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Mitochondrial oxidative stress-induced transcript variants of 
ATF3 mediate lipotoxic brain microvascular injury
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C. Voss5, Dennis W. Wilson6, John C. Rutledge1, Hnin H. Aung1

1Division of Cardiovascular Medicine, Department of Internal Medicine, School of Medicine, 
University of California, Davis, Davis, CA 95616 2Genome Center and Bioinformatics Core 
Facility, University of California, Davis, CA 95616 3West Coast Metabolomics Center, Genome 
Center, University of California Davis, Davis, California 4Department of Biochemistry and Siriraj 
Metabolomics and Phenomics Center, Faculty of Medicine Siriraj Hospital, Mahidol University, 
Bangkok, Thailand 5Department of Biochemistry and Molecular Medicine, School of Medicine, 
University of California, Davis, Davis, CA 95616 6Department of Pathology, Microbiology, and 
Immunology, School of Veterinary Medicine, University of California, Davis, Davis, CA 95616

Abstract

Elevation of blood triglycerides, primarily triglyceride-rich lipoproteins (TGRL), is an 

independent risk factor for cardiovascular disease and vascular dementia (VaD). Accumulating 

evidence indicates that both atherosclerosis and VaD are linked to vascular inflammation. 

However, the role of TGRL in vascular inflammation, which increases risk for VaD, remains 

largely unknown and its underlying mechanisms are still unclear. We strived to determine the 

effects of postprandial TGRL exposure on brain microvascular endothelial cells, the potential risk 

factor of vascular inflammation, resulting in VaD. We showed in Aung et al., J Lipid Res., 2016 
that postprandial TGRL lipolysis products (TL) activate mitochondrial reactive oxygen species 

(ROS) and increase the expression of the stress-responsive protein, activating transcription factor 3 

(ATF3), which injures human brain microvascular endothelial cells (HBMECs) in vitro. In this 

study, we deployed high-throughput sequencing (HTS)-based RNA sequencing methods and mito 

stress and glycolytic rate assays with an Agilent Seahorse XF analyzer and profiled the differential 

expression of transcripts, constructed signaling pathways, and measured mitochondrial respiration, 

ATP production, proton leak, and glycolysis of HBMECs treated with TL.

Conclusions—TL potentiate ROS by mitochondria which activate mitochondrial oxidative 

stress, decrease ATP production, increase mitochondrial proton leak and glycolysis rate, and 
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mitochondria DNA damage. Additionally, CPT1A1 siRNA knockdown suppresses oxidative stress 

and prevents mitochondrial dysfunction and vascular inflammation in TL treated HBMECs. TL 

activates ATF3-MAPKinase, TNF, and NRF2 signaling pathways. Furthermore, the NRF2 

signaling pathway which is upstream of the ATF3-MAPKinase signaling pathway, is also 

regulated by the mitochondrial oxidative stress. We are the first to report differential inflammatory 

characteristics of transcript variants 4 (ATF3-T4) and 5 (ATF3-T5) of the stress responsive gene 

ATF3 in HBMECs induced by postprandial TL. Specifically, our data indicates that ATF3-T4 

predominantly regulates the TL-induced brain microvascular inflammation and TNF signaling. 

Both siRNAs of ATF3-T4 and ATF3-T5 suppress cells apoptosis and lipotoxic brain microvascular 

endothelial cells. These novel signaling pathways triggered by oxidative stress-responsive 

transcript variants, ATF3-T4 and ATF3-T5, in the brain microvascular inflammation induced by 

TGRL lipolysis products may contribute to pathophysiological processes of vascular dementia.

Graphical Abstract
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INTRODUCTION

In 2018, an estimated 5.7 million Americans of all ages are living with Alzheimer’s 

dementia and 1 in 10 people age 65 and older has Alzheimer’s disease [1]. Recent studies 

suggest that not only vascular dementia (VaD) but also Alzheimer’s disease (AD) could be 

exacerbated by vascular inflammation and metabolic factors [2]. Brain neurovascular 

inflammation is fundamental to the development of VaD and AD [3,4]. Further, the Western 

diet (WD), hyperlipidemia, and insulin resistance have been strongly associated with the 

development of dementia [5]. Human and animal studies show a strong association between 

WD consumption, brain neurovascular inflammation, and development of dementia [6,7]. 

Elevated plasma triglyceride disrupted the blood-brain barrier (BBB) in mice fed with WD 

[8,9]. Recent work has established links between vascular disorders, such as dyslipidemia 

and vascular disease, and the exacerbation of VaD [10]. One of the potential stress-inducers 
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of neurovascular inflammation is triglyceride-rich lipoproteins (TGRL) and their lipolysis 

products.

Lipoprotein lipase (LpL) is anchored to the brain microvascular endothelium, where it binds 

and hydrolyzes TGRL particles to smaller lipolysis products, such as fatty acids (FAs) [11] 

in the vascular system.Although LpL enzymes are anchored on the endothelial cells in vivo 
physiological system [12,13], LpL enzymes are not present in vitro cell cultured HBMECs 

[14,15]. This process results in TGRL remnant particle formation and lipolysis products 

such as phospholipids and FAs [16]. Our studies and those of others showed that TGRL 

lipolysis products (TL) and specific FAs at high physiological and supraphysiological 

concentrations can potentially injure the endothelium directly [12,13,17,18]. Further, we 

have shown that TL induce systemic vascular [14,19] and neurovascular injuries elevating 

expression of mitochondrial reactive oxygen species (ROS) [15], which increases the 

permeability of the BBB, and/or injures astrocytes and neurons within the brain [20,21]. 

Additionally, activating transcription factor 3 (ATF3) appears to play an important role as a 

master regulator of inflammation in the both aortic [12,18] and brain microvascular 

endothelium [14,15,19] in response to TL. The ATF3 is up-regulated in age-related cognitive 

decline and neurodegeneration models [22]. ATF3 is expressed under stress condition in the 

brain with seizures [23,24] and in injured neurons of peripheral nerve [25,26], in central 

nervous system (CNS) glia [27], and in hippocampus [28,29], which have associations with 

various neurological and cognitive functions.

We have previously shown that ATF3 is up-regulated in response to TL through interaction 

with the stress activated mitogen-activated protein kinases (MAPK) pathway and forms the 

activator protein (AP-1) complex in association with c-Jun [12,30]. Our prior studies used 

results from gene expression arrays which are designed to detect known mRNA sequences. 

In the present study, we evaluated the overall transcriptional response using high-throughput 

sequencing technologies (HTS)-based RNA sequencing (RNA-Seq) technology to better 

determine the full spectrum of RNA transcripts and deduce signaling pathways induced by 

TL. We also determined mitochondrial respiration and fatty acid-derived biofuel production 

in HBMECs regulated by TL through mitochondrial β-oxidation using CPT1A1 siRNA 

knockdown. Results of RNA-seq analysis identified 8 ATF3 transcript variants, two of which 

were selectively up-regulated in response to TL. This then led us to evaluate the functional 

significance of ATF3 transcript variants in endothelial proinflammatory responses.

MATERIALS AND METHODS

Human TGRL isolation

The protocol for obtaining human TGRL (Protocol No. 447043) was approved by the 

Human Subjects Review Committee/IRB at the University of California Davis and informed 

consents were obtained from all study subjects. Healthy adult human volunteers consumed a 

moderately high-fat meal containing at least 40% fat, and postprandial (3.5 h) blood was 

collected by standard venipuncture (Vacutainer K2EDTA tubes; BD, Franklin Lakes, NJ). 

We recruited five to six human donors/week, pooled the plasma, and isolated TGRLs. Over 

the years, we have found the data were very consistent using this method of collection and 

pooling of TGRLs [12,15].
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Whole blood samples were then centrifuged at 3,000 rpm for 15 min at 4°C, and the plasma 

fraction was collected. Sodium azide was added to the plasma as a preservative. TGRL were 

isolated from human plasma at a density of less than 1.0063 g/mL following an 18 h 

centrifugation at 40,000 rpm in a SW41 Ti swinging bucket rotor (Beckman Coulter, 

Sunnyvale, CA) held at 14°C within a Beckman L8–70M (Beckman) ultracentrifuge. The 

top fraction TGRL was collected and dialyzed in Spectrapor membrane tubing (mol wt cut 

off 3,500; Spectrum Medical Industries, Los Angeles, CA) at 4°C overnight against a saline 

solution containing 0.01% EDTA. Total triglyceride content of samples was determined 

using the serum triglyceride determination kit, Sigma. The kit converts triglycerides to free 

fatty acids (FFAs) and glycerol. Glycerol is assayed enzymatically. The average pooled 

TGRL concentration was ~700–800 mg/dL. For these experiments, we pooled TGRL 

isolated from donors. We used 150 mg/dL concentration to treat endothelial cells in our 

study. After isolation, human TGRL was used within a week.

Reagents and antibodies

Lipoprotein lipase (LpL) (L2254), serum triglyceride determination kit (TR0100), 

monoclonal anti-β-actin antibody (A 5441), Oil Red O (O0625), and Nile Red (72485) were 

purchased from Sigma, St. Louis, MO. Scrambled or negative control siRNA (AM4611) and 

ATF3 transcript variant 4 siRNA (ATF3-I4) (Gene Bank: NM_001040619.2, AM16810, 

siRNA ID – s530265), (5′-GGCUGUUGACUCAUGCAAAtt-3′; 3′-

UUUGCAUGAGUCAACAGCCca-5′), were purchased from Ambion (Carlsbad, CA) and 

ATF3 transcript variant 5 siRNA (ATF3-I5) (Gene Bank: NM_001206484.2, Duplex oligo 1-

ATF3–005), (5′-AGCAGCAUUUGAUAUACAUGCUCAA-3′; 3′-

CUUCGGUCGUAAACUAUAUGUACGAGUU-5′), CPT1A1 siRNA (Gene Bank: 

NM_001876, Duplex hs.Ri.CPT1A1 13.1), (5′-

GAAGCUCUUAGACAAAUCUAUCUCT-3′; 3′-

UACUUCGAGAAUCUGUUUAGAUAGAGA-5′), CPT1A1 siRNA (Gene Bank: 

NM_001031847, Duplex hs.Ri.CPT1A1 13.2), (5′-

GCCUUUACGUGGUGUCUAAAUAUCT-3′; 3′-

GACGGAAAUGCACCACAGAUUUAUAGA-5′), and (Gene Bank: NM_001876, Duplex 

hs.Ri.CPT1A1 13.3), (5′-UCAAUGGACAGCUACGCCAAAUCTC-3′; 3′-

GCAGUUACCUGUCGAUGCGGUUUAGAG-5′) were purchased from Integrated DNA 

Technologies Inc (Coralville, IA). Spin trap 1-hydroxy-3-carboxy-2,2,5,5-

tetramethylpyrrolidine (CP-H) (#ALX-430–078) was purchased from Enzo Life Sciences, 

Inc., Farmingdale, NY. PCR primers were purchased from Operon (Huntsville, AL) and 

Integrated DNA Technologies, Inc. (Coralville, IA). Antibodies were purchased from the 

following sources: ATF3 (sc-188), CHAC1 (sc-33321), JDP2 (sc-367695), c-Jun (sc-1694), 

COX-2 (sc-1747), p53 (sc-6243) from Santa Cruz Biotechnology (Santa Cruz, CA); ATF4 

(#11815), p-c-Jun (#9261), JunB (#3753), DR5 (#8074), NRF2 (#12721), TNFR1 (#3736), 

PARP (#9532), Caspase-9 (#9502), Cleaved Caspase-9 (#9501), anti-mouse IgG HRP-linked 

secondary antibody (#7076) or anti-rabbit HRP-linked secondary antibody (#7074) from 

Cell Signaling Technology (Danvers, MA); Caspase-3 (Pro and Active) (NB100–56708) 

from Novus Biologicals (Littleton, CO); anti-goat IgG HRP-linked secondary antibody 

(HAF019) from R & D Systems (Minneapolis, MN); Anti-eIF2α phosphor specific antibody 

(44728G) from Invitrogen (Camarillo, CA); Human ELISA kits were purchased from 
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following sources: DuoSet ELISA Hu CCL2/MCP-1 (DY279), Hu CCL3/MIP-1α (DY270), 

and Hu CCL20/MIP-3α from R & D system (Minneapolis, MN); and BD OptEIA™ Hu 

IL-8 (555244), Hu IL-6 (555220), Hu IL-1β (557953), and Hu TNF (555212) from BD 

Biosciences (San Diego, CA). Seahorse XF Base Medium (w/o phenol) (103335–100), 

Seahorse XF Cell Mito Stress Test Kit (103010–100), and Glycolytic Rate Assay kit 

(103346–100) were purchased from Aglient (Santa Clara, CA).

Cell culture and lipid treatments

Human brain microvascular endothelial cells (HBMECs) were obtained from Angio-

Proteomie (Boston, MA) and cultured in EGM™−2MV BulletKit™ containing 5% serum 

(CC-3202, Lonza, Walkersville MD) in a 37°C incubator with a humidified 5% CO2 and 

95% air environment. Medium was changed every other day until 90% confluency and cells 

were used at passage 6. One hour prior to experiments, cell culture medium was changed to 

fresh medium. Cells were exposed for 3 h to the following conditions: media, TGRL (150 

mg/dL =1.5 mg/mL), lipoprotein lipase (LpL) (2 U/mL), and TGRL hydrolyzed with 

lipoprotein lipase (referred to as TGRL lipolysis product, TGRL (150 mg/dL) + LpL (2 U/

mL)). The final concentration of TGRL lipolysis products were diluted in media and pre-

incubated for 30 min at 37°C prior to application. In this manuscript, we denoted control 

media as M and TGRL lipolysis product as TL throughout the manuscript. After the 

incubation with media (M) or TGRL lipolysis products (TL), cells were washed with cold 

PBS and harvested by scraping them in ice-cold PBS.

To study the TL-induced signaling pathways, the following experiments were performed. 

For high-throughput sequencing and protein expression analysis, cells were treated with M 

or TL for 3 h, unless otherwise stated. After the incubation, cell culture supernatants were 

collected to measure secreted protein expression and the cells were washed with cold PBS 

and harvested based on experimental endpoints.

RNA sequencing analysis

RNA-Seq is commonly used to uncover quantitative temporal snapshots of the transcriptome 

and transcripts (splice variants). RNA-Seq sample preparation for Illumina sequencing 

included total mRNA isolation, bead-based ribosomal RNA (rRNA) depletion, and strand-

specific library construction.

RNA isolation—Total RNA was extracted from HBMECs treated with M control or TL in 

6-well plate (3 well per sample, N = 3/group) using RNeasy Plus Mini Kit (Qiagen, 

Valencia, CA) including the DNA digestion step as described by the manufacturer’s 

protocol. Sample quality was assessed using Nanodrop ND-1000 Spectrophotometer 

(Thermo Fisher Scientific, Wilmington, DE), Agilent Bioanalyzer 2100 (Agilent 

Technologies, Santa Clara, CA), and Qubit fluorometer (Life Technologies, Carlsbad, CA).

Library preparation, amplification, targeted capture, and Illumina-based 
sequencing—Total RNA samples were submitted to the DNA Technologies Core, UC 

Davis Genome Center for sequencing. RNA sample quality was confirmed using the 

Bioanalyzer 2100. All RNA samples had an RNA integrity number (RIN) score of ≈10.0. 
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Three micrograms of total RNA each was subjected to ribo-depletion to remove ribosomal 

RNA (rRNA) using Ribo-Zero Gold Kits (Illumina, San Diego, CA). The RNA-Seq library 

preps were carried out using the KAPA Stranded RNA-Seq Library Preparation Kit 

(KK8400, Kapa Biosystems/Roche, Basel, Switzerland) following the manufacturer’s 

instructions. In short, after chemical RNA fragmentation, first-strand cDNA and second-

strand cDNA generation, and A-tailing, indexed Illumina TruSeq “forked” adapters with 6bp 

barcodes are ligated to library insert fragments. The library fragments carrying adapter 

sequences at both ends were amplified using 10 cycles of high-fidelity, low-bias PCR. The 

size distributions of the resulting libraries were assessed using the Bioanalyzer 2100. The 

libraries were quantified with Qubit assay (Life Technologies) for pooling. The library pool 

was quantified by qPCR with a Kapa Library Quant kit (Kapa Biosystems-Roche) and 

sequenced on an Illumina HiSeq 3000 to generate 100 million paired-end reads per sample. 

The sequencing was carried out at the DNA Technologies and Expression Analysis Cores at 

the UC Davis Genome Center, supported by NIH Shared Instrumentation Grant 

1S10OD010786–01.

RNA-Seq alignment and differential expression analysis—Raw read quality was 

evaluated with FastQC v0.11.2 [31]. Scythe v. 0.991 [32] and Sickle v. 1.33 [33] were used, 

respectively, to trim adapter artifacts and low quality reads. Trimmed reads were aligned to 

the hg19 genome using GENCODE v. 19 annotation (http://www.gencodegenes.org/releases/

19.html) [34], with TopHat2 v. 2.1.0, running bowtie2 v. 2.2.6 [35]. Raw counts per gene 

were generated with htseq-count v. 0.6.1p2 [36]. Differential expression analysis was 

conducted using the limma-voom Bioconductor pipeline v. 3.24.15 [37], which transforms 

RNA-Seq/Tag-Seq count data then fits a linear model to each gene, followed by empirical 

Bayes shrinkage [38] for increased power and Benjamini-Hochberg adjustment of p-values 

[39].

Pathway analysis—Pathway annotations of the significantly differentially expressed 

genes were retrieved by Grinn software tool [40]. Grinn integrates biochemical pathway 

information from several public databases, such as KEGG [41], Reactome [42], and SMPDB 

[43]. The pathway enrichment analysis was conducted by using the R package Piano [44]. 

The median of adjusted p-values from the differential gene expression analysis was set as the 

enrichment score and the statistical significance of perturbed pathways was estimated by a 

permutation approach. In addition, fold changes from the comparison of two conditions 

were used to classify the direction of regulation that significantly affects the pathways as 

described [44]. The lists of TL-sensitive genes were then sorted to satisfy two requirements: 

(a) the gene was significantly differentially expressed with an adjusted p-value of ≤ 0.05; (b) 

the log2 fold change (Log2FC) was ± ≥ 1.3.

qRT-PCR validation of changes in mRNA expression by RNA-Seq data

qRT-PCR analyses were performed on individual aliquots of total RNA from each treatment 

replicate. The purpose of these analyses was to evaluate the reliability of RNA-Seq data and 

to develop statistical data to validate the changes suggested by the HTS assay of RNA 

samples. Based on our previous study the two assays may not match quantitatively but they 

always match qualitatively. The method of the two assays are different; the HTS assay 
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quantifies discrete, digital sequencing read counts, offering an unlimited dynamic range, 

whereas the RT-PCR utilizes amplification of DNA fragments using specific primer sets 

designed by a different method.

An aliquot equivalent to 5 μg of total RNA extracted from each sample was reverse-

transcribed to obtain cDNA in a final volume of 21 μL consisting of buffer, random 

hexamers, DTT, dNTPs, and SuperScript® III First-Strand Synthesis System (Invitrogen). 

qRT-PCR with SYBR as fluorescent reporter was used to quantify the expression of selected 

genes identified by RNA-Seq analysis. Specific human primers were designed with Primer 

Express 1.0 software (Applied Biosystems) using the gene sequences obtained from 

previously published Affymetrix Probeset IDs [12] and RNA-Seq sequences (Table 1). 

Reactions were carried out in 384-well optical plates containing 25 ng RNA in each well. 

The quantity of applied RNA was normalized by simultaneously amplifying cDNA samples 

with glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-specific primers. Transcript 

levels were measured by RT-PCR using the ABI Vii7 Sequence detection system (PE 

Applied Biosystems, Foster City, CA). The PCR amplification parameters were: initial 

denaturation step at 95°C for 10 min followed by 40 cycles, each at 95°C for 15 s (melting) 

and 60°C for 1 min (annealing and extension). A comparative threshold cycle (Ct) method 

was used to calculate relative changes in gene transcription determined from real-time 

quantitative PCR experiments [Applied Biosystems user bulletin no. 2 (P/N4303859)] [45]. 

The Ct, which correlates inversely with the target mRNA levels, was measured as the cycle 

number at which the SYBR Green emission increases above a preset threshold level. The 

relative abundance of mRNA transcripts were expressed as fold changes in the transcription 

of the specific mRNAs in samples from the TL-treated cells compared with those from the 

control-treated cells. Analysis was done not only on the samples submitted for RNA-Seq 

analysis, but also on samples from additional biologically independent experimental 

replicates.

siRNA experiments

Cells were cultured in 6-well plates. For ATF3 and CPT1A1 silencing, cells were pre-

transfected for 18 h with 5 nM ATF3-T4 siRNA, ATF3-T5 siRNA, or negative control 

(scrambled) siRNA, and for 48 h with 5 nM CPT1A1 D1-D3 siRNA or negative control 

(scrambled) siRNA in media without serum using HiPerfect reagent (Qiagen) according to 

the manufacturer’s protocol. siRNA transfected cells were exposed to M or TL for 3 h. After 

treatment, mRNA expression was measured by qRT-PCR, protein expression was quantified 

by western blots, and secreted proteins in supernatant were measured by ELISA.

Cytokine/chemokine secretion analysis

Culture medium from the HBMECs treated with either M, lipoprotein lipase (L), TGRL (T), 

or TL for 3 h was collected and stored at −80°C until usage. Supernatant samples were 

assayed for cytokine/chemokine secretion using enzyme-linked immunosorbent assay 

(ELISA) kits for human IL-6, IL-8, IL-1β, TNF (BD Bioscience, San Diego, CA), 

macrophage inflammatory protein (MIP)-1α, MIP-3α, and monocyte chemoattractant 

protein 1 (MCP-1, also known as CCL-2) (R&D Systems, Minneapolis, MN) according to 

the manufacturer’s protocol. Colorimetric analysis was completed using a Bio-Rad xMark 
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plate reader and concentrations were calculated following the manufacturers’ instructions. 

Supernatant of ATF3-T4 and ATF3-T5 siRNA treated group were also analyzed as above.

Western blotting

Cell pellets were lysed in radioimmune precipitation assay (RIPA) buffer containing 50 mM 

Tris (pH 7.4), 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate, 0.1% SDS, 1× 

Protease inhibitor cocktail set 1 (Calbiochem, La Jolla, CA), 1 mM NaF, and 1 mM 

Na3VO4. Protein concentration was determined with the bicinchoninic acid assay (Pierce), 

and equal amounts of proteins (60 μg) were separated by NuPAGE® Novex® 4–12% Bis-

Tris protein gels using NuPAGE® MES SDS Running Buffer (Life Technologies, Grand 

Island, NY). Proteins then were transferred onto 0.2 μm polyvinylidenedifluoride 

membranes (Bio-Rad, Hercules, CA), which were subsequently blocked with 5% nonfat 

milk for 1 h and probed with ATF3 (1:200 dilution), c-Jun (1:200 dilution), COX-2 (1:200), 

CHAC1 (1:200), JDP2 (1;200), p53 (1:200), p-c-Jun (1:1000), ATF4 (1:1000), cleaved 

caspase-9 (1:1000), JunB (1:1000), DR5 (1:1000), TNFR1 (1:1000), NRF2 (1:1000), eIF2α 
(1:1000), PARP (1:1000), and pro and active caspase-3 (3 ug/mL) or blotting control mouse 

monoclonal anti-β-actin (1:5000) at 4°C overnight. Membranes were then incubated with 

horseradish peroxidase (HRP)-conjugated secondary anti-rabbit or anti-mouse antibody 

(1:5–10,000). Blots were developed with the enhanced chemiluminescence detection system 

according to the manufacturer’s instructions (Amersham). Protein expression levels were 

determined using a densitometer and Image Quant.

Measurement of cellular mitochondrial respiration and glycolytic rate

Cells numbers were counted with a hemocytometer and 0.5×104 cells/well were seeded in 6-

wells of a XFp Cell Culture 8-well chamber miniplate (Seahorse Biosciences) until 

confluence. Experiments were performed in triplicate with N = 6 wells/treatments group. 

Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were 

measured according to Seahorse XFp Cell Mito Stress Test Kit and Glycolytic Rate Assay 

Kit protocols recommended by Seahorse Biosciences. Briefly, cells were equilibrated in XF 

base medium without phenol red containing 10 mM glucose, 2 mM L-glutamine, and 1 mM 

sodium pyruvate. For the Mito Stress test, (1) media control or TL were injected to cell 

seeded in a XFp cell culture chamber through ports A-D and incubated for 30 min at first, 

followed by injecting (2) oligomycin, (3) FCCP, and (4) mixture of antimycin A and 

rotenone, performed as manufacture’s protocol to measure mitochondrial basal respiration, 

ATP-linked respiration, H+ (Proton) leak, maximal respiration, spare respiratory capacity, 

and non-mitochondrial respiration [46].

For the glycolytic rate assay, 5 mM Hepes buffer was added to the above medium according 

to Glycolytic Rate Assay Kit protocols recommended by Seahorse Biosciences. Baseline 

OCR and ECAR were recorded, and TL were injected while continuously measuring oxygen 

and H+ with the Agilent Seahorse XFp Analyzer. Data presented are normalized to total cell 

number per well.
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Mitochondrial DNA determination

After HBMECs were treated with M or TL, and cells were washed with 1X cold PBS. DNA 

was extracted using QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA) according to the 

manufacturer’s protocol. Sample quality was assessed using Nanodrop ND-1000 

Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). For mtDNA copy number 

measurement, we used the procedure as previously described [47,48] with DNA isolated 

from each treatment group (N = 3/group). Mitochondrial DNA (mtDNA) copy number was 

calculated by measuring the amount of mtDNA relative to the amount of nuclear DNA 

(nDNA). To do so, mitochondrial encoded genes, NADH dehydrogenase 1 (ND1), 

cytochrome c oxidase I (CO1), cytochrome b (Cyb), and the nuclear β2-microglobulin 

(B2M) gene, of HBMECs were amplified using qRT-PCR (SYBR green). Fluorescence 

signal was detected using an Applied Biosystems Vii7 Sequence Detection System (Applied 

Biosystems). These primer sequences were designed with Primer Express 1.0 software 

(Applied Biosystems) using the gene sequences obtained from previously published 

Affymetrix Probeset IDs (Table 1) and relative quantification for mtDNA copy number was 

performed. The ratio of mtDNA copy number to the amount of nDNA (mtDNA: nDNA) was 

determined for each sample with standard curves made by serial dilution (1:5) of a reference 

DNA sample. The PCR amplification parameters were: initial denaturation step at 95°C for 

10 min followed by 40 cycles, each at 95°C for 15 s (melting) and 60°C for 1 min (annealing 

and extension). A comparative threshold cycle (Ct) method was used to calculate relative 

changes in DNA copy number with fold change determined from real-time quantitative PCR 

experiments.

Electron Paramagnetic Resonance (EPR) Spin Trapping of Superoxide Radical (O2
.−)

To detect O2
.− generation in HBMECs, measurements of supernatant O2

.− levels were 

performed on cells treated with media and TL for 15 min. Cells were pretreated with 

scrambled control siRNA or CPT1A1 D1 siRNA for 48 h. Each treatment condition 

contained 0.5 mM 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine (CP-H) spin trap as 

previously described [15,49]. Spin traps are capable of rapidly trapping free radicals such as 

O2
.− to form more persistent radicals (spin adducts) detectable by EPR. Conversion of the 

diamagnetic hydroxy-amine CP-H to the paramagnetic nitroxide was measured using a 

JEOL JES TE-100 EPR spectrometer. All spectra were obtained at room temperature by 

averaging two 2-min scans with a sweep width of 100 G at a microwave power of 3 mW and 

modulation amplitude optimized to the natural line width of the spin probe.

Lipid droplets staining

To visualize the lipid droplets in HBMECs, cells were grown to confluence on attachment 

factor-coated 12-mm round coverslips placed in 24-well medical-grade polystyrene plates 

(BD Falcon) and were treated (N = 4 coverslips/treatment group) as described above. After 

treated, cells were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature 

and then washed 3 times with 1X PBS. Lipid droplets were stained with Oil Red O or Nile 

Red. For Oil Red O staining, cells were quickly rinsed with 60% iso-propanol to equilibrate 

and incubated with Oil red O solution for 5 min. Final concentration of Oil Red O is 10 
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ug/mL. Subsequently, cells were washed with 60% iso-propanol to remove excess Oil red O 

stain and followed by distilled water.

For Nile Red staining, cells were permeabilized with 0.1% TritonX-100 for 5 min and 

incubated with 100 ng/mL final concentration of Nile Red for 1 h. The nucleus was 

counterstained with 4’, 6-diamidino-2-phenylindole (DAPI) (1 μg/mL) in both Oil Red O- 

and Nile Red-stained cells for 5 min. Cells were then mounted on slides with ProLong Gold 

antifade reagent (Life Technologies, Carlsbad, CA) and visualized by DeltaVision Ultra 

High Resolution Microscope (GE Healthcare, Pittsburgh, PA).

Total intracellular lipid content analysis

Cell pellets were lysed in radioimmune precipitation assay (RIPA) buffer and protein 

concentration was determined with the bicinchoninic acid assay (Pierce) as the above 

western blot analysis. Total triglycerides were quantified using a colorimetric triglyceride 

quantification assay (Sigma) (n = 15 samples/treatment group). Triglyceride content was 

determined relative to protein content.

Statistical Analysis

Data for changes in gene expression obtained by qRT-PCR and protein expression were 

analyzed by GraphPad PRISM 5.0 software (San Diego, CA). An unpaired student’s t test or 

two-way analysis of variance with repeated measures was used for comparisons between the 

treatments. Differences with P ≤0.05 were considered significant. Results are expressed as 

MEAN ± SEM.

RESULTS

RNA-Seq quality and alignment

We used high-throughput sequencing technologies (HTS) to determine genome wide 

response of HBMECs to TL. The HTS assay quantifies unbiasedly discrete, digital 

sequencing read counts, offering an unlimited dynamic range. We performed RNA-Seq 

using 3 replicate samples each of HBMECs treated with media control or TL. Total paired-

end reads sequenced from the 6 samples are shown in Table 2.

Differential gene expression

Differential gene expression was determined by mapping with TopHat2, counting aligned 

reads per genes with HTSeq-count, and analyzing the differential expression with limma-

voom. Comparisons were made between the TL treated HBMECs and the media control 

treated cells. 619 genes were significantly differentially expressed (FDR < 0.05) by 

treatment with TL. We performed pathway enrichment analysis on the 619 significantly 

differentially expressed genes between treated and control samples. After applying a 

threshold of (Log2FC ≥ ± 1.3) at the mRNA transcript level, 69 of the significantly 

differentially expressed genes were up-regulated and 31 genes were down-regulated (Table 

3). Specific up-regulated and down-regulated genes sensitive to TL treatment are listed in 

Table 5 and Table 6, respectively. Using the Grinn R package, we identified 108 signaling 

pathways of which 47 signaling pathway were significantly activated with P≤0.05 (Table 4). 
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The MAPK signaling pathway is the most statistically significant with P value ≈ 0. The 

second most significant biological pathway is tumor necrosis factor (TNF) signaling.

Effects of TGRL Lipolysis products on HBMECs gene expression

We selected nine differentially expressed genes, present in the MAPK, TNF, and NRF2 

signaling pathways, for confirmation by qRT-PCR (Fig 1A). The selected genes induced by 

TGRL lipolysis products (TL) were glutathione-specific gamma-glutamylcyclotransferase 1 

(CHAC1) (32.9-fold), DDIT4 (5.2-fold), ATF3 (78.7-fold), DDIT3 (18.3-fold), Jun 

dimerization protein 2 (JDP2) (4.1-fold), CCL-20 (17.3-fold), CEBPB (3.1-fold), and 

CXCL-3 (23.1-fold), respectively. Among these genes, we are first to report the up-

regulation of CHAC1 and JDP2 induced by TL. CHAC1 may have an important role in the 

oxidative balance of the cell because CHAC1 degrades glutathione, the major intracellular 

antioxidant [50]. CHAC1 has been shown to link stress signaling and oxidative stress of the 

cell and apoptosis with implications for multiple diseases [51]. JDP2, a member of the AP-1 

transcriptional regulator, is known to regulate a subset of genes in umbilical vein endothelial 

cells by preeclamptic plasma [52], and that regulates the epigenetic status of histones [53]. 

JDP2 is reported to be expressed in all cell types and tissues and plays a positive role in cell 

cycle control. ATF3 binds to JDP2 and directs its phosphorylation by JNK [54].

TNF signaling is the second most significant pathway induced by the TL. The TNF 

signaling pathway related genes were confirmed by qRT-PCR (Fig 1B). These genes were 

colony stimulating factor 2 (CSF2) (4.3-fold), FOS like 1 (FOSL1) (1.4-fold), FOSL2 (2.5-

fold), interleukin 6 family cytokine (LIF) (3.3-fold), ATF4 (3.7-fold), SELE/E-Selectin (27-

fold), NFKB1/NFκB (p50) (1.9-fold), NFKBIA/IκBA (3.6-fold), JUNB (4.5-fold), and JUN 

(1.5-fold), respectively. Furthermore, TL induced genes involved in nuclear factor erythroid-

derived 2-related factor 2 (NRF2) signaling pathway including EIF2A3K (1.5-fold), NRF2 

(2.7-fold), hypoxia inducible factor 1 subunit alpha (HIF1A) (1.6-fold), HOX-1 (2.6-fold), 

SOD-2 (2.1-fold), and PTGS2 also known as COX-2 (11.6-fold), respectively. The 

expression levels of these genes were confirmed by qRT-PCR in Fig 1C. Our published 

study reported that oxidative stress genes, mitochondria specific SOD-2, HOX-1, and 

PTGS2/COX-2 were up-regulated by TL. This study is the first to report that TL induce the 

NRF2 signaling pathway.

Relative expression of pro-inflammatory response related genes is confirmed by qRT-PCR in 

Fig 1D. These genes were IL-8 (14.2-fold), IL-1α (10.5-fold), VEGFA (2-fold), ICAM-1 

(4.6-fold), HSPA6 (11.6-fold), GADD45A (6.5-fold), IL-6 (4.2-fold), CXCL-2 (6-fold), 

ADAM-2 (1.6-fold), and KLF4 (11.8-fold), respectively. This study consistently confirms 

our previous report that expression of these pro-inflammatory genes is induced by TL [15].

We previously published the first evidence that expression of stress response transcription 

factor ATF3 is up-regulated by lipolysis using microarray data analysis [14]. In this study, 

RNA-Seq data analysis confirmed and reinforced our previous discovery that stress response 

ATF3 gene was significantly up-regulated by TL. In addition, this study uncovered the 

selective and robust induction of two transcript variants, ATF3 transcript variant 4 (ATF3-

T4) and transcript variant 5 (ATF3-T5), up-regulated by lipolysis products. The human 

ATF3 gene has 8 transcript variants encoding different isoforms (https://
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www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=DetailsSearch&Term=467). ATF3-T4 and 

ATF3-T5 were increased 323.9-fold and 100.2-fold, respectively. Expression of these genes 

isoforms was confirmed by qRT-PCR (Fig 1E).

Effects of ATF3-specific transcript variants’ knockdown on TGRL lipolysis products-
induced gene expression

We identified the effects of ATF3-specific transcript variants on TL-induced gene expression 

in HBMECs. Cells were pretreated with either scrambled siRNA or ATF3-T4 siRNA or 

ATF3-T5 siRNA for 18 h before treatment with TL or control M. mRNA expression was 

assayed by qRT-PCR. In scrambled siRNA-treated HBMECs, both ATF3-T4 and ATF3-T5 

expression were up-regulated significantly after treatment with TL for 3 h. Oligo-based 

siRNA targeting effectively decreased the amount of ATF3-T4 mRNA (46%) (Fig 2A) and 

ATF3-T5 mRNA (70%) (Fig 2B) in HBMECs after 3 h of TL treatment. Interestingly, 

pretreatment with ATF3-T4 siRNA suppressed only ATF3-T4 mRNA expression, not global 

ATF3 or ATF3-T5 expression (Fig 2C) compared to scrambled siRNA treatment. In contrast, 

pretreatment with ATF3-T5 siRNA suppressed both global ATF3 and ATF3-T5 mRNA 

expression while ATF3-T4 mRNA expression was further increased significantly (Fig 2D).

We determined whether the expression of selected genes was affected by the two transcript 

variants. In the ATF3-T4 siRNA pretreated group, CHAC1, JDP2 and CEBPB mRNA 

expression increased significantly and CCL20 expression was significantly suppressed 

compared to TL-induced gene expression (Fig 3A). In contrast, CHAC1 expression was 

significantly decreased in the ATF3-T5 siRNA pretreated group compared to the scrambled 

siRNA treated group (Fig 3B).

Among the TNF signaling related genes, CSF2 and E-Selectin (SELE) were significantly 

suppressed while FOSL1 expression increased in the ATF3-T4 siRNA pretreated group (Fig 

4A). With pretreatment with ATF3-T5 siRNA, FOSL1, FOSL2, JunB, and JUN were 

significantly increased compared to scrambled siRNA treatment (Fig 4B). Interestingly, 

SELE/E-Selectin was significantly suppressed in the ATF3-T5 siRNA pretreatment group 

(Fig 4B).

Among the NRF2 signaling related genes, NRF2 and PTGS2/COX-2 were significantly 

suppressed and HOX-1 was dramatically increased in the ATF3-T4 siRNA pretreatment 

group (Fig 5A). ATF3-T5 siRNA pretreatment significantly suppressed PTGS2/COX-2 but 

further increased HOX-1 expression (Fig 5B).

Relative to pro-inflammatory gene expression induced by TL, IL-8, IL-1α, ICAM-1, IL-6, 

and CXCL-2 were significantly decreased in the ATF3-T4 siRNA pretreatment group (Fig 

6A). In the ATF3-T5 siRNA pretreatment group, IL-6 was significantly decreased and IL-1α 
was further increased compared to scrambled siRNA treatment (Fig 6B).

TGRL lipolysis products induce ATF3 expression and activate MAPK pathway

To examine the association between ATF3 protein expression and mitogen-activated protein 

kinase (MAPK) signaling, HBMECs were pretreated as above. Protein expression was 

assessed by western blot analysis. TL-induced ATF3 protein expression was suppressed 
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50 % with pretreated ATF3-T4 siRNA, and was significantly eliminated with pretreated 

ATF3-T5 siRNA (Fig 7A). Interestingly, JunB protein expression was significantly reduced 

with ATF3-T5 siRNA but did not change with ATF3-T4 siRNA (Fig 7B). Phosphorylated-c-

Jun (p-c-Jun) (Fig 7C) was further increased in both the ATF3-T4 and ATF3-T5 siRNA 

treatment group.

JDP2 protein expression was significantly increased with ATF3-T4 siRNA and significantly 

suppressed with ATF3-T5 siRNA (Fig 7D). Additionally, CHAC1 protein expression was 

further increased with ATF3-T4 siRNA but did not change with ATF3-T5 siRNA (Fig 7E).

TGRL lipolysis products activate parallel TNF signaling pathway

Protein expression of ATF4 (Fig 7F), known to be induced by TNFα, was further increased 

in both ATF3-T4 and ATF3-T5 siRNA treatment group. A cell surface receptor of the TNF-

receptor, death receptor 5 (DR5), also known as tumor necrosis factor receptor superfamily 

member 10B (TNFRSF10B) or TNF-related apoptosis-inducing ligand receptor-2 (TRAIL-

R2) was increased by TL. This was suppressed by pretreatment with ATF3-T4 siRNA but 

not with ATF3-T5 (Fig 7G). In contrast, tumor necrosis factor receptor 1 (TNFR1) protein 

expression was further increased in both ATF3-T4 and ATF3-T5 siRNA pretreatment groups 

compared to TL-induced TNFR1 expression (Fig 7H). TNFα bind to TNFR1 inducing 

receptor trimerization and activation, which plays a role in cell survival, apoptosis, and 

inflammation.

TGRL lipolysis products also activate the NRF2 signaling pathway through oxidative 
stress

Here we showed NRF2 protein expression was significantly increased by TL, which is 

significantly reduced by either ATF3-T4 or ATF3-T5 siRNA pretreatment (Fig 7I). We have 

previously shown that TL generate mitochondrial superoxide radical generation and 

oxidative stress to cells. NRF2 protein regulates the expression of antioxidant proteins that 

protect against oxidative damage triggered by injury and inflammation. Additionally, 

eukaryotic Initiation Factor 2-alpha (eIF2α), which is known to be involved in stress 

responses and is an apoptosis protein, was significantly suppressed with ATF3-T4 or ATF3-

T5 siRNA pretreatment compared to TL-induced expression (Fig 7J). TL induced COX-2 

protein expression was significantly suppressed by pretreatment with ATF3-T4 or ATF3-T5 

siRNA (Fig 7K). COX-2 is responsible for biosynthesis of prostanoids involved in 

inflammation and mitogenesis [55,56,57].

Knockdown of ATF3 transcript variant 4 and 5 siRNA suppresses induction of TGRL 
lipolysis products-induced vascular endothelial cell apoptosis

TGRL lipolysis products (TL) induced parallel ATF3-MAPK, TNF, and NRF2 signaling 

pathways which further activate apoptosis and cellular inflammation. TL activated 

mitochondrial apoptosis protein cleaved-caspase-9 that was significantly suppressed with 

ATF3-T4 siRNA, but not with ATF3-T5 siRNA (Fig 7L). Pretreatment with ATF3-T4 or 

ATF3-T5 siRNA significantly suppressed TL activated cell apoptosis protein cleaved-PARP 

(Fig 7M) and cleaved-caspase-3 protein expression (Fig 7N). In contrast, TL-induced p53 
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protein expression was significantly increased with ATF3-T4 siRNA but significantly 

decreased with ATF3-T5 siRNA compared to pretreated scrambled siRNA (Fig 7O).

Secreted pro-inflammatory cytokines and chemokines expression

The cytokines and chemokines expression were measured in the cell culture medium of the 

above-mentioned treatments. In cell culture medium of TL-treated cells, chemokine, IL-8 

(Fig 8A), was significantly up regulated, and cytokines, IL-6 (Fig 8C) and CCL-2/MCP-1 

(Fig 8D), were significantly down regulated in comparison to the control cell culture 

medium. In the cell culture medium of cells pre-treated with ATF3-T4 siRNA before the 

treatment of TL, IL-8 expression was significantly reduced in comparison to the cytokines in 

the cell culture medium of pretreated cells with scrambled siRNA before the TL treatment, 

but not in the medium of pretreated cells with ATF3-T5 siRNA (Fig 8B). Pre-treatment with 

ATF3-T4 or ATF3-T5 siRNA did not change IL-6 or CCL-2/MCP-1 secretion (data not 

shown). The cytokines expression of IL-1β, TNF, MIP-1α, and MIP-3α did not change in 

TL treated cell culture medium.

Effects of lipolysis products on mitochondrial respiration

Mitochondrial functions play a central role in energy demanding cellular processes such as 

cellular activation, proliferation, differentiation, and dysfunction. The electron transport 

chain (ETC) is the primary molecular pathway for generating electrons, protons, and ATP, 

and consuming oxygen. Mito Stress test analysis measure mitochondrial basal oxygen 

consumption (respiration), ATP-linked respiration, H+ (Proton) leak, maximal respiration, 

spare respiratory capacity, and non-mitochondrial respiration. FCCP stimulates respiration in 

mitochondria by uncoupling ATP synthesis from electron transport, while rotenone and 

antimycin A inhibit complexes I and III, respectively. When the cells are provided with 

mitochondrial substrates, rotenone and antimycin A, oxygen consumption is stimulated, 

illustrating the importance of optimizing substrate when determining maximal respiratory 

capacity. Fig 9A shows the raw trace of oxygen consumption rate (OCR) after the sequential 

addition into ports A-D. TL reduced mitochondrial respiration or oxygen consumption (Fig 

9B) and reduced ATP production (Fig 9C) compared to the media control (M). The pH 

decreased from 6.8 to 6.5 after treated with TL compared to control M. Additionally, TL 

also increased mitochondrial proton leak compared to the M (Fig 9D). The profile of the 

Aglient Seahorse XF Mito stress test is shown in Fig 9E.

Assessment of maximum glycolytic capacity induced by lipolysis products

Two major metabolic pathways, respiratory and glycolytic, contribute to ATP metabolism. 

Although full flux analysis with tracers can be used to quantify them, it is often more 

convenient to distinguish and measure the activities of two pathways by the rates of change 

in extracellular concentrations of dissolved oxygen (O2) and protons (H+), respectively. To 

determine the rate of cellular glycolysis, we measured glycolytic rate and maximum 

glycolytic capacity using extracellular flux analysis. To estimate maximum glycolytic 

capacity, cells were injected with control M or TL and incubated for 30 min, followed by 

complete inhibition of the respiratory chain by the addition of rotenone (which inhibits 

respiratory complex I) plus antimycin A (which inhibits complex III), and 2DG, injected 

into ports A-C. Fig 10A and 10B show the raw trace of oxygen consumption rate (OCR) and 
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extracellular acidification rate (ECAR) after sequential addition into ports A-C. Lipolysis 

products TL induced glycolysis (Fig 10C) compared to the media control. The profile of 

Agilent Seahorse XF glycolytic rate assay is shown in Fig 10D.

Mitochondrial DNA (mtDNA) copy number

In this study, we determined the oxidant-induced mitochondrial damage by measuring the 

mtDNA copy number. MtDNA copy number is significantly lower in the TL treated group 

compared to control M, which is assessed by the ratio of mtDNA: nuDNA using qRT-PCR 

analysis. The copy number of mt-ND1 (0.4-fold), mt-CO1 (0.5-fold), and mt-Cyb (0.59-

fold) were significantly lower in the TL treated group compared to control M (Fig 11A).

We determined whether inhibiting the mitochondrial β-oxidation protect mitochondrial 

dysfunction or damage by mtDNA copy number analysis. We demonstrated that TL reduced 

mitochondrial DNA copy number of ND1 (1.13-fold), mt-CO1 (1.1-fold), and mt-Cyb (1.14-

fold) was significantly increased with CPT1A1 siRNA knockdown (Fig 11B).

CPT1A1 siRNA suppresses induction of a subset of inflammatory genes

The present study identified that TL did not alter CPT1A1 mRNA expression in Fig 12A. 

CPT1A1 mRNA expression in CPT1A1 siRNA-treated HBMECs was decreased by 40% of 

the expression level of the scrambled siRNA-treated HBMECs after 3 h of TL treatment (Fig 

12B). Then, we determined the relationship between CPT1A1 and induction of oxidative 

stress and pro-inflammatory gene networks. The mRNAs expression of oxidative stress 

response genes, EIF2AK3, NRF2, HIF1A, HOX-1, SOD-2, COX-2, catalase (CAT), and 

NAD(P)H Quinone Dehydrogenase 1 (NQO1), was quantified in CPT1A1 siRNA–

transfected cells. Inhibiting CPT1A1 significantly decreased TL–induced EIF2AK3, NRF2, 

HIF1A, HOX-1, COX-2, CAT, and NQO1 mRNA expression levels (Fig 12C). Interestingly, 

inhibiting CPT1A1 siRNA did not alter mitochondrial SOD-2 gene expression induced by 

TL (Fig 12C). The mRNA transcription of ATF3-T4, ATF3-T5, SELE/E-selectin, IL-8, and 

IL-6 genes were quantified in CPT1A1 siRNA–transfected cells. Inhibiting CPT1A1 

significantly decreased ATF3-T4, ATF3-T5, E-selectin, and IL-8 mRNA expression (Fig 

12D). In contrast, mRNA expression of IL-6 was not altered by inhibition of CPT1A1 (Fig 

12D).

Effect of CPT1A1 siRNA on superoxide radical generation

We have previously shown that acute TL insult increases O2
.− generation in the supernatant 

of HBMEC at 15 min and the involvement of oxidative stress is observed in the cellular 

injury. In this study, we determined the effect of CPT1A1 siRNA on O2
.− generation in the 

supernatant of HBMEC using electron paramagnetic resonance (EPR). CP-H spin trap was 

used to quantify O2
.− formation. Exposure of TL to HBMECs generates a large nitroxide 

signal in the cells supernatant, indicating an oxidation of the CP-H spin trap. Inhibiting with 

CPT1A1 siRNA did not alter the TL-activated nitroxide signal (Fig 13A). The intensities of 

the EPR signals are shown in Fig 13B.
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Lipid droplet formation and intracellular lipid uptake by HBMEC

We have previously shown that TL-treated HBMEC formed lipid droplets. In this study, lipid 

droplet formations were analyzed by Oil Red O and Nile Red staining. Lipid droplet 

formations were only observed with TL treated cells compared to control M in Fig 14A. 

Additionally, we analyzed intracellular TGRL uptake. TGRL concentration inside cells was 

also significantly increased (Fig 14B) by TL treatment compared to control M.

DISCUSSION

We previously examined the effects of TGRL lipolysis products (TL) on HBMECs in vitro 
using microarray data analysis [14] and showed that stress-responsive transcription factor 

ATF3 was significantly up-regulated by TL. We have shown that TL causes lipotoxic injury 

to HBMECs and this lipotoxicity occurs through stimulation of mitochondrial metabolism 

resulting in overproduction of superoxide radical (O2
•−) [15].

We previously reported that TL increased mitochondrial O2
•− generation, ATF3-mediated 

inflammatory, and apoptotic responses in in vitro HBMECs culture [15]. Moreover, our 

previous finding in vivo also demonstrated that ATF3 is up-regulated in brain microvessels 

in a murine model of hyperlipidemia, with an overall in vivo phenotype similar to that 

observed in in vitro HBMECs. These responses may alter the integrity of the blood-brain 

barrier, induce neurovascular inflammation, and contribute to cognitive decline. This appears 

to be an important response to vascular stress in the brain as Takara et al showed that ATF3 

was up-regulated in brain cells after reperfusion following transient middle cerebral artery 

occlusion [58].

Here, we describe our efforts to uncover the mechanisms, both metabolic and transcriptional, 

that contribute to injuries to endothelium by diet derived lipolysis products. The data from 

this study show that mitochondrial oxygen consumption or respiration capacity and 

adenosine triphosphate (ATP) production was significantly decreased by TL treatment, 

resulting in increased mitochondrial proton leak. This study supports our previous finding 

that mitochondrial O2
•− generation and ROS are by-products of cellular respiration in TL-

treated HBMECs. When mitochondria generate O2
•− production, mitochondria are not 

making ATP predominantly from complex I. The mitochondrial electron transport chain 

contains several redox centers that leak electrons to oxygen [59,60].

Additionally, TL also increased glycolysis rate. Glycolysis breaks down glucose and forms 

pyruvate with the production of two molecules of ATP. The pyruvate end product of 

glycolysis can be used in either aerobic respiration via the tricarboxylic acid (TCA) cycle or 

anaerobic respiration. The TCA cycle yields much more usable energy for the cell. TCA has 

a central route for oxidative metabolism and a cyclic metabolic pathway consisting in the 

oxidation of acetyl-CoA, deriving from glycolysis through pyruvate dehydrogenase and 

from lipid β-oxidation [61]. Both aerobic and anaerobic respiration produce ATP; however, 

aerobic respiration produces a much more ATP compared to anaerobic respiration. The 

decrease in ATP production despite increased glycolysis in TL treatment suggests a switch 

to anaerobic metabolism occurs. Cellular glucose uptake is known to be associated with 

increased ROS and oxidative stress levels that drive stress-mediated signaling [62]. Hence, 
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ROS is likely to be the primary mediator of uncoupling mitochondrial respiration from 

glycolysis. Dr. Widlansky group has intensively studied the glucose-induced endothelial 

dysfunction in human umbilical vein endothelial cells, coronary artery disease [46,63], and 

Type 2 Diabetes Mellitus [64]. Their studies showed that low-glucose causes mitochondrial 

superoxide production and endothelial dysfunction in aspects of diabetes and coronary artery 

disease.

We report here that the decrease in mtDNA copy number of mt-ND1, mt-CO1, and mt-Cyb 

gene expressions by TL suggested that TL damage mitochondria. MtDNA copy number 

variation is known to the indicative of oxidant-induced cell damage that has been observed 

in a variety of human diseases [64]. TL-induced mitochondria damage causes cellular stress 

and injury. The TL treatment also significantly decreased pH which determines the hydrogen 

ion concentration of a solution is higher in TL treatment. Our lab has previously shown that 

TL, products of LpL enzyme hydrolyzes with TGRL, releases excess FFAs, for example, 

linoleic acid [16]. The drop in pH is due to acidic extracellular environment which increases 

ROS generation in mitochondrial respiratory chain, induces mitochondrial DNA damage, 

and further decreases mitochondrial biogenesis [65,66,67]. CPT1A1 siRNA significantly 

increased TL-induced mitochondria copy number. These findings suggested that inhibiting 

the FA β-oxidation with CPT1A1 siRNA can prevent TL-induced mitochondrial 

dysfunction. We have reported previously that the generation of O2
•− is increased in 

supernatant and in mitochondria at 15 min by TL [15]. Although CPT1A1 siRNA prevent 

mitochondrial dysfunction and cellular injury at 3 h, CPT1A1 siRNA did not alter TL-

activated O2
•− in supernatant at 15 min, which may be due to short sample time of 15 min.

Additionally, Cells lipid uptake or lipid droplet formations were significantly increased with 

TL treatment using Oil Red O and Nile Red staining in Fig 14A. The Oil Red O staining 

detects neutral lipid deposits and Nile Red staining detects cholesteryl esters and 

triacylglycerols [68]. The present study identified that HBMEC increases the uptake of both 

neutral lipid and triglycerides in TL treatment.

We detected increased expression of CPT1A transcript in response to TL exposure. CPT1 is 

a rate-limiting mitochondrial enzyme and responsible for β-oxidation in the mitochondria. 

CPT1 is anchored in the inner aspect of the outer mitochondrial membrane and catalyses the 

formation of long-chain acyl-CoA, which is imported into the inner mitochondrial 

membrane. CPT2 is located in the inner mitochondrial membrane. CPT1 has three isoforms, 

CPT1A, CPT1B, and CPT1C. CPT1A exists in all mammalian tissues including brain and 

mitochondria of all cells except skeletal muscle cells and brown adipose cells. The 

physiological role of CPT1A in brain microvascular endothelial cells is not known. The 

stabilization of mitochondrial outer membrane, we used CPT1A1 siRNA to determine the 

role of CPT1A in HBMEC by TL. Inhibiting with CPT1A1 siRNA did not alter TL-

activated O2
•− generation in the supernatant at 15 min. Additionally, inhibiting with 

CPT1A1 siRNA significantly suppressed TL-induced subsets of oxidative stress-responsive 

and inflammatory gene expression at 3 h. In contrast, TL-induced mitochondrial SOD-2 is 

not altered by pretreating with CPT1A1 siRNA. Our data suggested that CPT1A siRNA 

limits the TL-induced outer membrane of mitochondria β-oxidation and long chain fatty 

acid entering into inner mitochondrial membrane. CPT1A1 siRNA might not inhibit inner 
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mitochondrial membrane and did not alter SOD-2 gene expression. Our findings with 

respect to FAs release from TL and inhibiting with CPT1A1 siRNA suggest mechanistically 

that FAs utilize mitochondrial β-oxidation system as biofuel production. Our data suggest 

that CPT1A1 siRNA inhibit mitochondrial superoxide production in cells at 3 h and perhaps 

improve endothelial dysfunction. CPT1A, Carnitine Acyltransferases, plays a key role in 

both transporting and handling fatty acids [69].

Some studies have suggested that role of CPT1 in mitochondrial β-oxidation and reactive 

oxygen species remains controversial [70,71]. Future study is needed to determine both 

stabilization of mitochondrial outer (CPT1) and inner (CPT2) membrane function by TL-

induced brain microvascular endothelial function.

A decrease in mitochondrial complex I is known to associate with a reduction in carnitine 

palmitoyltransferase 1 (CPT1) and CPT2 level [71,72,73]. The mitochondrial outer (CPT1) 

and inner (CPT2) membrane transporter enzymes are specialized in transporting long-chain 

acyl-CoAs of FAs into the mitochondria membrane for bio-fuel production [71].

This is the first report examining the role of individual ATF3 transcript variants in the 

context of TL-induced brain microvascular endothelial cells inflammation. We utilized 

RNA-Seq and bioinformatics data analysis to identify specific variants of ATF3 response to 

TL. We identified 47 significant signaling pathways (P≤0.05) induced by TL which the two 

top signaling pathways were most significant with P value =0. We previously reported that 

the TL induced ATF3 MAPK signaling pathway and lipotoxic injury in HBMECs [14,15]. In 

this study, we also demonstrate that the TL activated TNF and NRF2 signaling pathways.

We previously demonstrated that pretreatment with ATF3 siRNA alters the general role of 

stress responsive ATF3-MAPKinase-signaling of which a subset of genes are related to TL-

induced vascular inflammation and apoptosis [15]. In the present study, we demonstrate that 

specific variants of ATF3 are up-regulated by TL-induced stress and these variants have 

differing influences on proinflammatory response genes. Additionally, TL significantly 

increased JDP2 and CHAC1 mRNA and protein expression. JDP2 and ATF3 are two basic 

leucine zipper protein (bZIP) members of the AP-1 family of transcription factors. Here, we 

reported that both mRNA and protein of JDP2 is significantly increased in pretreated with 

ATF3-T4 siRNA but significantly suppressed with ATF3-T5 siRNA pretreatment. 

Specifically, ATF3-T5 can form a heterodimer with binding partners JDP2 and be an 

activator or a suppressor in HBMECs treated with TL. Further studies are needed to examine 

this possibility. Both mRNA and protein expression of CHAC1 were significantly increased 

with ATF3-T4 siRNA pretreatment and significantly suppressed with ATF3-T5 siRNA 

pretreatment compared to TL treatment alone. CHAC1 is a component of the ER stress 

response and has been shown to be regulated by ATF3 and ATF4 in kidney cells treated with 

oxidized phospholipids, in a model study of atherosclerosis [51]. Our study revealed that 

CHAC1 is downstream of ATF3-T5, but not ATF3-T4. Comparing downstream signaling of 

ATF3-T4 and ATF3-T5, it appears that ATF3-T5 induces more pro-inflammatory response 

genes and oxidative stress response protein expression.
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ATF3 is induced by pathogenic stimuli such as oxidized low-density lipoprotein (OxLDL), 

tumor necrosis factor α (TNFα), or homocysteine in vascular endothelial cells [74,75,76]. 

TNFα is a potent cytokine produced in a variety of cells including vascular endothelial cells 

and is a key regulator of atherogenesis and thrombogenesis [77,78]. ATF3 is known to be a 

responsible for the inhibition of TNFα released in ethanol-exposed monocytes and 

macrophages [79]. Many clinical and animal studies strongly suggest an involvement of 

TNF-α in the pathophysiology of AD [80,81,82,83]. TL induced CSF2 mRNA and DR5 

protein expression was significantly decreased by pretreatment with ATF3-T4 siRNA, but 

not with ATF3-T5 siRNA. Inhibiting with ATF3-T5 siRNA significantly further increased 

FOSL1, FOSL-2, JunB, and JUN gene expression and ATF4 and TNFR1 protein expression. 

ATF4, TNFR1 and DR5 are known to be activated by TNFα. TNF-signaling was regulated 

by ATF3-T4, but not by the ATF3-T5 transcript variant.

Many transcription factors/proteins such as nuclear respiratory factors (NRF-1 and NRF-2) 

regulate the transcription of the core mitochondrial enzymes. TL up-regulated NRF2 

signaling related genes, NRF2, HIF1A, EIF2A3K, HOX-1, SOD-2, and PTGS2/COX-2. 

NRF2 (a member of the Cap’n’Collar subfamily of the bZIP transcription factor family) play 

a vital role in the defense system against oxidative stress. NRF2 degradation was markedly 

inhibited by high levels of oxidative stress in the liver [84], heart [85], kidney [86] and brain 

[87] under ischemia-stress conditions. Activation of NRF2 induces the expression of heme 

oxygen-ase-1 (HOX-1), suggesting that NRF2 is essential for the regulation of HOX-1. 

NRF2/HOX-1 signaling cascade may be crucial in regulating inflammatory responses 

against oxidant stress-induced organ injury. Additionally, NRF2 is known to bind to 

antioxidant response element (ARE) in promoters of ATF3 resulting in up-regulated ATF3 

transcript expression in astrocytes [88]. Both ATF3-T4 and ATF3-T5 siRNA did not 

suppress NRF2 related gene expression. ATF3-T4 siRNA further increased HOX-1 gene 

expression, suggesting that NRF2 signaling is up stream of ATF3. ATF3-T4 may constitute a 

negative feedback loop mechanism of NRF2 signaling. ATF3 may be a novel repressor of 

the NRF2-directed stress response pathway [89].

Inhibition with ATF3-T4 and ATF3-T5 siRNAs differentially regulate TL-induced pro-

inflammatory gene expression. IL-8, IL-1 α, ICAM-1, IL-6, and CXCL-2 were significantly 

suppressed by ATF3-T4 siRNA. Additionally, secreted chemokine IL-8 protein expression 

was significantly increased but cytokines IL-6 and CCL-2/MCP-1 were reduced significantly 

by the TL treated HBMECs. IL-8 secretion was significantly reduced by pretreating with 

ATF3-T4 siRNA but not by pretreatment with ATF3-T5 siRNA, when compared to 

scrambled siRNA control. Pretreatment with ATF3-T4 siRNA and ATF3-T5 siRNA did not 

changed TL-induced IL-6 and CCL-2/MCP-1 secretion. In contrast, inhibiting with ATF3-

T5 siRNA significantly further increased IL-1α and suppressed IL-6, but did not change 

IL-8, ICAM-1, and CXCL-2 gene expression. These data suggest that ATF3-T4 regulates 

pro-inflammatory MAPK signaling.

Mitochondrial apoptosis protein cleaved caspase-9 activity was significantly suppressed by 

inhibiting with ATF3-T4 siRNA, but not with ATF3-T5 siRNA. Once initiated, the 

mitochondrial apoptosis activation continues executing cell apoptosis caspase-3 activity. Our 

previous study showed that TL activate caspase-9 then initiate apoptosis directly by cleaving 
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and thereby activating executioner caspase-3 to induce cell death. In this study, inhibition 

with either ATF3-T4 or ATF3-T5 siRNA significantly suppressed active caspase-3 and 

cleaved-PARP (poly(ADP-ribose) polymerase) activated by TL. Caspase-3 is primarily 

responsible for the cleavage of PARP in cell apoptosis process. Therefore, ATF3-T4 

regulates mitochondrial apoptosis, and both ATF3-T4 and ATF3-T5 are responsible of cell 

apoptosis.

A summary of HBMEC responses to a 3 h exposure to TL with additional data concerning 

ATF3-T4 siRNA, ATF3-T5 siRNA and CPT1A1 siRNA treatments are presented in Table 7.

CONCLUSION

We conclude that TGRL lipolysis products (TL) potentiate ROS in mitochondria, and 

decrease mitochondrial copy number, activating mitochondrial oxidative stress that 

decreases ATP production, resulting in an increase of mitochondrial proton leak and 

glycolysis rate, and activating ATF3-MAPKinase signaling along with the TNF signaling 

pathway at 3h. Increased cellular damage and injury could be prevented by inhibiting β-

oxidation with CPT1A1 siRNA. Neutral lipid, cholesteryl esters and triacylglycerols lipid 

deposition are increased in HBMECs with TL. The NRF2 signaling pathway is regulated 

through the mitochondrial oxidative stress response and is up stream of the ATF3-

MAPKinase signaling pathway. TNF signaling is controlled by ATF3-T4. Furthermore, the 

ATF3-T4 transcript variant predominantly regulates the TL-induced inflammation. 

Interestingly, siRNAs of both transcript variants ATF3-T4 and ATF3-T5, suppressed cell 

apoptosis and lipotoxic brain microvascular endothelial cells injury. We are first to report the 

differential characteristics of pro-inflammatory gene expression by transcript variants 4 and 

5 of the stress responsive transcription factor ATF3 in HBMECs induced by TL. Our data 

demonstrate that the ATF3 transcript variants (ATF3-T4 and ATF3-T5) play a major role in 

regulating the inflammatory response genes and signaling pathways in TGRL lipolysis 

products-induced brain microvascular inflammation.
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ABBREVIATIONS

T or TGRL triglyceride-rich lipoproteins

L Lipoprotein lipase
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TL TGRL lipolysis products

FAs fatty acids

FFAs free fatty acids

VaD vascular dementia

HBMECs human brain microvascular endothelial cells

ATF3 activating transcription factor 3

ATF3-T4 ATF3 transcript variants 4

ATF3-T5 ATF3 transcript variants 5

HTS high-throughput sequencing technologies

RNA-Seq RNA sequencing

AD Alzheimer’s disease

WD Western diet

ROS reactive oxygen species

O2
•− superoxide radical

CNS Central nervous system

MAPK mitogen-activated protein kinases

AP-1 activator protein (AP-1)

GAPDH glyceraldehyde-3-phosphate dehydrogenase

(MIP)-1α macrophage inflammatory protein 1α

MCP-1 monocyte chemoattractant protein 1

OCR Oxygen consumption rates

ECAR extracellular acidification rates

CHAC-1 glutathione-specific gamma-glutamylcyclotransferase 1

JDP2 Jun dimerization protein 2

CSF2 colony stimulating factor 2

FOSL1 FOS like 1

NRF2 nuclear factor erythroid-derived 2-related factor 2

DR5 death receptor 5

TNFRSF10B tumor necrosis factor receptor superfamily member 10B
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TRAIL-R2 TNF-related apoptosis-inducing ligand receptor-2

eIF2α eukaryotic Initiation Factor 2-alpha

TCA tricarboxylic acid

OxLDL oxidized low-density lipoprotein

TNFα tumor necrosis factor α

mtDNA mitochondria DNA

nDNA nuclear DNA

mtND1 mitochondrially encoded NADH dehydrogenase 1

mt-CO1 mitochondrially encoded Cytochrome C Oxidase I

mt-Cyb mitochondrially encoded Cytochrome B

CP-H 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine

EPR Electron Paramagnetic Resonance
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Highlights

1. Postprandial triglyceride-rich lipoproteins (TGRL) lipolysis products 

potentiate ROS by mitochondria which activate mitochondrial oxidative 

stress, decrease ATP production, increase mitochondrial proton leak and 

glycolysis rate, and mitochondria DNA damage in human brain microvascular 

endothelial cells (HBMECs).

2. Inhibiting the FA β-oxidation with CPT1A1 siRNA can prevent TL-induced 

mitochondrial dysfunction and vascular inflammation in HBMECs.

3. Postprandial lipolysis products induced transcript variants 4 (ATF3-T4) and 5 

(ATF3-T5) of activating transcription factor 3 (ATF3), which differentially 

induced the pro-inflammatory gene expression in HBMECs.

4. Postprandial lipolysis products activate ATF3-MAPKinase signaling along 

with NRF2 and and TNF signaling pathways in HBMECs

5. ATF3-T4 and ATF3-T5 siRNAs decrease the apoptosis and suppress the 

inflammation induced by postprandial lipolysis products in HBMECs.
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Figure 1. Confirmation of up-regulated gene expression by Triglyceride-rich lipoprotein (TGRL) 
lipolysis products with qRT-PCR.
Human brain microvascular endothelial cells (HBMECs) were treated with media control 

(M) or TGRL lipolysis products (TL= TGRL, 150 mg/dL + lipoprotein lipase, 2 U/mL) for 3 

h. Expression of each gene was normalized to that of glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) by qRT-PCR and fold change was calculated as the ratio of TL to 

media control. A) Lipolysis-induced top selected differential gene expression; B) TNF 

signaling-related gene expression; C) NRF2 signaling-related gene expression; D) Pro-

inflammatory response gene expression; E) ATF3 transcript variant 4 and 5 gene expression. 

N = 3/treatment group and results expressed as means ± SEM, *P≤ 0.05 compared to Media 

control.
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Figure 2. Effects of ATF3 transcript variant 4 and 5 siRNA.
HBMECs were transfected with ATF3-T4 or ATF3-T5 siRNA for 18 h and treated with 

TGRL lipolysis products (TL) for 3 h. mRNA expression was determined by qRT-PCR. The 

expression of each gene was normalized to that of GAPDH and the fold change was 

calculated as the difference in expression with TGRL lipolysis products (TL) in the presence 

of scrambled siRNA and ATF3-T4 siRNA or ATF3-T5 siRNA. A) ATF3-T4 mRNA was 

significantly knocked down after transfection with ATF3-T4 siRNA (N = 3/treatment group, 

*P≤ 0.05 compared to scrambled Media control); B) ATF3-T5 mRNA was significantly 

knocked down after transfection with ATF3-T5 siRNA (N = 3/treatment group, *P≤ 0.05 

compared to scrambled Media control); C) Alterations in ATF3 gene transcription, ATF3-T4 

transcripts, and ATF3-T5 transcripts after transfection with ATF3-T4 siRNA and followed 

by treatment with TL (N = 3/treatment group, *P≤ 0.05 compared to scrambled TL); D) 

Alterations in ATF3 gene transcription ATF3-T4 transcripts, and ATF3-T5 transcripts after 
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transfection with ATF3-T5 siRNA and followed by treatment with TL (N = 3/treatment 

group, *P≤ 0.05 compared to scrambled TL).
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Figure 3. Control of ATF3 transcript variant 4 and 5 on lipolysis-induced top selected differential 
gene expression.
HBMECs were transfected with ATF3-T4 or ATF3-T5 siRNA for 18 h and treated with 

TGRL lipolysis products (TL) for 3 h. mRNA expression was determined by qRT-PCR. The 

expression of each gene was normalized to that of GAPDH and the fold change was 

calculated as the difference in expression with TGRL lipolysis products in the presence of 

scrambled siRNA and ATF3-T4 siRNA or ATF3-T5 siRNA. A) CHAC1, JDP2, and CEBPB 

were significantly increased and CCL20 was significantly suppressed after transfection with 

ATF3-T4 siRNA and followed by treatment with TL (N = 3/treatment group, *P≤ 0.05 

compared to scrambled TL); B) CHAC1 expression was significantly suppressed after 
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transfection with ATF3-T5 siRNA and followed by treatment with TL (N = 3/treatment 

group, *P≤ 0.05 compared to scrambled TL).
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Figure 4. Control of ATF3 transcript variant 4 and 5 on lipolysis-induced TNF signaling-related 
gene expression.
HBMECs were transfected with ATF3-T4 or ATF3-T5 siRNA for 18 h and treated with 

TGRL lipolysis products (TL) for 3 h. mRNA expression was determined by qRT-PCR. The 

expression of each gene was normalized to that of GAPDH and the fold change was 

calculated as the difference in expression with TGRL lipolysis products in the presence of 

scrambled siRNA and ATF3-T4 siRNA or ATF3-T5 siRNA. A) CSF2 & SELE/E-Selectin 

were significantly suppressed and FOSL1 was significantly increased after transfection with 

ATF3-T4 siRNA and followed by treatment with TL (N = 3/treatment group, *P≤ 0.05 

compared to scrambled TL); B) FOSL1, FOSL2. JunB, and JUN were significantly 

increased and SELE/E-Selectin was significantly suppressed after transfection with ATF3-
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T5 siRNA and followed by treatment with TL (N = 3/treatment group, *P≤ 0.05 compared to 

scrambled TL).

Nyunt et al. Page 37

Free Radic Biol Med. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Control of ATF3 transcript variant 4 and 5 on lipolysis-induced NRF2 signaling-related 
gene expression.
HBMECs were transfected with ATF3-T4 or ATF3-T5 siRNA for 18 h and treated with 

TGRL lipolysis products (TL) for 3 h. mRNA expression was determined by qRT-PCR. The 

expression of each gene was normalized to that of GAPDH and the fold change was 

calculated as the difference in expression with TGRL lipolysis products in the presence of 

scrambled siRNA and ATF3-T4 siRNA or ATF3-T5 siRNA. A) NRF2 and PTGS2/COX-2 

were significantly suppressed and HOX-1 was significantly increased after transfection with 

ATF3-T4 siRNA and followed by treatment with TL (N = 3/treatment group, *P≤ 0.05 

compared to scrambled TL); B) PTGS2/COX-2 were significantly suppressed and HOX-1 
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was significantly increased after transfection with ATF3-T5 siRNA and followed by 

treatment with TL (N = 3/treatment group, *P≤ 0.05 compared to scrambled TL).
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Figure 6. Control of ATF3 transcript variant 4 and 5 on lipolysis-induced inflammatory response 
gene expression.
HBMECs were transfected with ATF3-T4 or ATF3-T5 siRNA for 18 h and treated with 

TGRL lipolysis products (TL) for 3 h. mRNA expression was determined by qRT-PCR. The 

expression of each gene was normalized to that of GAPDH and the fold change was 

calculated as the difference in expression with TGRL lipolysis products in the presence of 

scrambled siRNA and ATF3-T4 siRNA or ATF3-T5 siRNA. A) Significantly suppressed 

IL-8, IL-1a, ICAM-1, IL-6, and CXCL-2 after transfection with ATF3-T4 siRNA and 

followed by treatment with TL (N = 3/treatment group, *P≤ 0.05 compared to scrambled 

TL); B) Significantly increased IL-1a and decreased IL-6after transfection with ATF3-T5 
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siRNA and followed by treatment with TL (N = 3/treatment group, *P≤ 0.05 compared to 

scrambled TL).
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Figure 7. Effects of ATF3 transcript variant 4 and 5 siRNA on lipolysis products-induced protein 
expression.
HBMECs were transfected with ATF3-T4 or ATF3-T5 siRNA for 18 h and treated with 

TGRL lipolysis products (TL) for 3 h. Cell lysates were analyzed by western blotting. A) 

Both transcript variants significantly suppressed lipolysis-induced ATF3; B) Inhibiting with 

ATF3-T5 siRNA decreased lipolysis-induced JunB, but not with ATF3-T4 siRNA; C) 

inhibiting with ATF3-T4 siRNA or ATF3-T5 siRNA further increased lipolysis-induced p-c-

Jun expression; D) Inhibiting with ATF3-T4 siRNA further increased lipolysis-induced 

JDP2, but not with ATF3-T5; E) Inhibiting with ATF3-T4 siRNA further increased CHAC1, 

but not with ATF3-T5 siRNA; F) Inhibiting with ATF3-T4 siRNA or ATF3-T5 siRNA 

further significantly increased lipolysis-induced ATF4; G) inhibiting with ATF3-T4 siRNA 

significantly decreased lipolysis-induced DR5, but not with ATF3-T5 siRNA; H) inhibiting 

with ATF3-T4 siRNA or ATF3-T5 siRNA further increased TNFR1; I) inhibiting with 

ATF3-T4 siRNA or ATF3-T5 siRNA decreased lipolysis-induced NRF2; J) Inhibiting with 

ATF3-T4 siRNA or ATF3-T5 siRNA suppressed lipolysis-induced eIF2α; K) Inhibiting with 

ATF3-T4 siRNA or ATF3-T5 siRNA suppressed lipolysis-induced COX-2; L) Inhibiting 

Nyunt et al. Page 43

Free Radic Biol Med. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with ATF3-T4 siRNA suppressed lipolysis-induced cleaved capase-9, but further increased 

ATF3-T5 siRNA; M) Inhibiting with ATF3-T5 siRNA suppressed lipolysis-induced PARP, 

but no change with ATF3-T4 siRNA; N) Both transcript variants suppressed lipolysis-

activated active caspase-3; O) Inhibiting with ATF3-T4 siRNA further increased p53, but 

suppressed with ATF3-T5 siRNA. N = 3/treatment group.
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Figure 8. Cytokine/Chemokine secretion by lipolysis products.
HBMECs were treated with media control (Media) or TGRL lipolysis products (TL= TGRL, 

150 mg/dL + lipoprotein lipase, 2 U/mL) for 3 h and the supernatant was collected. For 

siRNA treatment, cells were transfected with scrambled siRNA and ATF3-T4 siRNA or 

ATF3-T5 siRNA 18 h prior to lipolysis product exposure. Cytokine/chemokine secretion in 

cells supernatant were measured by ELISA. A) Lipolysis products significantly increased 

IL-8 secretion (N = 5/treatment group, *P≤ 0.05 compared to Media control); B) inhibiting 

with ATF3-T4 siRNA significantly suppressed lipolysis products-induced IL-8 secretion, but 

not ATF3-T5 siRNA (N = 5/treatment group, P≤ 0.05, *= scrambled TL compared to 

scrambled control, # = ATF3-T4 siRNA TL compared to scrambled TL); C) Lipolysis 

products significantly decreased IL-6 secretion (N = 5/treatment group, *P≤ 0.05 compared 

to Media control); D) Lipolysis products significantly decreased CCL-2/MCP-1 secretion (N 

= 5/treatment group, *P≤ 0.05 compared to Media control).
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Figure 9. Lipolysis products decreased mitochondrial respiratory reserve capacity.
HBMECs were injected port A-D with (1) lipolysis products for 30 min and followed by (2) 

1 μM Oligomycin, (3) 1 μM FCCP, and (4) 0.5 μM rotenone combined with 0.5 μM 

antimycin A were added sequentially to measure cellular respiration parameters (basal 

respiration, maximal respiration, spare respiratory capacity and non-mitochondrial 

respiration). A mitochondrial respiration measurement of oxygen consumption rate (OCR) 

was performed during acute TGRL lipolysis products treatment using the XF Cell miniplate 

Seahorse system. A) Raw trace of OCR regulated by lipolysis products; B) reduced 

mitochondrial respiration or oxygen consumption; C) reduced ATP production; D) increased 

proton leak compared to media control treatment; E) Profile of Aglient Seahorse XF Mito 

stress test. N = 6 wells/treatment group and values are expressed as means ± SEM, *P≤0.05, 

compared to control group at the same time point.
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Figure 10. Lipolysis products increased glycolytic rate.
HBMECs were assayed for both oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) in DMEM Base Medium without phenol red, supplemented with 

10 mM glucose, 2 mM glutamine, 1 mM pyruvate, 5 mM HEPES, pH 7.4. Cells were 

injected port A-C with (1) media control or lipolysis products for 30 min and followed by 

(2) 0.5 μM rotenone combined with 0.5 μM antimycin A, and (3) 2DG were added 

sequentially to measure cellular respiration parameters (basal respiration, maximal 

respiration, spare respiratory capacity and non-mitochondrial respiration). A glycolytic rate 

measurement of OCR and ECAR were performed during acute TGRL lipolysis products 

treatment using the XF Cell miniplate Seahorse system. A) Raw trace of oxygen 

consumption rate (OCR); B) Raw trace of extracellular acidification rate (ECAR); C) 
Increased glycolytic rate; D) Profile of Aglient Seahorse XF Glycolytic rate test. N = 6 

wells/treatment group and values are expressed as means ± SEM, *P≤0.05, compared to 

control group at the same time point.
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Figure 11. Mitochondrial DNA copy number.
HBMECs were treated with control M or TGRL lipolysis products (TL) for 3 h. The relative 

mitochondrial DNA (mtDNA) copy number was defined as the total amount of mtDNA 

(ND1, CO1, and Cyb) divided by the total amount of nuclear DNA (B2M) using qRT-PCR 

analysis. A) TL significantly decreased mitochondrial DNA copy number. B) CPT1A1 

siRNA significantly recovered TL-induced mitochondrial DNA copy number or dysfunction. 

N = 3/treatment group and the values are expressed as means ± SEM, *P≤0.05, TL 

compared to M group or TL treated CPT1A1 siRNA compared to Scrambled siRNA at the 

same time point.
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Figure 12. Regulation of CPT1A1 on TL-induced oxidative stress responsive gene expression.
HBMECs were transfected with CPT1A1 siRNA for 48 h and treated with TGRL lipolysis 

products (TL) for 3 h. mRNA expression was determined by qRT-PCR. The expression of 

each gene was normalized to that of GAPDH and the fold change was calculated as the 

difference in expression with TGRL lipolysis products in the presence of scrambled siRNA 

and CPT1A1 siRNA. A) TL did not alter CPT1A1 mRNA expression B) CPT1A1 mRNA 

was significantly knocked down after transfection with CPT1A1 siRNA (N = 3/treatment 

group, *P≤ 0.05, CPT1A1 siRNA compared to scrambled Media control); C) Significantly 
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suppressed oxidative stress responsive genes (EIF2AK3, NRF2, HIF1A, HOX-1, COX-2, 

CAT, and NQO1) and did not alter mitochondrial SOD-2 expression; D) Significantly 

suppressed stress responsive transcription factors (ATF3-T4 and ATF3-T5) and pro-

inflammatory genes (SELE/E-Selectin and IL-8) and did not alter IL-6 expression after 

transfection with CPT1A1 siRNA and followed by treatment with TL (N = 3/treatment 

group and values are expressed as means ± SEM,*P≤ 0.05, compared to scrambled TL).
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Figure 13. TGRL lipolysis products-activated superoxide radical (O2−.) in supernatant solution.
HBMECs were treated with media (M) or TGRL lipolysis products (TL) for 15 min. 

Supernatant solutions from the alternatively treated cells were incubated with the 

diamagnetic (EPR-silent) CP-H spin trap and scanned by EPR. A) TL-activated O2
−. 

generation and the intensity of the 3-line nitroxide spectrum is indicative of the rate of CP-H 

oxidation, which generates the paramagnetic nitroxide species; B) Quantification of oxidized 

CP-H signal is shown in panel. N = 3 /treatment group and results expressed as means ± 

SEM. p ≤ 0.05 was considered significant. * = TL compared to M.
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Figure 14. TGRL lipolysis products induced lipid droplet (LD) formation and increased lipid 
uptake in HBMEC.
A) LD formations were observed in TL-treated cells by Oil Red O staining (Red color), 

which detects neutral lipid deposits, and Nile Red staining (Green), which detects 

detectscholesteryl esters and triacylglycerols (bar = 15 μm), N = 4 coverslips/treatment 

group; B) TGRL concentration significantly increased in TL treated HBMECs. N = 15 

samples/treatment group and results expressed as means ± SEM. p ≤ 0.05 was considered 

significant. * = TL compared to M.
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Table 1.

The oligonucleotide sequences for each primer sequence for mRNA and DNA used in qRT-PCR were obtained 

from Affymetrix data base using the probe set IDs.

Gene
Primer sequence (5' – 3')

Sense Antisense

For mRNA

GAPDH CACCAACTGCTTAG TGGTCATGAGTCCT

ATF3 TTCTCCCAGCGTTAACACAAAA AGAGGACCTGCCATCATGCT

ATF3-I4 GCAGAAACTCCCAAGGC CCTGTGGCTCTGCTAATACT

ATF3-I5 GTGAGTCCTCGGTGCTC TGGCCTGGGTGTTGAAG

DDIT3 AGAGTGGTCATTCCCCAGCC CTTTCTCCTTCATGCGCTGC

DDIT4 GCAGCTGCGTTTAAGCCTTC TGCCAGCTCAACTCTGCAGT

CHAC1 GGAGTCTCCAAGAGCCTCGA CTATGGATGGCTGGGCTGA

JDP2 TACGCTGACATCCGCAACCT AACTCCGTGCGCTCCTTCTT

PTGS2/COX-2 CTGAATGTGCCATAAGACTGACCT TCCACAGATCCCTCAAAACATTT

CCL20 TGGAATGGAATTGGACATAGCC CAACCCCAGCAAGGTTCTTTC

CEBPB TTTAAACATGGCTGAACGCG ACACGTGGGTTGCGTCAGT

CXCL3 TAGGGACAGCTGGAAAGGGA ACCCTCGTAAGAAATAGTCAAACACAT

CSF2 GGGCCCCTTGACCATGAT GTTGGAGGGCAGTGCTGTTT

FOSL1 GTGATGAGCTGATCTGCGGA CCCTGGAGCTGAAGGCTTCT

FOSL2 TCTGGCTTCTGAAGAGCCTGA ACAAAGGGACAGGAATGGTCC

LIF CCCTCCTTCCTTTCCACTGAA GAGGAATTTGTCACCCAAGGC

ATF4 GTGGCATCTGTATGAGCCCA GGCTGTGCTGAGGAGACCC

E-Selectin TGGCAATGAAAAATTCTCAGTCA TCAAGGCTAGAGCAGCTTTGG

NFKB1 GTCAGAGAGCTGGTGGAGGC AATTGCTTCGGTGTAGCCCA

NFKBIA CTTTTGGTGTCCTTGGGTGC GCCATTACAGGGCTCCTGAG

JunB AATGGAACAGCCCTTCTTACCACGA GGCTCGGTTTCAGGAGTTTGTAGT

JUN GTGCGATGTTTCAGGAGGCT TGTCCCTCTCCACTGCAACC

EIF2AK3 CATTTTTGTCCCTGGCGG TGTCCTCCAAAATAGTGCAGATTC

HIF1α ACCTAAATGTTCTGCCTACCCTGT CAGTCTGCTCAAAATATCTTTATACCAAC

NRF2 AGTGAATACTCCCTGCAGCAAAC GGGAACAAGGAAAACATTGCC

CAT CCGTGTAACCCGCTCATCAC TGCACATCTAGCACAGGAGAAT CT

NQO1 GCT GACT GGCACT GGTGGTT ACCCAGCCGTCAGCTATTGT

SOD-2 GGGAATACCCCAGTTGTGAAAG TGGTGTCAGATGTTGCCTTACAG

HOX-1 TCTTCCCCAACGAAAAGCAC CCCCCTCTGAAGTTTAGGCC

IL-8 CCTTTCCACCCCAAATTTAT CA TGGTCCACTCTCAATCACTCTCAG

IL-6 CACCGGGAACGAAAGAGAAG TCATAGCTGGGCTCCTGGAG

IL-1α GTTTTATCATTTTCAAAATGGAGGG TGCGGCAGGAAGGCTTAG

VEGFA GGGCCCCTTGACCATGAT CTTTCAAAGGAATGTGTGCTGG

ICAM-1 CAGAAGAAGTGGCCCTCCATAG GGGCCTTTGTGTTTGATGCTA

HSPA6 GTGAGAGGGCCATGACCAAG TGAGTTCAAAACGCCCCAG

GADD45A GGCCCGGAGATAGATGACTTT CCTTCTTCATTTTCACCTCTTTCC
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Gene
Primer sequence (5' – 3')

Sense Antisense

CXCL-2 GAGAGACACAGCTGCAGAGGC Antisense-TGCTCAAACACATTAGGCGC

ADAM2 TGAAAGGCGCTACATTGAGAAC GGCCATCTCATTGGTTTGGA

KLF4 ACTGGAAGTTGTGGATATCAGGG CTCCCCCAACTCACGGATATAA

CPT1A1 AAGGCCTTGGAGGAGACCAT TCCAGCCCAGCACATGAAC

For DNA

B2M TGCTGTCTCCATGTTTGATGTATCT TCTCTGCTCCCCACCTCTAAGT

ND-1 CCCTTCGCTGACGCCATA TGGTAGATGTGGCGGGTTTT

CO1 TGATCTGCTGCAGTGCTCTGA TCAGGCCACCTACGGTGAA

Cyb AACCGCCTTTTCATCAATCG AGCGGATGATTCAGCCATAATT

The primers were custom prepared and used as described in the Methods.
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Table 2.

Summary of reads mapping to the human genome (UCSC hg19) using TopHat2 v. 2.1.0.

M (control) TL

1 2 3 Ave 1 2 3 Ave

Total Reads 113,733,751 110,926,790 118,864,109 114,508,217 117,731,460 114,367,336 114,905,739 115,668,178

% Mapped 82.80% 84.00% 71.70% 79.5% 83.90% 84.60% 83.00% 83.83%
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Table 3.

Summary of differential gene expression analysis using RNA-Seq.

Transcripts with Log2FC Up-regulated Transcript Down-regulated Transcript

M (control) vs TL 100 69 31

All data are based on reliably reads in the HBMECs.

The criterion for selection was Log2FC ≥ ± 1.3-fold change with P≤0.05 as detailed in the methods.

Effects of TGRL + LpL (TL) on gene expression in HBMECs were obtained by comparing the entire list of genes with control Media (M) alone.
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Table 4.

47 signaling pathways were significantly activated by TGRL lipolysis products.

ID Pathway Name Total P value Up-Regulated Down-Regulated

hsa04010 MAPK signaling pathway 24 0 20 4

hsa04668 TNF signaling pathway 20 0 16 4

hsa05164 Influenza A 16 0 10 6

hsa05132 Salmonella infection 8 2.00E-04 6 2

hsa05134 Legionellosis 9 3.00E-04 8 1

hsa04932 Non-alcoholic fatty liver disease (NAFLD) 10 8.00E-04 8 2

hsa04141 Protein processing in endoplasmic reticulum 12 0.001 9 3

hsa05162 Measles 10 0.0011 8 2

REACT_18355 ATF4 activates genes 5 0.0014 5 0

hsa04062 Chemokine signaling pathway 6 0.0015 5 1

hsa04621 NOD-like receptor signaling pathway 7 0.0015 4 3

hsa04510 Focal adhesion 4 0.0024 3 1

hsa05140 Leishmaniasis 9 0.0029 7 2

hsa04014 Ras signaling pathway 3 0.0035 2 1

hsa04380 Osteoclast differentiation 12 0.0037 9 3

hsa04060 Cytokine-cytokine receptor interaction 18 0.0041 13 5

REACT_169168 Senescence-Associated Secretory Phenotype (SASP) 3 0.0041 3 0

hsa05120 Epithelial cell signaling in Helicobacter pylori infection 5 0.0044 4 1

hsa05166 HTLV-I infection 12 0.0047 11 1

hsa05323 Rheumatoid arthritis 10 0.0047 8 2

hsa04915 Estrogen signaling pathway 7 0.0052 7 0

hsa04115 p53 signaling pathway 8 0.0059 7 1

hsa05152 Tuberculosis 10 0.0062 6 4

hsa05145 Toxoplasmosis 10 0.0062 7 3

hsa04722 Neurotrophin signaling pathway 5 0.0068 4 1

REACT_27161 Transcriptional regulation of white adipocyte differentiation 3 0.0081 2 1

hsa04068 FoxO signaling pathway 10 0.0088 7 3

hsa04912 GnRH signaling pathway 4 0.0091 3 1

hsa05142 Chagas disease (American trypanosomiasis) 8 0.0102 6 2

REACT_264487 Regulation of HSF1-mediated heat shock response 4 0.0115 4 0

REACT_264075 Attenuation phase 4 0.0115 4 0

REACT_264164 HSF1-dependent transactivation 4 0.0115 4 0

REACT_264071 HSF1 activation 4 0.0115 4 0

hsa05131 Shigellosis 3 0.0178 2 1

hsa05321 Inflammatory bowel disease (IBD) 5 0.0183 4 1

hsa05211 Renal cell carcinoma 3 0.0228 3 0

hsa05231 Choline metabolism in cancer 3 0.0228 3 0
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ID Pathway Name Total P value Up-Regulated Down-Regulated

hsa05030 Cocaine addiction 3 0.0228 3 0

hsa04662 B cell receptor signaling pathway 3 0.0228 3 0

hsa04024 cAMP signaling pathway 8 0.0249 7 1

hsa05146 Amoebiasis 4 0.0315 3 1

hsa04370 VEGF signaling pathway 3 0.0327 2 1

hsa05034 Alcoholism 4 0.0337 3 1

hsa04064 NF-kappa B signaling pathway 13 0.0388 9 4

hsa04612 Antigen processing and presentation 3 0.0414 3 0

hsa04660 T cell receptor signaling pathway 4 0.0453 3 1

hsa05031 Amphetamine addiction 3 0.0493 3 0

The signaling pathways were analyzed based on TGRL + LpL (TL, lipolysis) sensitive genes, 619 significantly expressed genes. The total 
differentially expressed TGRL + LpL (lipolysis) sensitive genes (column 3) in each pathway, up-regulated (column 5), and down-regulated (column 
6) are shown above. The criterion for selection was P value ≤0.05 as significant.
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Table 5.

Up-regulated gene expression by TGRL lipolysis products

Gen ID Gene Symbol Gene Name Log2FC P.Value

ENSG00000128965 CHAC1 ChaC glutathione specific gamma-glutamylcyclotransferase 1 5.3856 1.07E-08

ENSG00000128165 ADM2 adrenomedullin 2 4.3860 1.11E-06

ENSG00000168209 DDIT4 DNA damage inducible transcript 4 4.1767 2.78E-08

ENSG00000162772 ATF3 activating transcription factor 3 3.9141 1.03E-07

ENSG00000269926 RP11–442H21.2 3.6496 2.48E-06

ENSG00000175197 DDIT3 DNA damage inducible transcript 3 3.5799 3.52E-08

ENSG00000130766 SESN2 sestrin 2 3.1353 1.25E-08

ENSG00000205710 C17orf107 chromosome 17 open reading frame 107 2.9942 3.79E-05

ENSG00000140044 JDP2 Jun dimerization protein 2 2.8726 1.08E-06

ENSG00000116285 ERRFI1 ERBB receptor feedback inhibitor 1 2.7646 1.74E-08

ENSG00000163545 NUAK2 NUAK family kinase 2 2.7459 0.0004

ENSG00000153714 LURAP1L leucine rich adaptor protein 1 like 2.6904 1.19E-06

ENSG00000208028 MIR616 microRNA 616(MIR616) 2.6523 4.12E-05

ENSG00000136826 KLF4 Kruppel like factor 4 2.6502 2.38E-07

ENSG00000176907 C8orf4 chromosome 8 open reading frame 4 2.6173 3.69E-06

ENSG00000023171 GRAMD1B GRAM domain containing 1B 2.4635 1.62E-07

ENSG00000073756 PTGS2 prostaglandin-endoperoxide synthase 2 2.3668 2.82E-05

ENSG00000115009 CCL20 C-C motif chemokine ligand 20 2.3522 1.98E-05

ENSG00000173110 HSPA6 heat shock protein family A (Hsp70) member 6 2.3395 0.0008

ENSG00000145777 TSLP thymic stromal lymphopoietin 2.2644 0.0003

ENSG00000172216 CEBPB CCAAT/enhancer binding protein beta 2.2451 3.67E-07

ENSG00000264175 MIR3189 microRNA 3189 2.2197 2.88E-05

ENSG00000273129 RP5–973M2.2 PTGS2 antisense NFKB1 complex-mediated expression regulator RNA 2.1876 6.82E-06

ENSG00000261114 RP11–325K4.2 - 2.1836 2.57E-05

ENSG00000183395 PMCH pro-melanin concentrating hormone 2.1698 3.34E-05

ENSG00000163734 CXCL3 C-X-C motif chemokine ligand 3 2.1636 7.57E-07

ENSG00000141682 PMAIP1 phorbol-12-myristate-13-acetate-induced protein 1 2.0567 5.03E-06

ENSG00000115008 IL1A interleukin 1 alpha 1.9900 2.34E-06

ENSG00000171174 RBKS ribokinase 1.9534 1.97E-05

ENSG00000156804 FBXO32 F-box protein 32 1.9332 3.82E-05

ENSG00000261270 RP11–325K4.3 - 1.9329 0.000111

ENSG00000164949 GEM GTP binding protein overexpressed in skeletal muscle 1.8611 3.20E-06

ENSG00000253616 RP11–875O11.3 - 1.8093 0.000972

ENSG00000233058 LINC00884 - 1.7781 4.52E-05

ENSG00000235513 RP4–756G23.5 - 1.7669 5.83E-05

ENSG00000152292 SH2D6 SH2 domain containing 6 1.7655 3.45E-05

ENSG00000112715 VEGFA vascular endothelial growth factor A 1.7612 1.25E-07

ENSG00000023445 BIRC3 baculoviral IAP repeat containing 3 1.7381 3.59E-06

ENSG00000087074 PPP1R15A protein phosphatase 1 regulatory subunit 15A 1.7211 8.76E-07
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Gen ID Gene Symbol Gene Name Log2FC P.Value

ENSG00000113739 STC2 stanniocalcin 2 1.7067 4.54E-07

ENSG00000272574 RP11–359K18.4 - 1.6995 0.000187

ENSG00000227941 UQCRBP2 ubiquinol-cytochrome c reductase binding protein pseudogene 2 1.6760 0.001467

ENSG00000260727 SLC7A5P1 solute carrier family 7 member 5 pseudogene 1 1.6751 2.16E-05

ENSG00000169429 IL8 C-X-C motif chemokine ligand 8 1.6689 6.26E-06

ENSG00000116717 GADD45A growth arrest and DNA damage inducible alpha 1.6261 1.87E-06

ENSG00000120337 TNFSF18 tumor necrosis factor superfamily member 18 1.5878 1.60E-07

ENSG00000165030 NFIL3 nuclear factor, interleukin 3 regulated 1.5755 0.000196

ENSG00000184545 DUSP8 dual specificity phosphatase 8 1.5692 0.000296

ENSG00000120129 DUSP1 dual specificity phosphatase 1 1.5538 1.78E-07

ENSG00000167772 ANGPTL4 angiopoietin like 4 1.5506 4.72E-06

ENSG00000128272 ATF4 activating transcription factor 4 1.5403 4.92E-05

ENSG00000170689 HOXB9 homeobox B9 1.5178 0.000614

ENSG00000081041 CXCL2 C-X-C motif chemokine ligand 2 1.5165 1.09E-05

ENSG00000204389 HSPA1A heat shock protein family A (Hsp70) member 1A 1.5132 1.35E-05

ENSG00000101255 TRIB3 tribbles pseudokinase 3 1.5065 3.10E-06

ENSG00000051108 HERPUD1 homocysteine inducible ER protein with ubiquitin like domain 1 1.4848 8.35E-05

ENSG00000269375 AL117190.3 - 1.4691 0.000794

ENSG00000123358 NR4A1 nuclear receptor subfamily 4 group A member 1 1.4689 2.79E-05

ENSG00000205502 C2CD4B C2 calcium dependent domain containing 4B 1.4605 0.000201

ENSG00000168386 FILIP1L filamin A interacting protein 1 like 1.4564 7.01E-06

ENSG00000113070 HBEGF heparin binding EGF like growth factor 1.4416 1.09E-06

ENSG00000103257 SLC7A5 solute carrier family 7 member 5 1.3668 4.69E-07

ENSG00000236252 RP11–15J10.8 uncharacterized LOC101928381(LOC101928381) 1.3573 0.000430

ENSG00000136630 HLX H2.0 like homeobox(HLX) 1.3473 4.77E-05

ENSG00000227558 PGM5P2 phosphoglucomutase 5 pseudogene 2 1.3450 0.000160

ENSG00000237021 RP3–486I3.7 dermatan sulfate epimerase 1.3363 0.001871

ENSG00000180535 BHLHA15 basic helix-loop-helix family member a15 1.3344 0.001080

ENSG00000171223 JUNB JunB proto-oncogene, AP-1 transcription factor subunit 1.3123 1.63E-05

ENSG00000128590 DNAJB9 DnaJ heat shock protein family (Hsp40) member B9 1.3077 1.54E-05
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Table 6.

Down-regulated gene expression by TGRL lipolysis

Gen ID Gene Symbol Gene Name logFC P.Value

ENSG00000181690 PLAG1 PLAG1 zinc finger −1.3047 5.12E-05

ENSG00000125347 IRF1 interferon regulatory factor 1 −1.3092 5.21E-05

ENSG00000228672 PROB1 proline rich basic protein 1 −1.3192 7.43E-05

ENSG00000213203 GIMAP1 GTPase, IMAP family member 1 −1.3249 8.78E-05

ENSG00000170577 SIX2 SIX homeobox 2 −1.3642 0.0002

ENSG00000264063 MIR3687 microRNA 3687–2 −1.3675 0.0003

ENSG00000133561 GIMAP6 GTPase, IMAP family member 6 −1.3778 7.31E-06

ENSG00000129173 E2F8 E2F transcription factor 8 −1.3893 0.0019

ENSG00000141570 CBX8 chromobox 8 −1.4247 2.11E-05

ENSG00000124019 FAM124B family with sequence similarity 124 member B −1.4252 4.66E-05

ENSG00000180855 ZNF443 zinc finger protein 443 −1.4367 0.0003

ENSG00000074966 TXK TXK tyrosine kinase −1.4599 0.0019

ENSG00000171115 GIMAP8 GTPase, IMAP family member 8 −1.4698 1.26E-05

ENSG00000196227 FAM217B family with sequence similarity 217 member B −1.4785 0.0001

ENSG00000238297 U3 - −1.5352 0.0011

ENSG00000256006 AC084117.3 - −1.6689 0.0015

ENSG00000197245 FAM110D family with sequence similarity 110 member D −1.6812 5.85E-05

ENSG00000179144 GIMAP7 GTPase, IMAP family member 7 −1.7241 1.48E-05

ENSG00000168062 BATF2 basic leucine zipper ATF-like transcription factor 2(BATF2) −1.7752 0.0005

ENSG00000140450 ARRDC4 arrestin domain containing 4 −1.8494 0.0008

ENSG00000062282 DGAT2 diacylglycerol O-acyltransferase 2 −1.8906 2.99E-06

ENSG00000124479 NDP NDP, norrin cystine knot growth factor −1.9734 2.33E-05

ENSG00000180884 ZNF792 zinc finger protein 792 −2.0420 1.02E-05

ENSG00000105991 HOXA1 homeobox A1 −2.0843 9.50E-06

ENSG00000215146 RP11–313J2.1 zinc finger protein 91 pseudogene −2.0922 0.0004

ENSG00000180592 SKIDA1 SKI/DACH domain containing 1 −2.2789 0.0006

ENSG00000168646 AXIN2 axin 2(AXIN2) −2.4330 0.0014

ENSG00000166292 TMEM100 transmembrane protein 100 −2.7242 0.0002

ENSG00000117289 TXNIP thioredoxin interacting protein −2.9230 7.30E-09

ENSG00000007944 MYLIP myosin regulatory light chain interacting protein −2.9767 4.83E-06

ENSG00000210195 MT-TT mitochondrially encoded tRNA threonine −4.0408 0.0001
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Table 7.

Summary of TGRL lipolysis products and ATF3 transcript variant 4 or 5 siRNA treatment in HBMECs

Treatment Response

TGRL Lipolysis 
Products

mRNA expression
Up-regulation of CHAC1, DDIT4, ATF3, DDIT3, JDP2, CCL20, CEBPB, CXCL3.
Up-regulation of TNF signaling (CSF2, FOSL1, FOSL2, LIF, ATF4, SELE, NFKB1, NFKBIA, JUNB, JUN)
Up-regulation of NRF2 signaling (EIF2A3K, NRF2, HIF1α, HOX-1, SOD-2, PTGS2/COX-2)
Up-regulation of Inflammation (IL-8, IL1α, VEGFA, ICAM-1, HSPA6, GADD45A, IL-6, CXCL-2, ADAM-2, 
KLF4)
Up-regulation of Transcript variant 4 and 5 of ATF3.
Protein Expression
Up-regulation of ATF3, ATF4, p-c-Jun, JDP2, JunB, CHAC1; TNFR1, DR5; NRF2, COX-2.
Apotosis
Increase Cleaved caspase-9, Active caspase-3, Cleaved PARP

ATF3-T4 siRNA + 
TGRL Lipolysis 
Products

mRNA expression
Up-regulation of CHAC1, JDP2, CEBPB; FOSL1; HOX-1.
Down-Regulation of CCL20; CSF2, SELE; NRF2, COX-2; IL-8, IL-1α, ICAM-1, IL-6, CXCL-2.
Protein Expression
Up-regulation of ATF4, JDP2, CHAC1, TNFR1.
Down-Regulation of JunB, DR5, NRF2, EIF2α, PTGS2/COX-2.
Apotosis
Decrease Cleaved caspase-9, Active caspase-3; No change of Cleaved PARP; Increased p53.

ATF3-T5 siRNA + 
TGRL Lipolysis 
Products

mRNA expression
Up-regulation of FOSL1, FOSL2, JunB, Jun; HOX-1; IL-1α.
Down-Regulation of CHAC1; COX-2; IL-6.
Protein Expression
Up-regulation of ATF4, p-c-Jun.
Down-Regulation of JunB, CHAC1, DR5, TNFR1, NRF2, EIF2α, COX-2.
Apotosis
Increased Cleaved caspase-9; Decreased Active caspase-3, Cleaved PARP, p53.

CPT1A1 siRNA + 
TGRL Lipolysis 
Products

mRNA expression
Down-Regulation of NRF2 signaling (EIF2A3K, NRF2, HIF1a, HOX-1, PTGS2/COX-2)
Down-regulation of Transcript variant 4 and 5 of ATF3.
Down-Regulation of Inflammation (IL-8, SELE/E-Selectin)
No Change SOD-2 and IL-6
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