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Abstract: Arterial accumulation of plasma-derived LDL and its subsequent oxidation contributes
to atherosclerosis. Lymphatic vessel (LV)-mediated removal of arterial cholesterol has been shown
to reduce atherosclerotic lesion formation. However, the precise mechanisms that regulate LV den-
sity and function in atherosclerotic vessels remain to be identified. The aim of this study was to
investigate the role of native LDL (nLDL) and oxidized LDL (oxLDL) in modulating lymphangio-
genesis and underlying molecular mechanisms. Western blotting and immunostaining experiments
demonstrated increased oxLDL expression in human atherosclerotic arteries. Furthermore, elevated
oxLDL levels were detected in the adventitial layer, where LV are primarily present. Treatment of
human lymphatic endothelial cells (LEC) with oxLDL inhibited in vitro tube formation, while nLDL
stimulated it. Similar results were observed with Matrigel plug assay in vivo. CD36 deletion in mice
and its siRNA-mediated knockdown in LEC prevented oxLDL-induced inhibition of lymphangio-
genesis. In addition, oxLDL via CD36 receptor suppressed cell cycle, downregulated AKT and eNOS
expression, and increased levels of p27 in LEC. Collectively, these results indicate that oxLDL inhibits
lymphangiogenesis via CD36-mediated regulation of AKT/eNOS pathway and cell cycle. These
findings suggest that therapeutic blockade of LEC CD36 may promote arterial lymphangiogenesis,
leading to increased cholesterol removal from the arterial wall and reduced atherosclerosis.

Keywords: oxidized LDL; native LDL; lymphangiogenesis; atherosclerosis; CD36

1. Introduction

Atherosclerotic vascular disease is the underlying cause of stable and unstable angina,
myocardial infarction, stroke, and peripheral artery disease [1]. Atherosclerosis is a chronic
inflammatory disease characterized by the influx, oxidation, and accumulation of apoB-
containing lipoproteins in large and medium-sized arteries. Recent studies have demon-
strated the importance of arterial lymphatic vessels (LV) in the removal of cholesterol via
HDL-mediated reverse cholesterol transport, egress of inflammatory cells from the arterial
wall and regulation of arterial inflammation [2,3]. Furthermore, genetic disruption of
lymphatic drainage using soluble vascular endothelial growth factor receptor 3 (sVGFR3)
overexpression, which results in LV regression, and surgical removal of lesion-draining
lymph nodes promote atherosclerosis development in hypercholesterolemic mice [2,4,5].
Consistent with this information, a recent study showed that disruption of aortic lymph
flow by LV ligation stimulates atherosclerotic lesion formation [3]. The same study reported
that regression of atherosclerosis induced by cholesterol lowering therapy in ApoE−/−

mice requires efficient lymphatic drainage. Taken together, these results suggest that a func-
tional network of LV in the arterial wall and periadventitial layer is required to inhibit the
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development of atherosclerosis and promote plaque regression. Despite this information,
the precise endogenous factors and mechanisms that regulate LV formation and function
relevant to atherosclerosis development are largely unknown.

In the early phase of atherosclerosis, circulating low-density lipoprotein (LDL) is
transported across the endothelial layer of the arterial wall and becomes oxidized due to
the pro-inflammatory and oxidative microenvironment in the subendothelial space. The
oxidized LDL (oxLDL) plays a pathogenic role in all stages of atherosclerosis develop-
ment, including initiation, progression, and destabilization of atherosclerotic lesion [6–8].
Availability of oxLDL antibodies developed by immunizing animals with malondialdehyde-
modified LDL, 4-hydroxynonenal-LDL, and Cu2+-oxidized LDL has allowed determination
of oxLDL levels in the plasma and arterial tissue from cardiovascular disease patients [9,10].
Elevated plasma oxLDL levels were detected in patients with atherosclerotic artery dis-
ease [11,12]. Furthermore, clinical and experimental studies showed evidence suggesting
the presence of oxidatively modified LDL in atherosclerotic arteries [11,13,14]. In addition,
increased circulating LDL levels in ApoE−/− mice has been shown to regress LV den-
sity [15,16]. Nevertheless, the ability of oxLDL to regulate lymphangiogenesis has not been
previously reported.

Multiple reports suggest that oxLDL contributes to endothelial cell activation and
dysfunction, macrophage foam cell formation, vascular smooth muscle cell migration,
proliferation and differentiation to macrophage-like cells, as well as platelet adhesion
and aggregation [8,17–19]. Interestingly, in vitro studies demonstrated biphasic effects of
oxLDL treatment on angiogenesis. At low concentrations, oxLDL stimulates angiogenesis,
however, at pathophysiologically relevant concentrations found in the plasma of cardio-
vascular patients, it suppresses angiogenesis [9,20–22]. Oxidized LDL can be internalized
by various scavenger receptors (SR), including CD36, SR-A1, SR-B1, and lectin-like oxLDL
receptor 1 (Lox1), and has reduced affinity for LDL receptor [23]. Lymphatic endothelial
cells (LEC) mainly utilize fatty acids via mitochondrial fatty acid oxidation for their en-
ergy needs and have higher expression of fatty acid transport proteins, such as CD36 [24].
Though, angiogenesis and lymphangiogenesis share similar regulatory mechanisms, the
effects of oxLDL on lymphangiogenesis, involvement of specific oxLDL receptor(s), and
underlying molecular mechanisms have not been previously investigated.

In the present study, we sought to examine the ability of unmodified native and
oxidized LDL in the regulation of lymphangiogenesis using various in vitro cellular, molec-
ular, histological, and pharmacological approaches and in vivo genetic models. First,
we detected elevated oxLDL levels in the adventitial layer and intraplaque regions of
human atherosclerotic arteries. We observed increased lymphangiogenesis by nLDL-
treated human LEC, while oxLDL treatment inhibited lymphangiogenesis both in vitro and
in vivo. Mechanistically, we found that oxLDL induces cell cycle arrest in LEC and inhibits
lymphangiogenesis via CD36. Downstream regulators of oxLDL-induced inhibition of
lymphangiogenesis include decreased AKT and eNOS protein expression and increased
cyclin dependent kinase inhibitor p27 levels. Taken together, these findings demonstrate
for the first time the anti-lymphangiogenic effects of oxLDL and identify the possible
downstream mechanisms involved. These results suggest that therapeutic blockade of LEC
CD36 may promote lymphangiogenesis in the arterial wall, leading to increased removal
of arterial cholesterol and delayed development of atherosclerosis.

2. Materials and Methods
2.1. Reagents and Antibodies

Human nLDL and oxLDL were purchased from Kalen Biomedical, LLC (German-
town, MD, USA). BLT1 was procured from Sigma-Aldrich (St. Louis, MO, USA). Growth
factor-reduced (GFR) Matrigel was obtained from Corning (Bedford, MA, USA). FxCycle™
PI/RNase Staining Solution, DAF-FM diacetate, Hoechst 33342, H2DCFDA, and DAPI
were purchased from Life Technologies Corporation (Eugene, OR, USA). Antibody against
human oxLDL was procured from Biorbyt LLC (St. Louis, MO, USA). Phospho-eNOS
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(Ser-1177), phospho-AKT (Ser-473), phospho-ERK1/2 (Thr-202/Tyr-204), total AKT, total
ERK1/2, p27, CD36, and β-tubulin antibodies were obtained from Cell Signaling Technol-
ogy (Danvers, MA, USA). Total eNOS, Ki67, p53, CDK1/2, and GAPDH antibodies were
procured from Santa Cruz Biotechnology (Dallas, TX, USA). LYVE-1 antibody was pur-
chased from Abcam (Cambridge, MA, USA). Protease and phosphatase inhibitor cocktail
tablets were bought from Roche Diagnostics GmbH (Mannheim, Germany).

2.2. Human Atherosclerotic Tissue

Human atherosclerotic and non-atherosclerotic aortic and coronary artery tissue were
obtained from three female (69–101 years old) and two male (57 and 88 years old) cadaveric
donors. All females had atherosclerotic coronary artery disease and were Caucasians. Out
of these females, one female had a history of systemic hypertension and the other female
had aortic stenosis. Tissues were also collected from a Caucasian male with coronary
artery disease and a non-atherosclerotic African-American male. The presence or absence
of atherosclerotic lesions was confirmed by Joseph White, Director of Autopsy Services
at Augusta University and Oil Red O staining. Additional information about the tissue
donors, including cause of death, comorbidities, and race is available in our previous pub-
lication [25]. The study was approved by the Biological Safety Office, Augusta University
(BSP# 1458) and conducted in accordance with the guidelines in the Declaration of Helsinki.
The written informed consent was obtained on behalf of each case from next of kin, for use
of postmortem tissue for research purposes.

2.3. Animals

Eight- to ten-week-old male C57BL/6 (wild type, JAX, stock # 000664) and CD36-
deficient (CD36−/−, JAX, stock # 019006) mice were used in the present study. All mice
were maintained on 12-h dark/12-h light cycles in air-conditioned rooms with access to
food and drinking water ad libitum. All animal experimental procedures were approved
by the Institutional Animal Care and Use Committee of Augusta University and conducted
following the National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

2.4. Cell Culture

Primary human dermal lymphatic endothelial cells (LEC) were purchased from Pro-
moCell GmbH (Heidelberg, Germany) and cultured in endothelial cell growth medium
MV 2 (PromoCell) containing 5% heat-inactivated fetal bovine serum (FBS), growth factors
bullet kit [human epidermal growth factor (5 ng/mL), human basic fibroblast growth
factor (10 ng/mL), insulin-like growth factor (20 ng/mL), human vascular endothelial
growth factor 165 (0.5 ng/mL), ascorbic acid (1 µg/mL), and hydrocortisone (0.2 µg/mL)],
100 IU/mL of penicillin, and 100 µg/mL streptomycin. Cells were maintained in a humidi-
fied incubator with 5% CO2 at 37 ◦C and used till passage 7.

Human umbilical vein endothelial cells (HUVEC) were obtained from ATCC (Man-
assas, VA, USA) and cultured in endothelial cell growth medium MV 2 (PromoCell) as
described above.

2.5. Western Blot

Western blot experiments were performed using tissue/cell lysates as described previ-
ously using the Odyssey CLx Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE,
USA) [26]. Briefly, protein concentrations in lysate preparations were quantified employing
the Pierce BCA Protein Assay Kit (ThermoFisher Scientific). Equal amounts of proteins
(15–20 µg) were separated using 12% SDS-PAGE gels, transferred onto nitrocellulose mem-
branes (Li-Cor Biosciences), and membranes were blocked with the Intercept Blocking
Buffer (Li-Cor Biosciences). Blocked membranes were probed with the following primary
antibodies: oxLDL, phospho-eNOS (Ser-1177), total eNOS, phospho-AKT (Ser-473), to-
tal AKT, phospho-ERK1/2 (Thr-202/Tyr-204), total ERK1/2, CD36, p53, p27, CDK1/2,
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GAPDH, and β-tubulin. The IRDye-conjugated secondary antibodies (Li-Cor Biosciences)
were utilized to detect the primary antibodies bound to membranes. The densitometry
analysis was performed using the NIH ImageJ software.

2.6. Immunohistochemistry

Lipid deposition in human aortic sections was determined using Oil Red O staining as
previously described [25]. Briefly, harvested tissue was fixed in 4% PFA for 48 h, embedded
in OCT compound and 8 µm sections prepared. Sections were washed with PBS to remove
OCT and then incubated with 60% isopropanol, stained with Oil Red O solution (Sigma-
Aldrich, 2.0% w/v), and counterstained with hematoxylin (Sigma-Aldrich). Images were
taken using an Olympus BX41 phase contrast microscope.

Human arterial paraffin sections were deparaffinized, blocked, and incubated with
primary antibodies against oxLDL overnight at 4 ◦C in a humidified chamber. Then,
sections were washed with PBST 2 times, incubated with Alexa Fluor 488-conjugated
secondary antibodies (Life Technologies Corporation) for 1 h at room temperature, washed,
counterstained with DAPI, and mounted with Fluoromount-G (ThermoFisher Scientific,
Rockford, IL, USA). Images were captured using an inverted Zeiss LSM 780 confocal
microscope.

2.7. LEC Tube Formation Assay

In vitro lymphangiogenesis was determined using a Matrigel tube formation assay
as previously described [25]. Briefly, LEC (20,000 cells/well) in basal medium MV 2
(PromoCell GmbH, 0.5% FBS) containing vehicle (PBS), nLDL (50 or 100 µg/mL) or oxLDL
(50 or 100 µg/mL) were seeded onto solidified Matrigels in wells of a 96-well plate and
incubated for 6 h at 37 ◦C in a humidified incubator. Matrigels were fixed, permeabilized,
stained with Alexa Fluor 488-phalloidin, and images were recorded using an inverted
Zeiss LSM 780 confocal microscope. The tube length and number of branching points were
measured using the NIH ImageJ software.

2.8. LEC Migration Assay

LEC migration was investigated using Culture-Insert 2 Well 24 (ibidi USA, Inc., Fitch-
burg, WI, USA). Briefly, 70 µL of the cell suspension (3 × 105 cells/mL) was applied into
each well of the Culture-Inserts 2 Well. The plate was incubated for 24 h at 37 ◦C in 5%
CO2. Culture-Inserts 2 Well were removed, and cell layers washed with PBS 2 times and
treated with vehicle, nLDL (100 µg/mL) or oxLDL (100 µg/mL) in basal medium MV 2
(0.5% FBS) for 24 h at 37 ◦C. Images of wounds were captured using an Olympus BX41
phase contrast microscope at 0 h. After 24 h of incubation, cell layers were washed, fixed,
permeabilized, and stained with Alexa Fluor 488-phalloidin. Images of wounds were taken
using an inverted Zeiss LSM 780 confocal microscope. Area of wounds at 0 h and 24 h
were determined using the Image-Pro Plus software (Media Cybemetics, Bethesda, MD,
USA). The percentage of wound closure was calculated.

2.9. LEC Proliferation Assays

For determination of Ki67 positive cells, LEC were plated on coverslips inserted in a
24-well plate. LEC were treated with vehicle, nLDL (100 µg/mL) or oxLDL (100 µg/mL)
for 24 h. Cells were fixed, permeabilized, blocked, and incubated with Ki67 primary
antibodies overnight at 4 ◦C. Cells were then incubated with Alexa Fluor 594-labeled
secondary antibodies (Life Technologies Corporation) and Hoechst 33342. Images were
captured using an inverted Zeiss LSM 780 confocal microscope. Ki67 positive nuclei were
quantified using the NIH ImageJ software.

LEC proliferation was measured using the Cell Proliferation Reagent WST-1 (Roche
Diagnostics GmbH). Briefly, cells were seeded in a 96-well plate (10,000 cells/well). Next
day, cells were incubated with vehicle, nLDL (100 µg/mL) or oxLDL (100 µg/mL) in basal
medium MV 2 containing 0.5% FBS for 48 h. Following 48 h treatment, 10 µL WST-1
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reagent was added to each well, and cells were incubated at 37 ◦C for 4 h. The absorbance
was measured at 450 nm using the Clariostar Monochromator Microplate Reader (BMG
Labtech, Cary, NC, USA). Absorbance at 690 nm was taken as reference.

2.10. Cell Cycle Analysis

Cells after 24 h treatment with vehicle, nLDL or oxLDL (100 µg/mL) were washed
with PBS and fixed with ice-cold 70% ethanol for 2 h at 4 ◦C. After washing with cold
PBS, cells were incubated in FxCycle™ PI/RNase Staining Solution for 30 min in dark at
room temperature. The samples were immediately analyzed by flow cytometry using a BD
Accuri C6 flow cytometer.

2.11. In Vivo Lymphangiogenesis Assay

In vivo lymphangiogenesis was determined using the Matrigel plug assay [23]. Eight-
to ten-week-old male wild type or CD36−/− mice on the C57BL/6 background were
injected subcutaneously (s.c.) with 400 µL GFR Matrigel premixed with vehicle (PBS),
nLDL (100 µg/mL) or oxLDL (100 µg/mL). Matrigel plugs were harvested after 2 weeks
of implantation, fixed in 4% paraformaldehyde (PFA), embedded in paraffin blocks, and
sectioned. Paraffin sections were deparaffinized, blocked, and processed for LYVE-1
immunostaining. Fluorescent images were captured using a Zeiss 780 inverted confocal
microscope. Image fluorescence analysis was performed with Image-Pro Plus software.

2.12. Quantitative Real-Time PCR

Total cellular RNA was extracted utilizing an RNA purification kit (IBI Scientific,
Peosta, IA, USA). Five hundred nanogram RNA was reverse transcribed with TaqMan® Re-
verse Transcriptase kit (Applied Biosystems, Carlsbad, CA, USA) as per the manufacturer’s
instructions. SYBR Green Supermix (Applied Biosystems) was used to perform quantitative
real-time PCR in a StepOne Plus system (Applied Biosystems). Relative gene expression
was determined with the ∆∆Ct method using GAPDH (human/mouse) as an internal
control. A standard real-time PCR protocol (one cycle of 95 ◦C for 10 min and 40 cycles of
95 ◦C for 15 s and 60 ◦C for 1 min) was used for all reactions using different primers. The
primer sequences used for real-time PCR are shown in Supplementary Table S1.

2.13. Gene Silencing

Human LEC were transfected with CD36 siRNA (smart pool of siRNA) or control
siRNA (Horizon Discovery, St. Louis, MO, USA) using the TransIT-TKO transfection
reagent (Mirus Bio LLC, Madison, WI, USA) according to the manufacturer’s instructions.
Gene silencing using siRNA was confirmed by Western blot. Cells were used for further
experiments 48 h post-transfection.

2.14. Lipid Internalization Assay

Control and CD36-siRNA treated cells were plated in a 24-well plate. The next day,
cells were incubated with or without ox-LDL (100 µg/mL) for 24 h. After 24 h, cells were
washed with ice-cold PBS, fixed in 2% PFA and stained with Nile Red (50 ng/mL) for 7 min.
Fluorescence intensity was measured using the FL3 channel for Nile Red (Ex: 488 nm, Em:
670 nm; BD Accuri C6).

2.15. Reactive Oxygen Species Generation

Intracellular reactive oxygen species (ROS) production was measured using 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA) [27]. Briefly, LEC seeded in a 12-well
plate were treated in the presence and absence of oxLDL for various time points. After
the incubation time, cells were washed with serum free media twice and incubated in
media containing with H2DCFDA (5 µM, 30 min) at 37 ◦C. The flow cytometry analysis
(Ex: 492 nm, Em: 525 nm) was performed using a BD Accuri C6 flow cytometer. Mean
fluorescence intensity is shown.
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2.16. Statistical Analysis

The statistical analyses were performed using the GraphPad Prism (La Jolla, CA,
USA). The data are expressed as mean ± SEM. Shapiro–Wilk normality test was used
to investigate the normality of data. Student’s t-test and 1 or 2-way ANOVA were used,
followed by Tukey post hoc analysis for multiple comparisons where appropriate. A
p-value less than 0.05 was considered statistically significant.

3. Results
3.1. Oxidized LDL Levels Are Elevated in Human Atherosclerotic Arteries

Subendothelial accumulation of LDL and its subsequent oxidative modification play
a critical role in the pathomechanisms of atherosclerosis [28]. Oxidized LDL promotes
endothelial cell activation and dysfunction [8], macrophage lipid uptake and foam cell
formation [19], and vascular smooth muscle cell migration [18], proliferation and transd-
ifferentiation to macrophage-like cells [29]. The role of oxLDL in the adventitial layer of
arterial tissue is less characterized. To investigate the expression of oxLDL in the intimal,
medial and adventitial layers of atherosclerotic arteries, we collected human atherosclerotic
aortic and coronary artery tissue and non-atherosclerotic control segments from cadaveric
donors with and without a history of cardiovascular disease.

Atherosclerosis is a focal disease that occurs in regions of low shear stress and dis-
turbed flow, including bifurcations and curvatures. Oil Red O staining confirmed lipid
accumulation in the inner curvature (IC) of the aortic arch compared to the atheroresistant
descending thoracic aorta (DA) (Figure 1A). Western blot experiments demonstrated in-
creased oxLDL levels in human atherosclerotic IC tissue compared to non-atherosclerotic
regions of the aorta (Figure 1B).

Next, immunostaining experiments were performed to investigate levels of oxLDL in
the lesion area, medial layer and adventitia of atherosclerotic left anterior descending (LAD)
coronary arteries. Consistent with the immunoblotting data, we observed increased oxLDL
expression in the plaque (P) area and medial layer (M) of coronary arteries compared
with non-atherosclerotic coronary artery tissue (Figure 1C). Similarly, oxLDL staining was
increased in the adventitial layer (A) of human atherosclerotic LAD (Figure 1C). Taken
together, these data demonstrate that oxLDL levels are increased in all layers of human
atherosclerotic arteries.

3.2. Oxidized LDL Suppresses Lymphangiogenesis In Vitro and In Vivo

Previous studies demonstrated that lymphatic vessels are primarily expressed in the
adventitial layer of large and medium-sized arteries and disruption of lymphatic drainage
promotes atherosclerotic lesion formation [4,25,30]. Therefore, we next examined whether
oxLDL treatment regulates lymphangiogenesis in vitro and in vivo using a Matrigel-based
tube formation assay and Matrigel plug assay, respectively. Human LEC were incubated
with vehicle, control lipoprotein nLDL (100 µg/mL) and oxLDL (100 µg/mL) for 6 h. As
shown in Figure 2A–C, nLDL stimulated while oxLDL treatment inhibited tube length
and number of branching points compared with vehicle-treated controls. Similar findings
were observed when LEC were treated with 50 µg/mL concentration of nLDL or oxLDL
(Supplementary Figure S1). Wound healing assay data indicated that nLDL stimulated LEC
migration (24 h), however oxLDL challenge did not significantly affect wound closure com-
pared with vehicle (Figure 2D,E). Next, we performed immunofluorescence experiments to
quantify the number of Ki67 positive nuclei following vehicle-, nLDL-, or oxLDL-treatment
to assess LEC proliferation (24 h). Immunofluorescence analysis showed a significantly in-
creased number of Ki67 positive nuclei in nLDL-treated LEC compared with vehicle-treated
cells (Figure 2F,G). On the contrary, oxLDL treatment reduced the number of Ki67 positive
nuclei compared with both vehicle and nLDL treatment (Figure 2F,G). Taken together,
these findings suggest that unmodified nLDL stimulates, while oxidatively modified LDL
inhibits lymphangiogenesis in vitro.
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(C) Atherosclerotic and non-atherosclerotic human LAD coronary arteries were immunostained for oxLDL (green) and 
nuclei were counterstained with DAPI (blue). Representative images are shown (n = 3 for atherosclerotic LAD and n = 1 
for non-atherosclerotic control LAD). Scale bar: 200 μm (leftmost panel). Magnified images of red inset are also shown, 
scale bar: 100 μm. Data represent the mean ± SEM. *p < 0.05. DA: descending aorta; IC: inner curvature; LAD: left anterior 
descending; L: lumen; A: adventitia; M: media; and P: plaque. 
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Figure 2. Oxidized LDL suppresses lymphangiogenesis in vitro and in vivo. (A–C) Human LEC in basal media MV2 (0.5%
FBS) containing vehicle (PBS), nLDL (100 µg/mL) or oxLDL (100 µg/mL) were seeded in wells of a Matrigel-coated plate
and tube formation determined after 6 h. (A) Representative images for LEC tube formation assay are shown. Scale bars:
500 µm for 4× magnification and 200 µm for 10× magnification. Images of random fields were taken, and tube length
(B) and the number of branching points (C) quantified (n = 10). All experiments were performed in duplicate. (D,E) LEC
migration in response to vehicle, nLDL (100 µg/mL) or oxLDL (100 µg/mL) was investigated after 24 h using Culture-Insert
2 Well 24 (ibidi USA). (D) Representative images of wounds at 0 h and 24 h are shown. Scale bar: 500 µm. (E) Quantification
of wound closure (n = 6). (F,G) LEC grown on coverslips were treated with vehicle, nLDL, or oxLDL for 24 h. Cells were
fixed and immunostained for Ki67 (red). Nuclei were counterstained with Hoechst 33342 (blue). Images were captured
from more than five random fields. (F) Representative images of Ki67 immunostaining. Scale bar: 20 µm. (G) Bar graph
represents the mean number of Ki67 positive cells/field (n = 3). (H–J) Wild-type mice were injected s.c. with Matrigel
solutions premixed with vehicle, nLDL, or oxLDL. Matrigel plugs were harvested after 2 weeks of implantation. (H)
Representative images of harvested Matrigels and LYVE-1 staining of the cross-sections of the Matrigel plugs are shown.
Scale bar: 50 µm. (I,J) Quantification of LYVE-1 positive area for H (n = 6). Data represent the mean ± SEM. * p < 0.05;
** p < 0.01; *** p < 0.005; and **** p < 0.001.
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Next, the Matrigel plug lymphangiogenesis assay was used to quantify newly formed
LV in implanted gel plugs in vivo. Vehicle, nLDL, or oxLDL-containing Matrigel solutions
were injected (s.c.) into wild type (C57BL/6J) mice. Two weeks after implantation, Matrigel
plugs were isolated and processed for LYVE-1 immunostaining to determine LV density.
Immunostaining data revealed a remarkably increased LYVE-1 positive area in nLDL-
containing plugs compared with vehicle controls (Figure 2H,I).

On the other hand, oxLDL-containing plugs showed decreased LYVE-1 positive stain-
ing indicating inhibition of in vivo lymphangiogenesis by oxLDL treatment (Figure 2H,J).
Consistent with our in vitro observations, these data indicate the anti-lymphangiogenic
and pro-lymphangiogenic potential of oxLDL and nLDL in vivo, respectively.

3.3. Pharmacological Blockade of SR-B1 Does Not Rescue OxLDL-Induced Inhibition of Lymphatic
Endothelial Cell Proliferation and Tube Formation

LOX1, SR-A1, SR-B1, and CD36 have been described as the primary scavenger re-
ceptors for oxLDL in various cell types, including macrophages, smooth muscle cells and
endothelial cells [23]. To identify the receptor(s) involved in the oxLDL-induced inhibition
of lymphangiogenesis, we first carried out qRT-PCR experiments to determine the relative
mRNA expression of LOX1, SR-A1, SR-B1, and CD36 in human LEC. The qRT-PCR data
identified SR-B1 and CD36 as the major oxLDL receptors in LEC (Figure 3A). Quantitative
RT-PCR analysis was also performed to compare the expression of these oxLDL receptors
between human LEC and human vascular endothelial cells HUVEC (Figure 3B–E). Interest-
ingly, we observed higher levels of CD36 mRNA and lower levels of SR-B1 mRNA in LEC
compared to HUVEC (Figure 3D,E).

To examine the role of SR-B1 in oxLDL-induced inhibition of lymphangiogenesis, LEC
were treated with the SR-B1 inhibitor BLT1 prior to incubation with oxLDL [31]. As shown
in Figure 3F–H, BLT1 treatment did not attenuate the inhibitory effect of oxLDL on LEC
tube length and number of branching points. Similarly, oxLDL-induced inhibition of cell
proliferation was not prevented by SR-B1 blockade (Figure 3I). A previous study demon-
strated the role of the LEC SR-B1 receptor in the removal of cholesterol from peripheral
tissue [32]. Consistent with these results, we found that nLDL-induced stimulation of
LEC proliferation and wound closure was inhibited by BLT1 (Figure 3I–K). Interestingly,
BLT1 did not inhibit nLDL-induced stimulation of LEC tube formation (Figure 3F–H).
Finally, exposure to BLT1 alone inhibited LEC proliferation in the absence of exogenous
LDL (Supplementary Figure S2), indicating the importance of SR-B1 in LDL-independent
LEC proliferation. These data demonstrate that blockade of SR-B1-mediated signaling does
not prevent oxLDL-mediated inhibition of lymphangiogenesis, but it may play a role in
nLDL-stimulated LEC proliferation and migration.
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3.4. Oxidized LDL Mediates Its Anti-Lymphangiogenic Effect via CD36

To determine the role of CD36 in oxLDL-mediated inhibition of lymphangiogenesis,
siRNA-mediated knockdown of CD36 was performed in LEC. Representative western blot
experiments demonstrate a successful knockdown of CD36 in LEC (Figure 4A). As shown
in Figure 4B–D, oxLDL inhibited both tube length and branch point formation in control
siRNA-treated cells but not in CD36-silenced cells. Furthermore, treatment with oxLDL
significantly suppressed the proliferation of control LEC, which was rescued by CD36
silencing (Figure 4E). The wound healing experiments indicated no statistical differences
in migration between control and CD36-silenced LEC treated with oxLDL (Figure 4F).
Next, WT and CD36−/− mice implanted with Matrigel plugs were used to investigate the
mechanisms by which oxLDL inhibits lymphangiogenesis in vivo. Matrigel plugs were
harvested 2 weeks after implantation (Figure 4G) and LYVE-1 staining was performed
on cross-sections of isolated Matrigels. Immunofluorescence data showed that oxLDL
significantly inhibited LYVE-1 positive area in WT mice, but this inhibitory effect of oxLDL
was attenuated in CD36−/− mice (Figure 4H). A control experiment was performed to
investigate whether oxLDL is internalized by LEC via binding to cell surface CD36 receptor.
Nile Red flow cytometry data showed decreased lipid accumulation in oxLDL-treated
CD36-silenced cells compared with control cells, confirming the role of CD36 in oxLDL
internalization by LEC (Supplementary Figure S3) [33]. Collectively, these findings suggest
that CD36 mediates oxLDL-induced inhibition of lymphangiogenesis.

3.5. Oxidized LDL Induces Cell Cycle Arrest and Inhibits AKT and eNOS Expression in LEC

Next, we investigated the mechanisms by which oxLDL downstream of CD36 inhibits
lymphangiogenesis. Consistent with the ability of oxLDL to inhibit cell proliferation, flow
cytometry analysis demonstrated a decreased number of LEC in the S-phase of cell cycle
following oxLDL treatment (Figure 5A), suggesting cell cycle arrest. In contrast, nLDL-
treated cells showed an increased percentage of cells in the G2/M phase compared with
vehicle (Figure 5A). Next, we investigated the molecular basis underlying this alteration in
the cell cycle following oxLDL and nLDL treatment [34]. Cyclin dependent kinase (CDK)
1/2, p27 and p53 play important roles in the regulation of cell cycle [35,36]. Increased
CDK1/2 induces cell cycle progression, while elevated expression of p27, a CDK inhibitor,
leads to cell cycle arrest [36]. Activation or upregulated expression of p53 is crucial for
initiating senescence in response to DNA damage [37]. Therefore, we next determined the
levels of these proteins in LEC following nLDL and oxLDL treatments. Treatment with
oxLDL stimulated expression of CDK inhibitor p27 (Figure 5B,C), while nLDL treatment
upregulated CDK1/2 expression (Figure 5D,F) in LEC after 24 h. No differences in p53
levels were detected after oxLDL or nLDL treatment compared with vehicle (Figure 5D,E).
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Figure 4. Oxidized LDL inhibits lymphangiogenesis via CD36. (A–F) Human LEC were transfected with control-siRNA or
CD36-siRNA. After 48 h, cells were treated with vehicle or oxLDL. (A) Western blot analysis of CD36 protein expression
in control and CD36 siRNA-treated LEC. (B) Representative images of LEC tube formation. Scale bar: 200 µm. (C)
Quantification of tube length (n = 5). (D) Quantification of branch count (n = 5). (E) Cell proliferation analysis in control
and CD36-silenced LEC using the WST-1 assay (n = 7–8). (F) Quantification of cell migration following vehicle and oxLDL
treatment (n = 3). (G–H) Wild type (WT) and CD36−/− mice were injected subcutaneously (s.c.) with Matrigel solutions
premixed with vehicle or oxLDL. (G) Representative images of harvested Matrigel plugs. Scale bar: 50 µm. (H) LYVE-1
immunostaining. Scale bar: 50 µm. Bar graph shows the quantification of LYVE-1 positive area (n = 7–9). Data represent the
mean ± SEM. * p < 0.05; *** p < 0.005; and **** p < 0.001.
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Figure 5. Oxidized LDL induces cell cycle arrest and inhibits AKT and eNOS expression in LEC. (A) Human LEC were
treated with vehicle, nLDL, or oxLDL for 24 h, and cell cycle analysis was performed using flow cytometry. Representative
flow cytometry histograms for each treatment are shown. Bar graphs show quantification of cell cycle (cell percentage,
n = 5–8). (B–L) LEC were treated with vehicle, nLDL, or oxLDL for 15 min or 24 h and cell lysates were subjected to Western
blot analysis of various proteins, including p27 (B,C), p53 (D,E) and CDK1/2 (D,F), pERK (G,H), pAkt (G,I), total ERK (G,J),
total AKT (G,K) and total eNOS (G,L). (n = 4–7). (M) LEC were treated with vehicle or oxLDL for 15 min and H2DCFDA
fluorescence determined using flow cytometry. Representative histograms indicating H2DCFDA fluorescence are shown.
The x-axis is logarithmic. Bar diagram indicates mean fluorescence intensities (n = 4). Data represent the mean ± SEM.
* p < 0.05; ** p < 0.01; *** p < 0.005; and **** p < 0.001.
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The PI3K-AKT-eNOS signaling pathway is an important and well-known positive
regulator of lymphangiogenesis [38]. Furthermore, AKT has been shown to promote
cell cycle progression by inducing the expression of various cyclins and inhibiting the
expression of multiple negative regulators of cell cycle, including p27, p21, and p15 [36,39].
As we found increased p27 expression in oxLDL-treated cells (Figure 5B), we determined
whether AKT/eNOS pathway is also suppressed by oxLDL treatment. Immunoblotting
data demonstrated that nLDL stimulates both AKT and eNOS protein expression in LEC
(Figure 5G,K,L). On the other hand, oxLDL reduced AKT and eNOS expression after 24 h
of treatment (Figure 5G,K,L). No significant differences in total ERK1/2 protein levels were
found between control and LDL-treated cells (Figure 5G,J). Moreover, the phosphorylation
status of ERK1/2 and AKT were not different between treatment groups (Figure 5G–I).

Previous studies have demonstrated the role of oxidative stress in the suppression of
lymphangiogenesis [25,27]. Therefore, we examined whether oxLDL treatment induces
intracellular reactive oxygen species (ROS) production in LEC using the H2DCFDA fluores-
cence method. As shown in Figure 5M, oxLDL-treated cells generated significantly higher
amounts of ROS compared with vehicle-treated controls. Altogether, these results suggest
that oxLDL promotes p27 (an inhibitor of cell cycle) expression possibly via downregulating
AKT-mediated signaling and stimulates ROS production in LEC.

3.6. CD36 Knockdown Attenuates the Inhibitory Effects of oxLDL on Cell Cycle

Our cell cycle studies indicated a reduced number of cells in the S-phase of cell cycle
following oxLDL treatment (Figure 5A). We next investigated the effects of CD36 silencing
on cell cycle after oxLDL treatment. Interestingly, silencing of CD36 prevented oxLDL-
induced cell cycle arrest as demonstrated by the similar percentage of CD36-siRNA treated
cells in the G0/G1, S and G2/M phases with or without oxLDL treatment (Figure 6A–D). In
addition, CD36 knockdown abrogated oxLDL-induced p27 expression in LEC, which was
stimulated in control siRNA-treated cells (Figure 6E). Moreover, there were no differences
in the levels of p53 and CDK1/2 proteins between control and CD36-silenced cells fol-
lowing oxLDL treatment (Figure 6E). Further, immunoblotting experiments demonstrated
increased expression of eNOS and AKT proteins in CD36-silenced LEC compared with
control-siRNA treated cells after oxLDL treatment (Figure 6F).

As treatment with oxLDL induced intracellular ROS generation in LEC (Figure 5M),
we further evaluated ROS production in control and CD36-silenced cells by measuring
H2DCFDA fluorescence at various time points after oxLDL stimulation. As shown in
Figure 6G,H, CD36-silenced cells generated significantly less ROS after 15, 30 and 60 min
of oxLDL stimulation compared with control cells. Taken together, these data suggest that
deletion of CD36 in LEC prevents inhibition of cell cycle progression, increases expression
of lymphangiogenic signaling proteins and reduces ROS production after oxLDL treatment.
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Figure 6. CD36 silencing rescues inhibitory effects of oxLDL on cell cycle. Human LEC were transfected with control or
CD36 siRNA. After 48 h, cells were treated with vehicle or oxLDL for 24 h. (A–D) Cell cycle analysis was performed using
flow cytometry. (A) Representative flow cytometry histograms. Bar graphs show quantified number of cells in G0/G1 (B),
S (C), and G2/M (D) phases (n = 4–5). (E) Cell lysates were used to determine p27, p53, and CDK1/2 protein expression
(n = 3–4). (F) ERK, AKT and eNOS protein expression (n = 3, 4). (G,H) LEC were treated with vehicle or oxLDL for the
indicated time points and H2DCFDA fluorescence analysed using flow cytometry. (G) Representative histograms indicating
H2DCFDA fluorescence (15 min) are shown. The x-axis is logarithmic. (H) Bar diagram indicates mean fluorescence intensity
(MFI) in vehicle- and oxLDL-treated cells (n = 4). Data represent the mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.005; and
**** p < 0.001.
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4. Discussion

The lymphatic vasculature plays a critical role in immune cell trafficking and clearance
of macromolecules, pathogens, cytokines and lipids from inflamed tissue. An increas-
ing number of studies have demonstrated that low LV density and impaired lymphatic
clearance contribute to pathological conditions, including atherosclerosis, hypertension,
diabetes, obesity, chronic lung disease, renal fibrosis and edema development [25,40–43].
However, the molecular factors and underlying mechanisms regulating LV density and
function in peripheral tissue, such as the atherosclerotic artery, are poorly understood.
Atherosclerosis is associated with an accumulation of unmodified nLDL and its oxidative
derivative, oxLDL, in arterial tissue. In this study, we investigated the ability of nLDL
and oxLDL to regulate lymphangiogenesis in vitro and in vivo. Our data demonstrate that
unmodified nLDL and oxLDL differently regulate lymphangiogenesis; nLDL stimulates,
while oxLDL inhibits lymphangiogenesis. Furthermore, oxLDL inhibits cell cycle, increases
levels of cell cycle inhibitor p27, and suppresses AKT and eNOS protein expression in LEC,
leading to impaired lymphangiogenesis. CD36 gene silencing attenuates oxLDL-induced
inhibition of lymphangiogenesis in vitro, consistent with increased LV density in oxLDL
containing Matrigel plugs implanted into CD36−/− mice in vivo. Taken together, these
findings suggest that therapeutic blockade of LEC CD36 signaling may promote lymphan-
giogenesis, leading to increased clearance of inflammatory cells, removal of interstitial
cytokines, and HDL-mediated arterial cholesterol efflux. This, in turn, may support the
resolution of arterial inflammation and restoration of tissue homeostasis in atherosclerotic
vessels.

Increased plasma LDL concentrations are associated with a higher rate of cardio-
vascular events [44]. Native LDL, which accounts for the majority of plasma LDL, is a
heterogeneous class of lipoproteins consisting of a hydrophobic core containing triglyc-
erides, cholesteryl esters, and free cholesterol, a hydrophilic shell of phospholipids and
transmembrane apolipoproteins [45]. Native LDL binds to and is mainly internalized by
the LDL receptor. Additionally, increased oxLDL levels have been found in the plasma
of coronary artery disease patients and atherosclerotic lesion oxLDL levels correlate with
plaque destabilization and rupture [9,11,12]. Systemic inflammation, hypertension, di-
abetes, and low shear stress play an important role in the development of endothelial
dysfunction, which is a critical early event in the initiation of atherosclerosis. Cholesterol
functions as a precursor molecule in the synthesis of steroid hormones and is an impor-
tant lipid constituent of plasma membrane that regulates membrane fluidity and receptor
function [46,47]. Importantly, changes in circulating LDL levels do not always correspond
to pathological changes in the arterial wall [48]. A study by Kromhout et al. reported
significantly different 25-year cardiovascular mortality despite similar levels (200 mg/dL)
of serum cholesterol, suggesting a complex association between arterial lipid accumulation,
diet, modifiable and non-modifiable cardiovascular risk factors, genetic susceptibility and
mortality [49]. In addition, Libby et al. suggested that inflammation provides a mechanistic
link among the traditional risk factors for atherosclerosis and pathophysiological alterations
occurring in the vessel wall [50]. Therefore, a combination of anti-inflammatory therapy
and lipid-lowering agents may be used in cardiovascular disease patients as supported by
the results obtained from the CANTOS trial [51].

The lymphatic vasculature is regarded as the primary route of cholesterol removal
from atherosclerotic arteries via reverse cholesterol transport and inhibition of lymphatic
drainage exacerbates atherosclerosis [2,4]. However, the physiological factors and pre-
cise molecular mechanisms that regulate LV density and function in the arterial wall
remain to be identified. Our immunoblotting and immunostaining experiments demon-
strated increased expression of oxLDL in human atherosclerotic arteries compared to
non-atherosclerotic control tissue. Further, oxLDL positive areas were mainly detected in
the macrophage-rich intraplaque region and adventitial layer of human atherosclerotic
coronary arteries. These results are consistent with those of Uchida et al. who showed
the presence of oxLDL in the intima, adventitia and periadventitial adipose tissue of hu-



Antioxidants 2021, 10, 331 17 of 22

man atherosclerotic coronary arteries [10]. We would like to add that application-specific
validation of antibody specificity is required to confirm our results and previous reports
showing increased oxLDL levels in atherosclerotic vessels. As oxLDL levels seem elevated
in the adventitial layer of atherosclerotic vessels, where LVs are mainly found [2], we
next determined the effects of oxLDL treatment on lymphangiogenesis using in vitro LEC
proliferation, migration, and tube formation assays and an in vivo Matrigel plug method.
Our results indicated that oxLDL (100 µg/mL) inhibits lymphangiogenesis both in vitro
and in vivo. Interestingly, we found that unmodified nLDL (100 µg/mL) stimulates lym-
phangiogenesis. Similar findings were observed when LEC were treated with a lower
concentration of nLDL and oxLDL in vitro (50 µg/mL). Relevant to this information, Nishi
et al. reported that plaque oxLDL levels are approximately 70 times higher than plasma
oxLDL in cardiovascular disease patients [9]. However, the precise concentrations of
oxLDL, extent of LDL oxidation, and specific lipid and apoprotein oxidation of lipopro-
teins in different anatomical regions and at different stages of plaque development are
not known. Lymphatic endothelial cells mainly utilize fatty acids via mitochondrial fatty
acid oxidation for their energy needs. Fatty acid oxidation has been shown to promote
LEC proliferation as it provides acetyl-CoA, which helps to sustain the Krebs cycle and
dNTP synthesis for cell division [24]. These data support our findings of increased LEC
proliferation after nLDL treatment in vitro and stimulated LV density in Matrigel plugs
transplanted into WT mice in vivo. In addition, a recent study utilizing mass spectrometry
demonstrated a notable decrease in the metabolites of mitochondrial Krebs cycle in LEC
following oxLDL treatment [52]. These results are consistent with the reduced proliferation
of oxLDL-treated LEC observed in the present study. Interestingly, oxidized LDL treatment
did not inhibit LEC migration in vitro. It is, however, possible that oxLDL-treated LEC
may have shown reduced migration under conditions that stimulate lymphangiogenesis
(e.g., VEGF-C or fibroblast growth factor 2 treatment [53]). It would be also interesting
to investigate migration toward a gradient of soluble chemoattractants in control- and
oxLDL-challenged LEC using the µ-slide chamber assay. It is also possible that oxLDL may
have an effect on migration distance without influencing the direction of cell movement.

Several scavenger receptors for oxLDL have been reported in various cell types, in-
cluding macrophages, smooth muscle cells and endothelial cells. These include LOX1,
SR-A1, SR-B1, and CD36 [23]. We next quantified the levels of various oxLDL receptors in
human LEC. Quantitative PCR data identified SR-B1 and CD36 as major oxLDL receptors
in LEC. The higher levels of SR-B1 in LEC are consistent with the role of initial LV in the
removal of cholesterol from peripheral tissue [32]. Indeed, free cholesterol loaded-HDL
particles bind to LEC SR-B1 receptors and undergo transcytosis across the LEC layer. A
recent study by Huang et al. demonstrated that SR-B1 promotes endothelial cell transcy-
tosis of plasma nLDL and contributes to atherosclerosis development [31]. Furthermore,
endothelial cell-specific SR-B1 deletion attenuates atherosclerosis. To investigate the role
of SR-B1 in the anti-lymphangiogenic effect of oxLDL, we used BLT1 a small molecule
inhibitor of SR-B1 [31]. Our data demonstrated that BLT1 does not prevent oxLDL-induced
inhibition of lymphangiogenesis, but it suppresses nLDL-stimulated LEC proliferation and
migration. It is important to add that LDLR mRNA expression is to the levels of SR-B1 and
CD36 in LEC (Supplementary Figure S4). Future studies using LDLR knockout LEC are
required to investigate the role of LDLR in nLDL-induced lymphangiogenesis.

As SR-B1 inhibition did not rescue oxLDL-induced suppression of lymphangiogen-
esis, engagement of CD36 in this process was evaluated. CD36 is also called fatty acid
translocase. It binds to many ligands including thrombospondin-1, long chain fatty acids,
collagen type I, nLDL and oxLDL [54]. CD36 levels were also detected higher in LEC,
which support the importance of FAO in LEC as described above [24]. Global deletion
of CD36 in murine models has been shown to reduce atherogenesis [55]. The protective
effect of CD36 deletion, however, has been attributed to inhibition of macrophage oxLDL
uptake and reduced foam cell formation. CD36 silencing in LEC demonstrated that oxLDL
attenuates lymphangiogenesis via CD36 signaling. In addition, in vivo Matrigel plug assay
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performed using CD36−/− mice confirmed these in vitro findings. These data are consis-
tent with inhibition of oxLDL uptake by CD36-silenced LEC. Importantly, a previous study
identified an association between CD36 gene single nucleotide polymorphisms (SNPs) and
decreased atherosclerosis [56], however, no data are available regarding the effects of these
SNPs on lymphangiogenesis or lymphatic function. Moreover, adventitial LV density in
hypercholesterolemic CD36−/− mice has not been investigated.

Mechanistically, we found that oxLDL treatment induced cell cycle arrest, increased
p27 protein levels, and reduced expression of pro-lymphangiogenic mediators, including
AKT and eNOS via CD36-dependent pathways. AKT has been shown to promote cell cycle
progression by inducing the expression of various cyclins and inhibiting the expression of
cell cycle inhibitors such as p27, p21, and p15 [36,39]. The mechanism by which oxLDL
reduces AKT expression in LEC is unclear. Previous studies have shown increased au-
tophagy in vascular smooth muscle cells and vascular endothelial cells following oxLDL
treatment [57–59]. Furthermore, activation of autophagy is known to reduce the levels of
AKT protein in cancer cells [60]. It is possible that oxLDL stimulates autophagy in LEC,
which leads to decreased AKT expression. In addition, Zamora et al. suggested a negative
association between lymphangiogenesis and autophagy [61]. Future studies are required
to investigate the effects of oxLDL treatment on autophagy in LEC. Increased intracellular
ROS production was found in oxLDL-treated LEC compared to control cells. These data
are in line with a previous report indicating the inhibitory effects of oxidative stress on
lymphangiogenesis via VEGFR3 degradation [27]. Furthermore, ROS have been shown
to induce cell cycle arrest in endothelial cells [62]. A recent study indicated that increased
proliferation of LEC with PI3K mutation is associated with AKT hyperactivation [63].
Nonetheless, whether AKT overexpression or hyperactivation in LEC and scavenging of
ROS can prevent oxLDL-induced suppression of lymphangiogenesis remain to be investi-
gated. In addition, future studies using LEC-specific CD36 knockout mice are required to
determine the role of LEC CD36 in the regulation of arterial LV density, reverse cholesterol
transport and development of atherosclerosis. In this study, human dermal LEC were uti-
lized to investigate the effects of oxLDL/nLDL on lymphangiogenesis. Although these cells
are widely used to investigate LEC intracellular signaling and lymphangiogenesis [38,64],
it may be possible that LEC forming arterial LVs respond differently to oxLDL/nLDL
treatments.

Statins are widely used for treatment of hypercholesterolemia. Statin treatment inhibits
vascular endothelial cell proliferation and sprouting [65,66]. Schulz et al. investigated
the effects of four different statins including mevastatin, lovastatin, simvastatin, and
atorvastatin on lymphangiogenesis, and found that all these statins inhibit growth factors-
stimulated lymphangiogenesis in a concentration-dependent manner [67]. Moreover,
atorvastatin has also been shown to suppress lymphangiogenesis [68]. However, the role
of statins in regulating the effects of nLDL/oxLDL treatment on lymphangiogenesis has
never been explored. Future studies are needed to investigate arterial lymphangiogenesis
in cardiovascular disease patients with or without statin therapy.

5. Conclusions

In summary, the present study demonstrates that nLDL stimulates and oxLDL inhibits
lymphangiogenesis. The oxidative modification of LDL is responsible for the inhibition
of lymphangiogenesis via CD36-dependent mechanisms. Treatment with oxLDL induces
cell cycle arrest and reduces expression of AKT and eNOS in LEC. These findings may
lead to future studies evaluating the therapeutic effect of LEC CD36 inhibition to promote
arterial lymphangiogenesis, stimulate the removal of arterial cholesterol and attenuate
atherosclerosis development.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-392
1/10/2/331/s1, Figure S1: Oxidized LDL suppresses lymphangiogenesis in vitro. Figure S2: BLT1
treatment inhibits LEC proliferation. Figure S3: CD36 mediates oxLDL uptake by LEC. Figure S4:
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LDLR receptor expression in LEC. Table S1: List of primers used for mRNA quantitation using
quantitative real-time PCR.
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30. Drozdz, K.; Janczak, D.; Dzięgiel, P.; Podhorska, M.; Patrzałek, D.; Ziółkowski, P.; Andrzejak, R.; Szuba, A. Adventitial lymphatics
of internal carotid artery in healthy and atherosclerotic vessels. Folia Histochem. Cytobiol. 2009, 46, 433–436. [CrossRef] [PubMed]

31. Huang, L.; Chambliss, K.L.; Gao, X.; Yuhanna, I.S.; Behling-Kelly, E.; Bergaya, S.; Ahmed, M.; Michaely, P.; Luby-Phelps, K.;
Darehshouri, A.; et al. SR-B1 drives endothelial cell LDL transcytosis via DOCK4 to promote atherosclerosis. Nat. Cell Biol. 2019,
569, 565–569. [CrossRef] [PubMed]

32. Lim, H.Y.; Thiam, C.H.; Yeo, K.P.; Bisoendial, R.; Hii, C.S.; McGrath, K.C.; Tan, K.W.; Heather, A.; Alexander, J.S.J.; Angeli, V.
Lymphatic Vessels Are Essential for the Removal of Cholesterol from Peripheral Tissues by SR-BI-Mediated Transport of HDL.
Cell Metab. 2013, 17, 671–684. [CrossRef]

33. Csányi, G.; Feck, D.M.; Ghoshal, P.; Singla, B.; Lin, H.; Nagarajan, S.; Meijles, D.N.; Al Ghouleh, I.; Cantu-Medellin, N.; Kelley,
E.E.; et al. CD47 and Nox1 Mediate Dynamic Fluid-Phase Macropinocytosis of Native LDL. Antioxid. Redox Signal. 2017, 26,
886–901. [CrossRef]

34. Chang, S.-F.; Chang, C.A.; Lee, D.-Y.; Lee, P.-L.; Yeh, Y.-M.; Yeh, C.-R.; Cheng, C.-K.; Chien, S.; Chiu, J.-J. Tumor cell cycle arrest
induced by shear stress: Roles of integrins and Smad. Proc. Natl. Acad. Sci. USA 2008, 105, 3927–3932. [CrossRef]

35. Zuo, S.; Liu, C.; Wang, J.; Wang, F.; Xu, W.; Cui, S.; Yuan, L.; Chen, X.; Fan, W.; Cui, M.; et al. IGFBP-rP1 induces p21 expression
through a p53-independent pathway, leading to cellular senescence of MCF-7 breast cancer cells. J. Cancer Res. Clin. Oncol. 2012,
138, 1045–1055. [CrossRef]

36. Abbastabar, M.; Kheyrollah, M.; Azizian, K.; Bagherlou, N.; Tehrani, S.S.; Maniati, M.; Karimian, A. Multiple functions of p27 in
cell cycle, apoptosis, epigenetic modification and transcriptional regulation for the control of cell growth: A double-edged sword
protein. DNA Repair 2018, 69, 63–72. [CrossRef]

http://doi.org/10.1016/S0021-9258(17)36602-4
http://doi.org/10.1172/JCI114271
http://www.ncbi.nlm.nih.gov/pubmed/2794046
http://doi.org/10.2353/ajpath.2009.080963
http://doi.org/10.1096/fj.201500112
http://doi.org/10.1161/CIRCRESAHA.108.172064
http://www.ncbi.nlm.nih.gov/pubmed/18497330
http://doi.org/10.1161/01.ATV.12.9.1099
http://doi.org/10.1146/annurev.pathol.1.110304.100100
http://www.ncbi.nlm.nih.gov/pubmed/18039117
http://doi.org/10.1161/ATVBAHA.107.152272
http://www.ncbi.nlm.nih.gov/pubmed/17717293
http://doi.org/10.1161/ATVBAHA.107.142695
http://doi.org/10.1371/journal.pone.0123971
http://www.ncbi.nlm.nih.gov/pubmed/26017136
http://doi.org/10.1111/jth.13925
http://doi.org/10.1038/nature21028
http://doi.org/10.1093/cvr/cvaa244
http://doi.org/10.1016/j.cellsig.2018.09.018
http://www.ncbi.nlm.nih.gov/pubmed/30261270
http://doi.org/10.1172/JCI96063
http://doi.org/10.1007/s11883-012-0228-1
http://www.ncbi.nlm.nih.gov/pubmed/22286193
http://doi.org/10.1111/j.1365-2613.2009.00693.x
http://www.ncbi.nlm.nih.gov/pubmed/20096071
http://doi.org/10.2478/v10042-008-0083-7
http://www.ncbi.nlm.nih.gov/pubmed/19141394
http://doi.org/10.1038/s41586-019-1140-4
http://www.ncbi.nlm.nih.gov/pubmed/31019307
http://doi.org/10.1016/j.cmet.2013.04.002
http://doi.org/10.1089/ars.2016.6834
http://doi.org/10.1073/pnas.0712353105
http://doi.org/10.1007/s00432-012-1153-y
http://doi.org/10.1016/j.dnarep.2018.07.008


Antioxidants 2021, 10, 331 21 of 22

37. Dotto, G. p21WAF1/Cip1: More than a break to the cell cycle? Biochim. Biophys. Acta (BBA) Bioenergy 2000, 1471, M43–M56.
[CrossRef]

38. Geng, X.; Yanagida, K.; Akwii, R.G.; Choi, D.; Chen, L.; Ho, Y.; Cha, B.; Mahamud, R.; de Ruiz, K.B.; Ichise, H.; et al. S1PR1
regulates the quiescence of lymphatic vessels by inhibiting laminar shear stress–dependent VEGF-C signaling. JCI Insight 2020, 5.
[CrossRef] [PubMed]

39. Xu, N.; Lao, Y.; Zhang, Y.; Gillespie, D.A. Akt: A Double-Edged Sword in Cell Proliferation and Genome Stability. J. Oncol. 2012,
2012, 1–15. [CrossRef]

40. Scallan, J.P.; Hill, M.A.; Davis, M.J. Lymphatic vascular integrity is disrupted in type 2 diabetes due to impaired nitric oxide
signalling. Cardiovasc. Res. 2015, 107, 89–97. [CrossRef] [PubMed]

41. Gelston, C.A.L.; Balasubbramanian, D.; Abouelkheir, G.R.; Lopez, A.H.; Hudson, K.R.; Johnson, E.R.; Muthuchamy, M.; Mitchell,
B.M.; Rutkowski, J.M. Enhancing Renal Lymphatic Expansion Prevents Hypertension in Mice. Circ. Res. 2018, 122, 1094–1101.
[CrossRef]

42. Chakraborty, A.; Barajas, S.; Lammoglia, G.M.; Reyna, A.J.; Morley, T.S.; Johnson, J.A.; Scherer, P.E.; Rutkowski, J.M. Vascular En-
dothelial Growth Factor–D (VEGF-D) Overexpression and Lymphatic Expansion in Murine Adipose Tissue Improves Metabolism
in Obesity. Am. J. Pathol. 2019, 189, 924–939. [CrossRef]

43. Hasegawa, S.; Nakano, T.; Torisu, K.; Tsuchimoto, A.; Eriguchi, M.; Haruyama, N.; Masutani, K.; Tsuruya, K.; Kitazono, T.
Vascular endothelial growth factor-C ameliorates renal interstitial fibrosis through lymphangiogenesis in mouse unilateral
ureteral obstruction. Lab. Investig. 2017, 97, 1439–1452. [CrossRef]

44. Ference, B.A.; Ginsberg, H.N.; Graham, I.; Ray, K.K.; Packard, C.J.; Bruckert, E.; Hegele, R.A.; Krauss, R.M.; Raal, F.J.; Schunkert,
H.; et al. Low-density lipoproteins cause atherosclerotic cardiovascular disease. 1. Evidence from genetic, epidemiologic, and
clinical studies. A consensus statement from the European Atherosclerosis Society Consensus Panel. Eur. Heart J. 2017, 38,
2459–2472. [CrossRef]

45. Gleissner, C.A.; Leitinger, N.; Ley, K. Effects of Native and Modified Low-Density Lipoproteins on Monocyte Recruitment in
Atherosclerosis. Hypertension 2007, 50, 276–283. [CrossRef] [PubMed]

46. Panchal, S.K.; Brown, L. Cholesterol versus Inflammation as Cause of Chronic Diseases. Nutrients 2019, 11, 2332. [CrossRef]
[PubMed]

47. Tsoupras, A.; Lordan, R.; Zabetakis, I. Inflammation, not Cholesterol, Is a Cause of Chronic Disease. Nutrients 2018, 10, 604.
[CrossRef]

48. Zinöcker, M.K.; Svendsen, K.; Dankel, S.N. The homeoviscous adaptation to dietary lipids (HADL) model explains controversies
over saturated fat, cholesterol, and cardiovascular disease risk. Am. J. Clin. Nutr. 2021, 113, 277–289. [CrossRef] [PubMed]

49. Kromhout, D. Serum cholesterol in cross-cultural perspective. The Seven Countries Study. Acta Cardiol. 1999, 54, 155–158.
50. Libby, P. Inflammation in Atherosclerosis. Arter. Thromb. Vasc. Biol. 2012, 32, 2045–2051. [CrossRef]
51. Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.; Koenig, W.; Anker,

S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N. Engl. J. Med. 2017, 377, 1119–1131.
[CrossRef]

52. Burchill, M.A.; Finlon, J.M.; Goldberg, A.R.; Gillen, A.E.; Dahms, P.A.; Mcmahan, R.H.; Tye, A.; Winter, A.B.; Reisz, J.A.; Bohrnsen,
E.; et al. Oxidized Low-Density Lipoprotein Drives Dysfunction of the Liver Lymphatic System. Cell. Mol. Gastroenterol. Hepatol.
2021, 11, 573–595. [CrossRef] [PubMed]

53. Cao, R.; Ji, H.; Feng, N.; Zhang, Y.; Yang, X.; Andersson, P.; Sun, Y.; Tritsaris, K.; Hansen, A.J.; Dissing, S.; et al. Collaborative
interplay between FGF-2 and VEGF-C promotes lymphangiogenesis and metastasis. Proc. Natl. Acad. Sci. USA 2012, 109,
15894–15899. [CrossRef]

54. Febbraio, M.; Hajjar, D.P.; Silverstein, R.L. CD36: A class B scavenger receptor involved in angiogenesis, atherosclerosis,
inflammation, and lipid metabolism. J. Clin. Investig. 2001, 108, 785–791. [CrossRef]

55. Febbraio, M.; Podrez, E.A.; Smith, J.D.; Hajjar, D.P.; Hazen, S.L.; Hoff, H.F.; Sharma, K.; Silverstein, R.L. Targeted disruption
of the class B scavenger receptor CD36 protects against atherosclerotic lesion development in mice. J. Clin. Investig. 2000, 105,
1049–1056. [CrossRef] [PubMed]

56. Love-Gregory, L.; Sherva, R.; Schappe, T.; Qi, J.-S.; McCrea, J.; Klein, S.; Connelly, M.A.; Abumrad, N.A. Common CD36 SNPs
reduce protein expression and may contribute to a protective atherogenic profile. Hum. Mol. Genet. 2010, 20, 193–201. [CrossRef]

57. Ding, Z.; Wang, X.; Schnackenberg, L.K.; Khaidakov, M.; Liu, S.; Singla, S.; Dai, Y.; Mehta, J.L. Regulation of autophagy and
apoptosis in response to ox-LDL in vascular smooth muscle cells, and the modulatory effects of the microRNA hsa-let-7g. Int. J.
Cardiol. 2013, 168, 1378–1385. [CrossRef]

58. Luo, Y.; Meng, X.; Zhou, P.; Lu, S.; Qin, M.; Xu, X.; Sun, G.; Sun, X. Elatoside C protects against ox-LDL-induced HUVECs injury
by FoxO1-mediated autophagy induction. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2017, 1863, 1654–1665. [CrossRef]

59. Peng, N.; Meng, N.; Wang, S.; Zhao, F.; Zhao, J.; Su, L.; Zhang, S.; Zhang, Y.; Zhao, B.; Miao, J. An activator of mTOR inhibits
oxLDL-induced autophagy and apoptosis in vascular endothelial cells and restricts atherosclerosis in apolipoprotein E−/− mice.
Sci. Rep. 2015, 4, 5519. [CrossRef] [PubMed]

60. Guan, F.; Ding, Y.; Zhang, Y.; Zhou, Y.; Li, M.; Wang, C. Curcumin Suppresses Proliferation and Migration of MDA-MB-231 Breast
Cancer Cells through Autophagy-Dependent Akt Degradation. PLoS ONE 2016, 11, e0146553. [CrossRef]

http://doi.org/10.1016/S0304-419X(00)00019-6
http://doi.org/10.1172/jci.insight.137652
http://www.ncbi.nlm.nih.gov/pubmed/32544090
http://doi.org/10.1155/2012/951724
http://doi.org/10.1093/cvr/cvv117
http://www.ncbi.nlm.nih.gov/pubmed/25852084
http://doi.org/10.1161/CIRCRESAHA.118.312765
http://doi.org/10.1016/j.ajpath.2018.12.008
http://doi.org/10.1038/labinvest.2017.77
http://doi.org/10.1093/eurheartj/ehx144
http://doi.org/10.1161/HYPERTENSIONAHA.107.089854
http://www.ncbi.nlm.nih.gov/pubmed/17548720
http://doi.org/10.3390/nu11102332
http://www.ncbi.nlm.nih.gov/pubmed/31581553
http://doi.org/10.3390/nu10050604
http://doi.org/10.1093/ajcn/nqaa322
http://www.ncbi.nlm.nih.gov/pubmed/33471045
http://doi.org/10.1161/ATVBAHA.108.179705
http://doi.org/10.1056/NEJMoa1707914
http://doi.org/10.1016/j.jcmgh.2020.09.007
http://www.ncbi.nlm.nih.gov/pubmed/32961356
http://doi.org/10.1073/pnas.1208324109
http://doi.org/10.1172/JCI14006
http://doi.org/10.1172/JCI9259
http://www.ncbi.nlm.nih.gov/pubmed/10772649
http://doi.org/10.1093/hmg/ddq449
http://doi.org/10.1016/j.ijcard.2012.12.045
http://doi.org/10.1016/j.bbadis.2017.01.017
http://doi.org/10.1038/srep05519
http://www.ncbi.nlm.nih.gov/pubmed/24980430
http://doi.org/10.1371/journal.pone.0146553


Antioxidants 2021, 10, 331 22 of 22

61. Zamora, A.; Alves, M.; Chollet, C.; Therville, N.; Fougeray, T.; Tatin, F.; Franchet, C.; Gomez-Brouchet, A.; Vaysse, C.; Martinez,
L.O.; et al. Paclitaxel induces lymphatic endothelial cells autophagy to promote metastasis. Cell Death Dis. 2019, 10, 1–12.
[CrossRef]

62. Meijles, D.N.; Sahoo, S.; Al Ghouleh, I.; Amaral, J.H.; Bienes-Martinez, R.; Knupp, H.E.; Attaran, S.; Sembrat, J.C.; Nouraie, S.M.;
Rojas, M.M.; et al. The matricellular protein TSP1 promotes human and mouse endothelial cell senescence through CD47 and
Nox1. Sci. Signal. 2017, 10, eaaj1784. [CrossRef] [PubMed]

63. Boscolo, E.; Coma, S.; Luks, V.L.; Greene, A.K.; Klagsbrun, M.; Warman, M.L.; Bischoff, J. AKT hyper-phosphorylation associated
with PI3K mutations in lymphatic endothelial cells from a patient with lymphatic malformation. Angiogenesis 2015, 18, 151–162.
[CrossRef]

64. Cho, H.; Kim, J.; Ahn, J.H.; Hong, Y.-K.; Mäkinen, T.; Lim, D.-S.; Koh, G.Y. YAP and TAZ Negatively Regulate Prox1 During
Developmental and Pathologic Lymphangiogenesis. Circ. Res. 2019, 124, 225–242. [CrossRef]

65. Chong, C.R.; Xu, J.; Lu, J.; Bhat, S.; Sullivan, J.D.J.; Liu, J.O. Inhibition of Angiogenesis by the Antifungal Drug Itraconazole. ACS
Chem. Biol. 2007, 2, 263–270. [CrossRef]

66. Kalén, M.; Wallgard, E.; Asker, N.; Nasevicius, A.; Athley, E.; Billgren, E.; Larson, J.D.; Wadman, S.A.; Norseng, E.; Clark, K.J.;
et al. Combination of Reverse and Chemical Genetic Screens Reveals Angiogenesis Inhibitors and Targets. Chem. Biol. 2009, 16,
432–441. [CrossRef]

67. Schulz, M.M.P.; Reisen, F.; Zgraggen, S.; Fischer, S.; Yuen, D.; Kang, G.J.; Chen, L.; Schneider, G.; Detmar, M. Phenotype-based
high-content chemical library screening identifies statins as inhibitors of in vivo lymphangiogenesis. Proc. Natl. Acad. Sci. USA
2012, 109, E2665–E2674. [CrossRef] [PubMed]

68. Ogata, F.; Fujiu, K.; Matsumoto, S.; Nakayama, Y.; Shibata, M.; Oike, Y.; Koshima, I.; Watabe, T.; Nagai, R.; Manabe, I.; et al. Excess
Lymphangiogenesis Cooperatively Induced by Macrophages and CD4+ T Cells Drives the Pathogenesis of Lymphedema. J.
Investig. Dermatol. 2016, 136, 706–714. [CrossRef] [PubMed]

http://doi.org/10.1038/s41419-019-2181-1
http://doi.org/10.1126/scisignal.aaj1784
http://www.ncbi.nlm.nih.gov/pubmed/29042481
http://doi.org/10.1007/s10456-014-9453-2
http://doi.org/10.1161/CIRCRESAHA.118.313707
http://doi.org/10.1021/cb600362d
http://doi.org/10.1016/j.chembiol.2009.02.010
http://doi.org/10.1073/pnas.1206036109
http://www.ncbi.nlm.nih.gov/pubmed/22949700
http://doi.org/10.1016/j.jid.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/27015456

	Introduction 
	Materials and Methods 
	Reagents and Antibodies 
	Human Atherosclerotic Tissue 
	Animals 
	Cell Culture 
	Western Blot 
	Immunohistochemistry 
	LEC Tube Formation Assay 
	LEC Migration Assay 
	LEC Proliferation Assays 
	Cell Cycle Analysis 
	In Vivo Lymphangiogenesis Assay 
	Quantitative Real-Time PCR 
	Gene Silencing 
	Lipid Internalization Assay 
	Reactive Oxygen Species Generation 
	Statistical Analysis 

	Results 
	Oxidized LDL Levels Are Elevated in Human Atherosclerotic Arteries 
	Oxidized LDL Suppresses Lymphangiogenesis In Vitro and In Vivo 
	Pharmacological Blockade of SR-B1 Does Not Rescue OxLDL-Induced Inhibition of Lymphatic Endothelial Cell Proliferation and Tube Formation 
	Oxidized LDL Mediates Its Anti-Lymphangiogenic Effect via CD36 
	Oxidized LDL Induces Cell Cycle Arrest and Inhibits AKT and eNOS Expression in LEC 
	CD36 Knockdown Attenuates the Inhibitory Effects of oxLDL on Cell Cycle 

	Discussion 
	Conclusions 
	References

