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Introduction
The vascular endothelium is essential in lipid partitioning (1). Spe-
cifically, in metabolically active tissues (e.g., heart, skeletal mus-
cle, adipose), triglyceride-rich (TG-rich) lipoproteins (chylomi-
crons, VLDL) are metabolized by lipoprotein lipase (LPL), which 
docks on the luminal surface of capillaries together with the pro-
tein GPIHBP1 (2). Following lipolysis, fatty acids (FAs) traverse the 
endothelium via passive diffusion (3) or receptor-mediated uptake 
to be metabolized or stored in underlying parenchymal cells (1). 
Recent data have shown that receptor-mediated uptake of FA by 
the small vessel endothelium is critical for maintaining metabolic 
homeostasis and that the aortic endothelium is capable of endocy-
tosing TG-rich lipoproteins by a receptor-mediated, LPL-indepen-
dent process (4–6). However, little is known about how endotheli-
al cells (ECs) process lipids after uptake, especially in large vessels 
— the site of atherosclerotic vascular disease.

Lipid droplets (LDs) are dynamic intracellular organelles that 
assemble, store, and release lipids depending on energy status of 
the cell (7). During conditions of energy surplus, cells can esterify 
free FAs into TG for storage in LDs. TG synthesis is an early step in 
LD biogenesis, a multiple-step process that occurs in the ER and is 
rate limited by diacylglycerol O-acyltransferase enzymes (DGAT-1  
and -2) (8). Alternatively, LD components can be liberated by a 
series of hydrolysis reactions, leading to the production of lipid 
metabolites that are used for energy provision, membrane syn-
thesis, transcriptional control, and/or cell signaling (7). The rate- 
limiting enzyme in LD hydrolysis is adipose TG lipase (ATGL) 
(also known as patatin-like phospholipase domain–containing 
protein 2 [PNPLA2]), which is a lipase found on the surface of LDs 
that, together with its coactivator, comparative gene identifica-
tion-58 (CGI58), catalyzes the initial step in TG lipolysis (9, 10).

The essential role of ATGL in LD metabolism and human phys-
iology was uncovered by several clinical case reports describing 
mutations in the ATGL and CGI58 genes (11). Mutations in these 
genes cause neutral lipid storage disease (NLSD), an autosomal 
recessive disorder characterized by excessive TG accumulation 
in multiple tissues (11). Patients with mutations in the ATGL gene 
develop a more severe clinical prognosis, characterized by myopa-
thy (NLSD-M), compared with individuals with mutations in CGI58 
that develop NLSD with ichthyosis (NLSD-I) (12). Individuals 
with NLSD-M accumulate TG-rich LDs in the liver, skeletal mus-
cle, and heart, which are associated with elevated liver enzymes, 
muscle weakness, and systolic dysfunction. Detailed analysis of an 
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Results
Loss of ATGL in the endothelium leads to spontaneous neutral TG lipid 
accumulation. EC-specific ATGL KO mice (Atgl ECKO) were gen-
erated by crossing Atglfl/fl mice with endothelial-specific, Cdh5-Cre 
(VE-cadherin-Cre) transgenic mice. EC-specific ATGL deletion 
was confirmed, and Atgl mRNA (Figure 1A) and protein levels (Fig-
ure 1B) were markedly reduced in mouse lung ECs (LECs) of Atgl 
ECKO compared with Atglfl/fl (control) littermate mice. According-
ly, the loss of ATGL in LECs enhanced baseline levels of neutral 
lipids and augmented LD formation by oleic acid (OA) loading, as 
assessed by both the neutral lipid dye BODIPY 493/503 (Figure 
1C) and direct measurement of TG content (Figure 1D). In addi-
tion to microvascular cells, Atgl mRNA was significantly reduced 
in FACS-purified ECs (CD31+CD45–) from the aorta of Atgl ECKO 
compared with control mice (Figure 1E). Consistently, en face 
imaging of BODIPY 493/503 showed that TG-rich neutral lipids 
were detectable in the endothelial layer of abdominal aortas from 
overnight-fasted Atgl ECKO mice (Figure 1F), and this effect was 
further accentuated by ex vivo incubation of the vessel with OA (1 
mM). Similarly, en face imaging of the lesser curvature of aortic 
arch, an atherosclerosis-prone region of the vessel wall, showed 
more postprandial TG-rich neutral lipid accumulation in endothe-
lial layers of the aorta in Atgl ECKO following an olive oil gavage 
compared with that of control mice (Figure 1G). Thus, the loss of 
ATGL in the endothelium leads to neutral lipid accumulation in 
both micro- and macrovessels. Notably, Atgl ECKO mice are via-
ble, gain weight, and display similar levels of fasted glucose and 
circulating total cholesterol, TGs, and nonesterified FAs (NEFA) 
compared with control littermates on a standard chow (SC) diet 
(Supplemental Figure 1, A–E; supplemental material available 
online with this article; https://doi.org/10.1172/JCI170453DS1). 
In addition, Atgl ECKO mice do not display structural vascular 
defects, as determined by staining the retinal vasculature with 
isolectin-B4 at P6 (Supplemental Figure 2). Furthermore, Atgl 
mRNA levels were not different in thioglycollate-elicited perito-
neal CD11b+ macrophages between Atgl ECKO and control litter-
mates (Supplemental Figure 3).

ATGL ECKO mice have impaired large-vessel endothelial-depen-
dent relaxation and reduced NO synthesis. To determine whether the 
loss of ATGL in EC had any impact on vessel function, we exam-
ined vasomotor function of mouse aortic segments using wire 
myography (24). Phenylephrine-induced (PE-induced) tension 
development was elevated (Figure 2A), whereas acetylcholine-in-
duced (Ach-induced) relaxation (Figure 2B) was reduced in aortas 
from Atgl ECKO compared with littermate control vessels. Howev-
er, the direct vasorelaxant actions of sodium nitroprusside (SNP) 
were not different between the genotypes (Figure 2C), implying 
endothelial dysfunction. Since endothelial NO synthase–derived 
(eNOS-derived) NO is the primary vasorelaxing factor produced 
by large vessel endothelium (25), these data imply that the loss of 
ATGL impairs eNOS-derived NO production. eNOS is abundant-
ly present in a tight perinuclear, Golgi pattern in aortic ECs (26) 
(Figure 2D), and this staining pattern is eliminated in aortas from 
eNOS KO mice. Interestingly, the levels of immunoreactive eNOS 
were reduced in Atgl ECKO aortas compared with those in control 
littermates (quantified in Figure 2E). The reduction in eNOS lev-
els in Atgl ECKO mice was observed throughout several regions 

explanted heart from a patient with a homozygous loss-of-function 
mutation in exon 7 of ATGL (c.865C →T; p.Gln289X) revealed 
unusual atherosclerotic plaques characterized by massive neutral 
lipid accumulation in endothelial and smooth muscle cells (SMCs) 
and medial thickening of the coronary vessel wall (13). Several oth-
er patients with loss-of-function mutations in ATGL display this 
phenotype, defined as primary TG-deposit cardiomyovasculop-
athy (14, 15), suggesting that ATGL-dependent lipolysis regulates 
TG hydrolysis in large blood vessels.

Impaired ATGL-mediated LD hydrolysis influences whole-
body metabolism and systemic tissue function (9, 16). For exam-
ple, transgenic mice with adipose-specific ATGL deletion display 
a marked reduction in adipose lipolysis, which leads to protection 
from diet-induced insulin resistance (17), but an impairment in 
acute exercise performance (18). In addition, mice with a glob-
al deletion of ATGL present a severe phenotype characterized 
by premature death caused by extensive lipid accumulation and 
defective β oxidation in cardiac tissue (16). Interestingly, global 
ATGL-deficient mice exhibit endothelial dysfunction in the mac-
ro- and microvasculature, which is partially linked to a reduction 
in LD-derived ligands of PPARα signaling as well as marked peri-
vascular fat inflammation (19). Despite the extensive characteri-
zation of ATGL-mediated control of lipid metabolism in cardiac 
and adipose tissue, the cell-autonomous role of ATGL in EC lipid 
metabolism and function is poorly understood.

Recent data from our group have shown that ECs contain the 
machinery for LD formation and metabolism in micro- and mac-
rovascular ECs (20). In vitro, microvascular ECs synthesize LD 
to buffer lipotoxicity and hydrolyze LD to liberate FA that can be 
oxidized by the mitochondria or released from cells for delivery to 
parenchymal cells (20). LD hydrolysis in these cells is rate limited 
by ATGL and is negatively regulated by CAV-1 (21). Interesting-
ly, LD accumulation was observed in large-vessel ECs following 
postprandial lipid challenge in mice. The presence of neutral lipid 
pools in the endothelium of mammalian atheromas suggests that 
endothelial LD accumulation may contribute to large vessel dys-
function (22, 23). Although global Atgl-KO mice display endotheli-
al dysfunction, the EC-autonomous role of ATGL and LD accumu-
lation cannot be deciphered using this model due to confounding 
from marked dysfunction in other tissues that can impair vascular 
function. Therefore, we generated endothelial-specific Atgl-KO 
mice to systematically explore the function of TG hydrolysis in 
intact blood vessels.

Here, we show that endothelial-specific ATGL ablation leads 
to neutral lipid accumulation in the endothelium of large ves-
sels and impairs large vessel endothelial-dependent vascular 
tone though a reduction in nitric oxide (NO) synthesis. Using 
bulk RNA-Seq and several complementary functional read-outs, 
we demonstrate that the loss of ATGL in endothelial cultures 
upregulates ER stress, which in turn heightens proinflammatory 
signaling. Notably, single-cell RNA-Seq of aortic ECs validated 
these findings in vivo. Consistent with this mechanism, deletion 
of endothelial ATGL markedly increases lesion size in a murine 
model of atherosclerosis. Together, these data demonstrate that 
the dynamics of FA flux through LD affects EC homeostasis and 
consequently large vessel function during normal physiology and 
in a chronic disease state.
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demonstrated that the loss of ATGL markedly upregulates sev-
eral inflammatory signaling pathways (Figure 3B) and Upstream 
Regulator Analysis (URA) showed that the highest abundance of 
elevated genes was regulated by the TNF pathway. Consistently, 
the expression of several proinflammatory genes was significant-
ly upregulated by the loss of ATGL, as shown by the heatmap in 
Figure 3C. Thus, the loss of ATGL in EC induces a proinflam-
matory phenotype. In independent experiments, quantitative 
reverse-transcription PCR (qRT-PCR) was used to validate RNA-
Seq results. Consistently, basal and TNF-α–stimulated (10 ng/
mL, 16 hours) mRNA levels of vascular cell adhesion molecule 1 
(Vcam1) and prostaglandin-endoperoxide synthase 2 (encoding 
COX2) (Ptgs2) were significantly higher in Atgl ECKO compared 
with control LECs (Figure 3D).

The loss of ATGL in ECs upregulates VCAM1 surface expression. 
The induction of endothelial VCAM1 is tightly regulated by NF-κB 
(28) and is essential for leukocyte binding and subsequent diapedes-
es into the subendothelial space during inflammation and early ath-
erogenesis (29). Therefore, we used several orthogonal approaches 
to functionally validate changes in Vcam1 mRNA. As measured by 

of the aorta compared with in control mice (Supplemental Figure 
4). In addition, eNOS protein levels as determined by Western 
blotting were significantly reduced in aortic homogenates from 
Atgl ECKO compared with control mice (Figure 2F and quantified 
in Figure 2G). In accordance with reduced eNOS protein levels, 
the bioavailability of NO, measured as NO-bound hemoglobin 
(NO-Hb) by electron paramagnetic resonance (EPR) spectros-
copy (24, 27), was significantly reduced in Atgl ECKO compared 
with control mice (Figure 2H). However, despite these reductions, 
carotid blood pressure was no different between the genotypes 
(Supplemental Figure 5). Thus, the loss of EC ATGL promotes EC 
dysfunction and reduces NO bioavailability without influencing 
systemic blood pressure.

The loss of ATGL in EC induces a proinflammatory gene-expres-
sion profile. To gain mechanistic insights into how the loss of ATGL 
affects EC gene expression and subsequent function, total RNA-
Seq was performed in LECs isolated from control and Atgl ECKO 
mice. As displayed in the volcano plot in Figure 3A, a total of 742 
genes were significantly up- (n = 372) or downregulated (n = 370) 
by the loss of ATGL in LECs. Ingenuity Pathway Analysis (IPA) 

Figure 1. Loss of endothelial-specific ATGL leads to spontaneous vascular LD accumulation in vivo and ex vivo. (A) qRT-PCR analysis of Atgl mRNA in 
LECs from control and Atgl ECKO mice (n = 3/group).****P < 0.0001, unpaired, 2-tailed Student’s t test. (B) Representative Western blot analysis showing 
ATGL protein levels in LECs isolated from control and Atgl ECKO mice. Each replicate is from 3 independent experiments. (C) Representative confocal 
fluorescence images of LD detected with BODIPY 493/503 (green) in cultured LECs in EGM-2 media supplemented with either vehicle (–OA) or 1 mM OA 
overnight. Hoechst 33342 (blue) was used for nuclei staining. (D) Corresponding TG levels quantified in cell lysates (n = 3–4/group). *P < 0.01; **P = 0.003; 
***P = 0.0001, 1-way ANOVA with Tukey’s post test. Scale bars: 10 μm. (E) qRT-PCR analysis of Atgl mRNA in FACS-purified aortic ECs (CD31+CD45–) from 
control and Atgl ECKO mice (n = 3/group). ***P < 0.001, unpaired, 2-tailed Student’s t test. (F) En face images of abdominal aorta from fasted control 
and Atgl ECKO mice exposed ex vivo to vehicle (–OA) or 1 mM BSA-complexed OA (+OA) in EGM-2 media for 4 hours (n = 5 mice/group). The aorta was 
immunostained for VE-cadherin (VECAD) (red), and LD were stained with BODIPY 493/503 (green). Scale bars: 25 μm. (G) En face images of LD formed in 
ascending aorta (lesser curvature) in vivo 3 hours after an olive oil oral gavage (10 mL/kg) in control (left panel) and Atgl ECKO mice (far right panel). LD 
were detected using BODIPY 493/503, and ECs were detected by immunostaining for VECAD. The middle panel is a schematic drawing that illustrates the 
area analyzed (n = 3/group). Scale bar: 75 μm. All data are represented as mean ± SEM.
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ER stress heightens proinflammatory responses in ECs that lack 
ATGL. Lipid accumulation is associated with ER stress and insulin 
resistance in metabolic tissues of obese individuals (31, 32). In cul-
tured human ECs, lipid-induced ER stress partially mediates the 
induction of several proinflammatory chemokines/cytokines (e.g., 
IL-6, CXCL8, CCL2) (33). Thus, ER stress may mediate the height-
ened proinflammatory signaling observed in ECs that lack ATGL. 
To test this hypothesis, RNA-Seq was used to identify significant-
ly different ER stress genes between control and Atgl ECKO ECs. 
As shown in Figure 4A, several ER stress genes, including Atf4, 
Ddit3 (encodes CHOP), Ppp1r15a (encodes GADD34), and Ero1l, 
were upregulated in Atgl ECKO compared with control ECs. Con-
versely, the ER stress genes Hspa5, Xbp1, and Hsp90b1 were not 
different between the genotypes. Next, control and Atgl ECKO 
ECs were subjected to palmitate dosing to functionally assess ER 
stress. Interestingly, both ATF4 and CHOP protein levels were sig-
nificantly higher at baseline in Atgl ECKO compared with control 
LECs (Figure 4B and quantified in Figure 4, E and F) and these 
elevations coincided with higher protein levels of VCAM1 and 
COX2 (Figure 4B and quantified in Figure 4, C and D). In addi-

flow cytometry, Atgl ECKO had higher surface levels of VCAM1 
under basal (Figure 3E) and TNF-α–stimulated conditions (10 ng/
mL, 16 hours) (Figure 3F) compared with control LECs. Consider-
ing that VCAM1 is induced by various inflammatory signals and is 
dependent on NF-κB signaling, control and Atgl ECKO LECs were 
treated overnight with bacterial lipopolysaccharide (LPS) (16 hours) 
in the presence or absence of the IκB kinase (IKK) complex inhibitor 
BMS-345541 (IKKi). Flow cytometry determined VCAM1 surface 
levels were significantly higher following LPS activation in LECs 
from Atgl ECKO compared with control mice, and VCAM1 levels 
were reduced in LECs from both genotypes after IKK inhibition 
(Figure 3G). Notably, elevations in VCAM1 in LECs from Atgl ECKO 
were not associated with lung pathology or increased neutrophil 
numbers compared with those in control mice fed a SC diet (Sup-
plemental Figure 6). Prior work has documented the expression 
of VCAM1 in the atheroprone, lesser curvature region of the aortic 
arch in mice fed a SC diet (30). Consistent with in vitro experiments, 
endothelial loss of ATGL in vivo led to enhanced levels of immu-
noreactive VCAM1 in the lesser curvature of the aortic arch of Atgl 
ECKO mice compared with control mice (Figure 3H).

Figure 2. ATGL deficiency leads to endothelial dysfunction. (A) Cumulative concentration-response curves of developed isometric tension in response to 
PE in aortic rings harvested from control and Atgl ECKO mice. (B) Cumulative concentration-response curves representing percentages of relaxation of pre-
contracted vessels in response to ACh and (C) the NO˙ donor, SNP, in aortic rings harvested from control and Atgl ECKO mice. Data are represented as mean 
values ± SEM of 5 to 6 individual experiments (4 rings per mouse). *P < 0.05, 2-way ANOVA with Šidák’s multiple-comparison test. (D) Representative 
confocal images of en face immunostaining of eNOS protein levels (yellow) in thoracic aorta from control (far left), Atgl ECKO (middle), and eNOS–/– (far 
right) mice processed and stained identically. ECs were detected by immunostaining for VECAD (red), and nuclei were stained with DAPI (blue). (E) Quanti-
fication of aortic images (n = 3/group). **P < 0.01, unpaired, 2-tailed Student’s t test. Scale bars: 50 μm. (F) Representative Western blot analysis showing 
eNOS protein levels in aortic homogenates of control and Atgl ECKO mice and (G) quantification of n = 6/group. *P < 0.05, unpaired, 2-tailed Student’s t 
test. (H) EPR determined nitrosyl-hemoglobin (NO-Hb) in venous blood as an index of NO bioavailability in control and Atgl ECKO mice. n = 6/group.  
*P < 0.05, unpaired, 2-tailed Student’s t test.
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ECs with ATGL deletion. In vehicle-treated cells, 4-PBA signifi-
cantly reduced ATF4 and CHOP as well as VCAM1 protein lev-
els in Atgl ECKO ECs (Figure 4G, and quantified in Figure 4, H, 
J, and K). In addition, pretreatment with 4-PBA significantly res-
cued heightened VCAM1, COX2, ATF4, and CHOP induction in 
response to palmitate (0.1 mM, 16 hours) in Atgl ECKO LECs (Fig-
ure 4G and quantified in Figure 4, H–K). As palmitate leads to cell 
stress and proinflammatory signaling via multiple pathways, we 

tion, Atgl ECKO had a substantial left shift in inflammatory and 
ER stress responses to palmitate loading (16 hours), as evidenced 
by significantly greater protein levels of VCAM1, COX2, ATF4, 
and CHOP at lower doses of palmitate compared with control 
LECs (Figure 4B and quantified in Figure 4, C–F). Next, sodium 
4-phenylbutyrate (4-PBA), a chemical chaperone that buffers pro-
tein aggregates and ER stress (34), was used to further dissect the 
relationship between ER stress and proinflammatory signaling in 

Figure 3. Loss of ATGL in the endothelium upregulates proinflammatory gene expression and VCAM1 surface levels. (A) Volcano plot for differential 
expression genes (DEGs) from bulk RNA-Seq in LECs that fall above the threshold values ([log2(fold change [FC]) –1 or 1 and –log10(P) > 1.3], red lines) are 
pictured. Loss of ATGL upregulated 372 genes and downregulated 370 genes in LECs. Red colored dot represents Pnpla2 (ATGL gene name) for reference. 
(B) Canonical pathway analysis and URA of signaling pathways and gene regulators, respectively, that were significantly higher in Atgl ECKO compared 
with control LECs. (C) Clustered heatmap from RNA-Seq data showing significantly changed DEGs involved in inflammation between control and Atgl 
ECKO LEC (n = 3 replicates/group). (D) qRT-PCR analysis of Vcam1 and Ptgs2 mRNA in LECs at baseline and treated with mouse TNF-α overnight (10 ng/
mL, 16 hours) from control and Atgl ECKO mice. n = 3/group. *P < 0.05; **P < 0.01; ****P < 0.0001, 2-way ANOVA with Šidák’s multiple-comparison test. 
(E) Basal and (F) TNF-α–stimulated (10 ng/mL,16 hours) surface VCAM1 levels between control and Atgl ECKO LECs (n = 4 replicates/group) determined by 
FACS and PE-VCAM1 (MFI). ****P < 0.0001, unpaired, 2-tailed Student’s t test. (G) Surface VCAM1 levels determined by FACS and PE-VCAM1 (MFI) follow-
ing overnight (16 hours) LPS (1 μg/mL) treatment ± IKKi (10 μM, 30-minute pretreatment) in LECs. n = 3 replicates/group. ****P < 0.0001, 2-way ANOVA, 
Šidák’s multiple-comparison test. (H) Representative immunostaining analysis of VCAM1 (green), CD31 (red), and nuclei (DAPI, blue) in the ascending 
aorta (lesser curvature) from control and Atgl ECKO mice after an overnight fast. n = 3/group. L, lumen. Scale bars: 100 μm.
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Figure 4. Loss of endothelial-specific ATGL leads to ER stress–induced inflammation. (A) Clustered heatmap from RNA-Seq data showing significantly 
different DEGs involved in ER stress between control and Atgl ECKO LECs. n = 3 replicates/group. (B) Representative Western blot analysis showing higher 
baseline ER stress marker (ATF4, CHOP) protein levels as well as heightened ER stress and inflammatory (VCAM1, COX2) responsiveness to palmitate 
(0–0.25 mM, 16 hours) dosing between control and Atgl ECKO LECs. Quantification of VCAM1 (C), COX2 (D), CHOP (E), and ATF4 (F) from palmitate dosing. 
n = 3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.0001; ****P < 0.001, 2-way ANOVA, Šidák’s multiple-comparison test. (G) Representative 
Western blot analysis showing rescue of baseline VCAM1 and ER stress marker (ATF4, CHOP) levels as well as rescue of heightened VCAM1, COX2, ATF4, 
and CHOP levels in response to palmitate (100 μM, 16 hours) in the presence or absence of the global ER stress inhibitor 4-PBA (2.5 mM, 8-hour pretreat-
ment) in Atgl ECKO LECs. Quantification of VCAM1 (H), COX2 (I), ATF4 (J), and CHOP (K) from G (n = 3 independent experiments). *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001, 2-way ANOVA, Šidák’s multiple-comparison test. (L) Flow cytometry histogram of PE-VCAM1 between control LECs treated 
with TNF-α (solid blue), Atgl ECKO LECs treated with TNF-α (solid red), control LECs treated with TNF-α in the presence of 4-PBA (dashed blue), and Atgl 
ECKO LECs treated with TNF-α in the presence of 4-PBA (dashed red). (M) Quantification of MFI of PE-VCAM1 between control and Atgl ECKO following 
overnight (16 hours) TNF-α (10 ng/mL) in the presence or absence of 4-PBA (2.5 mM, 8-hour pretreatment). n = 4 replicates/group. ****P < 0.0001, 2-way 
ANOVA, Šidák’s multiple-comparison test.
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aimed to isolate proinflammatory signaling with the use of TNF-α. 
Consistent with palmitate loading, pretreatment with 4-PBA was 
able to completely rescue heightened surface levels of VCAM1 in 
TNF-α–stimulated (10 ng/mL, 16 hours) conditions in Atgl ECKO 
LECs (Figure 4, L and M). Taken together, these data suggest loss 
of ATGL in ECs induces ER stress, which, at least in part, contrib-
utes to heightened proinflammatory signaling at baseline and in 
response to several inflammatory stimuli.

Endothelial deficiency of ATGL accelerates atherosclerosis. ER 
stress–related gene expression, including ATF4 and CHOP mRNA 
levels, is elevated in the endothelium of coronary artery regions 
that are prone to atherosclerosis versus regions that are resistant to 
atherosclerosis (35). In addition, protein levels of ATF4 are upreg-
ulated in inflamed endothelium of human atherosclerotic lesions 
(33). Therefore, the upregulation of ER stress and proinflamma-
tory signaling in the endothelium of animals that lack ATGL may 
accelerate atherosclerosis. Thus, to test the EC-autonomous role of 
ATGL during atherosclerosis, congenic Atgl ECKO mice were bred 
to Apoe-deficient mice (ApoE–/–) and fed an atherogenic diet (40% 
Kcal from fat plus 1.25% cholesterol) for 12 weeks. Atgl ECKO/ 
ApoE–/– mice gained weight similarly to controls (Atglfl/fl/ApoE–/–, 

Supplemental Figure 7A) and displayed similar elevations in total 
cholesterol (Supplemental Figure 7B), but had slightly reduced 
levels of TG (Supplemental Figure 7C). En face imaging of neu-
tral lipid accumulation using Oil Red O demonstrated a marked 
increase in aortic lesion size in Atgl ECKO/ApoE–/– mice compared 
with littermate controls (Figure 5A and quantified in Figure 5B). 
Similarly, increases in lesion size were observed in several vessel 
segments, including the roots of the aortic sinus (Figure 5C and 
quantified in Figure 5E) and brachiocephalic arteries (BCAs) (Fig-
ure 5D and quantified in Figure 5F). Serial analysis of the BCAs 
determined greater global lesion development throughout the 
entire length of vessels from Atgl ECKO/ApoE–/– compared with 
control mice (Supplemental Figure 8A and quantified in Supple-
mental Figure 8B). In line with endothelial activation (29), analy-
sis of macrophage content showed greater CD68-positive macro-
phages in aortic root lesions of Atgl ECKO/ApoE–/– mice compared 
with control mice (Figure 5G and quantified in Figure 5H). Thus, 
the loss of ATGL in ECs accelerates atherosclerosis.

Endothelial deficiency of ATGL upregulates ER stress and proin-
flammatory gene expression in aortic ECs prior to overt plaque devel-
opment. Endothelial activation is an early process in atheroscle-

Figure 5. Endothelial deficiency of ATGL accelerates atherosclerosis. (A) Representative en face images of the luminal surface of mouse aorta (aortic 
root to common iliac bifurcation) stained for Oil Red O to delineate lipid-rich lesions between control and Atgl ECKO on an ApoE–/– background following 
12 weeks of atherogenic diet feeding. (B) Corresponding quantification of plaque area as a percentage of total aortic luminal area (n = 10–12/group). ****P 
< 0.0001, unpaired, 2-tailed Student’s t test. (C) Representative histological staining of aortic sinus stained with Oil Red O and (D) BCA cross sections 
stained with Oil Red O and hematoxylin for plaque lesions. Scale bars: 500 μm. (E) Quantification of the absolute plaque area (n = 8–9/group) of lesions 
present in the aortic root and (F) BCA (n = 8–9/group). ****P < 0.0001, unpaired, 2-tailed Student’s t test. (G) Representative immunofluorescence images 
of aortic sinus cross sections staining of CD68+ macrophages (red) and smooth muscle α-actin+ (SMC) (green) cells. Nuclei were DAPI counterstained (blue) 
(n = 5/group). Scale bars: 750 μm. (H) Bar graph showing quantification of CD68-positive area as a percentage of plaque lesion area. ****P < 0.0001, 
unpaired, 2-tailed Student’s t test. Data are represented as mean ± SEM.
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tas of control plus mPcsk9 and Atgl ECKO plus mPcsk9 mice after 
4 weeks of atherogenic diet feeding (n = 4/group). The analysis 
identified 6 distinct cell clusters based on gene-expression pat-
terns of canonical markers of fibroblasts, SMCs, RBCs, ECs, and 
CD45+ immune cells (Figure 6, A and B). Next, differential gene 
expression (DGE) was performed on the EC cluster (Figure 6C) 
and analyzed by IPA. Pathway enrichment analysis showed that 
pathways involved in ER stress (EIF2 signaling and unfolded pro-
tein response) and proinflammatory signaling (IL-17A signaling) 
were highly upregulated in aortic ECs from Atgl ECKO plus mPcsk9 
compared with control plus mPcsk9 mice fed an atherogenic diet 
for 4 weeks (Figure 6D). Other interesting upregulated pathways 
in aortic ECs from Atgl ECKO plus mPcsk9 were the coordinated 
lysosomal expression and regulation (CLEAR) and microautopha-
gy signaling pathways, which may be compensatory mechanisms 
to degrade accumulating LDs upon loss of ATGL (39). In line with 
in vitro studies in LECs, expression profiles in aortic ECs from Atgl 
plus mPcsk9 showed higher expression of Hspa5 (encodes BiP), 
Ddit3 (encodes CHOP), Atf4, and Vcam1 compared with those 

rotic progression (36, 37). As plaques develop, intimal immune 
cells can further activate the endothelium by secreting a myriad 
of proinflammatory mediators (38). Therefore, to translate mech-
anistic findings in LECs while avoiding confounding from mac-
rophage-laden lesions in Atgl ECKO mice, we injected control 
and Atgl ECKO mice with a recombinant adenoassociated virus 
encoding a constituently active gain-of-function form of murine 
PCSK9 (rAAV8-mPcsk9) and subjected these mice to short-term 
atherogenic feeding (4 weeks) to allow for a more gradual pro-
gression of atherosclerotic lesions compared with ApoE–/– mice. 
Control plus mPcsk9 and Atgl ECKO plus mPcsk9 mice had simi-
lar body weight and circulating total cholesterol levels following 
short-term atherogenic diet feeding (Supplemental Figure 9, A 
and B). In addition, plaque sizes were small in the aortic sinus and 
were no different between the genotypes following 4 weeks of 
atherogenic diet feeding (Supplemental Figure 9C). To investigate 
the molecular and cellular signature of aortic ECs that lack ATGL 
during the early stages of atherosclerosis progression, single-cell 
RNA-Seq (scRNA-Seq) was performed on cells isolated from aor-

Figure 6. Endothelial deficiency of ATGL upregulates ER stress and proinflammatory gene expression in aortic ECs following a short-term atherogenic 
diet. (A) Uniform manifold approximation and projection (UMAP) representation of aligned gene expression data in single cells extracted from aortas of 
control and Atgl ECKO mice injected with rAAV8-mPcsk9 and fed an atherogenic diet for 4 weeks. (B) Heatmap depicting gene-expression patterns of 
known markers of fibroblasts, SMCs, RBCs, ECs, and CD45+ immune cells. (C) Volcano plot depicting DGE patterns in the EC cluster between Atgl ECKO plus 
mPcsk9 compared with control plus mPcsk9 mice and expressed as log2 fold change along the y axis versus the percentage of cell expression of individual 
genes along the x axis. (D) Pathway enrichment of upregulated differentially expressed genes in the EC cluster between Atgl ECKO plus mPcsk9 compared 
with control plus mPcsk9 mice, expressed as log[–P], and analyzed by IPA. (E) Expression profiles in the EC cluster showing relative expression of the ER 
stress genes Hspa5, Ddit3, and Atf4 and the proinflammatory gene Vcam1 between control plus mPcsk9 and Atgl ECKO plus mPcsk9 mice. (F) Quantifica-
tion of MFI of PE-VCAM1 in aortic ECs (CD31+CD45–) between control plus mPcsk9 and Atgl ECKO plus mPcsk9. n = 7 replicates/group. *P < 0.05, unpaired, 
2-tailed Student’s t test.
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Under normal conditions, the endothelium regulates vascular 
homeostasis by modulating vascular tone, maintaining blood flu-
idity and flow, controlling vessel-wall permeability, and mitigating 
vascular inflammation (46), and these actions are largely mediat-
ed by eNOS-derived NO (25). As such, a reduction in bioactive NO 
due to decreased eNOS activity, eNOS uncoupling, and/or a decline 
in eNOS protein levels is associated with endothelial dysfunction, 
hypertension, atherosclerosis, coronary artery disease, and heart 
failure (37, 47). In this study, we show that mice with endothelial- 
specific deletion of ATGL have a reduction in eNOS protein 
levels along the length mice of the aorta, alerted endothelial- 
dependent vasomotor function, and have a reduction in circu-
lating levels of NO compared with control mice. These findings 
are in line with a previous report that demonstrated a reduction 
in aortic eNOS protein levels and altered endothelial-dependent 
vasomotor function in aortic rings in mice with global deletion of 
ATGL compared with control mice (19). Indeed, our results clari-
fy the endothelial-specific role of TG hydrolysis in the regulation 
of eNOS, as mice with global deletion of ATGL have markedly 
enlarged and inflamed perivascular fat surrounding the aorta, 
reduced cardiac output, and reduced levels of PPARα ligands 
— all of which can influence NO synthesis (48–50). Despite the 
reduction in bioactive NO, blood pressure was not elevated in Atgl 
ECKO compared with control mice on a SC diet. In the current 
study, eNOS protein levels were reduced by approximately 50% in 
Atgl ECKO compared with control mice, which is similar to reduc-
tions observed in mice heterozygous for the Nos3 gene, which also 
display normal blood pressure (51). In contrast to our findings, a 
recent study showed that endothelial ATGL deletion leads to a 
reduction in eNOS protein levels by approximately 40%, which is 
sufficient to modestly (~10%) elevate systolic blood pressure com-
pared with that of control mice (52).The reasons for the discrepan-
cy between our findings are unclear, but may be due to the source 
of Atglfl/fl mice, the extent of Atgl excision, and/or differences in 
blood pressure–acquisition techniques.

The reduction in eNOS in Atgl ECKO mice suggested height-
ened endothelial proinflammatory signaling, since inflammatory 
cytokines (e.g., TNF-α, INF-γ, C-reactive protein [CRP]) have been 
demonstrated to potently decrease eNOS levels through several 
mechanisms (53–57). Consistent with this supposition, deletion 
of endothelial ATGL was associated with heightened endothelial 
inflammation. Specifically, whole-transcriptome sequencing and 
pathway analysis revealed that the baseline transcript levels of 
several chemokines/cytokines (e.g., Ccl2, Cxcl5, Cxcl12, Ptgs2) and 
adhesion molecules (Vcam1) were upregulated in LECs that lack 
ATGL. Notably, mice with endothelial ATGL deletion had higher 
baseline levels of VCAM1 expression in atheroprone regions of the 
aortic arch, and ECs from lungs of Atgl ECKO animals had high-
er levels of VCAM1 surface expression and COX-2 protein levels 
at baseline and in response to several proinflammatory stimuli. 
These mechanistic findings in LECs are in line with studies in 
human EC cultures that demonstrate elevated TNF-α induction 
of intracellular adhesion molecule 1 (ICAM1) and NF-κB signal-
ing following siRNA-mediated knockdown of ATGL (58). In addi-
tion, ECs from aortas of Atgl ECKO mice injected with mPcsk9 and 
fed an atherogenic diet for 4 weeks showed elevated endothelial 
proinflammatory transcripts and VCAM1 surface-expression 

of control plus mPcsk9 mice fed an atherogenic diet for 4 weeks 
(Figure 6E). To functionally confirm some of these changes, FACS 
was used to measure VCAM1 surface expression levels in aortic 
ECs (CD31+CD45–) from control plus mPcsk9 and Atgl ECKO plus 
mPcsk9 mice fed an atherogenic diet for 4 weeks. Consistent with 
scRNA-Seq data, VCAM1 levels were significantly higher in aor-
tic ECs from Atgl ECKO plus mPcsk9 compared with control plus  
mPcsk9 mice fed an atherogenic diet for 4 weeks (Figure 6F). 
Together, these data bolster our mechanistic findings in LECs 
and suggest that the loss of ATGL in the endothelium upregulates 
ER-stress and proinflammatory signaling pathways and that these 
changes occur prior to overt plaque development.

Discussion
Under physiological conditions, the large-vessel endothelium can 
transiently form and degrade TG-rich LDs in response to a lip-
id challenge (6, 20). The presence of LDs in the endothelium of 
mammalian atheromas suggests that endothelial LD accumulation 
may contribute to large vessel dysfunction (22, 23). The key salient 
finding in this study is the demonstration that endothelial-specific 
ATGL ablation leads to neutral lipid accumulation in the entire vas-
cular tree, promotes endothelial dysfunction, and accelerates ath-
erosclerosis in a murine disease model. Mechanistically, the loss of 
endothelial ATGL leads to ER stress–induced inflammation, which 
is characterized by the upregulation of numerous proinflammatory 
genes that are associated with endothelial dysfunction and athero-
sclerosis (29, 40). Together, these data show that the dynamics of 
FA flux through LD affects EC homeostasis in normal blood ves-
sels and alterations in TG hydrolysis, here initiated by the EC loss 
of ATGL, and impedes EC quiescence to promote EC dysfunction 
and vascular disease in the absence of changing plasma lipids. 
Therefore, dissecting the mechanisms that regulate FA flux and LD 
metabolism in large-vessel EC may lead to a deeper understanding 
of how circulating lipids affect cardiovascular disease.

Despite optimal cholesterol lowering with statins and other 
cholesterol-lowering strategies, some individuals still experience 
a high risk of atherosclerotic incidents due, in part, to persistent-
ly elevated TG-rich lipoproteins (41–44). Despite epidemiological 
evidence indicating circulating TG-rich lipoproteins as indepen-
dent predictors of cardiovascular and all-cause mortality, the 
precise mechanisms mediating TG-rich lipoprotein processing in 
large vessels are unclear, and thus, how to therapeutically target 
these lipoproteins for risk reduction is poorly defined (44, 45). In 
our previous studies, we demonstrated that the aortic endotheli-
um has the capability of synthesizing and degrading LDs following 
a lipid challenge (20). Here, we extend these findings and show 
that deletion of the enzyme ATGL in the endothelium leads to neu-
tral lipid accumulation in large vessels and impairs endothelial- 
dependent vascular tone and NO synthesis to promote endothe-
lial dysfunction and atherosclerosis (discussed below). Interest-
ingly, recent studies by Cabodevilla et al. showed that the aortic 
endothelium is capable of endocytosing TG-rich lipoproteins by a 
receptor-mediated process (6). Taken together, these studies pro-
vide insights into how large vessel endothelium, the site of athero-
sclerotic disease, processes TG-rich lipoprotein/lipids to maintain 
EC homeostasis and function during normal physiology and in a 
chronic disease state.
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ing (65). We and other have previously reported that FAs derived 
from ATGL hydrolysis provide substrate for mitochondrial β-oxi-
dation (16, 20). Recent studies in ECs underscore the importance 
of β-oxidation in maintaining redox balance and endothelium qui-
escence (66). Thus, it is possible that oxidative stress, secondary 
to impaired TG hydrolysis, mediates ER stress in ECs that lack 
ATGL. However, precisely how ATGL deletion upregulates ER 
stress in ECs is unknown, and mechanistic and metabolic trace 
studies are needed to parse out these mechanisms.

In summary, endothelial-specific deletion of the rate-limiting 
enzyme of TG hydrolysis, ATGL, leads to neutral lipid accumula-
tion in the vascular tree, promotes endothelial dysfunction, and 
accelerates atherosclerosis in a murine disease model. Mecha-
nistically, the loss of ATGL causes ER stress–induced endothe-
lial activation through NF-κB signaling. Collectively, the results 
from these integrated experiments provide insights into how 
alterations in endothelial LD dynamics affect vascular function 
in health and disease.

Methods
Endothelial-specific ATGL-KO (Atgl ECKO) mice were generated by 
crossbreeding Atglfl/fl mice (B6N.129-Pnpla2tm1Eek/J) with Cdh5-Cre 
transgenic mice (B6.FVB-Tg [Cdh5-cre]7Mlia/J). Atgl ECKO were 
injected with recombinant adenoassociated virus 8 (rAAV8) encod-
ing constitutively active murine PCSK9 ([rAAV8-mPcsk9], 1 × 1011 vg) 
for short-term atherosclerosis studies (4 weeks) or were crossed with 
ApoE-null mice (ApoE–/–) to generate Atgl ECKO/ApoE–/– mice for 
long-term atherosclerosis studies (12 weeks). For these studies, ath-
erosclerosis was accelerated by feeding mice with an atherogenic diet 
(40% Kcal from fat plus 1.25% cholesterol; Research Diets, D12108). 
Mice were subjected to a wide range of techniques to comprehensively 
investigate the role of endothelial ATGL in various physiological and 
pathological processes, including scRNA-Seq, en face immunostaining 
of aortae, in vivo olive oil challenge, ex vivo vascular reactivity of aor-
tae, whole blood assessment of NO bioavailability, and blood pressure 
measurements. Mouse LECs were cultured from Atgl ECKO mice for 
RNA-Seq, Western blotting, immunostaining, and FACS to investigate 
cellular and molecular consequences of ATGL deletion from the endo-
thelium. Expanded methods are provided in Supplemental Methods.

Statistics. All statistical analyses were performed with Prism 9 
(GraphPad Software). All data were tested for normality with a Sha-
piro Wilk normality test and for unequal variance using an F test pri-
or to applying the following parametric tests for analysis. Compari-
sons between two groups was performed with a two-tailed Student’s 
t test, whereas one- and two-way analysis of variance (ANOVA) 
were used for comparisons for more than two groups. Post-hoc pair-
wise comparisons were performed using Dunnett’s test for one-way 
ANOVA and Sidak’s multiple comparisons test for two-way ANOVA. 
All data are expressed as mean ± SEM. The significance level was set 
a priori at P < 0.05.

Study approval. All animal procedures were performed under pro-
tocols reviewed and approved by the Yale University Institutional Ani-
mal Care and Use Committee.

Data availability. Data files for bulk RNA and scRNA-Seq were 
deposited in the NCBI’s Gene Expression Omnibus database (GEO 
GSE246083 and GSE246138). Values for all data points in graphs are 
reported in the Supporting Data Values file.

levels prior to plaque development compared with control mice. 
Consistent with elevated endothelial activation (29), Atgl ECKO/ 
ApoE–/– mice developed significantly larger atherosclerotic lesions 
in large vessels compared with ApoE–/– mice. Interestingly, the rela-
tionship between ATGL and proinflammatory signaling seems to 
be dependent on cell/tissue type and disease context. For exam-
ple, a recent study demonstrated that downregulation of ATGL 
in LPS-stimulated macrophages attenuated IL-6 and prostaglan-
din-E2 production (59). These effects were attributed to reduced 
availability of LD-derived eicosanoids, as ATGL hydrolysis of TGs 
has been demonstrated to liberate esterified arachidonic acid in 
immune and other cell types (60, 61). These recent findings may 
partially explain the smaller atherosclerotic lesions in LDL recep-
tor KO mice that were transplanted with bone marrow from global 
Atgl-KO mice (62). Interestingly, the metabolic actions of ATGL 
in metabolic tissues complicate the relationship between ATGL 
and inflammation in vivo, as evidenced in adipose-specific Atgl-
KO mice that have reduced immune cell infiltration and improved 
insulin signaling in the liver (likely due to less adipose FA delivery), 
but greater proinflammatory gene expression and immune cell 
infiltration in adipose tissue in response to high-fat diet–induced 
obesity (17). Nevertheless, our data clearly indicate that the loss of 
ATGL heightens proinflammatory signaling in the endothelium, 
which in turn, hastens the progression of atherosclerosis. A recent 
study confirmed the link among endothelial ATGL, proinflam-
matory signaling, and eNOS levels, since silencing of the NF-κB 
subunit RELA rescued the reduction of eNOS levels observed in 
ECs with depleted ATGL (52). Interestingly, ATGL silencing and 
LD accumulation in HUVECs can lead to sequestration of NOS3 
mRNA stabilizing proteins (i.e., PCBP1) and consequent NOS3 
mRNA destabilization (52). Therefore, endothelial ATGL can reg-
ulate eNOS levels via both proinflammatory signaling–dependent 
and –independent pathways.

Previous studies in human ECs showed that the ER stress 
mediators ATF4 and XBP1 strongly regulated the induction of 
several chemokines/cytokines in response to oxidized 1-palmi-
toyl-2-arachidonyl-sn-3-glycero-phosphorylcholine and tunica-
mycin (33). Using a series of complementary experiments, we 
demonstrated that loss of endothelial ATGL upregulates basal and 
palmitate-induced ER stress and that inhibition of ER stress with 
the chemical chaperones 4-PBA largely abrogated heightened 
proinflammatory signaling in LECs that lack ATGL. In addition, 
using scRNA-Seq, we demonstrated that ER stress and unfolded 
protein response pathways are upregulated in aortic ECs of Atgl 
ECKO mice injected with mPcsk9 and fed an atherogenic diet 
for 4 weeks compared with control mice and that these changes 
occur prior to plaque development. The finding that ATGL dele-
tion upregulates ER stress is somewhat surprising in the context 
of our and others previous findings that show that TG synthesis, 
primarily through the actions of DGAT1, buffers against lipid- 
induced ER stress (20, 63). Rather than being contradictory, our 
combined results suppose a complex biology in which TG syn-
thesis attenuates lipid-induced ER stress by esterifying toxic lipid 
intermediates, whereas impaired TG clearance upregulates ER 
stress though other stress signaling pathways. In macrophages, 
Atgl deletion upregulates ER stress (64) and this is postulated to 
occur through impaired mitochondrial function and Ca2+ signal-
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