group. Equal amounts of 

homogenate proteins (50 µg) were resolved by SDS-PAGE and ACSL4 protein was detected 

by immunoblotting. The membrane was reprobed with anti-β-actin antibody. The protein 

abundance of ACSL4 was quantified and normalized by signals of β-actin. Values are mean 

± SEM of 6 samples per group. (C) Effects of activation of PPARδ on hepatic expressions of 

ACSLs in dyslipidemic hamsters. Ten hamsters were fed HFD for eight weeks. Five 

hamsters were treated with L165041 at a dose of 10 mg/kg or with vehicle for 7 days. 

Hamsters were sacrificed and liver tissues were isolated at the end of treatment. Total protein 

extracts were individually prepared from 4 randomly chosen liver samples of each group. 

Hepatic ACSL protein levels were assessed by Western blotting with anti-ACSL1, anti-

ACSL3 and anti-ACSL4 antibodies and signals were quantified. Values are mean ± SEM of 

4 samples per group. (D) Hamster primary hepatocytes were cultured in HepatoZYME-SFM 

medium overnight. Cytokine OM, L165041 or WY14643 were added to the cells for 24 h. 

Total cell lysates were isolated for Western blotting of ACSL4 or β-actin. PBS was a vehicle 

control for OM and DMSO was vehicle control for PPAR agonists. (E) Mouse primary 

hepatocytes were cultured in HepatoZYME-SFM medium overnight. L165041 or WY14643 

were added to the cells for 24 h. Total cell lysates were isolated for Western blotting of 

ACSL4 or β-actin. The relative ACSL4 protein levels were quantified. (F) The relative 

increase of ACSL4 protein levels over control mouse primary hepatocytes assessed by 
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Western blot analysis is presented as the mean ± SEM of 6 separate treatments. * p < 0.05, 

** p < 0.01 and *** p < 0.001 compared to the vehicle or DMSO.
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Fig. 3. 
Induction of ACSL4 protein expression in human primary hepatocytes by PPAR agonists. 

Human primary hepatocytes of two different donors (Hu8123, Hu8150) were treated with 

L165041 (20 µM) orWY14643 (50 µM) for 24 h. Triplicate wells were used in each 

condition. ACSL4 protein abundance was analyzed by Western blotting and q-PCR was 

performed to measure relative mRNA levels of indicated genes. * p < 0.05, ** p < 0.01 and 

*** p < 0.001 compared to the DMSO control.
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Fig. 4. 
Activation of ACSL4 gene transcription by PPARδ agonists in HepG2 cells. HepG2 cells in 

triplicate wells were cultured overnight in culture medium containing 0.5% FBS, followed 

by treatment of L165041 (20 µM) or GW0742 (1 µM) for 24 h. In A, total protein lysates 

were isolated and 30 µg protein per sample was used for SDS-PAGE and Western blotting. 

In B, initial rates of total ACSL activity in 5 µg of cell homogenate of HepG2 were 

measured at 37 °C in the presence of [3H] labeled AA or [3H] labeled palmitic acid (PA). In 

C, total RNA was isolated and gene expression analysis was conducted by q-PCR. In D, 

HepG2 cells were transfected with pGL3-ACSL4-3Kb or pGL3-ACSL4-0.7Kb. The plasmid 

pRL-SV40 was cotransfected with ACSL4 promoter constructs. One day post-transfection, 

cells were treated with 25 µM L165041 for 24 h. Cell lysates were isolated to measure dual 

luciferase activities. In the left panel, the normalized luciferase activity of pGL3-basic in 

DMSO treated control cells is expressed as 1. In the right panel, the relative luciferase of 

each vector in ligand treated cells was compared to that in the control. Each value represents 
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the mean ± SEM of five independent transfection experiments in which triplicate wells were 

assayed. * p < 0.05 and *** p < 0.001 compared to the DMSO control.
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Fig. 5. 
Knockdown efficiency and suppression of ACSL4 expression by Ad-shPPARδ transduction. 

Hamster primary hepatocytes were transduced with indicated MOIs of Ad-shPPARδ or Ad-

shLacZ for 3 days. The mRNA levels of PPARs (A) and ACSL isoforms (B) in transduced 

cells were measured by q-PCR.
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Fig. 6. 
Examination of the effects of LXR and FXR ligands on PPARδ mRNA expression in 

cultured hepatic cell lines. HepG2 cells (A) or AML12 cells (B) were cultured in medium 

supplemented with 10% LPDS overnight. The next day, DMSO (as vehicle), CHO (10 µg/ml 

cholesterol + 1 µg/ml 25-hydroxycholesterol), 24-OHC (20 µM) or 6-ECDCA (20 µM) was 

added to HepG2 cells for 24 h prior to RNA isolation; cholesterol or 24,25-EC (20 µM) was 

added to AML12 cells. Hepatic mRNA levels were assessed by q-PCR with triplicate 

measurement of each cDNA sample. After normalization with GAPDH mRNA levels, the 
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relative levels are presented. The data shown are representative results of two separate 

experiments in which duplicate wells were used in each condition. * p < 0.05 and *** p < 

0.001 compared to the DMSO control.
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