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Vascular cognitive impairment (VCI), a form of demen-
tia caused by cerebrovascular disease, accounts for nearly 
20% of cognitive dysfunction in the United States, and yet 
our understanding of the cerebrovascular disease pro-
cesses underlying this dysfunction remains limited (1). 
Our understanding of vascular pathology in atheroscle-
rotic cardiovascular disease (ASCVD) and the systemic  
circulation is more advanced and suggests important ave-
nues of investigation, given the overlap of risk factors  
and epidemiology between ASCVD and cerebrovascular 
disease (2).
Epidemiological evidence suggests a diet high in satu-

rated fat and cholesterol negatively affects the health of 
the vasculature and contributes to the detrimental inflam-
matory injury that occurs in ASCVD and cerebrovascular 
disease (3–8). Studies also suggest that high levels of satu-
rated fats and cholesterol contribute to the risk of develop-
ing VCI (9–14). Chronic intermittent vascular injury, as 
occurs over the course of decades of consumption of high-
fat meals, may significantly contribute to the long-term 

Abstract  Dysfunction of the cerebrovasculature plays an im-
portant role in vascular cognitive impairment (VCI). Lipo-
toxic injury of the systemic endothelium in response to 
hydrolyzed triglyceride-rich lipoproteins (TGRLs; TGRL li-
polysis products) or a high-fat Western diet (WD) suggests 
similar mechanisms may be present in brain microvascular 
endothelium. We investigated the hypothesis that TGRL li-
polysis products cause lipotoxic injury to brain microvascular 
endothelium by generating increased mitochondrial superox-
ide radical generation, upregulation of activating transcrip-
tion factor 3 (ATF3)-dependent inflammatory pathways, and 
activation of cellular oxidative stress and apoptotic pathways. 
Human brain microvascular endothelial cells were treated 
with human TGRL lipolysis products that induced intracellu-
lar lipid droplet formation, mitochondrial superoxide gen-
eration, ATF3-dependent transcription of proinflammatory, 
stress response, and oxidative stress genes, as well as activa-
tion of proapoptotic cascades. Male apoE knockout mice 
were fed a high-fat/high-cholesterol WD for 2 months, and 
brain microvessels were isolated by laser capture microdissec-
tion. ATF3 gene transcription was elevated 8-fold in the hip-
pocampus and cerebellar brain region of the WD-fed animals 
compared with chow-fed control animals. The microvascular 
injury phenotypes observed in vitro and in vivo were similar.  
ATF3 plays an important role in mediating brain microvascu-
lar responses to acute and chronic lipotoxic injury and may 
be an important preventative and therapeutic target for en-
dothelial dysfunction in VCI.—Aung, H. H., R. Altman,  
T. Nyunt, J. Kim, S. Nuthikattu, M. Budamagunta, J. C. Voss, 
D. Wilson, J. C. Rutledge, and A. C. Villablanca. Lipotoxic 
brain microvascular injury is mediated by activating transcrip-
tion factor 3-dependent inflammatory and oxidative stress 
pathways. J. Lipid Res. 2016. 57: 955–968.
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to the plasma as a preservative, and the plasma adjusted with 
mock plasma solution ( = 1.0063 NaCl, KBr, and EDTA). TGRLs 
were isolated from the plasma by ultracentrifugation at 40,000 
rpm for 18 h at 14°C, and dialyzed in Spectra/Por® membrane 
tubing (molecular weight cutoff 3,500 g/mol; Spectrum Medical 
Industries, Los Angeles, CA) at 4°C overnight against a saline solu-
tion containing 0.01% EDTA. Triglyceride levels were measured 
using the Triglyceride Determination Kit (Sigma, St. Louis, MO).

In vitro culture and exposure of human brain microvascular endothelial 
cells to TGRLs.  Human brain microvascular endothelial cells (HB-
MECs) 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 humidi-
fied 5% CO2 and 95% air environment. Medium was changed 
every other day until 90% confluency, and cells were used at pas-
sage 5-6. One hour prior to experiments, cell culture medium was 
changed to fresh medium. HBMECs were then subjected to the 
following treatments: media alone, TGRLs alone (150 mg/dl), 
TGRLs hydrolyzed with LPL (referred to as TGRL lipolysis prod-
ucts; 150 mg/dl TGRLs plus 2 U/ml LPL for 30 min at 37°C prior 
to addition to the cells), or LPL alone in equivalent concentration 
(2 U/ml). LPL (catalog number L2254) was obtained from Sigma.

Transmission electron microscopy and Oil Red O staining of lipid 
droplets.  Ultrastructural abnormalities in response to lipid in-
jury in HBMECs were assessed by transmission electron micros-
copy (TEM). HBMECs were grown to confluence in Lab-Tek 
Permanox 8-well chamber plates and treated (n = 3 per treat-
ment group) with media or TGRL lipolysis products for 3 h. After 
treatment, cells were washed with complete media and fixed in 
Karnovsky’s fixative overnight. Samples were postfixed in OsO4, 
embedded in epon/aryldite, and thin sections mounted on elec-
tron microscopy grids by the Electron Microscopy Imaging Facil-
ity at the University of California, Davis. Sections were examined 
with a Philips CM120 transmission electron microscope (Pleasan-
ton, CA). Images were acquired digitally. For Oil Red O visualiza-
tion of lipid droplets in HBMECs, cells were fixed with 4% 
paraformaldehyde, stained with Oil Red O, and counterstained 
with CAT Hematoxylin (#CATHE; Biocare Medical, Concord, 
CA). Cells were then mounted on slides with ProLong Gold anti-
fade reagent (Life Technologies, Carlsbad, CA) and imaged us-
ing a Zeiss AxioObserver, LSM 700 microscope.

Electron paramagnetic resonance spin trapping of superoxide radical 
(O2

.).  To detect O2
. production by HBMECs, measurements of 

supernatant O2
. levels were performed on cells treated for 15 min 

with media, TGRL lipolysis, TGRL lipolysis plus superoxide dis-
mutase (SOD) (catalog number S5395; Sigma) at 500 U/ml or Mito-
TEMPO (#ALX-430-150-M005; ENZO Life Sciences, Farmingdale, 
NY) at 25 nM. Each treatment condition also contained 0.5 mM 
1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine (CP-H) spin trap 
(35). Spin traps are capable of rapidly trapping free radicals such as 
O2

. to form more persistent radicals (spin adducts) detectable by 
electron paramagnetic resonance (EPR). Conversion of the diamag-
netic hydroxy-amine CP-H (#ALX-430-078, ENZO Life Sciences) 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 micro-
wave power of 3 mW and modulation amplitude optimized to the 
natural line width of the spin probe.

Mitochondrial superoxide radical generation.  To assess the origin 
of the superoxide generation in HBMECs, cells were grown to con-
fluence on 12 mm round glass coverslips coated with Attachment 

health of the cerebrovasculature through oxidative stress 
and inflammatory mechanisms that appear to contribute 
to and characterize both ASCVD and cerebrovascular dis-
ease (15, 16).
In particular, triglyceride-rich lipoproteins (TGRLs) and 

their lipolysis products in high physiological and patho-
physiological concentrations are known to cause endothe-
lial injury and dysfunction in the peripheral circulation. 
TGRLs in the blood are hydrolyzed by LPL present on en-
dothelial cells lining the blood vessel wall (17–21). This 
process results in TGRL remnant particle formation and 
lipolysis products such as phospholipids and fatty acids. 
Previous studies have shown that TGRL lipolysis products 
cause aortic endothelial injury, including inflammation, el-
evated expression of reactive oxygen species (ROS), and 
increased vascular permeability (22–29). Additionally, acti-
vating transcription factor (ATF) 3 appears to play an 
important role as a master regulator of inflammation in the 
aortic endothelium in response to TGRL lipolysis products 
(22, 30). However, the effects of these lipids on brain micro-
vascular endothelial cells of the cerebrovasculature, and 
their potential involvement in lipotoxic dysfunction, are un-
known and have not been comprehensively studied.
The brain microvasculature differs significantly from that 

of the systemic circulation, particularly as relates to blood-
brain barrier function. Thus, the purpose of this study was 
to establish the response of the brain microvascular endo-
thelium to acute lipid challenge and investigate the hypoth-
esis that this lipotoxic injury involves intracellular ROS and 
activation of the ATF3 transcriptional pathway. Addition-
ally, we investigated whether chronic hyperlipidemia acti-
vates ATF3 upregulation in vivo. Few studies have focused 
on the diet-induced response of the cerebrovasculature, 
and a better understanding of diet-associated cerebrovas-
cular pathology is an important goal as we pursue rational 
therapeutic and intervention strategies to combat VCI.

MATERIALS AND METHODS

In vitro studies
Isolation of human TGRLs.  The in vitro studies utilized TGRLs 

isolated from human blood. The study protocol was approved by 
the Institutional Review Board of the University of California, Da-
vis, and all study subjects provided informed consent. 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 and pooled the plasma to prepare and isolate TGRLs. The 
average pooled TGRL concentration was 700–800 mg/dl. We 
used 150 mg/dl concentration to treat endothelial cells in our 
study. For experiments, we pooled TGRLs from 15 to 20 donors. 
Over the years, we have found the data to be very consistent using 
this method of collection and pooling of TGRLs. Previous studies 
have defined the extent and time course of triglyceride elevation 
following this diet and have shown triglyceride levels to be physi-
ological to high physiological at 3.5 h (31–34). 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 



TGRL lipolysis products injure brain vasculature 957

(1:200 dilution), c-Jun (1:200 dilution), phosphorylated c-Jun  
N-terminal kinase (p-JNK) antibody (1:1,000 dilution), phos-
phorylated c-Jun (p-c-Jun; 1:1,000), JNK1 (1:1,000), ATF4 (1:1,000),  
c/EBP homologous protein (1:1,000), and cleaved caspase-9 
(1:1,000) or blotting control mouse monoclonal anti--actin 
(1:5,000) at 4°C overnight. Membranes were then incubated with 
HRP-conjugated secondary anti-rabbit or anti-mouse antibody 
(1: 5,000–10,000). Blots were developed with the enhanced chemi-
luminescence detection system according to the manufacturer's 
instructions (Amersham). Protein expression levels were deter-
mined using a densitometer and Image Quant.

Antibodies were purchased from the following sources: mono-
clonal anti--actin antibody (A 5441) from Sigma; ATF3 (sc-188) 
and c-Jun (sc-1694) from Santa Cruz Biotechnology (Santa Cruz, 
CA); c/EBP homologous protein (#2895), p-c-Jun (#9261), p-JNK 
(#9251), JNK1 (2C6, #3708), and ATF4 (D4B8, #11815) caspase-9 
(#9502), and cleaved caspase-9 (Asp330, #9501) from Cell Signaling 

Factor™ (4Z0-210S; Cell Systems, Kirkland, WA), placed in 24-well 
medical-grade polystyrene plates (BD Falcon, San Jose, CA), and 
treated (n = 3 coverslips per treatment group) with media, TGRL 
lipolysis, or TGRL lipolysis plus the mitochondria-specific super-
oxide radical scavenger Mito-TEMPO (25 nM) for 15 min. After 
treatment, cells were washed with Krebs-HEPES buffer and incu-
bated with Mito-SOX™ and Mito-Tracker® in Krebs-HEPES buf-
fer for 20 min at 37°C according to the manufacturer’s protocol. 
MitoSOX Red Mitochondrial Superoxide Indicator (M36008) and 
MitoTracker Green FM (M-7514) were purchased from Molecular 
Probes (Eugene, OR). Nuclei were stained with 4',6-diamidino-
2-phenylindole (DAPI), and the production of superoxide by 
mitochondria was visualized by deconvolution fluorescence mi-
croscopy (Applied Precision LLC, Issaquah, WA).

Quantitative RT-PCR analysis of gene transcription.  Total RNA 
was extracted from HBMECs in 6-well plates treated with media, 
LPL, TGRLs, or TGRL lipolysis products using the RNeasy Mini 
Kit (Qiagen) including the DNA digestion step as described by 
the manufacturer. An aliquot equivalent to 5 g of total RNA 
extracted from each sample was reverse-transcribed to obtain 
cDNA in a final volume of 20 l consisting of buffer, random 
hexamers, DTT, deoxynucleoside triphosphates, and Super-
Script® III First-Strand Synthesis System (Invitrogen). Quantita-
tive RT-PCR (qRT-PCR) with SYBR as fluorescent reporter was 
used to quantify the expression of selected genes identified by 
GeneChip analysis. Specific human primers were designed with 
Primer Express 1.0 software (Applied Biosystems) using the gene 
sequences obtained from previously published Affymetrix Probe-
set IDs (Table 1) (22). 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 GAPDH-specific primers. Transcript levels were 
measured by RT-PCR using the ABI Vii7 Sequence detection sys-
tem (PE Applied Biosystems, Foster City, CA). The PCR amplifi-
cation 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 thresh-
old 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)] (36). The Ct, which correlates inversely with the tar-
get mRNA levels, was measured as the cycle number at which the 
SYBR Green emission increases above a preset threshold level. 
The specific mRNA transcripts were expressed as fold difference 
in the transcription of the specific mRNAs in RNA samples from 
the TGRL lipolysis-treated cells compared with those from the 
control-treated cells.

Western blotting.  To confirm translation of ATF3 mRNA, we 
performed Western blot analysis. For these experiments, HB-
MECs were grown to confluence in 6-well plates and then treated 
for 3 h with media, LPL, TGRLs, or TGRL lipolysis products. Af-
ter the incubation, cells were washed twice with PBS, scraped 
with cold PBS, and centrifuged at 3,000 rpm for 10 min at 4°C. 
Cell pellets were lysed in 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 g) 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 m polyvinylidenedifluoride 
membranes (Bio-Rad, Hercules, CA), which were subsequently 
blocked with 5% nonfat milk for 1 h and probed with ATF3 

TABLE  1.  Oligonucleotide sequences for each human primer were 
custom prepared using the Affymetrix Probeset IDs

Gene Primer Sequence (5′-3′)

GAPDH Sense-CACCAACTGCTTAG
Antisense-TGGTCATGAGTCCT

SOD-1 Sense-TCATCAATTTCGAGCAGAAGGA
Antisense-TTCCCCACACCTTCACTGGT

SOD-2 Sense-GGGAATACCCCAGTTGTGAAAG
Antisense-TGGTGTCAGATGTTGCCTTACAG

SOD-3 Sense-CACTGTGTTGTCACTGGGCG
Antisense-CCCACCGTGAAGATCCAATG

HOX-1 Sense-TCTTCCCCAACGAAAAGCAC
Antisense-CCCCCTCTGAAGTTTAGGCC

COX-2/PTGS2 Sense-CTGAATGTGCCATAAGACTGACCT
Antisense-TCCACAGATCCCTCAAAACATTT

ATF3 Sense-TTCTCCCAGCGTTAACACAAAA
Antisense-AGAGGACCTGCCATCATGCT

ATF4 Sense-GTGGCATCTGTATGAGCCCA
Antisense-GGCTGTGCTGAGGAGACCC

DDIT3 Sense-AGAGTGGTCATTCCCCAGCC
Antisense-CTTTCTCCTTCATGCGCTGC

PRNP Sense-GGAAACCCTTTTGCGTGGT
Antisense-GAAACGATTCAGTGCACATTGTAAG

HDAC9 Sense-TTTAATCAAGAAACTACCTGGAACCA
Antisense-ATTTAAGTCCAGCTTTCCTTTTCACT

GADD45A Sense-GGCCCGGAGATAGATGACTTT
Antisense-CCTTCTTCATTTTCACCTCTTTCC

E-selectin Sense-TGGCAATGAAAAATTCTCAGTCA
Antisense-TCAAGGCTAGAGCAGCTTTGG

ICAM-1 Sense-CAGAAGAAGTGGCCCTCCATAG
Antisense-GGGCCTTTGTGTTTGATGCTA

KLF4 Sense-ACTGGAAGTTGTGGATATCAGGG
Antisense-CTCCCCCAACTCACGGATATAA

VEGF Sense-AGCTCTGCCCTCCCCG
Antisense-CTTTCAAAGGAATGTGTGCTGG

CXCL3 Sense-TAGGGACAGCTGGAAAGGGA
Antisense-ACCCTCGTAAGAAATAGTCAAACACAT

IL-1 Sense-GTTTTATCATTTTCAAAATGGAGGG
Antisense-TGCGGCAGGAAGGCTTAG

IL-8 Sense-CCTTTCCACCCCAAATTTATCA
Antisense-TGGTCCACTCTCAATCACTCTCAG

IL-6 Sense-CTGCGCAGCTTTAAGGAGTTC
Antisense-TTGCCGAAGAGCCCTCAG

JunB Sense-AATGGAACAGCCCTTCTTACCACGA
Antisense-GGCTCGGTTTCAGGAGTTTGTAGT

COX-2, cyclooxygenase-2; CXCL3, chemokine (C-X-C motif) ligand 
3; DDIT3, DNA-damage-inducible transcript 3; GADD45A, growth 
arrest and DNA-damage-inducible ; HOX-1, hemeoxygenase-1; PRNP, 
prion protein; HDAC9, histone deacetylase 9; ICAM-1, intercellular 
adhesion molecule-1; IL, interleukin; KLF4, Kruppel-like factor 4; 
PTGS2, prostaglandin-endoperoxide synthase 2; VEGF, vascular 
endothelial growth factor. The human primers were used as described 
in the Materials and Methods. 
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background (strain B6.129P2-Apoetm1Unc/J, stock 002052, from 
Jackson Laboratories, Bar Harbor, ME) fed a Western diet (WD) has 
increased triglycerides, cholesterol, and fatty acids and, as such, 
exhibits characteristic vascular inflammation and development 
of human-like aortic atherosclerotic lesions (37, 38). We utilized 
this well-characterized model of aortic inflammation as a suitable 
model to assess inflammation in brain microvessels. Wild-type 
C57BL/6J mice (stock 000664 from Jackson Laboratories) were 
also used for this study as genetic controls. Animals were housed 
in a temperature- and humidity-controlled environment with a 
12 h light/dark cycle in the University of California, Davis Mouse 
Biology Program. Research was conducted in conformity with the 
Public Health Service Policy on Humane Care and Use of Labo-
ratory Animals, and all protocols were approved by the Institu-
tional Animal Care and Use Committee of the University of 
California, Davis. For these studies, 6-week-old male mice were 
fed a standard chow (n = 7–9 mice; Nestlé Purina PetCare Co., St. 
Louis, MO) or WD (n = 7–15 mice; catalog no. 88137, Harlan 
Laboratories, Madison, WI) composed of 21% fat and 0.2% cho-
lesterol (w/w) for an additional 6–8 weeks. This length of time 
has been previously shown to be sufficient for atheroma develop-
ment (38) and resulted in atherosclerotic lesions in our system 
that were moderately advanced per the classification of Stary 
(39–41). Mean weight of the animals at baseline was 23 g and in-
creased by an average of 26% in mice on the WD compared with 
13% on the chow diet.

Isolation of murine brain segments.  After chow or lipid feeding, 
wild-type and apoE/ mice were euthanized by exsanguination 
between the hours of 10 AM and 2 PM during the light phase of 
their light/dark cycle, and intravascularly perfused by retrocardiac 
perfusion with diethylpyrocarbonate-treated PBS under anesthesia 
[intraperitoneal Nembutal (0.6% solution, 120–180 mg/kg of body 
weight) or xylazine/ketamine (2.31 mg/ml xylazine/20.8 mg/ml 
ketamine solution, 0.0185–0.0208 mg xylazine and 0.166–0.187 mg 
ketamine per gram of body weight)]. Intact brains of chow- and 
lipid-fed mice were rapidly removed and cut into frontal, tempo-
ral, occipital, and cerebellar segments, embedded in HistoPrep 
Frozen Tissue Embedding Media (Fisher Scientific, Pittsburgh, PA), 
and tissue blocks stored at 80°C. Brain segments were coronally 
cryosectioned at 8 µm thickness, and each section was placed on 
a charged RNA-free PEN Membrane Glass Slide. RNAlater®-ICE 
(Life Technologies) was added to each section to prevent RNA 
degradation, and sections were stored at 80°C until use.

Visualization of hippocampal region.  To identify the hippocam-
pus and hippocampal neurons, brain sections in the medial as-
pect of the temporal lobe of study mice were stained with 
hematoxylin and visualized with microscopy by a histopathology 
expert and study coauthor (D.W.). Microvessels within the hip-
pocampal tissue were identified with alkaline phosphatase stain-
ing utilizing 5-bromo-4-chloro-3-indolyl phosphate/nitro blue 
tetrazolium chloride (BCIP/NBT) substrate as previously de-
scribed (42).

Laser capture microdissection and qRT-PCR analysis of ATF3 gene 
transcription in murine brain microvessels.  For analysis of ATF3 
gene transcription of brain microvessels, we utilized laser capture 
microdissection (LCM). For LCM, brain tissue sections from the 
frontal, temporal, hippocampal, and cerebellar segments of 
chow- and lipid-fed apoE/ mice were submerged in nuclease-
free water and dehydrated in desiccant. Laser capture was per-
formed of the entire vessel wall of brain microvessels in the 
cryosections under direct microscopic visualization using a Leica 
LMD6000 Laser Microdissection Microscope (Leica Microsystems, 
Wetzlar, Germany). Vessels were chosen for laser capture on the 

Technology (Danvers, MA); and HRP-conjugated secondary anti-
mouse (Amersham #NXA931) and anti-rabbit antibody (Amer-
sham #NA9340V) from GE Healthcare Life Sciences (Pittsburgh, 
PA). Secondary goat anti-rabbit antibody conjugated to Alexa 
Fluor 488 (A-11034) was purchased from Molecular Probes.

ATF3 siRNA experiments.  To further investigate involvement of 
the ATF3 signaling pathway activated by lipolysis products, cells 
were pretransfected with scrambled or ATF3 siRNA prior to treat-
ment with lipolysis products. Scrambled and negative control 
siRNA (AM4611) and ATF3 siRNA (Gene Bank: NM_001030287, 
AM16810, siRNA ID-241437) were purchased from Ambion 
(5′-AAGUGCCGAAACAAGATT-3′; 3′-UCUUCUUGUUUCGGCA-
CUUTG-5′) (Carlsbad, CA). A different construct of ATF3 siRNA 
(5′-GCAUUAUUGGAUGUCAAUAGCAUTG-3′; 3′-AUCGUAAU-
AACCUACAGUUAUCGUAAC-5′) and IDT TriFECTa® kit Du-
plex1 were purchased from Integrated DNA Technologies Inc. 
(IDT; Coralville, IA). HBMECs were cultured and treated with li-
polysis products for 3 h in 6-well plates. Cells were pretransfected 
for 18 h with 5 nM ATF3 siRNA or negative control (scrambled) 
siRNA in media without serum using HiPerfect reagent (Qiagen) 
according to the manufacturer’s protocol. Cells were transfected 
with two independent ATF3 siRNA constructs from IDT and Am-
bion. siRNA-transfected cells were exposed to lipolysis products for 
3 h as outlined above, and transcription of selected genes was as-
sessed by qRT-PCR. PCR primers were obtained from Operon 
(Huntsville, AL). To determine the ATF3 signaling pathway acti-
vated by TGRL lipolysis products, ATF3, ATF4, p-c-Jun, and c-Jun 
protein expression was analyzed by Western blotting according to 
the protocol described above.

Immunofluorescence analysis of nuclear ATF3 accumulation.  To de-
termine the extent of ATF3 nuclear accumulation in response to 
TGRL lipolysis products, HBMECs were grown to confluence on 
12 mm round glass coverslips coated with attachment factor, 
placed in 24-well medical-grade polystyrene plates, and treated  
(n = 4 coverslips per treatment group) with media, TGRLs, TGRL 
lipolysis products, or LPL for 3 h. After treatment, HBMECs were 
fixed with 4% paraformaldehyde in PBS for 30 min at room tem-
perature and then washed 3× with PBS. Cells were then permeabi-
lized, blocked, and incubated with rabbit polyclonal anti-ATF3 
(1:100 dilution, catalog number sc-188, Santa Cruz Biotechnol-
ogy) as previously described (22). Subsequently, cells were treated 
with goat anti-rabbit secondary antibody conjugated to Alexa Fluor 
488 (Molecular Probes), and the nuclei were counterstained for 
5 min with DAPI (1 g/ml). After cells were mounted on slides, 
they were evaluated and photographed with an Olympus Provis 
system fluorescence microscope (Waltham, MA). Images are rep-
resentative of at least five separate experiments.

Caspase-3/7 apoptosis assays.  Endothelial cell apoptosis was 
measured by caspase-3/7 activation using the Apo-ONE® Homo-
geneous Caspase-3/7 Assay kit (Promega, Madison, WI) according 
to the manufacturer’s instructions. HBMECs were grown to con-
fluence on 96-well plates and treated with media, LPL, TGRLs, or 
TGRL lipolysis products for 3 h. After incubation, caspase-3/7 ac-
tivity was measured using the Caspase-3/7 Assay kit. The samples 
were measured by a fluorescence microplate reader (SpectraMax 
F5; Molecular Devices, Sunnyvale, CA) with a 485 nm excitation 
filter and a 530 nm emission filter. Additionally, caspase-3/7 activ-
ity was measured in cells pretransfected with ATF3 siRNA for 18 h 
and then treated with lipolysis products for 3 h.

In vivo studies
Chronic lipid injury in wild-type and apolipoprotein E/ mice.   

The apolipoprotein E/ (apoE/) mouse on the C57BL/6J 
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endothelium. When HBMECs were treated with TGRL li-
polysis products, electron microscopy revealed two striking 
abnormalities (Fig. 1A). Mitochondria were dilated with 
spaces separating cristae often containing flocculant lightly 
electron-dense material, and media-treated control mito-
chondria were elongated and tubule shaped. Additionally, 
the cells rapidly formed spherical electron-dense inclusions 
interpreted to be lipid droplets. These were often found in 
close proximity to mitochondria. We used Oil Red O stain-
ing to further confirm the presence of lipid in the inclu-
sions in the lipolysis product-treated group (Fig. 1B).

Increased levels of superoxide radical generation from 
TGRL lipolysis product-treated HBMECs originate from 
mitochondria
Lipid-induced injury to HBMECs is thought to be re-

lated to the production of ROS. We investigated the in-
volvement of oxidative stress in the observed cellular injury 
resulting from acute lipid insult by determining the levels 
of lipid-induced ROS produced by HBMECs. EPR spec-
troscopy was used to measure the conversion of the dia-
magnetic CP-H spin trap to its stable paramagnetic 
nitroxide spin adduct by ROS. As shown in Fig. 2A, expo-
sure of HBMECs to TGRL lipolysis products generates a 
large nitroxide signal, indicating an oxidation of the CP-H 
spin trap. The nitroxide signal is substantially reduced by 
the simultaneous addition of SOD, which catalyzes the 
conversion of superoxide into oxygen and hydrogen per-
oxide. The intensities of the EPR signals are quantified in 
Fig. 2B. A statistically significant reduction (nearly 50%) 
in nitroxide signal is obtained when cells are treated with 
both TGRL lipolysis products and 500 U/ml SOD, suggest-
ing superoxide represents the major reactive species pro-
duced in response to lipolysis products.

To probe the origin of the ROS, HBMECs were stained 
with both a mitochondria-specific green fluorescent probe 
(MitoTracker Green) and a MitoSOX probe that under-
goes oxidation and fluoresces red upon contact with mito-
chondrial superoxide. Colocalization of superoxide and 
mitochondria was revealed by orange coloration. As seen in 
Fig. 2C, following treatment with lipolysis products, HBMECs 
displayed bright orange staining dispersed throughout the 
cytoplasm, compared with a notable lack of orange staining 
in the cells treated with media alone. Mito-TEMPO, a mito-
chondria-specific superoxide scavenger, attenuates the lipoly-
sis product-induced increase in superoxide. This implicates 
a mitochondria-mediated pathway in the superoxide pro-
duction following acute lipid injury in HBMECs.

TGRL lipolysis products activate genes involved 
in oxidative stress, transcription factor, and 
proinflammatory activities
Our previous systems biology work demonstrated in-

duction of proinflammatory responses by TGRL lipolysis 
products in HBMECs, and involvement of ATF3 as a prin-
cipal response gene (43). HBMEC gene transcription fol-
lowing TGRL lipolysis product treatment for up to 3 h was 
determined by qRT-PCR analysis. Fig. 3A–C shows signifi-
cantly increased transcription of oxidative stress, transcrip-
tion factor, and proinflammatory response genes. Oxidative 

basis of their morphology and size (25–250 m in diameter). To-
tal RNA was extracted from the laser-captured brain microvessels 
and amplified using an Arcturus® RiboAmp® HS PLUS RNA 
Amplification Kit (Life Technologies) according to the manufac-
turer’s instructions. The integrity and quality (RIN 7) of the 
RNA from LCM-derived vessels was assessed by a scrape test using 
the protocol provided in the kit and verified up to 90 min postmi-
crodissection using an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA). The integrity of the RNA was also 
verified by agarose gel electrophoresis of the RT-PCR products. 
Total RNA samples extracted and amplified from the laser-cap-
tured brain microvessels were used to analyze transcription of 
ATF3 and normalized to GAPDH transcription. The murine 
primers used are detailed in Table 2. 

Statistical methods.  Results are expressed as means ± SEM, un-
less otherwise indicated. Student’s t-tests were performed to ana-
lyze gene transcription in brain regions between the WD-fed 
apoE/ and chow-fed apoE/ animals. Unpaired Student’s t-
tests or two-way ANOVA with repeated measures were used for 
comparisons between treatments in the in vitro experiments. Sta-
tistical analyses were performed using Excel (Microsoft, Red-
mond, WA), SigmaStat (Systat Software Inc., San Jose, CA), or 
GraphPad PRISM 5.0 software (San Diego, CA), and significance 
was determined at P  0.05.

RESULTS

TEM reveals ultrastructural abnormalities in human brain 
microvascular cells treated with TGRL lipolysis products
We first sought to determine the characteristics of acute 

lipid-induced injury in the human brain microvascular 

TABLE  2.  Oligonucleotide sequences for each murine primer 
were obtained from the Affymetrix database using Probeset IDs and 

Primer3 software

Gene Primer Sequence (5′-3′)

GAPDH Sense-GCAACAGGGTGGTGGACCT
Antisense-GGATAGGGCCTCTCTTGCTCA

ATF3 Sense-ATCGTGGGCCGCTCTAGGCACC
Antisense-CTCTTTGATGTCACGCACGATTTC

IL-1 Sense-CCACGAAGCTCTCCGTACAT
Antisense-GCTTTAAGGACGGGAGGGAG

IL-1 Sense-GTTGATTCAAGGGGACATTA
Antisense-AGCTTCAATGAAAGACCTCA

TNF- Sense-GCTCCCAGAAAAGCAAGCAG
Antisense-CATCTTTTGGGGGAGTGCCT

JNK1/MAPK8 Sense-TTTTGCTGTGAAACTTTTGATTATCA
Antisense-AACTTAACATGTGGTGCAATTTCTGT

S100B Sense-GACTCCAGCAGCAAAGGTGA
Antisense-ATCTTCGTCCAGCGTCTCCA

IL-11 Sense-TCTCTTCAGACCCTCGAGCA
Antisense-CATGCCGGAGGTAGGACATC

JUNB Sense-CAGCTCAAGCAGAAGGTCATGA
Antisense-CAGCAACTGGCAGCCGTT

COX-2 Sense-CTTAGTTCCGTTTCTCGTGGTCA
Antisense-AACCCAATCAGCGTTTCTCG

CAS3 Sense-TGCTAGAAACGAAAGGGCCA
Antisense-TTGCTGGATGCTTTCCAAGTC

CAS7 Sense-CTGCCTGAGATGGAAACCAAG
Antisense-GGAGGCCTTTGGTGTCTGACT

CAS9 Sense-ACATGCAGTTGTGGGCGTT
Antisense-GTGAGTCCCAGCCTCAAAACA

CAS, caspase. The murine primers were custom prepared and 
used as described in the Materials and Methods.
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ATF3 transcript, we also observed varying effects on TGRL 
lipolysis product-induced genes (Fig. 5B, C). In particular, 
ATF3 siRNA significantly decreased gene transcript levels 
of the proinflammatory genes E-selection, ICAM -1, KLF4, 
and CXCL3 and significantly upregulated levels of IL-1 
and the oxidative stress gene HOX-1 (P  0.05).
ATF3 siRNA also differentially affected protein levels 

of transcription factors involved in the lipolysis product-
induced signaling pathway. Fig. 6A shows significantly re-
duced protein levels of ATF3 protein following pretreatment 
with ATF3 siRNA (P  0.05). Additionally, ATF3 knock-
down resulted in decreased levels of ATF4 (Fig. 6B) and 
increased levels of p-c-Jun (Fig. 6C).

Elevated levels of proapoptotic factors in TGRL lipolysis 
product-treated HBMECs are attenuated by ATF3 siRNA
We then sought to determine how disruption of the 

ATF3 signaling pathway by knockdown with ATF3 siRNA 
would affect apoptotic injury in HBMECs treated with li-
polysis products. Caspase-3/7 activation occurs downstream 
of procaspase cleavage and activation and results in the 
cleavage of many caspase substrates that eventually effect 
the final steps of the apoptotic cascade. Lipolysis products 
induced significantly increased caspase-3/7 activity (Fig. 
6D) that was attenuated by pretreatment with ATF3 siRNA 
(Fig. 6E).

ATF3 gene transcription is increased by WD in brain 
vasculature of apoE/ mice
As our in vitro cell studies demonstrated marked endo-

thelial effects of acute lipid injury induced by TGRL lipoly-
sis products, we then sought to determine whether chronic 
exposure to a high-fat lipid challenge would produce anal-
ogous deleterious vascular effects in an in vivo apoE/ 
animal model. We investigated ATF3 gene transcription in 
murine brain blood vessels isolated by LCM from wild-type 
and apoE/ mice fed either the WD or chow and the hip-
pocampal and other brain regions of apoE/ mice fed 
chow diet (Fig. 7). As shown in Fig. 7, transcription of 
ATF3 in brain vasculature was 8-fold higher (P  0.001) in 
WD compared with chow diet in apoE/ mice. In addi-
tion, regional analysis showed that ATF3 transcription in 
brain vasculature was restricted to the hippocampus and 
cerebellum, as ATF3 transcription was not significantly  
increased in the frontal or temporal lobes of WD-fed 

stress response genes, including mitochondrial SOD-2, 
HOX-1, and COX-2, were significantly upregulated by 
TGRL lipolysis products (Fig. 3A). In contrast, soluble 
SOD-1 and extracellular SOD-3 were not changed.
Lipolysis products activated genes encoding transcrip-

tion factors, including ATF3, DDIT3, ATF4, PRNP, HDAC9, 
and GADD45A (Fig. 3B). In particular, lipolysis product-
treated HBMECs expressed increased levels of ATF3 
(nearly 75-fold compared with media control, P  0.05) 
after 3 h of treatment. Proinflammatory genes activated 
included E-selectin, ICAM-1, KLF4, VEGF, CXCL3, IL-1, 
IL-8, and IL-6 (Fig. 3C). There were no significant differ-
ences between the media control and TGRL-treated or 
LPL-treated control groups at any time point.

TGRL lipolysis products increase protein expression of 
ATF3, ATF4, p-c-Jun, and cleaved caspase-9 and increase 
ATF3 nuclear accumulation in HBMECs
To further determine the signaling pathway(s) respond-

ing to the lipid-induced injury, we probed protein expres-
sion of ATF3, and observed significantly (P  0.05) 
increased levels after 3 h of lipolysis product treatment 
(Fig. 4A). Fig. 4B, D also shows elevated protein levels of 
ATF4 and p-c-Jun. However, p-JNK protein levels did not 
change (Fig. 4C). Lipolysis product treatment also re-
sulted in increased ATF3 nuclear accumulation (Fig. 4E), 
indicative of activation of the transcription factor within 
3 h of exposure to the lipid.
Caspase-9 activity has been linked to the mitochondrial 

death pathway; thus, we investigated levels of cleaved cas-
pase-9 indicative of conversion of procaspase-9 to the ac-
tive form that upregulates downstream apoptotic cascades. 
As shown in Fig. 4F, cleaved caspase-9 (37 kDa) protein 
displays an increasing trend after treatment with lipolysis 
products for 1 h. In separate experiments, protein expres-
sion for ATF3, ATF4, and cleaved caspase-9 (37 kDa) was 
shown to be dependent on time (1 h to 3 h) of incubation 
with the lipolysis products (data not shown).

ATF3 siRNA suppresses induction of a subset of 
transcription factors and proinflammatory response 
genes

As shown in Fig. 5A, knockdown by ATF3 siRNA re-
sulted in a significant 63% reduction in ATF3 gene tran-
scription (P  0.05). Concurrent with the decrease in 

Fig.  1.   TGRL lipolysis products induced mito-
chondrial dysfunction and lipid droplet (LD) for-
mation. HBMECs were treated with media control 
(Media) or TGRL lipolysis products (TL, 150 mg/dl 
+ LPL, 2 U/ml) for 3 h. A: TEM image of swollen 
mitochondria (M, yellow arrows) and adjacent lipid 
droplets (LD, red arrow). Original magnification 
8,400× (bar = 1 µm). B: LD formation (yellow ar-
rows) was observed in TGRL lipolysis product-
treated cells by Oil Red O staining (bar = 40 µm).  
n = 3/treatment group.
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apoE/ mice versus chow-fed apoE/ mice. There was 
no increase or difference in ATF3 transcription between 
WD and chow in wild-type mice. In addition, the high fat 
diet-induced vascular damage on the brain was not accom-
panied by any obvious observable damage to neurons or 
glia by H and E staining.

DISCUSSION

The pathophysiological mechanisms of cerebrovascular 
dysfunction are poorly understood; although strong cor-
relative data exist linking blood lipids to cerebrovascular 
injury (9–14, 44, 45), little is known regarding the mecha-
nisms of lipid-induced cerebrovascular injury, which could 
have relevance to prevalent health conditions such as VCI 
and Alzheimer’s disease. Lipotoxicity results from intracel-
lular accumulation of excess lipid, particularly fatty acids, 
in nonadipose tissue leading to lipid imbalance, cellular 
dysfunction, and cell death (46–48). Our work indicates 
for the first time that TGRL lipolysis products cause lipo-
toxic injury to HBMECs in vitro. This lipotoxicity occurs 
through stimulation of mitochondrial metabolism toward 
overproduction of superoxide radical, which drives both 
ATF3-mediated inflammatory and apoptotic responses, 
and cellular ROS adaptation. Our findings also have rele-
vance in vivo, as we further demonstrated ATF3 is up-
regulated in brain microvessels in a murine model of 
hyperlipidemia, and a similar overall in vivo phenotype to 
that observed in vitro in HBMECs. These responses may 
ultimately affect the integrity of the blood-brain barrier, 
induce neurovascular inflammation, and contribute to 
cognitive decline.
Our previous studies indicated acute exposure to hydro-

lyzed TGRLs (TGRL lipolysis products) lead to inflamma-
tory injury in human aortic endothelial cells (22, 23, 27, 
28), and we hypothesized similar effects may occur in the 
vasculature of the brain. In our in vitro model of cultured 
HBMECs, TEM revealed ultrastructural abnormalities in 
response to TGRL lipolysis products indicative of lipotoxic 
injury, including mitochondrial swelling and increased 
levels of lipid droplets in close proximity to mitochondria 
at 3 h. To further investigate the particular pathway re-
sponsible for this injury, we assayed for production of ROS 
and detected notably elevated levels of superoxide within 
15 min of TGRL lipolysis product treatment that were sig-
nificantly reduced by concomitant treatment with SOD, 
suggesting that TGRL lipolysis product-mediated HBMEC 
injury is dependent, at least in part, on elevated ROS. Im-
munofluorescent staining of cells treated with lipolysis 
products and the mitochondria-specific antioxidant Mito-
TEMPO demonstrated the superoxide originated from 

Fig.  2.   TGRL lipolysis product-activated superoxide radical 
(O2

.) generation was suppressed by SOD or Mito-TEMPO. HB-
MECs were treated for 15 min with media (M), TGRL lipolysis 
products (TL), TGRL lipolysis products plus SOD (TLS, 500 U/ml 
SOD), or TGRL lipolysis products plus Mito-TEMPO (25 nM). A: 
Oxidation of the CP-H spin trap measured by EPR spectroscopy. 
Supernatant solutions from the alternatively treated cells were in-
cubated with the diamagnetic (EPR silent) CP-H spin trap and 
scanned by EPR. The intensity of the three-line nitroxide spectrum 
is indicative of the rate of CP-H oxidation, which generates the 
paramagnetic nitroxide species. Addition of SOD to the sample re-
duces the nitroxide signal by 50%, indicating superoxide as a 
major species in CP-H oxidation. Quantification of oxidized CP-H 
signal is shown in B. C: Superoxide radical generation in mito-
chondria was suppressed by Mito-TEMPO. Cells were stained with 
MitoTracker (green) for mitochondria and MitoSox (red) for 

mitochondrial superoxide generation. Orange color represents co-
localization of superoxide radical production in mitochondria. n = 
4–5/treatment group, and results expressed as means ± SEM. P  
0.05 was considered significant. * = TL compared with M; # = 500 
U/ml SOD (TLS500) compared with TL.
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(22), we investigated the involvement of ATF3 in the brain 
microvascular endothelial cell responses to TGRL lipolysis 
products. We observed markedly upregulated ATF3 ex-
pression within 3 h of treatment, as well as increased nu-
clear accumulation of ATF3. ATF3 is a member of the 
ATF/cyclic-AMP response element-binding family of tran-
scription factors characterized by the presence of a basic-
region leucine zipper (50). Members of this transcription 
factor family share the ability to bind to the consensus se-
quence TGACGTCA located in the cyclic AMP response 
element of many different promoter regions (51, 52). 
ATF3 can act as either an activating or repressing tran-
scription factor for many other genes and is therefore con-
sidered an adaptive-response gene. Previous studies have 
shown that depending on its dimeric state (homodimer 
versus heterodimer), upregulation of ATF3 can be pro- or 
anti-inflammatory (53–57).
We have recently shown that in human aortic endothe-

lial cells, TGRL lipolysis product-stimulated ATF3 regula-
tion proceeds via a complex cascade partially mediated by 
p-JNK transcription factor networks that are dependent 
on the rapid nuclear translocation of ATF3, heterodimer 

the mitochondria, which corresponds with the mitochon-
drial injury visualized by electron microscopy. Although 
ROS production generated by TGRL lipolysis products is 
likely to be very complex, the major source of ROS pro-
duction appears to be the mitochondria. We have shown 
caspase-9 and caspase-3/7 activity in HBMECs was in-
creased by lipolysis products. Intracellular stress can in-
duce apoptosis through the intrinsic cell death pathway. 
Intrinsic apoptosis is mitochondrion-centered cell death 
mediated by mitochondrial outer membrane permeabili-
zation and results in apoptosome formation, activation of 
caspase-9, and subsequent activation of effector caspases, 
including caspase-3. During intrinsic cell death, stimula-
tion of caspase-9 and effector caspases have sequential and 
distinct effects on mitochondria (49).
TGRL lipolysis products further induced increased tran-

scription of a wide array of proinflammatory, stress re-
sponse, and oxidative stress genes. This collection of 
cellular responses parallels that observed in our previous 
studies with aortic endothelial cells (22, 23, 27). As our 
previous work has demonstrated an important role for 
ATF3 in acute lipid-induced injury in aortic endothelium 

Fig.  3.   TGRL lipolysis product-induced gene transcription determined by qRT-PCR. HBMECs were treated with media (M) or TGRL li-
polysis products (TL, 150 mg/dl TGRLs plus 2 U/ml LPL) for 3 h. A: Oxidative stress genes: mitochondrial SOD-2, COX-2, and HOX-1; 
soluble SOD-1; and extracellular SOD-3. B: Stress response genes: ATF3, ATF4, DDIT3, PRNP, HDAC9, and GADD45A. C: Proinflammatory 
response genes: E-selectin, ICAM-1, KLF4, VEGF, CXCL3, IL-1, IL-8, and IL-6. Expression of each gene was normalized to that of GAPDH, 
and fold change was calculated as the ratio of TL to media control. n = 3/treatment group, and results are expressed as means ± SEM.  
* P  0.05 was considered significant (TL compared with M, L, or T).
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JNK activation was not upregulated in brain microvascular 
endothelium, and thus, TGRL lipolysis products likely 
activate ATF3 via different upstream factors in cerebrovas-
cular inflammation.

In contrast to recently published studies showing that 
the anti-inflammatory effects of HDL were due to ATF3 
dependent inhibition of TLR inflammatory pathways in 
macrophages (59), we have found ATF3 isoform, dimer-
ization, and function to be dramatically different in dif-
ferent cell types and to be condition dependent. Herein, 
we describe the potential anti- and proinflammatory ef-
fects of ATF3, which at least in part rely on the dimeriza-
tion of ATF3 pairs or quads. Our recent work examining 
single molecule cellular dynamics of ATF3 showed dramatic 

conformation, and formation of a p-c-Jun/ATF3 AP-1 
binding complex (22). Our present work indicates the sig-
naling mechanism underlying ATF3 activation in brain 
microvascular endothelium appears to be similarly com-
plex but involves different players. We observed increased 
p-c-Jun and ATF3 protein levels, suggesting involvement 
of the same AP-1 binding complex. We also assessed the 
association between ATF3 upregulation and JNK phos-
phorylation. JNK belongs to a subset of MAPKs (a key  
cellular oxidative stress response pathway), thought to be 
upstream of the ATF3 signaling pathway, and has been 
previously shown to be an initiator of the ATF3 signaling 
cascade via transcriptional regulation (58). However, in 
contrast to our previous experiments in aortic endothelium, 

Fig.  4.   TGRL lipolysis products increase ATF3, ATF4, p-JNK, p-c-Jun, and c-Jun protein expression. HBMECs were exposed to TGRL li-
polysis products (T+L), media (M), LPL (L), or TGRLs (T) for 3 h. Cell lysates were analyzed by Western blotting and densitometry. A: 
Protein expression of ATF3 after the aforementioned treatments. B: Protein expression of ATF4. C: Protein expression of p-JNK. D: Protein 
expression of c-Jun and p-c-Jun. E: Immunofluorescence images of ATF3 demonstrate transition of cytosolic to nuclear accumulation of 
ATF3 following exposure to lipolysis products (bar = 40 µm). n = 5 coverslips/treatment group. F: Protein expression of cleaved caspase-9 
(37 kDa). For A–D and F, n = 3, and # P  0.05 for T+L compared with M, L, or T.
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transcription, other regulatory factors are responsible for 
modulation of adaptive oxidative stress responses follow-
ing lipotoxic injury.

There is now significant clinical and epidemiologic 
data available pointing to the strong association of hy-
perlipidemia, as well as obesity, diabetes, and hyperten-
sion, in the development and possible causation of 
dementia. This has been reviewed in our prior publica-
tion (61). Unfortunately, reversal or prevention of de-
mentia with hypolipidemic therapies has not been 
adequately tested. Interestingly, ATF3-mediated neuro-
inflammation in response to chronic lipid-induced in-
jury appears to be a regional process. Previous studies 
have primarily focused on hypothalamic lipotoxicity, 
with much less emphasis paid to cortical and cerebral 
lipotoxicity (62, 63). Our in vivo studies revealed ele-
vated ATF3 expression in brain vasculature that was 
confined to the cerebellum and the hippocampus, but 
did not extend to the temporal and frontal lobes, sup-
porting the notion that in response to a lipotoxic insult 
to the brain, ATF3 upregulation may indeed proceed in 

dimerization of ATF3 pairs that promote a proinflam-
matory cellular cascade (30). Further, our prior studies 
show that in response to lipids, ATF3 expression in 
monocytes (60), macrophages, astrocytes, and microglia 
is much reduced compared with ATF3 expression in en-
dothelial cells.
Additionally, we observed upregulated gene transcrip-

tion and increased protein levels of ATF4 in HBMECs in 
response to TGRL lipolysis products. siRNA knockdown 
experiments further elucidated the involvement of ATF3 
and ATF4 transcription factors in our model, as pretreat-
ment with ATF3 siRNA resulted in decreased gene tran-
scription and protein expression of ATF3 and ATF4 but 
caused an increase in p-c-Jun. ATF3 siRNA also attenuated 
the TGRL lipolysis product-induced transcription of most 
of the inflammatory markers investigated, suggesting acti-
vation of this transcriptional pathway proceeds through  
c-Jun phosphorylation and an ATF3/ATF4 binding com-
plex. However, ATF3 knockdown increased transcription 
of the oxidative stress gene HOX-1. Thus, although ATF3 
appears to be a primary regulator of inflammatory gene 

Fig.  5.  Effect of ATF3 siRNA on TGRL lipolysis product-induced gene transcription. HBMECs were pretreated with siRNA 18 h prior to 
lipolysis product exposure for 3 h. A: mRNA was significantly knocked down after transfection with ATF3 siRNA for 18 h. B: Alterations in 
the transcription of ATF3, ATF4, DDIT3, PRNP, HDAC9, GADD45A, SOD-2, HOX-1, and COX-2. C: Alterations in the transcription of E-
selectin, ICAM-1, KLF4, VEGF, IL-1, IL-8, IL-6, CXCL3, and JunB. Expression of each gene was normalized to that of GAPDH and fold 
change was calculated by comparing TGRL lipolysis product-induced transcription between scrambled siRNA and ATF3 siRNA groups. n = 
3/treatment group, and results are expressed as means ± SEM. * P  0.05 (downregulated); # P  0.05 (upregulated).
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elevated levels of VLDL (a subclass of TGRLs), LDL, and 
fatty acids they provided a practical model of hyperlipid-
emia and atherosclerosis. Moreover, apoE/ mice serve as 
an appropriate model for studying pathogenic oxidative 
mechanisms influencing risk and progression of Alzheim-
er's disease (67, 68). In addition, postprandial apoE isoform 
and conformational changes associated with VLDL dramati-
cally modulate vascular inflammation. Our published stud-
ies indicate that after every meal, VLDL lipolysis products 
increase VLDL particle fluidity, which mediates expansion 
of apoE4 on the VLDL particle. VLDL fluidity is increased 
causing apoE4 associated with VLDL to assume a more ex-
panded conformation, potentially enhancing the pathoge-
nicity of apoE4 in vascular tissue inflammation (34, 69). 
Furthermore, lipoprotein hydrolysis is less efficient in the 
apoE/ mouse, which results in decreased fatty acid re-
lease by lipolysis; fatty acids are a major component of 
TGRL lipolysis products. However, fatty acids levels are also 
elevated in blood of apoE/ mice through other mecha-
nisms, and the elevated fatty acids may directly contribute to 
the lipotoxic response in the neurovascular unit.

a stimulus- and region-specific manner. Our studies have 
relevance to disease in humans as the hippocampus is a 
major target region of the brain involved in Alzheimer’s 
disease pathology. With regard to cerebellar expression 
of ATF3 and cognitive function, a number of recent 
publications have indicated that the cerebellum may be 
involved with cognitive function (64). In addition, the 
cerebellum is hypothesized to play a key role in the de-
velopment of vascular dementia (65). Thus, due to its 
adaptive function, ATF3 may serve as a mediator of pro-
tective cellular responses to help neural tissues recover 
from injury following a lipotoxic insult, or it may induce 
increased damage. Further studies are needed to clarify 
ATF3’s regional role in the brain in response to chronic 
hyperlipidemic injury.

ApoE/ mice were used for in vivo experiments, which is 
an established model for vascular inflammation and vascular 
atherosclerotic lesions. ApoE plays a central role in lipopro-
tein metabolism and is required for the efficient clear-
ance of diet-derived chylomicrons and liver-derived VLDL 
remnants (66). Thus, mice lacking apoE (apoE/) have 

Fig.  6.  Effect of ATF3 siRNA on TGRL lipolysis product-induced protein expression and apoptosis. HBMECs were transfected with ATF3 
siRNA for 18 h and treated with TGRL lipolysis products (TL) for 3 h. A: Alterations in ATF3 protein expression. B: Downregulation of 
ATF4 protein expression. C: Upregulation of p-c-Jun and c-Jun. For A–C, Western blot and densitometry quantification were performed 
with n = 3/treatment group. *P  0.05 for comparisons between scrambled siRNA exposed to media (M) and TGRL lipolysis products 
(TL), or ATF3 siRNA exposed to M and TL. # P  0.05 denotes the difference between TL with scrambled siRNA and TL with ATF3 siRNA. 
D: Caspase-3/7 activity was significantly increased with TGRL lipolysis products (TL) after 3 h of incubation. * = TL compared with media 
(M), LPL (L), or TGRLs (T) alone. E: Caspase-3/7 activity significantly decreased in cells transfected with ATF3 siRNA. n = 7/treatment 
group. * P  0.05 (TL compared with M), and # P  0.05 (TL with scrambled compared with ATF3 siRNA).
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cerebrovasculature. As such, ATF3 may reside at an impor-
tant intersection between dietary lipids and detrimental 
cellular responses in the brain microvasculature and con-
tribute to the dysfunction characteristic of VCI. ATF3 thus 
may be a candidate gene target for future therapeutics 
aimed at combating cerebrovascular injury.
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In summary, we demonstrated TGRL lipolysis products 
cause lipotoxic brain microvascular endothelial injury  
by increasing mitochondrial superoxide radical and pro-
apoptotic cascades, activating ATF3-mediated inflamma-
tory pathways and inducing oxidative stress pathways (Fig. 8). 
Our results also show significantly upregulated transcrip-
tion of ATF3 in hippocampal and cerebellar vessels in a 
chronic model of lipid-induced injury, further establish-
ing ATF3’s role in a key endothelial regulatory pathway 
that mediates lipotoxicity (22) and suggesting ATF3 may 
be a key response gene following acute or chronic lipid 
injury in vivo and in vitro. Although ATF3 is known to be 
regulated by a number of oncogenic, infectious, and cel-
lular stress responses, we establish a previously undefined 
role for lipids, specifically lipolysis products of TGRLs 
and the high-fat WD, in inducing ATF3 expression in the 

Fig.  7.  A: Representative images of brain microvessels dissected by LCM. Microvessels were identified in brain sections (8 m) of WD-fed 
apoE/ and chow-fed apoE/ male mice, and the entire vessel wall subjected to LCM. RNA was isolated, amplified, and subjected to gene 
expression analysis by qRT-PCR. The figure shows representative brain microvessels (arteriole, 100 m lumen diameter) selected for LCM 
from WD-fed apoE/ mice (left-hand panel) and chow-fed apoE/ mice (right-hand panel; scale bar = 100 m). B: Representative images 
of hippocampal neurons and brain microvessels dissected by LCM. Neurons and microvessels in the hippocampus (8 m sections) of chow-
fed apoE/ mice were stained with hematoxylin (left panel, yellow arrows). Endothelium (shown in longitudinal section of a brain mi-
crovessel) was confirmed with alkaline phosphatase staining (right panel, red arrow) with BCIP/NBT substrate. C: Increased expression of 
ATF3 in microvessels from the hippocampus and the cerebellar brain regions of WD-fed apoE/ mice. ApoE/ (n = 5 to 7) and control 
C57BL/6J (n = 5 to 7) mice were fed a typical WD or chow for 6–8 weeks, after which hippocampus, cerebellum, frontal lobe, and temporal 
lobe brain sections were collected. LCM was used to isolate brain microvessels from each separate brain region. Total RNA was isolated, 
amplified, and used for qRT-PCR analysis of ATF3 gene transcription. Expression levels were normalized to GAPDH and expressed as 
means ± SEM. ** P  0.001 WD-fed apoE/ compared with all other groups. * P  0.05 for WD-fed control compared with chow-fed con-
trol mice, and for chow-fed apoE/ compared with chow-fed control mice.
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