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Abstract
Synopsis: Endothelial cell (EC) dysfunction is causally related to atherosclerosis and
may be associated with increased cardiovascular (CV) risk. Eicosapentaenoic acid
(EPA), an omega-3 fatty acid, and various HMG-CoA reductase inhibitors (statins),
have been shown separately to improve EC function; however, their combined
endothelial eﬀects have not been examined.
Objectives/Purpose: In this study, we tested the separate versus combined eﬀects of
EPA and statins on EC function under conditions of dyslipidemia in isolated human ECs.
Methods: Human umbilical vein endothelial cells (HUVECs) were incubated with
oxidized LDL (oxLDL) at 20 mg/dL for 20 min followed by treatment with EPA (10.0
μM) alone or in combination with rosuvastatin, atorvastatin, or atorvastatin active
hydroxyl metabolite (ATM) (each at 1.0 μM), versus vehicle, for 1 hr. The eﬀects of
these agents on nitric oxide (NO) and peroxynitrite (ONOO−) release were measured
with porphyrinic nanosensors following stimulation with calcium ionophore (1.0 μM).
Results: Exposure to oxLDL decreased HUVEC NO levels by 55% (386 ± 29 nM to 175 ±
31 nM) while increasing ONOO– release by 36% (205 ± 31 nM to 278 ± 28 nM) as
compared to untreated cells (p<0.001). In ECs exposed to oxLDL, treatment with EPA
alone increased NO release by 18% (208 ± 32 nM) and reduced ONOO– release by 16%
(203 ± 21 nM). The NO/ONOO− ratio, an indicator of normal EC function, was
increased by 41% with EPA treatment. The addition of statins separately increased the
ratio of NO/ONOO− in these cells by 21% (rosuvastatin), 33% (ATM) and 84%
(atorvastatin). The combination of EPA with the statins dramatically increased the
NO/ONOO− ratio by 201% (rosuvastatin), 276% (ATM) and 217% (atorvastatin) as
compared to vehicle. The increase in NO release with these treatments was not
associated with changes in eNOS mRNA levels or expression.

development of atherosclerosis than either agent separately.
Statins have been shown to improve endothelial-dependent NO
release through reductions in caveolin-1 levels as well as
enhanced eNOS expression.8,9 Atorvastatin and its active
metabolites provide additional antioxidant and endothelial
benefits due to their distinct physico-chemical properties.10-12
The separate versus combined eﬀects of EPA and statins on
endothelial function and NO metabolism are not understood
and this question serves as the basis for this study. As a
control, we also compared the eﬀects of EPA in combination
with VAS-2780, an NADPH oxidase inhibitor.

Objective
The goal of this study was to test the separate and combined
eﬀects of EPA, atorvastatin (Atorva), atorvastatin o-hydroxy
(active) metabolite (ATM), and rosuvastatin (Rosuva) on
endothelial function measured in human endothelial cells
exposed to oxidized LDL (oxLDL).

protein concentration to 30 mg/mL. LDL oxidation was
initiated with 20 μM CuSO4 and monitored spectrophotometrically (234 nm) over a period of 24 hours until complete.
The oxLDL was then dialyzed at 4°C with 4 L Tris buﬀer,
filtered with a 0.22 μm filter, and stored under nitrogen at 4°C.
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Figure 1. Cardiovascular risk factors, including diabetes, promote
endothelial dysfunction, which is characterized by an imbalance in NO
and ONOO– release due to increased eNOS uncoupling.

Eicosapentaenoic acid (EPA) is an omega-3 fatty acid (20:5; n-3)
that has been shown to have various biological eﬀects,
including anti-inflammatory, decreased platelet aggregation,
and lipid-lowering actions. In the Japan EPA Lipid Intervention
Study (JELIS), EPA was shown to be eﬀective in preventing
coronary artery disease in hypercholesterolemic patients
receiving statin treatment.6 In the MARINE and ANCHOR
trials, EPA was found to reduce triglyceride and
high-sensitivity C-reactive protein (hsCRP) levels without
significantly aﬀecting low-density lipoprotein cholesterol
(LDL-C) levels as compared to placebo.7
As hypertriglyceridemia is commonly associated with elevated
levels of LDL-C, patients are typically prescribed multiple
agents, especially statins. Combination treatment with EPA
and statins may provide more eﬀective protection against the
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Concurrent measurements of NO and ONOO– were performed
with tandem electrochemical nanosensors, as previously
described (Fig. 2).13,16

EPA + ATM
Potentiostat
HO

OH

Hypothesis

Human umbilical vein endothelial cells (HUVECs) were
purchased as proliferating cells from Clonetics, San Diego,
California. Female donors were healthy with no pregnancy or
prenatal complications. The cultured cells were incubated in
95% air/5% CO2 at 37°C and passaged by an enzymatic
(trypsin) procedure. The confluent cells (4 to 5 × 105 cells/35
mm dish) were placed with minimum essential medium
containing 3 mM l-arginine and 0.1 mM tetrahydrobiopterin
(BH4). Before experimental use, the cells (from second or third
passage) were rinsed twice with Tyrode-HEPES buﬀer with 1.8
mM CaCl2.13
cis-5,8,11,14,17-Eicosapentaenoic acid (EPA) was purchased
from Sigma-Aldrich (St. Louis, MO). Stock solutions were
prepared in ethanol under nitrogen atmosphere and stored at
–20°C. Atorva, ATM, and Rosuva were purchased from
Toronto Research Chemicals (North York, Ontario, Canada)
and solubilized in methanol to 1.0 mM. The calcium ionophore
(CaI), A23187, was purchased from Sigma-Aldrich and
prepared in aqueous buﬀer. VAS-2870 was purchased from
Enzo Life Sciences, Inc. (Farmingdale, NY) and solubilized in
DMSO at 1.0 mM. All test compounds were further diluted in
ethanol or aqueous buﬀer as needed.

LDL Isolation and Oxidation
Venous blood from healthy normolipidemic volunteers was
collected into Na-EDTA (1 mg/mL blood) vacuum tubes after a
12-hour fast. LDL (=1.020 to 1.063 g/mL) was separated from
freshly drawn plasma by preparative ultracentrifugation as
previously described.14 The LDL fraction was dialyzed for 96
hours against PBS containing 0.3 mM EDTA and stored at 4°C
until experimental use.
LDL was oxidized according to the methods of Huber et al.15
Briefly, the purified LDL fraction was dialyzed against
Tris/NaCl Buﬀer (50 mM Tris in 0.15 M NaCl, pH 8.0) to
remove EDTA. Additional buﬀer was added to adjust the
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We hypothesized that EPA reverses the eﬀects of oxLDL on
endothelial cell function, particularly when administered in
combination with statins.
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Separate and Combined Effects of EPA, Atorva, ATM,
and VAS2870 (VAS) on oxLDL-Induced Changes in
HUVEC NO and ONOO– Release

Interpretation

HUVECs were incubated with vehicle or oxLDL for 20 min
prior to treatment with EPA and/or statins. Cells were then
treated with vehicle or 10 μM EPA in the absence or presence of
Atorva, ATM, VAS-2870 or Rosuva (each at 1.0 μM) for 1 hr.
Endothelial basal media was used as vehicle for all treatments.
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Background
Endothelial cell (EC) dysfunction contributes to increased risk
for atherothrombotic disease and is characterized by reduced
nitric oxide (NO) bioavailability and increased production of
the cytotoxic peroxynitrite anion (ONOO–).1,2 EC dysfunction
has been observed in diabetes and is associated with other
cardiovascular risk factors (Fig. 1).3-5

Results

..

Conclusion: EPA and statins increased NO bioavailability in oxLDL-treated ECs in a
manner that was significantly enhanced by their combination. The eﬀects of the
EPA/statin combinations on NO bioavailability were further enhanced with an NADPH
oxidase inhibitor and independent of changes in eNOS expression. These favorable
interactions between EPA and statins may provide atheroprotection under conditions
of CV risk, beyond changes in lipid levels.
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Figure 5. Schematic summary of the
endothelial benefits of EPA and ATM as
determined in this study. Previous
structural data suggest that these
benefits are associated with the unique
membrane structural interactions of
both agents (inset).

Porphyrin Nanosensor
(Tip ≈ 0.5 µm)
Silver Epoxy
5 ± 2 µm

Conclusion

Carbon Fiber

Endothelial Cell

~ 7-8 µm

Figure 2. Schematic diagram of a NO/ONOO– nanosensor. The
nanosensor is positioned near the surface of an individual endothelial
cell using a computer-controlled microscope equipped with a CD
camera. The sensor is made by depositing a sensing material on the
tip of carbon fiber with a diameter of only 0.5 μm. The fiber is sealed
with nonconductive epoxy and electrically connected to wires (gold,
copper) with conductive silver epoxy. Conductive films of polymeric
Ni(II) tetrakis (3-methoxy-4-hydroxyphenyl) porphyrin and Mn(III) [2.2]
paracyclophanylporphyrin were used for the NO and ONOO– sensors,
respectively.

eNOS Measurement
Subunits of nitric oxide synthase (NOS3) were measured by
real-time quantitative PCR (qPCR) using an Applied
Biosystems StepOnePlus Real-Time PCR system. Beta actin
(ACTB) was quantitated and used as the housekeeping gene.

Calculations and Statistical Analyses
Data are presented as mean ± SD for (n) separate samples or
experiments. Diﬀerences between groups were analyzed using
the unpaired, two-tailed Student’s t-test (for comparisons
between only two groups) or ANOVA followed by
Student-Newman-Keuls multiple comparisons post hoc analysis
(for comparisons between three or more groups). Only
diﬀerences with probability values less than 0.05 were
considered significant.

Figure 3. NO and ONOO–, shown in panels A and B, respectively, were
measured from single endothelial cells immediately following acute
treatment with CaI. The NO/ONOO– release ratio (panel C) was calculated as
the arithmetic quotient of the separate NO and ONOO– measurements.
Values are mean ± S.D. (N = 3-8). *p<0.01 versus vehicle-only control;
†
p<0.05 versus oxLDL + vehicle; §p<0.05 versus oxLDL + EPA; ¶p<0.05 versus
oxLDL + ATM (Student-Newman-Keuls multiple comparisons test; overall
ANOVA—NO data: p<0.0001, F=14.177; ONOO– data: p<0.0001, F=6.610;
NO/ONOO– ratio data: p<0.0001, F=11.221).

Figure 4. NO, ONOO–, and the NO/ONOO– release ratio are shown in panels
A, B, and C, respectively. Values are mean ± S.D. (N = 3-8). *p<0.05 and
**p<0.01 versus vehicle-only control; †p<0.05 and ‡p<0.001 versus oxLDL +
vehicle; §p<0.05 versus oxLDL + EPA; ¶p<0.05 versus oxLDL + ATM
(Student-Newman-Keuls multiple comparisons test; overall ANOVA—NO
data: p<0.0001, F=23.084; ONOO– data: p<0.0001, F=6.498; NO/ONOO– ratio
data: p<0.0001, F=14.709).

Summary
EPA reversed endothelial dysfunction in HUVECs exposed to oxidized LDL. The eﬀects of EPA on endothelial function were
significantly and reproducibly enhanced in the presence of Atorva, ATM, and Rosuva as compared to oxLDL-treated controls.
The combination of EPA with statins or VAS-2870 contributed to an increase in the NO/ONOO− ratio by more than 2-fold
where the eﬀect of the combination was greater than the separate eﬀects of the statins or EPA.
In the case of rosuvastatin and ATM, the increase in the NO/ONOO− ratio with EPA was only significant when the compounds
were combined, as compared to their separate eﬀects.
The benefits of EPA and statins on eNOS function were independent of changes in eNOS expression (data not shown). These
findings indicate that the favorable eﬀects of the EPA/statin combinations were related to eNOS coupling eﬃciency.
The increase in NO release was much more pronounced for EPA with ATM as compared to the parent compound (Atorva).
ATM is also lipophilic and has a well-defined location in the membrane lipid bilayer, as directly determined by x-ray
diﬀraction approaches.17 The chain-breaking antioxidant mechanism for ATM is specifically attributed to its phenoxy moiety.17,18
By interfering with redox actions, EPA and statins like ATM may more eﬀectively reduce free radical generation as observed in this
study (Fig. 5)

The results of this study indicate that both EPA and statins have a
beneficial eﬀect on endothelial NO production while reducing
cytotoxic ONOO− levels. Both EPA and statins improve endothelial
function using complimentary pathways, including their ability to
(1) interfere with sources of reactive oxygen species (eNOS and
NADPH) or (2) enhance eNOS coupling eﬃciency due to restored
levels of essential co-factors. These data suggest that EPA and
statin combination treatment may provide atheroprotective
benefits by reducing oxidative stress and reversing endothelial
dysfunction.
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