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ABSTRACT: Long-chain fatty acids in the blood are prevented from unfettered movement into nonfenestrated tissues or the 
arterial wall. During fasting, nonesterified FAs are released from adipose tissue into the circulation and bind to albumin, 
forming a complex >65 kDa, with limited ability to efficiently cross endothelial cell (EC) barriers without a specific receptor. 
For this reason, nonhepatic tissue distribution of circulating FA parallels EC expression of the FA-binding protein CD36. 
The deletion of CD36 in ECs reduces nonesterified FA uptake by the heart, muscle, and brown adipose tissue. The other 
major transport system for FAs is via lipoproteins. Circulating FAs are contained within TRLs (triglyceride-rich lipoproteins), 
chylomicrons during the postprandial period, and VLDL (very low-density lipoprotein) both postprandially and during fasting. 
LPL (lipoprotein lipase) on capillary ECs releases FAs from TRLs and likely allows their passage into tissues, in part, via a 
CD36-independent process. ECs can also internalize lipoprotein particles, followed by the transendothelial movement of 
lipids. In this review, we will discuss the pathways of EC uptake of FAs from circulation, how this process affects both EC and 
tissue biology, and the importance of these processes for systemic metabolism and vascular health. We will conclude with 
speculations on methods to modulate EC FA uptake and their implications for human health.
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Endothelial cells (ECs) serve as a barrier that limits the 
influx of circulating molecules from the bloodstream. 
Except in organs with fenestrated capillaries like the 

liver, lipid uptake requires transfer from the circulation 
across the EC barrier. Hydrophobic lipids usually circu-
late associated with proteins. To move from the circula-
tion into most tissues, lipids must either dissociate and 
cross between the ECs, move via nonspecific endocytic 
flux, or be internalized by cell surface receptors.1

In fed mammals, most fatty acids (FAs) circulate in the 
blood esterified to glycerol or cholesterol as lipoprotein 
triglycerides, phospholipids, and cholesteryl esters.2 The 
remaining 5% to 10% are nonesterified FAs (NEFAs), 
which are carried by albumin.3 During fasting, reduced 
insulin activity increases blood NEFA levels by promoting 
adipocyte triglyceride lipolysis, whereas postprandially, 

lipid ingestion increases blood triglycerides (Figure 1).1,4,5 
The lipoprotein and NEFA/albumin complexes are too 
large to pass between ECs. This review will focus on the 
known EC-lipoprotein and NEFA receptors, discuss how 
lipid transfer across macrovascular and microvascular 
vessels might differ, and illustrate how transfer of NEFA 
and TRL (triglyceride-rich lipoprotein) lipids affects vas-
cular biology and insulin sensitivity.

EC EXPRESSION OF LIPID UPTAKE 
RECEPTORS
ECs express several receptors known to bind lipopro-
teins. However, the initial interaction between lipopro-
teins and the vascular endothelium depends on factors 
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exclusive of the affinity of the lipoprotein/receptor 
interaction. Lipoprotein uptake requires the particles 
to collide with the EC surface. This process resembles 
fluid flow through a tube; the collision of particles with 
the wall is regulated by viscosity, turbulence, drag, flow 
rate, and the diameter of the tube (or blood vessel).6,7 
In vivo, the margination of particles is also altered by 
the presence of blood cells, especially red blood cells, 
which comprise ≈40% of the blood volume. Beyond 
these modulating conditions, the radius3 provides a 
crude initial estimate of the probability of a particle, like 
a lipoprotein, colliding with the vessel wall. This type of 
kinetics for different-sized particles cannot be readily 
modeled in tissue culture. Assuming an average of 10 
nm for HDL (high-density lipoprotein) and 150 nm for 
chylomicrons, the chylomicron is 3375 times more likely 
to interact with the EC luminal surface receptors.7,8

EC receptors and EC-associated enzymes critically 
control lipid movement across the EC barrier. Receptors 
like VLDLR (very low-density lipoprotein receptor), LRP 
(low-density lipoprotein–related protein) 1, LRP8, LDLR 
(low-density lipoprotein receptor), and SR-BI (scavenger 
receptor BI) are responsible for the intake and clear-
ance of various lipoproteins. Both ALK1 (activin-like 
kinase 1)9,10 and SR-BI11,12 transport LDL (low-density 

lipoprotein) across ECs, thereby initiating atherosclero-
sis. Lipoprotein metabolism also involves EC-associated 
enzymes. LPL (lipoprotein lipase), the major enzyme 
responsible for the hydrolysis of circulating triglycerides, is 
derived primarily from adipose tissue and muscles.13 LPL 
requires an EC-expressed anchoring protein, GPIHBP1 
(glycosylphosphatidylinositol-anchored high-density  
lipoprotein binding protein 1), for its transport across 
ECs, its stabilization, and function.14 EL (endothelial 
lipase, LipG) primarily functions as a phospholipase but 
can hydrolyze triglycerides within smaller VLDL.15 The 
transporters, Abcg1 and Abca1, allow cholesterol efflux 
to HDL particles and maintain EC cholesterol balance.16

MOUSE EC GENE EXPRESSION
To assess the expression profiles of the aforemen-
tioned EC genes regulating lipid uptake and metabolism 
in different endothelial populations, single-cell RNA-
sequencing data from mouse ECs across various organs, 
including the heart, lung, liver, brain, and adipose tissue, 
were retrieved from the Obesity EC Atlas and shown in 
Figure 2.17 Expression of the NEFA transporter CD36 
is greatest in capillary ECs, in both heart and adipose. 
Despite the presence of fenestrated capillaries in the 
liver, which should allow unrestricted NEFA interaction 
with hepatocytes, liver ECs unexpectedly exhibit high lev-
els of CD36 microRNA. Lower expression of CD36 is 
found in lymphatic ECs. Brain ECs also have low CD36 
expression. Of note, EC CD36 functions as a receptor for 
the malaria parasite and has been implicated in both the 
clearance of the parasite and in pathogenesis of cerebral 
malaria complications.18

The roles of members of the lipase family have been 
studied over the past decades. Most LPL is synthesized 
by adipocytes and myocytes rather than ECs. Although 
LPL microRNA transcripts were found in arterial and 
capillary ECs from many tissues, LMF1 (lipase matura-
tion factor 1), which is required to produce active LPL, 
was not expressed in these cells.19 LMF1 absence sug-
gests that ECs do not make active LPL. Because of the 

Nonstandard Abbreviations and Acronyms

ALK1	 activin-like kinase 1
ATGL	 adipose triglyceride lipase 
Cav-1	 caveolin 1
CoA	 coenzyme
EC	 endothelial cell 
EL	 endothelial lipase 
eNOS	 endothelial NO synthase
EV	 extracellular vesicle
FA	 fatty acid
FABP	 FA-binding proteins
FATP	 FA transport proteins
GPIHBPI	 �glycosylphosphatidylinositol-anchored 

high-density lipoprotein binding protein I
HDL	 high-density lipoprotein
LD	 lipid droplet
LMF1	 lipase maturation factor 1 
LPL	 lipoprotein lipase 
LRP	 low-density lipoprotein–related protein 
mTOR	 mammalian target of rapamycin
NEFA	 nonesterified fatty acid 
nSMase2	 neutral sphingomyelinase 2 
SR-BI	 scavenger receptor BI
TRL	 triglyceride-rich lipoprotein 
VLDLR	 very low-density lipoprotein receptor

What Are the Clinical Implications?

Lipids coming from both nonesterified fatty acid and 
chylomicrons exit the endothelial cell in small extra-
cellular vesicles. Endothelial cell CD36 is required 
for efficient transport of nonesterified fatty acids 
into tissues through production of ceramides in the 
membrane. Nonlipolyzed triglyceride-rich lipoproteins 
are internalized by endothelial cells. Expression of 
endothelial cell lipid receptors is observed on capil-
laries, arteries, and veins in various tissues from both 
mice and humans. Endothelial cell lipid accumulation 
regulates blood pressure.
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high LPL expression in myocytes and adipocytes, it is 
possible that some of the expression data reflect incom-
plete cell separation or transfer of microRNA between 
cells, for example, through extracellular vesicles (EVs). A 
second requirement for LPL actions is EC expression of 
Gpihbp1, which is high in capillary ECs. Consistent with 
previous immunohistology studies, GPIHBP1 is notably 
absent from ECs in the brain, but has been found in cap-
illaries from gliomas.20 EL is primarily a phospholipase 
and, despite its name, is highly expressed in the liver 
and thyroid gland.21,22 Transcripts for EL were found at 
very low levels (Figure 2). However, EL is induced dur-
ing inflammation,23 so the transcriptomics might not fully 
reflect its pathophysiologic roles in ECs.

Several lipoprotein receptors are expressed in ECs. 
LDL transport across ECs is thought to be mediated by 
SR-BI and ALK1 (Acvr1).12,19 No pattern of differential 
expression was noted except for the high transcript lev-
els for Acvr1 in lung and brain ECs. Other known lipo-
protein receptors were expressed at low levels in all 
ECs. LDLRs are downregulated by systemic levels of 
LDL cholesterol. Not surprisingly, levels of LDLR tran-
scripts were low in all ECs. It should be noted, however, 
that EC LDLR expression is regulated by cell prolifera-
tion and inflammation, and its expression might change 
under some pathophysiologic conditions. Similarly, the 
genes for the lipoprotein receptors Vldlr, Olr1 (aka Lox1), 
Lrp8, and Lrp1 are expressed at low levels in endothelial 

subpopulations. Expression of lipoprotein receptors is 
increased with inflammatory disorders, oxidative damage, 
and pathologies such as atherosclerosis or other forms 
of cardiovascular disease.24

Abca1 and Abcg1 are responsible for unloading 
excess cellular cholesterol and are highly expressed in 
lymphatic ECs. This differential expression may reflect 
the specific physiological roles of lymphatic ECs in trans-
porting lipids from the interstitium back into the circula-
tion. Or, the primary function of these receptors could be 
to interact with immune cells.25

HUMAN EC GENE EXPRESSION
Data on gene expression in human ECs are less avail-
able.26 It is known that CD36 is highly expressed in cap-
illary ECs of the heart, lungs, and adipose tissue, but 
absent in brain ECs. As noted in mice,27 several lipo-
protein metabolic genes are found in human ECs. GPI-
HBP1 is highly expressed in capillary ECs but not in 
aortic ECs. LPL microRNA is found in heart and adipose 
capillary ECs, whereas LMF1 is absent. Although SR-BI 
expression is less abundant than that of CD36, it is 
detectable in capillary ECs throughout all major organs. 
In contrast to the mouse expression profile, human arte-
rial ECs in the heart and lungs do not express CD36. 
ALK1 is highly expressed in arterial ECs of the mouse 
brain, liver, and visceral adipose tissue. In the human 

Figure 1. Endothelial regulation of nonesterified fatty acid (NEFA) and TRLs (triglyceride-rich lipoproteins) lipid transport 
during fasting and postprandial states.
During fasting, NEFA levels increase. The NEFAs require CD36 and membrane nSMase2 (neutral sphingomyelinase 2) to be internalized by 
endothelial cells (ECs) and then released in small extracellular vesicles (sEVs) from the EC basolateral side. During the postprandial period, 
most triglycerides are lipolyzed by LPL (lipoprotein lipase), but uptake does not require CD36. With LPL deficiency or in the arteries, which 
lack the LPL anchoring protein GPIHBP1 (glycosylphosphatidylinositol-anchored high-density lipoprotein–binding protein 1), chylomicrons 
are internalized by SR-BI (scavenger receptor BI), leading to lysosomal degradation. The products of that intracellular lipolysis are either 
reesterified and stored within lipid droplets or secreted as extracellular vesicle–associated phospholipids. FA indicates fatty acid.
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heart, ALK1 was expressed in coronary artery ECs, 
as well as venous ECs of the human brain. The brain 
venous ECs also have high expression of Abcg1 and 
Abca1. In human adipose tissues, capillary ECs highly 
express Abcg1 and Abca1, whereas in the mouse, high 
expression of these receptors is found in lymphatic ECs. 
Although the cell-type localization differs, both human 
and mouse data support the conserved physiological 
principle that capillary ECs are primarily responsible for 
TRL lipolysis, arterial ECs do not acquire lipids via lipoly-
sis, and lymphatic ECs use ABC transporters to move 
cholesterol out of the tissues.28–30

EC CD36 REGULATES NEFA UPTAKE BY 
TISSUES
The pathways for FA transfer across ECs differ for  
adipose-derived NEFAs and for NEFAs released from 
TRLs. The mechanism for NEFA entry into cells, including 
ECs, has been debated for decades.31–33 Tissue selectiv-
ity and regulation of circulating NEFA uptake markedly 
favor heart and brown adipose tissue, which argues for 
involvement of a receptor-mediated process. A nonspe-
cific flip-flop process34 would lead to similar uptake in 
all tissues. Receptor requirement is now supported by 
direct evidence. Several proteins are implicated directly 
or indirectly in FA transport: The plasma membrane 
protein CD36, initially identified as a FA transporter in 

adipocytes,35–38 the FABPs (FA-binding proteins), and 
the FATPs (FA transport proteins), which although intra-
cellular, can influence FA uptake downstream of the 
membrane internalization step. Multifunctional FABPs 
likely function in intracellular transport of FAs in addi-
tion to their role in gene expression and signaling.39 
The FATPs are acyl-CoA (coenzyme) synthetases that 
activate the internalized FAs to facilitate their cellular 
metabolism.40,41 CD36, FABP4, FATP3, and FATP4 are 
expressed in ECs.42

Studies performed in many cell types model NEFA 
uptake as a dual-mode,43,44 with a saturable receptor-
mediated process at low NEFAs (ie, fasting NEFA/
albumin ratios) and a nonsaturable nonreceptor medi-
ated process at higher NEFA/albumin ratios (eg, during 
chylomicron lipolysis). CD36 has high affinity for long-
chain FAs, but it is also a multiligand receptor for several 
lipid and nonlipid molecules.33,45 A hydrophobic pocket 
in the CD36 ectodomain is critical for NEFA binding.46 
Analysis of the crystal structure of LIMP2, a CD36 fam-
ily member,47 shows that this pocket connects to an 
intramolecular transport tunnel inside the protein.32,46 
In line with this, NEFAs associated with crystal CD36 
were localized to the tunnel.48 The high FA affinity of 
CD36 is consistent with its operation at the nanomolar 
concentration of unbound free FAs equilibrated with the 
NEFA-albumin levels found in fasting. In agreement with 
the mouse studies, CD36-deficient humans have sig-
nificantly reduced NEFA uptake by heart, adipose, and 

Figure 2. Dot plots illustrate gene 
expression patterns in endothelial 
cell (EC) subpopulations across 
mouse tissues.
Expression levels and percent of cells 
expressing selected genes of lipid 
metabolism and endothelial function 
are presented. A, Heart ECs, (B) lung 
ECs, (C) liver ECs, (D) brain ECs, 
(E) visceral adipose ECs, and (F) 
subcutaneous adipose ECs. The size 
of the dots indicates the percentage of 
cells expressing each gene, while the 
color gradient reflects average expression 
levels, for example, from low (light blue or 
red) to high (dark blue or red). Data were 
analyzed using the Seurat v4.1.1 software 
implemented in R v4.2.1.17
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muscle tissues.49 In contrast, during chylomicron lipolysis, 
very high levels of NEFAs are generated, and studies in 
perfused hearts show that uptake is exclusive of CD36,50 
possibly because CD36-mediated uptake is saturated 
and CD36 internalization by FA causes its loss from the 
membrane. It is thought that uptake of FAs from TRL 
lipolysis occurs primarily across adipose tissue. However, 
studies assessing whether adipocyte CD36 is involved in 
adipose lipid accumulation from TRLs are not available. 
During TRL lipolysis, pH is reduced, and the NEFA/albu-
min ratio is likely increased. These conditions might cre-
ate uncharged nonalbumin-associated NEFAs that can 
freely pass between ECs (Figure 1).

The role of ECs in NEFA uptake was studied using 
EC-specific CD36 knockout mice (EC-Cd36−/−). Despite 
its normal expression in parenchymal cells, EC CD36 
deficiency reduced NEFA uptake into adipose, heart, 
and muscle tissues.51 In fact, the phenotype replicated 
that of total body CD36 knockout mice.52 The molecular 
mechanism for FA transcytosis was studied using click- 
chemistry and alkyne FAs to visualize CD36 FA associa-
tion at the EC luminal surface, and the endocytosis and 
traffic of the FA. The FA-CD36 interaction was found to 
induce a cascade of plasma membrane and intracellu-
lar events that culminate in release of FA-carrying small 
EVs at the EC basolateral side.53 The molecular pathway 
shows that NEFA binding to CD36 in caveolae stimulates 
Cav-1 (caveolin 1) phosphorylation by the CD36 partner 
kinase Src. This associates with activation of nSMase2 
(neutral sphingomyelinase 2), which generates cerami-
des in the membrane. These events combine to cause 
internal scission of caveolae containing FA-CD36 and 
Cav-1 into intracellular vesicles, which are then released 
from multivesicular bodies as they fuse with the EC baso-
lateral membrane. The released small EVs have an aver-
age diameter of <100 nm and carry exosome markers. 
The small EVs containing the FA-CD36-Cav-1 complex 
can deliver FAs and other cargo to muscle fibers.53 Our 
unpublished data also indicate that FABP4 is present in 
the intracellular as well as the extracellular FA vesicles 
generated in ECs exposed to FAs. This suggests that 
FABP4 is recruited to the endosomes during CD36-FA-
Cav-1 endocytosis. FABP4 might function in directing 
the FA vesicles or in influencing the metabolism of the 
FAs in recipient cells. Previously, lipolysis and lipid avail-
ability have been reported to induce adipocyte secretion 
of FABP4 in exosomes.54

CD36 regulation in several cell types has been linked 
to several physiological and pathological conditions 
related to lipid metabolism and immunity.55–57 It is likely 
that some of the modulatory factors operate in ECs. The 
following section will focus on the documented regula-
tion of EC CD36 as related to its role in lipid metabolism 
and insulin sensitivity.

PPAR-α and PPAR-γ are major regulators of 
CD36 and function independently in regulating CD36 

microRNA expression. In humans, several CD36 SNPs 
near the distal first exon 1D, which is expressed almost 
exclusively in ECs,56 reduce CD36 expression, and asso-
ciate with high chylomicron remnant levels and delayed 
blood triglyceride clearance. These SNPs align to active 
PPAR-γ motifs in the CD36 promoter.58 In mice, EC- 
specific knockout of PPARγ reduces CD36 expression 
and the uptake of NEFAs.59

Other EC-CD36 regulators include the Meox2/Tcf15 
heterodimers, which are expressed in the human and 
mouse microvascular endothelium of several tissues, 
notably heart, skeletal muscle, and adipose.60 Meox2/
Tcf15 promotes FA uptake by inducing the expression 
of endothelial CD36. In mice, loss of Meox2/Tcf15 func-
tion reduces heart FA uptake and impairs cardiac con-
tractility.60 In line with the above, the EC transcriptome 
shows that expression of the FA uptake–related proteins 
Meox2/Tcf15, Fabp4, and CD36 is higher in cardiac 
ECs, which have high FA metabolism, as compared with 
renal, cerebral, or pulmonary ECs.61

Notch signaling in the endothelium controls blood ves-
sel formation, and recent work showed that it also regu-
lates FA transport across ECs.62 Notch 1 is expressed 
in ECs of heart, skeletal muscle, liver, and white adipose 
tissue, and Notch activity is observed in blood vessels. 
Expression of the Notch ligand DLL4 is restricted to the 
vasculature, so DLL4 inhibition can specifically target 
vascular Notch signaling. Selective inhibition of Notch in 
ECs increased cardiac blood vessel density but reduced 
NEFA uptake into the heart and skeletal muscle. EC 
Notch deficiency raised triglyceride and NEFA levels in 
the blood and eventually compromised heart function, 
which could be partially reversed by rapamycin treat-
ment.62 These changes were related to a reduction in 
EC expression of CD36 and Fabp4, whereas expres-
sion of Angptl4, an inhibitor of LPL, was increased. The 
above changes limited FA supply to tissues, particularly 
the heart, which shifted to increased glucose uptake and 
mTOR (mammalian target of rapamycin) signaling.

Regulation of endothelial CD36 might also involve 
various posttranslational modifications that can influence 
protein function and expression. These modifications 
include phosphorylation, ubiquitination, glycosylation, and 
palmitoylation, which play a crucial role in the maturation, 
localization, and function of CD36. These modifications63 
are essential for the proper functioning of CD36 in vari-
ous organs, particularly in the context of lipid metabolism 
and immune regulation.64–66

Recent work on posttranslational modification of 
CD36 directly related to ECs includes a report show-
ing that high nitric oxide levels can modify (nitrosate) 
EC CD36 at the same cysteines that are palmitoylated. 
The nitrosylation prevents CD36 traffic to the plasma 
membrane and decreases EC lipid content.67 CD36 
deficiency associates with defects in endothelial 
angiogenesis and in the maintenance of the vascular 

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 28, 2025



AT
VB

 IN
 F

OC
US

 - 
AL

Goldberg et al Endothelial Cell Regulation of Lipid Uptake

6    February 2026� Arterioscler Thromb Vasc Biol. 2026;46:e323501. DOI: 10.1161/ATVBAHA.125.323501

endothelial and lymphatic endothelial systems.68,69 Insu-
lin is important for the maintenance of vascular and 
lymphatic EC angiogenesis and induces CD36 palmi-
toylation in both cell types.70,71 Silencing of CD36 in 
lymphatic ECs reduced insulin palmitoylation of key pro-
teins important for angiogenesis and barrier integrity.71 
The latter observation is consistent with CD36 regu-
lation of insulin receptor signaling, which was shown 
earlier in muscle cells72 and recently in microvascular 
ECs where CD36 silencing impairs insulin action and 
notably insulin ability to stimulate nitric oxide release.73 
Insulin resistance of the microvasculature was observed 
in CD36-deficient mice and in partially CD36-deficient 
humans carrying the minor allele (G) of coding CD36 
variant rs3211938 (G/T). However, microvasculature 
unresponsiveness to insulin is associated with better 
insulin sensitivity of glucose disposal, which reflects 
transcriptional remodeling of muscle.73 Whether this 
muscle adaptation can be maintained long term and 
with dietary challenges remains to be determined.

What is not known is whether EC expression of CD36 
is rate-limiting for tissue uptake of NEFA. CD36 dele-
tion specifically in ECs reduces NEFA uptake into the 
heart, skeletal, and brown adipose,51 an effect accom-
panied by an elevated level of circulating NEFA levels 
and increased insulin sensitivity. Whether increasing EC 
CD36 drives greater NEFA uptake into tissues is not 
known. However, if true, such data would imply that levels 
of EC CD36 expression regulate tissue lipid stores and 
muscle insulin sensitivity.

EC UPTAKE OF TRLS
Under normal circumstances, most acquisition of FAs 
derived from TRLs is via lipolysis. However, in seminal 
studies from the Sessa lab, arterial ECs, which do not 
express GPIHBP1 and do not ordinarily contain luminal 
surface LPL,14 develop intra-EC lipid droplets (LDs) post-
prandially.74 The resulting LDs could be either a result of 
NEFA uptake and reesterification or a consequence of 
chylomicron uptake into cells. To clarify, mice with LPL 
deficiency were studied to see if they would develop 
postprandial aortic EC LDs. LPL knockout mice had a 
marked increase in EC LDs, and EC LDs were pres-
ent even during fasting.75 EC chylomicron uptake is via 
SR-BI, one of the receptors that also mediates EC tran-
scytosis of LDL.10–12

In contrast with LDL, SR-BI–mediated chylomi-
cron uptake leads to lysosomal delivery and intracellu-
lar hydrolysis of chylomicron triglyceride. This process 
results in LD formation, as well as EC inflammation and 
the release of EVs that, in turn, induce LD accumulation 
and inflammation in underlying macrophages and naïve 
ECs.76 Chylomicron uptake by SR-BI is inhibited by com-
petition with apo B18, a fragment comprising the 18% 
N-terminal sequence of apoB.75 This suggests that this 

region of apoB contains the ligand for SR-BI binding to 
LDL and chylomicrons.

It is unclear why LDL and chylomicrons are routed 
towards different cellular pathways after SR-BI uptake. 
SR-BI lacks the internalization sequence characteristic 
of other LDLRs, and recruitment of cofactor DOCK4 is 
required for SR-BI–mediated LDL transcytosis.12 It is 
possible that, upon binding chylomicrons, different cofac-
tors are recruited by SR-BI that result in their delivery to 
the lysosomal compartment.

ECs also can internalize nonapolipoprotein contain-
ing lipid emulsions. Beyond its role in NEFA uptake dur-
ing fasting, in conjunction with LPL, CD36 can mediate 
uptake of apolipoprotein-deficient lipid particles by acti-
vated brown adipose tissue.77

EC STORAGE OF LIPIDS
Although most ECs primarily rely on glucose for energy 
production, changes in the content of EC lipids alter their 
biology. Studies from Brownlee’s laboratory showed that 
oleic acid increased reactive oxygen species production 
and reduced eNOS (endothelial NO synthase) in nonin-
sulin treated cultured arterial ECs.78 ECs, like most other 
cells, will develop LDs when incubated in high concentra-
tions of NEFAs.74 To specifically alter EC LD formation, 2 
laboratories created mice with an EC-specific knockout 
of the intracellular triglyceride lipolysis enzyme ATGL (adi-
pose triglyceride lipase). This led to a reduction in eNOS 
and hypertension in high salt–fed mice79 and an increase in 
vascular inflammation and atherosclerosis development.80 
Feeding mice a high-fat diet replicated many of the effects 
of EC ATGL knockout, leading the investigators to hypoth-
esize that EC LD accumulation drives obesity-associated 
hypertension.79 A similar increase in EC inflammatory gene 
expression was found in the arterial wall of hypertriglyceri-
demia LPL-deficient LDLR double knockout mice.

FA UPTAKE AND METABOLIC 
DYSFUNCTION
As the gateway to lipid accumulation in tissues, EC 
lipid transport modulates insulin signaling and glucose 
disposal. The effects of excess lipid storage on insu-
lin signaling have been reviewed elsewhere.81,82 Less 
well studied is whether EC lipid uptake affects glucose 
metabolism. Atherosclerosis studies performed with EC 
knockout of ALK1 and SR-BI did not note changes in 
circulating glucose levels.9,12 Similarly, LDLR defects do 
not grossly affect insulin actions, although it has been 
suggested that patients with genetic defects in the LDLR 
have a reduced risk of developing type 2 diabetes.83

CD36 has complicated interactions with insulin 
actions. EC CD36 deficiency improves insulin actions 
and is associated with greater glucose uptake into the 
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heart and brown adipose.51 However, human genetic 
polymorphisms in CD36 are associated with increased 
risk for the development of type 2 diabetes.84 As noted 
above, intracellular signaling through CD36 has been 
reported to affect insulin actions.72 Thus, EC actions to 
regulate NEFA uptake into tissues may be balanced by 
other effects of CD36 on parenchymal cells.

A similar complicated relationship may hold for TRL 
uptake by ECs and insulin actions. Although lipid accumu-
lation alters EC biology, overall hypertriglyceridemia due to 
LPL deficiency does not lead to diabetes, unless there is 
chronic pancreatitis and significant islet cell destruction. 
With LPL deficiency, the lack of capillary lipolysis leads to 
a deficiency of FA delivery to muscles and adipose tissue 
and the use of more circulating glucose. For this reason, 
LPL deficiency leads to hypoglycemia in suckling mice.85

CONCLUSIONS
Studies using cell-specific modulation of lipid uptake and 
transporting molecules have established ECs as regu-
lators of lipid uptake by tissues and the vascular wall. 
Both NEFAs and lipoprotein lipids cross ECs via spe-
cific molecular pathways that have been characterized 
using cells and genetically modified mice. Both human 
genetics and physiological evidence align with these 
experimental observations and reinforce their relevance 
to human health and disease.

As our understanding of EC biology advances, novel 
methodology will likely target ECs to alter protein expres-
sion as a potential strategy to mitigate cardiometabolic dis-
ease. Anticipating that time, the experimental community 
will need to provide additional data to assess the benefits 
and possible deleterious effects of EC gene modification.

In many cases, the physiological and pathological 
regulation of EC receptors remains poorly understood. 
Although significant progress has been made, much 
of the current data relies on global expression studies, 
which are limited to microRNA levels and provide limited 
insights into protein function. A full understanding of the 
roles of each of these receptors and their implications 
for health and disease requires more investigation of the 
proteins directly. Specifically, looking at the cellular local-
ization, expression patterns, and posttranslational modi-
fications is essential for deciphering the mechanisms by 
which ECs contribute to lipid metabolism and vascular 
function in human systems.

Modulating the expression of EC genes has the 
potential to reduce circulating lipid levels and improve 
insulin signaling. For instance, EC-specific CD36 knock-
out reduces NEFA uptake and improves insulin sensitiv-
ity in peripheral tissues. The approach is not without risk; 
disruption of NEFA transport may interfere with energy 
metabolism and impair optimal function of the heart, 
slow-twitch muscles, and brown adipose tissue. Further-
more, findings derived from chow-fed mice frequently 

differ significantly when tested under Western-style and 
high-fat diets, which highlights the need for context- 
specific analyses. If CD36-mediated NEFA transport 
is rate-limiting for NEFA uptake into tissues with high 
energy demands, then overexpression of CD36 could 
enhance tissue function. Careful investigation of the 
broader impact of modulating EC CD36 expression 
on EC lipid content and vascular function is required 
to answer questions concerning the complex interplay 
between lipid metabolism and vascular health.

Beyond NEFA transport, EC-mediated lipoprotein 
uptake represents another critical mechanism through 
which ECs regulate lipid metabolism and tissue health, 
with notable variations in impact depending on the 
metabolic states, such as fasting versus postprandial 
conditions. Along with FAs, chylomicrons transport fat-
soluble vitamins, including retinoids, to tissues.86 The 
SR-BI-mediated uptake pathway has been implicated 
as an alternate mechanism for retinoid delivery, providing 
important protective effects in cases of retinol-binding 
protein deficiency.87 Further research should investigate 
if the postprandial lipid accumulation observed in mouse 
models is the same in humans.88

The emerging picture from current research under-
scores the critical role of ECs in regulating lipid metab-
olism and vascular function, with clear implications for 
human health and disease. Future research aimed at 
uncovering the mechanisms of EC-mediated lipid trans-
port and its tissue-specific effects will be essential in 
developing targeted therapeutics to address cardiometa-
bolic disorders while minimizing adverse outcomes.
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