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Abstract. Oxidative stress and inflammation are involved in 
the pathogenesis of atherosclerosis. Calcium channel blockers 
(CCBs) inhibit the development of atherosclerosis, although 
the underlying molecular basis has not been completely 
elucidated. The present study was designed to investigate 
the effects of felodipine, a CCB, on inflammation and 
oxidative stress in human umbilical vein endothelial cells 
(HUVECs) and to examine the underlying mechanisms of 
action. Oxidized low‑density lipoprotein (ox‑LDL) was used 
to induce an inflammatory response in HUVECs. The effects 
of felodipine were investigated by measuring the content of 
nitric oxide (NO) and reactive oxygen species (ROS), the 
mRNA and protein levels of intercellular adhesion molecule 
1 (ICAM‑1) and vascular cell adhesion protein 1 (VCAM‑1), 
and the mRNA levels of endothelial NO synthase (eNOS) and 
inducible NO synthase (iNOS), in addition to the adhesion 
ability of U937 cells to HUVECs. ROS and NO levels were 
significantly increased in HUVECs following 24‑h treatment 
with 25 mg/l ox‑LDL (P<0.01). The increase in ROS was 
reversed by treatment with felodipine. In addition, NO levels 
were increased following treatment with 1 µmol/l felodipine 

(P<0.05). The mRNA expression of ICAM‑1, VCAM‑1, 
eNOS and iNOS was increased (P<0.05). Administration of 
0.1 µM felodipine significantly decreased the expression of 
ICAM‑1, VCAM‑1, and iNOS (P<0.05). The number of U937 
cells adhered to ox‑LDL‑treated HUVECs was significantly 
increased compared with control, which was reversed by 
felodipine (0.1 µM). In conclusion, felodipine was demon-
strated to inhibit oxidative stress and inflammatory responses, 
suggesting that it may be used to treat atherosclerosis.

Introduction

Accumulating evidence suggests an important role for 
oxidative stress and inflammation in the development of 
atherosclerosis (1,2), in which intracellular Ca2+ contributes to 
the activation of a variety of signal transduction pathways (3). 
Ca2+ has been observed to be important in the signal trans-
duction pathways implicated in the modified low‑density 
lipoprotein (LDL)‑triggered generation of tumor necrosis 
factor (TNF)‑α (4,5). Therefore, Ca2+ regulates oxidative stress 
and inflammation in the development of atherosclerosis.

Oxidized LDL (ox‑LDL) is able to trigger and sustain 
atherosclerotic lesions by increasing the synthesis of reac-
tive oxygen species (ROS), which promotes atherogenesis 
and increases the transcription of intercellular adhesion 
molecule 1 (ICAM‑1) and vascular cell adhesion protein 1 
(VCAM‑1) (6,7). Nitric oxide (NO), a free radical with the 
capacity to remove other free radicals, protects cells against 
pathological insults (8), and interference with NO bioavail-
ability may diminish cardioprotection and exacerbate disease 
progression (9). Members of the nitric oxide synthase (NOS) 
family are involved in the generation of NO, including endo-
thelial NOS (eNOS), inducible NOS (iNOS) and neuronal 
NOS (nNOS), all of which require Ca2+/calmodulin, flavin 
adenine dinucleotide (FAD), flavin mononucleotide and tetra-
hydrobiopterin as co‑factors (10,11). The production of iNOS 
is regulated by a number of mediators, including inflammatory 
cytokines and NO concentration. In vessels, NO is synthesized 
from the endothelium by eNOS. iNOS is associated with the 
processes of acute and chronic inflammatory responses (12).
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Calcium channel blockers (CCBs) are extensively adminis-
tered for the treatment of a variety of cardiovascular diseases, 
including arrhythmias, angina pectoris and hypertension (13). 
Amlodipine, a CCB, decreases the incidence of cardiac adverse 
events in addition to inhibiting the progression of carotid artery 
atherosclerosis (14). A number of CCBs decrease atheroscle-
rotic lesions, oxidative stress and the levels of inflammatory 
cytokines, without markedly influencing the levels of blood 
lipids and glucose metabolism (15,16). The anti‑atherosclerotic 
activity of CCBs is not always accompanied by decreased blood 
pressure, suggesting that CCBs may protect blood vessels inde-
pendently of their blood pressure decreasing effects. However, 
the underlying mechanisms behind these processes remain 
unclear.

Felodipine, a dihydropyridine CCB, is used to treat 
angina pectoris and hypertension (17). In apolipoprotein E 
(ApoE)‑deficient mice, felodipine has been demonstrated to 
effectively inhibit atherogenesis (18). Felodipine decreases 
vascular inflammation through repression of the activation of 
nuclear factor (NF)‑κB (19). However, the direct interactions 
between free radicals and CCBs have not been completely 
elucidated.

Human umbilical vein endothelial cells (HUVECs) are 
frequently used as a cellular model to probe the mechanisms 
underlying the pathogenesis of cardiovascular diseases. The 
present study aimed to examine the hypothesis that felodipine 
may prevent ox‑LDL‑induced endothelial dysfunction via 
downregulation of ROS and NO generation. The present study 
investigated whether felodipine exhibited the ability to scav-
enge free radicals and prevent oxidative damage. The effects 
of felodipine on ox‑LDL‑induced NO generation and on other 
downstream events were assessed, including the expression 
levels of eNOS and iNOS, adhesion molecules, and the adher-
ence of monocytic U937 cells to HUVECs.

Materials and methods

Reagents. Antibodies against ICAM‑1 (cat. no.  sc‑71292), 
VCAM‑1 (cat. no. sc‑18854), factor VIII (cat. no. sc‑14014), 
and β‑actin (cat. no. sc‑47778) were obtained from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA). The ABC Elite kit 
(used for immunofluorescence staining) and the secondary 
antibodies [cat. no. BA‑1105 (immunofluorescence staining); 
cat. no. BA‑1051 (western blotting)] were purchased from 
Wuhan Boster Biological Technology, Ltd. (Wuhan, China). 
All other reagents were purchased from either Shaanxi Pioneer 
Biotech Co., Ltd. (Xi'an, China) or Sigma‑Aldrich (Merck 
KGaA, Darmstadt, Germany), unless otherwise stated.

Cells and cell culture. Initially, HUVECs were individually 
derived from the endothelium of postpartum umbilical cord 
veins in 5 postpartum women (age, 24‑35 years) who had deliv-
ered in the First Affiliated Hospital, Xi'an Jiaotong University 
(Xi'an, China) between June 2009 and October  2009. 
Following observations, the HUVECs selected for the present 
study were derived from only one of these postpartum women 
(age, 26 years) as they exhibited the greatest cellular growth 
behavior. Patients provided written informed consent, and 
the Ethics Committee of the First Affiliated Hospital, Xi'an 
Jiaotong University (Xi'an, China) approved the experimental 

protocol. HUVECs were enzymatically isolated and cultured 
as reported previously (20). Following enzymatic digestion, 
the cells were maintained in Medium 199 (Sigma‑Aldrich; 
Merck KGaA) containing low serum growth supplements, 
100 IU/ml penicillin, and 0.1 mg/ml streptomycin (all from 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
The culture medium was replenished every 2  days. The 
monocytotic U937 cells (American Type Culture Collection, 
Manassas, VA, USA) were cultured in RPMI‑1640 medium 
(Sigma‑Aldrich; Merck KGaA) supplemented with 10% fetal 
calf serum (Sigma‑Aldrich; Merck KGaA).

Immunofluorescence staining was performed to visualize 
the expression of factor VIII, an endothelial cell marker. 
The cells (1x105 cells/ml) were cultured on glass cover slips 
and were fixed with 4% paraformaldehyde (Shaanxi Pioneer 
Biotech Co., Ltd.) for 15 min at room temperature, followed 
by permeabilization with 0.1% Triton X‑100 (Shaanxi Pioneer 
Biotech Co., Ltd.). The cells were blocked in 4% goat serum 
(Sigma‑Aldrich; Merck KGaA) for 1 h at room temperature, 
probed with rabbit anti‑factor VIII‑related antibody (1:1,000) 
at 4˚C overnight, washed twice with PBS, and subse-
quently incubated with the secondary antibody (fluorescein 
isothiocyanate‑conjugated goat anti‑rabbit immunoglobulin 
G; 1:100) at 37˚C for 1 h. The cover slips were mounted on 
microscope slides, and fluorescence was visualized under 
a microscope (Leica DMi8; Leica Microsystems GmbH, 
Wetzlar, Germany).

Lipoprotein and preparation of ox‑LDL. Native LDL was puri-
fied and oxidized in fresh normolipidemic human serum by 
sequential ultra‑centrifugation, as described previously (21). 
The kinetics of LDL oxidation of the EDTA‑free LDL were 
measured by the absorbance (232 nm) of conjugated diene 
at 37˚C for up to 6 h. When required, LDL oxidation was 
assessed by determination of the production of thiobarbituric 
acid‑reactive substances (22). The end product of lipid peroxi-
dation, malondialdehyde, was taken as a standard.

Treatment of HUVECs. HUVECs were pre‑treated with 
ox‑LDL at various concentrations (6, 12.5 and 25 mg/l) for 
24 h at room temperature and subsequently incubated with 
ox‑LDL (25 mg/l) for 24 h with felodipine at different concen-
trations (0.1, 1 and 10 µmol/l) or control (cells incubated in 
culture medium only) at room temperature. The potential 
protective effects of felodipine against oxidative stress and 
inflammation were assessed by measuring the levels of 
intracellular ROS production, the mRNA expression of target 
genes in ox‑LDL‑treated HUVECs, and the adhesion ability of 
monocytic U937 cells to HUVECs.

Determination of intracellular ROS. ROS production was 
evaluated with a fluorometric assay, using 2',7'‑dichlorofluores-
cein 3',6'‑diacetate (DCFH‑DA; Sigma‑Aldrich; Merck KGaA). 
Following treatment with ox‑LDL and felodipine, the HUVECs 
(1x105 cells/ml) were incubated with DCFH‑DA (20 µmol/l) 
for 30 min at room temperature. The fluorescence intensity 
of DCFH‑DA‑labeled cells was determined using a FACScan 
flow cytometer (BD Biosciences, San Jose, CA, USA) and 
the data were analyzed using Cell‑Quest software v3.0 (BD 
Biosciences).
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Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) was used to extract total RNA from 
HUVECs, according to the manufacturer's protocol (23). RNA 
concentration was determined using a NanoDrop spectropho-
tometer (NanoDrop Technologies; Thermo Fisher Scientific, 
Inc., Wilmington, DE, USA) by measuring the A260/A280 
ratio. The PrimeScript™ 1st Strand cDNA Synthesis kit 
(Takara Bio, Inc., Otsu, Japan) was used to convert the RNA 
into cDNA. First‑strand cDNA synthesis was performed in a 
10 µl total reaction volume containing 2.5 µg of total RNA, 
1 µl Oligo dT Primer (50 µM), 1 µl dNTP Mixture (10 mM 
each) and RNase‑free dH2O up to 10 µl. The 10 µl of RT 
reaction mixture was heated to 65˚C for 5 min and annealed 
primer template samples were then snapped on ice. Then, 
4 µl of 5X PrimeScript buffer, 0.5 µl RNase Inhibitor and 
1 µl PrimeScript RTase (all supplied in the kit) were added to 
the 10 µl of RT reaction mixture. Reverse transcription was 
carried out at 42˚C for 1 h and 95˚C for 5 min. The forward and 
reverse primers (Sangon Biotech Co., Ltd., Shanghai, China) 
used for RT‑qPCR analysis were as follows: Human GAPDH 
sense, 5'‑CTC​TCT​GCT​CCT​CCT​GTT​CGA​CAG‑3' and anti-
sense, 5'‑GTG​GAA​TCA​TAT​TGG​AAC​ATG​TAG‑3'; ICAM‑1 
sense, 5'‑CCG​GAA​GGT​GTA​TGA​ACG​T‑3' and antisense, 
5'‑TCC​ATG​GTG​ATC​TCT​CCT​C‑3'; VCAM‑1 sense, 5'‑GGG​
ACC​ACA​TCT​ACG​CTG​ACA​A‑3' and antisense, 5'‑GGC​CAC​
TCA​AAT​GAA​TCT​CTG​GA‑3'; eNOS sense, 5'‑GAC​GCT​
ACG​AGG​AGT​GGA​AGT​GGT​TC‑3' and antisense, 5'‑CAG​
GGC​AAG​CTG​GGA​TCG​GG‑3'; and iNOS sense, 5'‑AGC​
AGC​ATC​CAC​GCC​AAG​AA‑3' and antisense, 5'‑GAA​CAA​
TCC​ACA​ACT​CGC​TCC‑3'. qPCR analysis was performed 
in 96‑well plates, with an iCycler™ iQ System (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). The reaction mixture 
(final volume, 20 µl) contained 6 µl cDNA, 20 nM forward 
primer, 20 nM reverse primer and 10 µl SYBR‑Green II PCR 
Master mix (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The reaction conditions for the PCR were as follows: 
50˚C for 2 min, 95˚C for 10 min, and 40 cycles of 95˚C for 
5 min, 58.5˚C for 15 min and 72˚C for 10 min. The relative level 
of amplified RNA was calculated using the 2‑ΔΔCq method (24).

Western blotting. HUVECs were treated with ox‑LDL 
(25 mg/l) for 24 h and felodipine at different concentrations 
(0.1, 1, and 10 µmol/l). Whole cell lysates were made and 
nuclear extracts were purified with a protein extraction kit 
(Applygen Technologies Inc., Beijing, China), and a bicincho-
ninic acid protein assay reagent kit (Novagen; Merck KGaA) 
was used to determine the protein concentration. Protein 
lysates (40 µg/lane) were separated using SDS‑PAGE on a 
10% gel (Sigma‑Aldrich; Merck KGaA) and the samples 
were transferred onto an Immobilon‑P membrane (EMD 
Millipore, Billerica, MA, USA). The membrane was blocked 
in 1X PBS containing 5% (w/v) non‑fat milk and 0.05% (v/v) 
Tween‑20 (Sigma‑Aldrich; Merck KGaA) for 1 h at room 
temperature, and subsequently incubated with the primary 
antibodies against ICAM‑1 (1:500) or VCAM‑1 (1:500) at 
4˚C overnight. Following washing, the membrane was probed 
with horseradish peroxidase‑conjugated secondary antibody 
(1:5,000) for 1 h at room temperature. Immunoreactive bands 
were detected using an enhanced chemiluminescence kit (GE 

Healthcare Life Sciences, Little Chalfont, UK). Band intensi-
ties were quantified by densitometry using TotalLab TL100 
v2006 software (Nonlinear Dynamics, Ltd., Newcastle upon 
Tyne, UK). β‑actin (1:1,000) was used as an internal loading 
control.

Measurement of NO production. The NO level was quantified 
by measuring nitrite and nitrate. Nitrate reductase triggers the 
conversion of nitrate to nitrite and the overall generation of 
nitrite was examined using the Griess reaction, as reported 
previously (25). HUVECs in the different intervention groups 
were incubated with a solution containing nitrate reductase 
(0.2 U/ml), FAD (5 mM), and reduced nicotinamide adenine 
dinucleotide phosphate (50 mM) at 37˚C for 20 min. The 
reaction was terminated by the addition of sodium pyruvate 
(10 mM) and lactate dehydrogenase (24 mg/ml), and the prod-
ucts were precipitated with 1.4% ZnSO4. The total nitrite was 
reacted with Griess reagent, containing 1% sulphanilamide, 
2.5% PO4H3 and 0.1% n‑naphthyl‑ethylene‑diamine, and 
was evaluated by the absorbance at 550 nm using a universal 
microplate spectrophotometer (Bio‑Rad Laboratories, Inc.).

In  vitro monocyte adhesion assay. The HUVECs 
(5x104 cells/well) were cultured in 24‑well plates. For the phar-
macological experiments, the cells were treated with 25 mg/l 
ox‑LDL in the presence or absence of 0.1 µM felodipine. 
At 24 h post‑drug incubation, 4x106 U937 cells in 500 µl 
medium were added to each well with the confluent mono-
layers of HUVECs and the cell cultures were incubated for a 
further 30 min. Gentle aspiration was performed to eliminate 
non‑adherent monocytes. The average number of adherent 
cells was scored in 3 separate fields per well under an optical 
microscope (original magnification, x200; Leica DMi8; Leica 
Microsystems GmbH, Wetzlar, Germany). Each treatment was 
repeated in quadruplicate.

Statistical analysis. The data are expressed as the 
mean ± standard error of the mean and were analyzed using 
one‑way analysis of variance followed by Bonferroni's post hoc 
test. P<0.05 was considered to indicate a statistically significant 
difference. All statistical analyses were performed using SPSS 
software, version 13.0 (SPSS, Inc., Chicago, IL, USA).

Results

Morphology. The HUVECs grew as confluent monolayers 
with a cobblestone‑like morphology (Fig. 1A). Expression of 
factor VIII, a marker of endothelial cells, was confirmed by 
immunofluorescence staining (Fig. 1B).

Felodipine decreases ROS generation triggered by ox‑LDL in 
HUVECs. Ox‑LDL evoked a gradual increase in intracellular 
ROS, leading to apoptosis in HUVECs. ROS were increased 
in HUVECs following treatment with a variety of concentra-
tions of ox‑LDL (6, 12.5 and 25 mg/l) for 24 h, and there was 
a highly significant difference with 25 mg/l ox‑LDL (P<0.01; 
Fig. 2A). A dosage of 25 mg/ml ox‑LDL was used to investigate 
the protective effect of felodipine against ox‑LDL‑induced 
HUVEC injury in the following experiments. Treatment with 
felodipine at various concentrations (0.1, 1 and 10 µmol/l) for 
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24 h significantly decreased the ROS generation induced by 
ox‑LDL (P<0.05; Fig. 2B).

Felodipine decreases the mRNA levels of ICAM‑1, VCAM‑1, 
eNOS and iNOS in ox‑LDL‑treated HUVECs. The ox‑LDL 
(25 mg/l) treatment resulted in a significant increase in the 
mRNA levels of ICAM‑1, VCAM‑1, eNOS and iNOS compared 
with controls (P<0.05; Table I). However, co‑treatment with 
felodipine (0.1 µmol/l) reversed the increases in the mRNA 
levels of ICAM‑1, VCAM‑1 and iNOS (P<0.05; Table  II), 
although the same result was not observed with eNOS.

Felodipine suppresses monocyte adhesion to HUVECs treated 
with ox‑LDL. Treatment with ox‑LDL induced endothelial cell 
damage by increasing the production of adhesion molecules, 
resulting in the tethering, activation and attachment of mono-
cytes to the endothelial cells. In order to examine the effects of 
felodipine on the ox‑LDL‑stimulated adhesion of monocytes 

to HUVECs, confluent monolayers of HUVECs were treated 
with ox‑LDL (25 mg/l) in the presence or absence of felo-
dipine (0.1 µM) for 24 h, followed by incubation with U937 
cells for 30 min at 37˚C. The ox‑LDL treatment promoted the 
attachment of U937 cells to HUVECs, which was reversed by 
felodipine (Fig. 3).

Felodipine increases the release of NO into the medium in 
cultured HUVECs following ox‑LDL treatment. In order to 

Figure 1. Characterization of primary cultured HUVECs. (A) Cobblestone‑ 
shaped HUVECs were visualized under a microscope after 5 days of in vitro 
culture (original magnification, x200). (B) The marker of endothelial cells, 
factor VIII, was observed to be expressed using immunofluorescence staining 
(original magnification, x200). HUVECs, human umbilical vein endothelial 
cells.

Figure 2. Effect of felodipine on ROS production in ox‑LDL‑treated 
HUVECs. (A) ROS levels in the supernatants of HUVEC cultures incubated 
with ox‑LDL. (B) Cells were incubated with ox‑LDL (25 mg/l) and felodipine 
(0, 0.1, 1 or 10 µM) for 24 h. The ROS levels in the supernatants of cell 
cultures were determined by 2', 7'‑dichlorofluorescein 3', 6'‑diacetate staining 
followed by fluorescence activated cell sorting analysis. *P<0.05, **P<0.01 
vs. control; +P<0.05, ++P<0.01 vs. ox‑LDL only. ROS, reactive oxygen species; 
ox‑LDL, oxidized low‑density lipoprotein; HUVECs, human umbilical vein 
endothelial cells; DMSO, dimethyl sulfoxide.

Table Ι. Effects ox‑LDL on the mRNA levels of ICAM‑1, VCAM‑1, eNOS and iNOS.

	 Control	 DMSO	 6 mg/l ox‑LDL	 12.5 mg/l ox‑LDL	 25 mg/l ox‑LDL

ICAM‑1	 1.00	 0.96±0.05	 1.18±0.24	 1.74±0.34	   2.24±0.25a

VCAM‑1	 1.00	 0.99±0.03	 1.17±0.33	 1.51±0.47	   2.69±0.38a

eNOS	 1.00	 1.00±0.08	 1.28±0.25	 1.66±0.32	   2.92±0.74a

iNOS	 1.00	 0.98±0.13	 2.04±0.24	 5.32±0.54a	 14.95±1.14a

Data are expressed as 2‑ΔΔCq (mean). aP<0.05 vs. control. ox‑LDL, oxidized low‑density lipoprotein; ICAM‑1, intercellular adhesion molecule 1; 
VCAM‑1, vascular cell adhesion protein 1; eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; DMSO, dimethyl 
sulfoxide.
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examine whether felodipine was able to facilitate the produc-
tion and release of NO in HUVECs, the content of NO was 
assessed under various treatments. As presented in Fig. 4A, 
a dose‑dependent increase in NO level was observed in the 
culture medium following treatment with ox‑LDL for 24 h. 
However, in the presence of felodipine for 24  h, ox‑LDL 
(25 mg/l) increased NO production only at a concentration of 
1 µmol/l (Fig. 4B).

Felodipine suppresses the upregulation of ICAM‑1 and 
VCAM‑1 in ox‑LDL‑stimulated HUVECs. Ox‑LDL has been 
demonstrated to upregulate the levels of adhesion molecules, 

including ICAM‑1 and VCAM‑1, in HUVECs  (26). The 
present study aimed to identify the concentration of ox‑LDL 
that was able to cause HUVEC injury and upregulate the 
protein expression levels of adhesion molecules. In order to 
maintain consistency with the mRNA findings in the present 
study, 25 mg/l ox‑LDL was used in subsequent experiments. 
Treatment with 25 mg/l ox‑LDL increased the expression of 
ICAM‑1 and VCAM‑1 (Fig. 5A). It was further investigated 
whether felodipine was able to decrease the expression of 
ICAM‑1 and VCAM‑1, upregulated by ox‑LDL, in HUVECs. 
Treatment with 25  mg/l ox‑LDL increased the levels of 
ICAM‑1 and VCAM‑1 at 24 h, while felodipine (0.1 µmol/l) 
decreased the ox‑LDL‑increased ICAM‑1 and VCAM‑1 levels 
(P<0.05; Fig. 5B).

Discussion

Oxidative stress frequently results in alterations in a variety 
of functional responses in endothelial cells, which is consid-
ered to be important for the development of cardiovascular 
disease (27). Endothelial dysfunction influences the devel-
opment and stability of plaques, one of the most important 
pathological changes in atherosclerosis (28). Accumulating 

Figure 3. Effect of felodipine on adhesion of monocytes to HUVECs stimu-
lated by ox‑LDL. (A) HUVECs were treated with 25 mg/l ox‑LDL in the 
presence or absence of 0.1 µM felodipine for 24 h, followed by co‑incubation 
of U937 monocytes with HUVECs for 30 min at 37˚C (original magnifica-
tion, x200). (B) Adhesion assay analysis of the U937 monocyte adhesion to 
HUVECs. The data were calculated from three independent experiments. 
**P<0.01 vs. control; +P<0.05 vs. ox‑LDL only. HUVECs, human umbilical 
vein endothelial cells; ox‑LDL, oxidized low‑density lipoprotein; Fel, 
felodipine.

Table II. Effects of felodipine on the mRNA levels of ox‑LDL‑ 
induced ICAM‑1, VCAM‑1, eNOS and iNOS.

	 25 mg/l	
	 ox‑LDL	 0.1 µM Fel	 1 µM Fel	 10 µM Fel

ICAM‑1	 1.00	 0.46±0.12a	 0.55±0.46	 0.80±0.15
VCAM‑1	 1.00	 0.38±0.13a	 0.46±0.09	 0.71±0.14
eNOS	 1.00	 1.47±0.61	 1.93±0.58	 1.24±0.19
iNOS	 1.00	 0.28±0.14a	 0.59±0.21	 0.82±0.03

Data are expressed as 2‑ΔΔCq(mean). aP<0.05 vs. 25 mg/l ox‑LDL. 
ox‑LDL, oxidized low‑density lipoprotein; ICAM‑1, intercellular 
adhesion molecule 1; VCAM‑1, vascular cell adhesion protein 1; 
eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide 
synthase; Fel, felodipine.

Figure 4. Effect of felodipine on the ox‑LDL‑induced NO concentration in the 
culture medium. (A) Human umbilical vein endothelial cells were pretreated 
with ox‑LDL (6, 12.5 and 25 mg/l) for 24 h, and subsequently co‑incubated 
with ox‑LDL (25 mg/l) and felodipine for 24 h (B) The culture medium was 
collected for measuring the NO concentration. Each treatment was repeated 
in triplicate. *P<0.05, **P<0.01 vs. control; +P<0.05 vs. 25 mg/l ox‑LDL alone. 
NO, nitric oxide; ox‑LDL, oxidized low‑density lipoprotein.
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evidence obtained from clinical and scientific studies has 
demonstrated that CCBs are able to efficiently prevent athero-
genesis (29‑31). The present study investigated the hypothesis 
that the calcium antagonist felodipine may prevent lipid 
peroxidation, including LDL oxidation.

The oxidative stress triggered by ox‑LDL promotes apop-
totic signaling pathways, resulting in endothelial cell death. An 
increase in ROS synthesis is the earliest apoptosis‑associated 
event induced by ox‑LDL, and a number of subsequent down-
stream events are activated by secondary messengers (32). 
The results of the present study demonstrated that felodipine 
markedly diminished ox‑LDL‑induced ROS generation, indi-
cating that felodipine suppressed the activation of oxidative 
stress signal transduction. Increased intracellular oxidative 
stress is associated with abnormalities in Ca2+ signaling and 
disturbances in normal cell function, leading to cell death and 
toxicity (33).

ROS‑mediated perturbation of intracellular calcium 
homeostasis is an early event in cell injury (34). NO serves 
a role in numerous biological functions, including vasodila-
tion, leukocyte adhesion, platelet aggregation and insulin 

sensitivity (35). Suppression of NO generation and bioavail-
ability is implicated in the pathogenesis of atherosclerosis 
and metabolic syndrome (36). Studies on ApoE‑/‑ mice, which 
develop atherosclerotic lesions spontaneously following dele-
tion of eNOS, have demonstrated the importance of NO in the 
development of atherogenesis (37). Compared with ApoE‑/‑ 
mice, ApoE‑eNOS double‑knockout mice exhibit increased 
formation of atherosclerotic plaques (38). Transgenic mice 
overexpressing eNOS have been observed to exhibit a decrease 
in plasma cholesterol levels and blood pressure, and a 40% 
decrease in the formation of atherosclerotic lesions when 
compared with ApoE‑/‑ mice (39). In addition, ApoE‑iNOS 
double‑knockout mice exhibit decreased formation of athero-
sclerotic plaques when compared with ApoE‑/‑ mice  (40). 
These previous observations indicated that NO derived from 
eNOS may prevent atherosclerosis, while iNOS‑generated NO 
may increase lesions.

Previous studies have demonstrated that CCBs promote 
NO synthesis and improve endothelial function  (41‑43). 
Certain dihydropyridine drugs may increase NO release from 
cultured cells or non‑coronary arteries, possibly due to elevated 
eNOS activity or antioxidative effects (44,45). However, no 
CCB‑sensitive channel has been identified in endothelial cells 
and, therefore, the mechanism of action for CCBs remains 
elusive. A number of CCBs have been reported to increase 
eNOS protein expression (46), although amlodipine has been 
demonstrated to elevate NO production without altering the 
protein expression levels of eNOS (47). Yang et al (48) demon-
strated that pranidipine augments NO action in the cultured 
endothelial cells through suppression of superoxide‑triggered 
NO degradation, as supported by the finding that the drug 
upregulates superoxide dismutase. However, benidipine and 
nifedipine upregulate eNOS expression and NO production 
in cultured endothelial cells in murine models of obesity and 
type 2 diabetes (43,49).

In the present study, it was demonstrated that felodipine 
did not notably increase eNOS mRNA expression levels 
dose-dependently, which may be associated with the ox‑LDL 
concentration used, which was lower compared with other 
previous studies; therefore, intracellular Ca2+ was not able to 
stimulate the production of eNOS. A previous study reported 
that, in the process of ROS and NF‑κB activation, iNOS 
expression is elevated, which subsequently produces NO and 
causes tissue injury (50). NF‑κB is an important transcription 
factor that regulates the expression of inflammatory mediators, 
including iNOS, TNF‑α, and IL‑1β, which is considered to be 
the primary mechanism underlying ischemia‑associated brain 
injury (51). Suppression of iNOS expression and NO production 
has been observed to protect from ischemia‑associated injury 
in the brain (52). The data from the present study indicated 
that ox‑LDL increased iNOS mRNA and that treatment with 
felodipine led to a decrease in iNOS mRNA and augmented 
NO release. It may be hypothesized that protective NO was 
primarily generated from eNOS, and not iNOS mechanisms. 
The results of the present study provided evidence that felo-
dipine may exhibit beneficial effects by decreasing iNOS 
expression during the atherosclerotic process.

Inflammatory responses serve important roles in different 
stages of atherosclerosis, including initiation, thrombosis forma-
tion and the rupture of atherosclerotic plaques (53). Recruitment 

Figure 5. Effect of felodipine on the expression of ICAM‑1 and VCAM‑1 
in HUVECs stimulated by ox‑LDL. (A) Western blotting of ICAM‑1 and 
VCAM‑1 expression in HUVECs was performed. (B) Quantification of 
average expression of ICAM‑1 and VCAM‑1 expression in HUVECs. Data 
were derived from three independent experiments and are presented as a 
fold change vs. the control. *P<0.05 vs. control; #P<0.05 vs. ox‑LDL alone. 
ICAM‑1, intercellular adhesion molecule 1; VCAM‑1, vascular cells adhe-
sion molecule 1; HUVECs, human umbilical vein endothelial cells; ox‑LDL, 
oxidized low‑density lipoprotein; Fel, felodipine.
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of inflammatory cells is involved at the early stage of atheroscle-
rosis (54). Increased levels of ICAM‑1 and VCAM‑1 contribute 
to the initiation of early atherosclerosis, preferentially promoting 
monocyte adhesion (55). Therefore, inhibiting inflammation 
may prevent the further development of atherosclerosis at the 
early stages (56). The results of the present study demonstrated 
that ox‑LDL treatment upregulated the expression of ICAM‑1 
and VCAM‑1 in HUVECs, which was effectively reversed by 
felodipine. Additionally, ox‑LDL treatment promoted mono-
cytic adherence to HUVECs, which was inhibited by felodipine.

In conclusion, the results of the present study identified 
an anti‑atherosclerotic mechanism by which felodipine may 
prevent the progression of atherosclerosis and inhibit clinical 
events associated with coronary artery disease. The present 
findings additionally indicated that treatment with felodipine 
decreased the levels of intracellular ROS, restored the activity 
of NO, and suppressed the expression of adhesion molecules 
and monocyte adhesion. In conclusion, felodipine exhibits a 
direct protective effect on vascular endothelial cells, which 
may support its application for the treatment of atherosclerosis.
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