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Abstract. The aim of the present study was to investigate 
the effects of advanced glycation end products (AGEs) on the 
expression of angiopoietin-like protein 4 (ANGPTL4) and the 
mechanisms of the effects in endothelial cells. Endothelial cells 
were incubated with various concentrations of AGEs for 24 h 
and the expression of ANGPTL4 was detected by quantita-
tive polymerase chain reaction and western blot analysis. The 
concentration of angiotensin Ⅱ (Ang Ⅱ) in conditioned media 
and cell lysates was measured by enzyme-linked immunosor-
bent assays. Fluorescein isothiocyanate‑labeled dextran filtration 
assays and transendothelial electrical resistance were performed 
to evaluate endothelial permeability. AGEs (80 µg/ml) increased 
the expression of ANGPTL4 and the levels of Ang Ⅱ (P<0.05). 
Incubation with AGEs also resulted in a significant increase 
in endothelial permeability (P<0.05). However, pretreatment 
with the Ang Ⅱ receptor blocker losartan (10-5 M) reduced the 
effects of AGEs (P<0.05). AGEs upregulated the expression 
of ANGPTL4 by activating a local renin-angiotensin system 
in endothelial cells. This may be a new mechanism by which 
AGEs increase endothelial permeability.

Introduction

Diabetes is a powerful and independent risk factor for coronary 
artery disease, stroke and peripheral arterial disease. Current 
evidence indicates that the increase of advanced glycation end 
products (AGEs) is associated with the severity of diabetic 
complications (1). Coronary atherosclerotic heart disease 
(CAD) is a leading cause of mortality worldwide. Increased 
endothelial permeability is the main cause of atherosclerosis. 

Accumulating evidence suggests that atherosclerosis is a 
complex process influenced by multiple procedures and 
mediators (1). AGEs may induce oxidative stress generation 
and inflammatory reactions in various cell types, as part of 
their involvement in the vascular complications of diabetes. 
The effects of AGEs on vessel wall homeostasis may account 
for the rapid progression of atherosclerosis associated with 
diabetes.

Angiopoietin-like protein 4 (ANGPTL4) is a member of 
the angiopoietin family that is a secretory glycoprotein highly 
expressed in adipose tissue, liver, placental tissue and isch-
emic tissue (2). Previous studies suggest that ANGPTL4 has 
complex and contradictory roles in vascular biology and tumor 
metastasis (3‑5). However, the effects of AGEs on ANGPTL4 
in endothelial cells remain uncertain and not fully understood.

The purpose of the present study was to characterize the 
effects of AGEs on ANGPTL4 expression and endothelial 
permeability. Furthermore, whether and how losartan, an 
angiotensin Ⅱ (Ang II) type 1 receptor blocker (ARB), inhib-
ited AGEs-induced ANGPTL4 expression was examined in 
endothelial cells.

Materials and methods

Materials. AGEs were from Merck KGaA (Darmstadt, 
Germany). Bovine serum albumin (BSA) (essentially fatty 
acid free and globulin free, lyophilized powder) was from MP 
Biomedicals (Santa Ana, CA, USA). Ang Ⅱ kits were from 
RayBiotech, Inc. (Norcross, GA, USA). Losartan was from 
Sigma (St. Louis, MO, USA). The ANGPTL4 antibody was 
from Invitrogen Life Technologies (Carlsbad, CA, USA). 
TRIzol and SYBR Premix Ex Taq (Perfect Real Time) were 
from Takara Bio, Inc., (Shiga, Japan). Cell lysates were from 
Cell Signaling Technology, Inc. (Danvers, MA, USA) and fluo-
rescein isothiocyanate (FITC, Inc.) dextran was from Sigma. 
The millicell-electrical resistance system (ERS) was from 
Millipore (Billerica, MA, USA). Transwell chambers (0.4 and 
8 µM) were from Corning Inc. (Acton, MA, USA).

Cell culture. The EA.hy926 human endothelial cell line was 
from the American Type Culture Collection (Manassas, VA, 
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USA). Cells were cultured in Dulbecco's modified Eagle's 
Medium (DMEM) with 5.5 mM glucose containing essential 
and non-essential amino acids (8.9 mg/l L-alanine, 13.3 mg/l 
aspartic acid, 15 mg/l L-asparagine, 14.7 mg/l monosodium 
glutamate and 11.5 mg/l proline), sodium selenite (0.02 mg/l), 
ascorbic acid (10 mg/l), 10% fetal bovine serum (FBS; v/v) and 
antibiotics (100 U/ml penicillin, 100 mg/ml streptomycin and 
50 mg/ml neomycin), maintained at 37˚C under 5% CO2 in 
a humidified incubator. Confluent quiescent cells cultured for 
24 h in serum-free DMEM with 5.5 mM glucose were exposed 
for an additional 24 h to DMEM with the indicated concentra-
tions of AGEs (20-160 µg/ml) in the absence or presence of 
ARB losartan (10-5 M).

Quantitative polymerase chain reaction (qPCR). Total RNA 
was extracted from endothelial cells using TRIzol reagent 
(Invitrogen Life Technologies) according to the manufacturer's 
instructions. Total RNA (500 ng) from different groups was 
reverse transcribed using reverse transcription in a SYBR 
Premix Ex Taq kits (Perfect Real Time). Reactions were 
carried out at 37˚C for 15 min, and subsequently 85˚C for 
5 sec. Primers were: ANGPTL4 sense, 5'-TCCTGGGACGAG 
ATGAATGT-3' and antisense, 5'-GGTCTAGGTGCTTGTGGT 
C‑3; and GAPDH sense, 5'‑GAGTCCACTGGCGTCTTCA‑3' 
and antisense, 5'-GGGGTGCTAAGCAGTTGGT-3'. PCR was 
performed with an ABI Prism 7000 Sequence Detection 
System (Applied Biosystems, Foster City, CA, USA) and the 
SYBR Premix Ex Taq Perfect Real Time kits.

Western blot analysis. Endothelial cells were washed twice 
with cold phosphate-buffered saline (PBS) and scraped with 
lysis buffer containing 20 mM Tris‑HCl (pH 7.5), 150 mM 
NaCl, 1 nM Na2EDTA, 1 mM EGTA, 1% Triton X‑100, 
2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 
1 mM Na3VO4, 1 µg/ml leupeptin (Cell Signaling Technology, 
Inc.) and protease and phosphatase inhibitor cocktail tablets 
(Roche Diagnostics GmbH, Mannhein, Germany). Protein 
concentrations were determined with the Bradford reaction. 
A total of 20 µg boiled extracts was loaded on 8% sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis gels and 
transferred to polyvinylidene fluoride membranes (Bio‑Rad, 
Hercules, CA, USA). Membranes were blocked in 5% skimmed 
milk prior to incubation with the antibody. Primary antibodies 
were: Rabbit anti-ANGPTL4 (1:2,000, Bio-Rad) and rabbit 
anti‑GAPDH (1:2,000, Invitrogen Life Technologies). The 
blots were incubated with horseradish peroxidase-conjugated 
secondary antibodies (Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA) and bands were detected using an ECL chemilumi-
nescence system (Millipore).

Measurement of Ang II. Ang II levels were determined in 
cell lysates and media. Endothelial cells were harvested 
in 1% FBS medium for 24 h and cultured in control and 
experimental conditions. Cells were washed with ice-cold 
PBS, scraped in extraction buffer and homogenized. Lysates 
and media were centrifuged at 12,000 x g for 10 min at 4˚C 
and supernatants were collected. Ang II levels in lysates and 
media were determined using a commercial enzyme-linked 
immunosorbent assay (ELISA) kit according to the manufac-
turer's instructions.

Permeability assays. Paracellular permeability through the 
end monolayer was measured. Endothelial cells were cultured 
to confluency on gelatin-coated (1%) polystyrene filters 
(Costar Transwell, 0.4-µm pore size) (Corning Inc.) for 3 days 
and 1 mg/ml 38 kDa FITC-dextran (Sigma) was added in the 
apical compartment. Fluid in the lower compartment was the 
same serum-free medium without BSA. Transfer rates across 
the monolayer were assessed by measuring the increase in 
FITC-dextran in the lower well after 30 min. At indicated 
times, 50 µl samples were taken from the lower compartment 
to measure fluorescence (492/520 nm) using a multilabel 
fluorometer counter (Perkin‑Elmer, Waltham, MA, USA) and 
normalized to the control value.

Transendothelial electrical resistance (TEER). Measurement 
of TEER was performed using a millicell-ERS (Millipore). 
Endothelial cells were grown to confluence in 8‑well gold elec-
trode plates in low serum media (DMEM low glucose; Gibco, 
Invitrogen Life Technologies, containing 1% heat-inactivated 
FBS; Sigma). A current was applied across electrodes with 
an amplitude of 1 V in series with a resistance of 1 mV to 
approximate a constant current source (1 mA). In-phase and 
out-of-phase voltages between electrodes were monitored 
and converted to TEER. Baseline resistance for each cell 
preparation was measured immediately before experimental 
manipulation.

Statistical analysis. Results are presented as mean ± standard 
deviation. Statistical significance was assessed by non‑para-
metric Kruskal‑Wallis one‑way analysis of variance or a 
Student's t-test. For statistical comparisons of clinical values 
prior and subsequent to losartan treatment, unpaired t-tests 
were performed. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

AGEs upregulate ANGPTL4 mRNA and protein levels. AGEs at 
0, 20, 40, 80 or 160 µg/ml were incubated with endothelial cells 
for 24 h. ANGPTL4 mRNA and protein levels were assayed by 
qPCR and western blot analysis. AGEs at 80 µg/ml increased 
ANGPTL4 mRNA and protein levels significantly (2.60±0.18 
vs. 1.00, 250±32 vs. 100%, respectively; P<0.05). BSA had no 
effect on ANGPTL4 levels in endothelial cells (P>0.05) (Fig. 1).

AGEs increase Ang Ⅱ levels in media and endothelial cell 
lysates. AGEs at 0, 20, 40, 80 or 160 µg/ml were incubated with 
endothelial cells for 24 h. Ang Ⅱ levels in media and lysates 
were measured by ELISA. AGEs dose-dependently increased 
Ang Ⅱ levels in media and lysates. AGEs at 80 µg/ml had 
the largest effect. AGEs at 160 µg/ml did not have additional 
effects, although the effects remained significant (P<0.05). 
BSA had no effect on Ang Ⅱ levels (P>0.05) (Table I).

Losartan alleviates the upregulation of ANGPTL4 and the 
increased endothelial permeability induced by AGEs. To 
investigate the effects of losartan on induction of ANGPTL4 
expression, AGEs were used to upregulate the expression of 
ANGPTL4 mRNA and protein. Pretreatment with losartan 
prevented upregulation of ANGPTL4 mRNA and protein 
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induced by AGEs (1.52±0.21 vs. 2.60±0.18; 145±19 vs. 250±32%, 
respectively; P<0.05) (Fig. 2). AGEs at 80 µg/ml increased 
endothelial permeability significantly and this increase was 
prevented by pretreatment with losartan (P<0.05) (Table II).

Discussion

Atherosclerosis is a common cardiovascular risk factor, and 
functional impairment of the vascular endothelium in response 

to injury occurs long before the development of visible athero-
sclerosis (6). Diabetes increases CAD mortality in humans. 
Accelerated atherosclerosis and microvascular disease are the 
major vascular complications of diabetes and are the main 
cause of morbidity and mortality for this common metabolic 

Table I. Advanced glycation end products (AGEs) increased 
angiotensin Ⅱ levels in conditioned media and cell lysates.

Groups Media, pg/µl Lysates, pg/µg protein

Con 1.3±0.19 0.19±0.04
A20 1.6±0.22 0.21±0.05
A40 2.1±0.23a 0.24±0.03a

A80 2.8±0.21a 0.35±0.04a

A160 2.5±0.20a 0.28±0.04a

BSA 1.4±0.19 0.20±0.03
F-value 5.83 5.12
P-value   0.008 0.01

aP<0.05 compared with the control group. Con, control; A20, 
20 µg/ml AGEs; A40, 40 µg/ml AGEs; A80, 80 µg/ml AGEs; A160, 
160 µg/ml AGEs; BSA, bovine serum albumin (80 µg/ml).

Table II. Fluorescein isothiocyanate‑labeled dextran filtration 
assays and transendothelial electrical resistance (TEER).

Groups OD TEER, Ω x cm2

Con 0.15±0.09 73.28±2.64
A20 0.21±0.08 68.24±3.12
A40 0.39±0.1a 53.65±2.98a

A80 0.46±0.09a 43.39±2.82a

A160 0.37±0.07a 52.85±3.42a

BSA 0.20±0.06 70.77±2.83
AGEs + Los 0.28±0.08a,b 62.43±3.18a,b

F-value 5.13 4.11
P-value   0.007 0.01

aP<0.05 compared with the control group; bP<0.05 compared with 
the A80 group. OD, optical density; con, control; A20, 20 µg/ml 
advanced glycation end products (AGEs); A40, 40 µg/ml AGEs; 
A80, 80 µg/ml AGEs; A160, 160 µg/ml AGEs; BSA, bovine serum 
albumin (80 µg/ml); AGEs + Los, A80 + losartan (10-5 M). 

Figure 1. Advanced glycation end products (AGEs) upregulate angiopoi-
etin‑like protein 4 (ANGPTL4) (A) mRNA and protein. (B) Western blots. 
Con, control; A20, 20 µg/ml AGEs; A40, 40 µg/ml AGEs; A80, 80 µg/ml 
AGEs; A160, 160 µg/ml AGEs; BSA, bovine serum albumin (80 µg/ml). 
*P<0.05 compared with the control group.

  A

  B

Figure 2. Losartan inhibits upregulation of angiopoietin-like protein 4 
(ANGPTL4) (A) mRNA and protein induced by advanced glycation end 
products (AGEs). (B) Western blots. Con, control; A20, 20 µg/ml AGEs; A40, 
40 µg/ml AGEs; A80, 80 µg/ml AGEs; A160, 160 µg/ml AGEs; BSA, bovine 
serum albumin (80 µg/ml); AGEs + Los, A80 + losartan (10-5 M). *P<0.05 
compared with the control group; ﹟P<0.05 compared with the A80 group.

  A

  B
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disorder. However, established CAD risk factors do not fully 
account for increased CAD. Increasing attention has focused 
on the potential role of the endothelium in diabetes (6).

The most important pathway in the pathogenesis of acceler-
ated atherosclerosis in patients with diabetes is most likely an 
increase in the non-enzymatic glycation of proteins and lipids, 
with the irreversible formation and deposition of reactive 
AGEs. Miyata et al (7) found that AGEs deposit in athero-
sclerotic plaques and interactions with endothelial cells release 
cytokines and growth factors, damaging endothelial cells. Due 
to its unique position and numerous properties, the vascular 
endothelium is particularly important in regulation of perme-
ability. AGEs receptors have been found on the endothelial cell 
surface and mediate the uptake and transcytosis of AGEs and 
internal signal transduction. AGE-RAGE interactions alter 
barrier functions, as documented by increased permeability of 
endothelial cells incubated with AGEs and increased transit of 
macromolecules through the endothelial monolayer.

ANGPTL4 expression is upregulated in endothelial cells 
exposed to hypoxia and in ischemic tissues and hypoxic areas of 
solid tumors, which is important in angiogenesis, cell migration 
and adhesion (2). The present results showed that AGEs upregu-
lated ANGPTL4 expression, particularly at 80 µg/ml. However, 
the effects were not increased at 160 µg/ml, but remained 
significant. ANGPTL4 is one of the vascular endothelial growth 
factor family. In addition to regulating lipid metabolism and 
insulin sensitivity, increasing evidence suggests that ANGPTL4 
is an important modulator of angiogenesis and vascular perme-
ability. Endothelial dysfunction is a principal mechanism in 
atherosclerotic disease. The effect of ANGPTL4 on endothe-
lial permeability is controversial. Galaup et al (3) found that 
ANGPTL4 prevents tumor metastasis through inhibition of 
vascular permeability, tumor cell motility and invasiveness. 
However, more recent studies (4,5) showed that ANGPTL4 in 
cancer cells disrupts vascular endothelial cell-cell junctions, 
increases the permeability of lung capillaries and facilitates 
the transendothelial passage of tumor cells. Upregulation of 
ANGPTL4 has a prominent effect on promoting the angiogen-
esis and vessel permeability in Kaposi's sarcoma (8). Inhibition 
of ANGPTL4 effectively blocks G protein-coupled receptor 
promotion of the angiogenic switch, vascular leakage in vitro 
and tumorigenesis in vivo (5). Our results showed that AGEs 
upregulated ANGPTL4 expression, increased endothelial 
permeability and decreased TEER (P<0.05). The ANGPTL4 
effects in endothelial permeability are controversial due to the 
lack of understanding regarding how ANGPTL4 modulates 
vascular integrity. Huang et al (9) found that ANGPTL4 disrupts 
endothelial continuity by directly interacting with three novel 
binding partners sequentially: Integrin α5β1, VE-cadherin 
and claudin-5, activating integrin α5β1-mediated Rac1/PAK 
signaling to weaken cell-cell contacts, facilitating metastasis. 
Interfering with the formation of ANGPTL4 complexes delays 
vascular disruption. Cazes et al (10) found that extracellular 
matrix-bound ANGPTL4 increases endothelial permeability by 
alterations in the physical integrity of the endothelium, as shown 
by destruction of organized actin structures and alterations of 
cellular morphology. These results showed that ANGPTL4 
damages endothelial cells and increases endothelial perme-
ability via different mechanisms. ANGPTL4 may be essential 
for atherosclerosis by vascular permeability.

A previous study found that upregulation of ANGPTL4 is 
important in the development and progression of atheroscle-
rosis, and knockout of ANGPTL4 prohibited the progress of 
atherosis (11). Cellular permeability has profound effects on 
atherosclerosis. However, the mechanism by which ANGPTL4 
promotes atherosis is not known (11,12). Adachi et al (11) 
found that ANGPTL4 deficiency improves lipid metabolism, 
suppresses foam cell formation and protects against athero-
sclerosis in genetic knockout mice. Xu et al (13) found that 
ANGPTL4 decreases blood glucose and improves glucose 
tolerance but induces hyperlipidemia and hepatic steatosis in 
mice. A previous study found that ANGPTL4 regulates fat 
metabolism and may have other effects on atherosclerosis (14). 
ANGPTL4 reduced tissue free fatty acid (FFA) uptake in 
skeletal muscle, heart and adipose tissue, resulting in hyper-
triglyceridemia by inhibiting lipoprotein lipase-mediated 
hydrolysis of plasma triglycerides to FFAs. Coronary athero-
sclerosis is initiated by endothelial dysfunction following 
inflammation and high levels of low-density lipoprotein 
cholesterol, followed by deposition of lipids and macrophages 
from the luminal blood into the arterial intima, resulting in 
plaque formation (15).

Ang Ⅱ is crucial for promoting cardiovascular remodeling 
through induction of growth factors. Blockade of Ang II 
signaling appears to be a useful strategy for treating atheroscle-
rosis. Ang Ⅱ also stimulates growth and proliferation factors, 
activates inflammation and promotes expression of pro‑inflam-
matory and pro-atherogenic cytokines. These effects prompt 
development and progress of atherosclerosis and complica-
tions. Yu et al (14) reported the local renin-angiotensin system 
(RAS) activation in endothelial cells and that local Ang II 
induces endothelial cell damage. The present results showed 
AGEs dose‑dependently increased Ang Ⅱ levels in conditioned 
media and cell lysates. However, whether local RAS in endo-
thelial cells are involved in ANGPTL4 regulation remains 
unclear. The effects of losartan on ANGPTL4 expression and 
endothelial permeability were observed. Endothelial cells were 
pretreated with losartan prior to the addition of AGEs. The 
results showed that the increase in ANGPTL4 was prevented by 
losartan and the increased endothelial permeability improved. 
Villa et al (16) identified that telmisartan downregulated the 
expression of ANGPTL4 in podocytes, correlating with the 
amelioration of proteinuria and podocyte damage, largely inde-
pendent of lowering blood pressure. Increased permeability of 
the endothelium is thought to be crucial in atherosclerosis as 
it allows circulating lipoproteins and inflammatory cells to 
infiltrate into the intima, which is a necessary step in athero-
sclerosis.

The permeability of endothelial cells is important for 
initiating and developing atherosclerosis. Atherosclerosis is 
a diffuse disease and endothelial dysfunction occurs at the 
initial stage of the atherosclerotic disease that generates 
plaque formation; it can also cause plaque growth without 
protection from high-risk plaques, leading to development of 
a vascular event. AGE-increased endothelial cell permeability 
is medicated by local activation of the RAS and upregula-
tion of ANGPTL4, which provides a novel mechanism for 
AGE-induced endothelial dysfunction. ANGPTL4 is an 
important regulator in endothelial permeability. ANGPTL4, 
originally identified as a peroxisome proliferator‑activated 
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receptor α and γ target gene, has potential as a new diagnostic 
tool and therapeutic target.

In conclusion, AGEs activated RAS in endothelial cells and 
upregulated ANGPTL4 mRNA and protein expression, which 
may be an alternative mechanism by which AGEs increase 
endothelial permeability. Further research of the regulatory 
mechanisms and signaling pathways could have profound 
significance. Evaluating whether Ang II receptor knockdown 
by small interfering RNA inhibited AGE-induced ANGPTL4 
induction in endothelial cells may be noteworthy.
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