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Background: Elevated levels of low density lipoprotein (LDL), “bad cholesterol”, is not an

accurate indicator of coronary disease. About 75% of patients with heart attacks have

cholesterol levels that do not indicate a high risk for a cardiovascular event. LDL is

comprised of three subclasses, with particles of different size and density. We used nanome-

dical systems to elucidate the noxious effects of LDL subclasses on endothelium.

Experimental: Nanosensors were employed to measure the concentrations of nitric oxide

(NO) and peroxynitrite (ONOO−) stimulated by LDL subclasses in HUVECs. N-LDL and

ox-LDL (subclass A: 1.016–1.019 g/mL, subclass I: 1.024–1.029 g/mL, and subclass B:

1.034–1.053 g/mL) stimulated NO and ONOO− release. The concentrations ratio of (NO)/

(ONOO−) was used to evaluate the noxious effects of the subclasses on endothelium.

Results: In HUVECs, the (NO)/(ONOO−) ratio for normal endothelium is about 5, but shifts

to 2.7±0.4, 0.5±0.1, and 0.9±0.1 for subclasses A, B, and I, respectively. Ratios below 1.0

indicate an imbalance between NO and ONOO−, affecting endothelial function. LDL of 50%

B and 50% I produced the most severe imbalance (0.45±0.04), whereas LDL of 60% A, 20%

B, and 20% I had the most favorable balance of 5.66±0.69. Subclass B significantly elevated

the adhesion of molecules and monocytes. The noxious effect was significantly higher for

ox-LDL than n-LDL.

Conclusion: Subclass B of “bad cholesterol” is the most damaging to endothelial function

and can contribute to the development of atherosclerosis. Contrary to the current national

guidelines, this study suggests that it’s not the total LDL, rather it is the concentration of

subclass B in relation to subclasses A and/or I, that should be used for diagnosis of

atherosclerosis and the risk of heart attack. By utilizing specific pharmacological therapy

to address the concentration of subclass B, there is a potential to significantly reduce the risk

of heart attack and atherosclerosis.
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Introduction
Low density lipoprotein (LDL) transports fat molecules through the bloodstream.

Both native-LDL (n-LDL) and oxidized-LDL (ox-LDL) have been considered as

bad cholesterol because of an association with several cardiovascular diseases. Of

the large number of patients hospitalized with coronary artery disease, about half

are admitted with LDL levels below 100 mg/dL. In addition, 75% of all heart attack

patients have LDL levels that give no indication of cardiovascular risk.1 Though
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they are not homogenous, it has recently been suggested

that some of the subclasses of n-LDL and ox-LDL may

differently increase a cardiovascular risk.2–4 Clinical stu-

dies show that a high concentration of small dense LDL

particles correlated positively with cardiovascular events.5

There are three major subclasses of LDL with distinct

densities: n-LDL subclass A contains more of the larger

and less dense LDL particles (density of 1.025–1.034 g/

mL); an intermediate group, n-LDL subclass I has density

of 1.034–1.044 g/mL; and finally, n-LDL subclass B,

which has more smaller and denser LDL particles (density

of 1.044–1.060 g/mL).6–8 In clinical studies, Griffin et al9

found that the concentration of subclass B was high in

coronary artery disease patients, and it was associated with

a low concentration of high density lipoprotein (HDL)

cholesterol, suggesting that it may be used as a risk marker

for coronary artery disease. Although it’s possible that

subclass B particles carry the same cholesterol content as

subclass A particles, subclass B can be considered as a

higher risk factor for coronary heart disease (CHD) than

subclass A. This is not only because subclass B can

accelerate the growth of atheroma and the progression of

atherosclerosis, but it also causes much more severe car-

diovascular damage.8 The small and dense particles of

subclass B may penetrate the membrane of the endothe-

lium much easier, where they are more susceptible to be

oxidized than the larger less dense particles of subclass A.4

ox-LDL is known to further increase oxidative stress10 and

up-regulates the expression of adhesion molecules as com-

pared to n-LDL,11–13 and finally, accelerates the premature

development of atherosclerosis.14,15 Generally, endothelial

dysfunction is associated with increased levels of n-LDL

and ox-LDL and may trigger many forms of cardiovascu-

lar disease, such as atherosclerosis,16,17 peripheral artery

disease,18 hypertension,19 and coronary artery disease.14

The heterogeneity of LDL was first found by Lindgren

et al20 and then confirmed by other groups.9,21,22 It has

been shown that small and dense LDL is strongly asso-

ciated with increased cardiovascular risk.7,23,24 However,

the molecular effect of each of the different subclasses of

LDL on endothelium and its dysfunction has not yet been

investigated. Thus, the purpose of this study is to elucidate

the fundamental molecular mechanism of interactions of

different LDL fractions with the endothelium. We utilized

a nanomedical approach, employing nanosensors with a

diameter of <300 nm, to simultaneously measure, near-real

time, the concentration of nitric oxide (NO) and peroxyni-

trite (ONOO−) released from a single endothelial cell

exposed to each of the LDL subclasses (A, B, and I).

The ratio of cytoprotective NO concentration to cytotoxic

ONOO− concentration (NO)/(ONOO−) was used as a mar-

ker of oxidative stress and the dysfunction of endothelial

nitric oxide synthase (eNOS). We revealed that all n-LDL

and ox-LDL subclasses unfavorably shift the balance of

the (NO)/(ONOO−) ratio, imposing noxious effects such

as: elevated oxidative stress, a shortage of cytoprotective

NO, and the up-regulation of adhesion molecules in the

endothelium. However, one particular subclass (B) drama-

tically shifted (NO)/(ONOO−) balance to a very low level,

causing significant damage to endothelial function. It

seems that subclass B is an extremely bad component of

LDL – “the bad cholesterol”. Therefore, the relatively high

content/level of subclass B LDL in total cholesterol can be

a major determinant of potential risk for the cardiovascular

system. We suggest that, with further analysis, this relative

content of subclasses could be used as the best marker in

assessing the risk of LDL in the cardiovasculature.

Methods
Cell Culture
Human umbilical vein endothelial cells (HUVECs) and

human monocytoid cells (THP-1) were purchased from

American Type Culture Collection. HUVECs were cul-

tured as a monolayer in MCDB-131 Complete Medium

(VEC tech) at 37°C in a humidified atmosphere enriched

with 5% CO2. The THP-1 cells were cultured in RPMI-

1640 medium containing 10% FBS (ATCC), 100 U/mL

penicillin, and 100 U/mL streptomycin at 37°C in a humi-

dified atmosphere enriched with 5% CO2.

N-LDL Isolation, Oxidation, And Analysis
Normal human plasma (Innovative Research) was mixed

with 12% of OptiPrep density gradient medium (Sigma) at

the ratio (v:v) of 1 to 1. The mixture was loaded to the

centrifuge tube and placed in a NVT65 rotor (Beckman

Coulter), then centrifuged at 60,000 rpm (342,000 g) for

4 hours at 16°C in an Optima L-90K ultracentrifuge

(Beckman Coulter) set at slow acceleration and slow

deceleration. Samples were fractionated within 1 hour

after centrifugation. Fractions were collected from each

gradient by downward displacement using a syringe tip

piercing the bottom of the tube and pumped out. The

fractions were collected into Eppendorf tubes with

1.5 mL per fraction. The density and concentration of

each fraction were measured by using a refractometer

(ATAGO) and cholesterol assay kit (Invitrogen),
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respectively. Oxidized-LDL (ox-LDL) was prepared

according to a previously reported method.25 CuSO4 was

added to native LDL (n-LDL) with a final concentration of

10 µmol/L. Oxidation was carried out at room temperature

over 24 hours until oxidation was complete. The ox-LDL

was then placed in ultra-centrifuge tubes (Sigma-Aldrich,

Ultra-4, MWCO 30 kDa) and centrifuged at 3,000 rpm for

20 minutes to remove CuSO4. All of the LDL samples

were filtered and stored at 4°C.

Nanosensors For Measurement Of NO

And ONOO−

Concurrent measurements of NO and ONOO− were per-

formed with electrochemical nanosensors (diameter:

200–300 nm). The designs of nanosensors are based on

previously well-developed chemically modified carbon-

fiber technology.26–30 Each of those sensors was made by

depositing a sensing material on the tip of the carbon fiber.

A conductive film of polymeric nickel (II) tetrakis

(3-methoxy-4hydroxy-phenyl) porphyrinic was used for

the NO sensor and a polymeric film of Mn (III)–paracy-

clophanyl-porphyrin was used for the ONOO− sensor. NO

and ONOO− release from its basal level were measured by

using amperometry with time (detection limit of 1 nmol/L

and resolution time <50 ms). Each sensor was calibrated

by using linear calibration curves from 50 nmol/L to 1,000

nmol/L and/or standard addition methods before and after

measurements with aliquots of NO or ONOO− standard

solutions, respectively.

Determination Of N-LDL/ox-LDL

Stimulated NO And ONOO− Production

In Endothelial Cells
Endothelial cells were seeded to 24 well plates and cul-

tured in complete medium until a confluent monolayer

formed. Then the study was carried out as follows:

Endothelial cells were stimulated with direct injection of

n-LDL with different densities (subclass A: 1.016–1.019

g/mL, subclass I: 1.024–1.029 g/mL, and subclass B:

1.034–1.053 g/mL) and different concentration (50, 100,

250, 500, 750, 1000 µg/mL), and the release of NO/

ONOO− was measured by placing NO/ONOO− nanosen-

sors at a close proximity (5±2µm) from the surface of

endothelial cells and measuring the electrical current gen-

erated by these NO/ONOO− nanosensors. Endothelial cells

were also stimulated with direct injection of n-LDL with

different combinations of subclasses A, B, and I LDL

(800 µg/mL) as follows: (1) 60% A, 20% B, and 20% I;

(2) 20% A, 60% B, and 20% I; (3) 20% A, 20% B, and

60% I; (4) 50% A and 50% B; (5) 50% A and 50% I; (6)

50% B and 50% I; (7) 33% A, 38% B, and 29% I

(simulation of original constituent from general human

plasma), and the release of NO/ONOO− was also mea-

sured with nanosensors. Endothelial cells were pre-treated

with superoxide dismutase covalently linked to polyethy-

lene glycol (PEG-SOD, 400 U/mL, Sigma), L-arginine

(300 µmol/L, Sigma), a precursor of endothelial nitric

oxide synthase (eNOS) cofactor tetrahydrobiopterin

(sepiapterin, 200 µmol/L, Sigma), L-NG-arginine methyl

ester (L-NAME, 100 µmol/L, Sigma) as an inhibitor of

eNOS, and a selective nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase inhibitor (VAS2870, 10

µmol/L, Sigma) in endothelial basal medium (EBM) at

37ºC for 30 minutes. A control group was incubated in

EBM only. After incubation, endothelial cells were stimu-

lated with direct injection of subclasses A, B, and I (800

µg/mL), and the release of NO/ONOO− was measured

with nanosensors. Also, endothelial cells were stimulated

with direct injection of n-LDL/ox-LDL (800 µg/mL) and

the release of NO/ONOO− was measured in the same way

as described above. In separate experiments, the maximal

NO and ONOO− concentrations which could be produced

by HUVECs was measured after stimulation with

1.0 µmol/L calcium ionophore (A23187, Sigma).

Measurement Of Monocyte Adhesion To

HUVECs
Endothelial cells were seeded in 96 well plates with com-

plete medium until a confluent monolayer formed. THP-1

cells were cultured in RPMI medium 1640 containing 10%

FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at

37°C in a humidified atmosphere of 5% CO2. THP-1 cells

were pre-labeled with 2ʹ,7ʹ-bis-(2-carboxyethyl)-5-(and-6)-

carboxyl-fluorescein acetoxymethyl ester (BCECF-AM)

(Molecular Probes, Life Technology) for quantitative adhe-

sion assay. Fluorescence labeling of THP-1 cells was done

by incubating cells (5×106 cells/mL) with 5 μmol/L

BCECF-AM in RPMI-1640 medium for 30 minutes at

37°C and 5% CO2. After incubation, cells were washed

three times with PBS to remove excess dye. Cells were

then re-suspended in EBM at a density of 106 cells/mL.

Then the study was carried out as follows: confluent

HUVECs were incubated with constant concentration

(400 μg/mL) of n-LDL at 37°C for 5 hours. Then cells
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were washed with PBS twice to remove LDL. Fluorescently

labeled THP-1 cells were added to the surface of confluent

endothelial monolayer as 105/well and co-incubated at dif-

ferent time intervals (from 10 to 60 minutes); and then the

co-cultured cells were washed twice with PBS in order to

eliminate the non-adherent cells. The fluorescence intensity

of each well was measured by using a fluorescence multi-

well plate reader set at excitation and emission wavelengths

of 485 and 528 nmol/L, respectively. In addition, confluent

endothelial cells were incubated with LDL at a final con-

centration of 50, 100, 200, or 400 μg/mL at 37°C for

5 hours. Then cells were washed with PBS twice to remove

LDL. Fluorescently labeled THP-1 cells were added to the

surface of confluent endothelial monolayer as 105/well and

co-incubated at 37°C for 1 hour, then the co-cultured cells

were washed twice with PBS in order to eliminate the non-

adherent cells. The fluorescence intensity of each well was

measured in the same way as described above. In a set of

separate experiments, confluent endothelial cells were incu-

bated with n-LDL or ox-LDL (400 μg/mL) at 37°C for

5 hours. After that, cells were washed with PBS twice to

remove LDL and fluorescently labeled THP-1 cells were

added to the confluent endothelial monolayer (105/well) and

co-incubated at 37°C for 1 hour. The co-cultured cells were

then washed twice with PBS in order to eliminate the non-

adherent cells. The fluorescence intensity of each well was

measured in the same way as described above.

Measurements Of Adhesion Molecules
Cell ELISAwas used to measure the expression of adhesion

molecules. Endothelial cells were seeded in 96 well plates

with complete medium until a confluent monolayer formed.

Then cells were incubated with n-LDL/ox-LDL (400 μg/mL)

at 37°C for 5 hours. Control is EBMwith 3% iodixanol. After

stimulation with LDL, endothelial cells were washed with

phosphate buffered saline (PBS) twice and fixed with 4%

formaldehyde solution for 20 minutes at room temperature.

After fixation, HUVECs were washed twice with phosphate

buffered saline with tween 20 (PBST) and incubated with

blocking buffer (4% BSA in PBST) for 1 hour at room

temperature. The plate was washed three times with PBST

and primary monoclonal antibody against ICAM-1 and

VCAM-1 (Santa Cruz) diluted in PBST (0.5 µg/mL for

ICAM-1, and 2 µg/mL for VCAM-1) were added to the

cells at 4°C overnight. The plate was washed three times

with PBST and incubated with horseradish peroxidase-con-

jugated goat anti-mouse IgG (Santa Cruz) diluted at 1:1,000

in PBST for 1 hour at room temperature. The cells were

washed again three times, and 4,4ʹ-Bi-2,6-xylidine;4,4ʹ-

Diamino-3,3ʹ,5,5ʹ-tetramethylbiphenyl (TMB) solution was

added to each well and incubated at room temperature. After

then, 2M citric acid solution was added to each well. The

absorbance was measured at 450 nm wavelength in a micro-

plate reader. Each experiment was performed in six dupli-

cates and repeated at least three times.

Statistical Analysis
All data are expressed as means±SD. Unpaired Student’s

t-test was used to measure statistical differences. A

P-value less than 0.01 was considered statistically signifi-

cant. Data analysis was performed using Excel version

2013 (Microsoft, Seattle, WA). Asterisks in the figure are

represented as follows: *P<0.01.

Results
N-LDL Subclasses Stimulated NO And

ONOO− Release In Endothelial Cells
To determine the distinct effect of different subclasses

of n-LDL on NO and ONOO− release from HUVECs,

we measured the real-time production of NO and

ONOO− from endothelial cells with nanosensors. A

rapid release of NO/ONOO− was detected within 0.1

seconds after injection of n-LDL, and the maximal con-

centrations of NO and ONOO− were reached within 1.0

seconds (Figures 1A and B). The maximal concentra-

tions of NO and ONOO− released from endothelial cells

varied significantly among LDL subclasses A, B, and I.

Subclass A contains particles with larger size and is less

dense than subclass B; and produced the highest con-

centration of NO. Subclass B consists mainly of n-LDL

particles with smaller size and higher density and sti-

mulated the lowest concentration of NO. NO release

stimulated by the injection of subclass I is between

subclasses A and B. In contrast to NO production, sub-

class B stimulated the highest level of ONOO−, while

subclass A produced the lowest level of ONOO−

(Figure 2A). The highest (NO)/(ONOO−) ratio was

observed for A, while the lowest was observed for

subclass B. The ratio of NO concentration, (NO) to the

concentration of peroxynitrite, (ONOO−) was used to

reflect the balance/imbalance between cytoprotective

NO and cytotoxic ONOO−. A high (NO)/(ONOO−)

ratio indicates a high level of bioavailable, diffusible

NO and/or a low level of cytotoxic ONOO−

(Figure 2B). The highest (NO)/(ONOO−) ratio was

observed for A, while the lowest was observed for
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subclass B. Maximal (NO) and (ONOO−) is dose-depen-

dent (Figures 3A and B). The ratio of (NO)/(ONOO−)

maintained a low and narrow range of about 0.29–0.52

for subclass B (Figure 3C). For subclasses I and A,

ratios increased from 0.50 to 0.93 (plateau) for subclass

I and from about 1.37 to 2.66 for subclass A.

Apparently at very low LDL concentrations (about 50

μg/mL) the balance of (NO)/(ONOO−) is highly unfa-

vorable for the B and I subclasses. A plateau for (NO)/

(ONOO−) is established at about 100–150 μg/mL.

However, the level for this plateau is favorable (higher

than one) only for subclass A. For both subclasses I and

B, the (NO)/(ONOO−) plateau level is below one. Also,

at very low concentrations (around 50 µg/mL and lower)

the (NO)/(ONOO−) ratio is particularly low (below

0.50) and is an indicator of severe endothelial function.

Meaning at both high and low LDL, B, and I are

damaging and contribute to the dysfunction of

endothelium.

Effects Of The Combinations Of Different

N-LDL Subclasses On NO And ONOO−

Release
The experiment was carried out by stimulating cells with

a different combination of n-LDL subclass, seven combi-

nations were studied: (1) 60% A, 20% B, and 20% I; (2)

20% A, 60% B, and 20% I; (3) 20% A, 20% B, and 60%

I; (4) 50% A and 50% B; (5) 50% A and 50% I; (6) 50%

B and 50% I; and (7) 33% A, 38% B, and 29%. Our data

Figure 1 Amperograms (current calibrated as concentration vs time) of NO and

ONOO− release stimulated by LDL with different patterns on the surface of endothe-

lial cells. a) NO release from endothelial cells stimulated by LDL (Patterns A, B, and I,

1,000 µg/mL). b) ONOO− release from endothelial cells stimulated by LDL (Patterns

A, B, and I, 1,000 µg/mL). Arrows indicate LDL injection.

Figure 2 Maximal NO and ONOO− release from the surface of endothelial cells

stimulated by LDL with different patterns. a) Maximal NO and ONOO− release

from endothelial cells stimulated by LDL (Patterns A, B, and I, 1,000 µg/mL), solid

bar indicates NO and open bar indicates ONOO−. b) A ratio of maximal NO to

ONOO−. Data are expressed as mean±SD. Significance was determined using

Student’s t-test. *P<0.01 vs B.
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showed that group 1(60% A, 20% B, and 20% I) pro-

duced the lowest concentrations of ONOO− (77±8

nmol/L) and highest concentration of NO (436±28

nmol/L), while group 6 (50% B and 50% I) generated

the highest level of ONOO− (369±25 nmol/L) and lowest

level of NO (166±10 nmol/L). The ratio of (NO) to

(ONOO−) concentration was about 5.5 for (1), and

about 0.45 for (6) (Figure 4).

Effect Of Modulation In eNOS Pathway

On N-LDL Stimulates NO And ONOO−

Release
In order to elucidate kinetics and dynamics of LDL stimulated

of NO andONOO− production, we used different modulators

of eNOS. All reagents except L-NAME (eNOS inhibitor)

increased NO production after injection of subclasses A, B,

or I (Figure 5A). ONOO− production diminished in the pre-

sence of PEG-SOD, L-arginine, sepiapterin, L-NAME, and

VAS2870 in all standard subclasses (Figure 5B). With sub-

class A, the (NO)/(ONOO−) ratio remained above one for all

treatments. The ratio for subclass I was greater than one for

treatments with L-arginine, sepiapterin, and VAS2870, but

lower than one for PEG-SOD and L-NAME treatment

groups. Subclass B revealed a ratio that was below one for

all of treatments except for L-arginine (Figure 5C).

Differences Between N-LDL And Ox-

LDL Stimulated NO And ONOO−

Release In Endothelial Cells
We also investigated and compared the effects of different

subclasses of n-LDL with those of oxidized LDL (ox-LDL).

Ox-LDL stimulated NO release at a much lower level than

n-LDL, 267±11 vs 418±16 nmol/L for subclass A, 95±7 vs

152±10 nmol/L for subclass I, and 65±3 vs 85±3 nmol/L for

subclass B (Figure 6A). However, ox-LDL stimulated much

higher levels of ONOO− production than n-LDL, 145±6 vs

86±5 nmol/L for subclass A, 284±18 vs 208±13 nmol/L for

subclass I, and 432±18 vs 347±20 nmol/L for subclass B

(Figure 6B). Therefore, the ratio of (NO) to (ONOO−) is

1.84 vs 4.86, 0.33 vs 0.73, and 0.15 vs 0.24 (ox-LDL vs

n-LDL) for subclasses A, B, and I, respectively (Figure 6C).

Consequently, the deleterious effects of ox-LDL on

endothelial dysfunction is much more substantial than that

observed for n-LDL, especially in subclasses I and B.

N-LDL-Stimulated Cell Adhesion In

Endothelial Cells
To investigate the effect of different subclasses of n-LDL and

the expression of ICAM-1 and VCAM-1 on monocytes

adhesion to endothelial cells, fluorescently pre-labeled THP-

1 cells were used. Data showed that the adhesion of mono-

cytes to endothelial cells increased significantly. For sub-

classes I and A monocytes adhesion was similar, but less

extensive than that observed for subclass B (Figure 7). This

adhesion increased with time, and, after 60 minutes, the

Figure 3 Dose-dependent NO and ONOO− release from the surface of endothe-

lial cells stimulated by LDL. a) Production of NO stimulated by LDL with different

patterns (A, B, and I) and different concentrations (from 50 µg/mL to 1,000 µg/mL).

b) Production of ONOO− stimulated by LDL with different patterns (A, B, and I)

and different concentrations (from 50 µg/mL to 1,000 µg/mL). c) The ratio of NO

to ONOO−. Black triangle, white circle, and black dot indicate LDL injection of

pattern A, B, and I, respectively.
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Figure 4 NO and ONOO− release stimulated by LDL mixture with different combinations. a) NO and ONOO− production stimulated by LDL mixture (800 µg/mL). Solid

bar indicates NO and open bar indicates ONOO−. b) Ratio of NO to ONOO−. Data are expressed as mean±SD.
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differences of THP-1 cells adhesion among treatments with

all subclasses (A, B, and I) was most significant. The result

suggests that THP-1 cells adhesion is dose-dependent,

400 µg/mL LDL treatment stimulated the maximal mono-

cytes adhesion, while 50 µg/mL LDL treatment stimulated

the minimal adhesion. At the same concentration level,

n-LDL of different subclasses stimulated monocytes adhe-

sion differently, subclass B stimulated cell adhesion was the

highest, while subclass Awas the lowest MFI (Figure 7). Ox-

LDL subclasses A, I, and B stimulated more monocytes

adhesion than the n-LDL subclasses A, I, and B, by 21%,

63%, and 73%, respectively. Among different subclasses, ox-

LDL showed similar results with n-LDL. Subclass B trig-

gered the highest level of cell adhesion (4-fold increase from

control), while subclass A showed the lowest level of cell

adhesion (2-fold increase from control), and in between,

subclass I stimulated cell adhesion about 3-fold from control

(Figure 8). These patterns of change were similar for n-LDL

and ox-LDL.

To determine the effect of LDL with different subclasses

on ICAM-1 and VCAM-1 expression, endothelial cells were

incubated with basal medium containing 400 µg/mL n-LDL

or ox-LDL (subclasses A, B, and I) for 5 hours and the

expression of ICAM-1 and VCAM-1 was measured by cell

ELISA. Compared with control, ICAM-1 expression

increased by 55±11%, 74±14%, and 90±7% versus control

for LDL of subclasses A, I, and B, respectively. Ox-LDL

subclasses increased ICAM-1 expression nearly 20% more

than that observed in n-LDL (Figure 8). VCAM-1 expression

stimulated by ox-LDL increased by about 20%, 50%, and

90% of control for subclasses A, I, and B. Also, VCAM-1

expression was 6%, 23%, and 42% higher than that observed

n-LDL subclasses, respectively.

Discussion
This study has shown, for the first time, a distinct differ-

ence between three major subclasses of n-LDL and

ox-LDL in the process of their interactions with the

endothelium. The nanomedical approach employed here

shows, in situ, that after colliding with the membrane of

endothelial cells, subclasses A, B, and I of LDL can

trigger calcium flux, NO production and the subsequent

production of ONOO− by uncoupled eNOS in the mem-

brane of endothelial cells. . The maximal concentrations of

protective NO and cytotoxic ONOO− released differs sig-

nificantly between each of the subclasses and the relative

Figure 5 NO and ONOO− release from endothelial cells stimulated by LDL after

incubation with different treatments. Endothelial cells were incubated with control

EBM, PEG-SOD (400 U/mL), L-arginine (300 µM), sepiapterin (200 µM), L-NAME

(100 µM), and VAS2870 (10 µM) at 37ºC for 30 minutes. a) NO production

stimulated by LDL (Patterns A, B, and I, 800 µg/mL). b) ONOO− production

stimulated by LDL (Patterns A, B, and I, 800 µg/mL). c) Ratio of NO to ONOO−.

Data are expressed as mean±SD.
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content of each subclass. The deleterious effect on

endothelium is about 20% higher for subclasses of ox-

LDL than n-LDL.

We have successfully used the ratio of (NO)/(ONOO−) for

the precise measurement of eNOS uncoupling, endothelial

dysfunction, and nitroxidative stress levels (ONOO− vs pro-

tective NO).31 The nanoanalytical system that was applied

here allows the simultaneous measurements, in nmol/L, of

both NO and ONOO− at near real time (several microseconds)

in the femtoliter volume (about 10−15L) at a constant distance

of 5±2 µm from the surface of endothelial cells. The simulta-

neous measurement of NO and ONOO− allowed us to use the

ratio of the (NO)/(ONOO−) as the marker of a balance/imbal-

ance between those two molecules, dysfunction of endothe-

lium, and level of high oxidative stress. The production of NO

by eNOS is always accompanied by the generation of

ONOO−, which is the product of the reaction between super-

oxide (O2
−) andNO.31 This rapid, diffusion controlled reaction

between NO and O2
− in the biological system prevents the

overproduction of NO and/or O2
−. In normal, functional

endothelium, the maximal concentration of ONOO− is about

4–6 times lower than the maximal concentration of NO. The

half-life of ONOO− in the biological milieu is less that 1

second, much shorter than the t1/2 of NO (about 3–4 seconds).

At low concentrations, ONOO− molecules cannot diffuse any

significant distance and are rapidly converted to nontoxic

NO3
−. At a high (NO)/(ONOO−) ratio in a normal endothe-

lium, NO signaling, as well as anti-adhesion properties are

efficient, and the potential for cellular damage by ONOO−

(nitroxidative stress) is negligible. However, at high concen-

trations, the oxidative effect of ONOO− can be severe, espe-

cially at low levels of cytoprotective NO. At these high

concentrations, ONOO− can be protonated and can diffuse,

collide with biological molecules, and isomerize to initiate a

cascade of highly oxidative species – causing oxidative

damage to cells, enzymes, and DNA leading to endothelial

dysfunction, as well as hindered NO signaling and diminished

anti-adhesive properties.32,33

Figure 6 NO and ONOO− release stimulated by ox-LDL/n-LDL. a) NO production stimulated by ox-LDL/n-LDL (800 µg/mL). b) ONOO− production stimulated by ox-

LDL/n-LDL (800 µg/mL). c) Ratio of NO to ONOO−. Data are expressed as mean±SD. Significance was determined using Student’s t-test. *P<0.01 vs n-LDL.
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It has been well established by our studies and

others31,34,35 that at extensive NO production, the

dimeric form of eNOS became uncoupled and can pro-

duce concomitantly NO and O2
−, becoming an efficient

Figure 7 Monocyte adhesion and cell adhesion molecule expression stimulated by

n-LDL. a) Monocyte adhesion stimulated by subclass A, B, and I of n-LDL (400 µg/

mL) measured at different incubation time (from 10 to 60 minutes). b) Dose-

dependent monocyte adhesion stimulated by patterns A, B, and I of n-LDL (50,

100, 200, 400 µg/mL). Data are expressed as mean±SD. MFI indicates mean

fluorescence intensity. c) Effect of LDL with different patterns on the expression

of ICAM-1 and VCAM-1. Endothelial cells were incubated with LDL of patterns A,

B, and I (400 µg/mL) at 37ºC for 5 hours. After incubation, the cells were washed

with DPBS and fixed with 4% formaldehyde solution. ICAM-1 and VCAM-1 expres-

sion were determined by cell ELISA. Data are expressed as mean±SD. Solid bar

indicates ICAM-1, open bar indicates VCAM-1. OD indicates optical density.

Significance was determined using Student’s t-test. *P<0.01 vs control.

Figure 8 Monocyte adhesion and cell adhesion molecular expression stimulated by

n-LDL or ox-LDL. a) Monocyte adhesion stimulated by n-LDL or ox-LDL of

patterns A, B, and I (400 µg/mL). Data are expressed as mean±SD. MFI indicates

mean fluorescence intensity. b) Effect of n-LDL/ox-LDL with different patterns on

the expression of ICAM-1. Endothelial cells were incubated with n-LDL/ox-LDL of

patterns A, B, and I (400 µg/mL) at 37ºC for 5 hours. After incubation, the cells

were washed with DPBS and fixed with 4% formaldehyde solution. ICAM-1 and

VCAM-1 expression were determined by cell ELISA. c) Effect of n-LDL or ox-LDL

with different subclasses on the expression of VCAM-1. Data are expressed as

mean±SD. OD450 indicates optical density. Significance was determined using

Student’s t-test. *P<0.01 vs n-LDL.
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generator of ONOO−. With an increase in eNOS uncou-

pling and endothelial dysfunction, the efficiency of NO

signaling decreases exponentially, while the nitroxida-

tive damage to the endothelium increases significantly.

We found that with a (NO)/(ONOO−) ratio below 1, the

peroxynitrite starts to control the redox environment and

the protective anti-adhesion role and signaling of NO

are greatly diminished.

Using this particular criterion, we find a very signifi-

cant distinction between the molecular effects of sub-

classes A, B, and I of LDL with their interaction with

the endothelium. Subclass A produces a very mild effect in

its interaction with the endothelium, efficiently stimulating

small concentrations of ONOO−. This indicates that the

coupling status of eNOS and the efficiency in generating

superoxide is minimal. The (NO)/(ONOO−) balance is

shifted slightly to 2.66±0.43 for subclass A. Therefore,

the toxic effect of subclass A of both n-LDL and

ox-LDL is negligible. There is a further small decrease

in the (NO)/(ONOO−) ratio, to 0.93±0.12 for subclass I.

But we still have a relatively well-functioning endothe-

lium, because (NO)/(ONOO−) is about one.

Contrary to subclasses A and I, subclass B has a very

significant effect on the (NO)/(ONOO−) ratio and imbalance

between these two molecules. First, subclass B decreases

the (NO)/(ONOO−) ratio well below 1.0. Under these con-

ditions, the ONOO− becomes a dominating factor in con-

trolling a cytotoxic redox environment in and around

endothelial cells. Also, low production of bioavailable NO

hinders the rate of diffusion, decreasing the distance and

speed of NO signaling. The diminished role of NO in the

dysfunction of eNOS is accompanied by an exponential

increase in nitroxidative stress imposed by ONOO−.

The net result of action of LDL subclass B on the

endothelium is the decrease of NO stimulated vasorelaxa-

tion as well as an increase in the adhesion of LDL, plate-

lets, and leukocytes to the endothelium – all promoted by

ONOO−. We have demonstrated contrasting levels of the

(NO)/(ONOO−) ratio between subclasses A, B, and I of

LDL cholesterol. Among these three major subclasses, we

found that B imposes the most severe effect on eNOS and

endothelial function. The net effect of a mixture of LDL

subclasses A, B, and I has on the endothelium is additive,

and depends on the content of each of the subclasses. The

present study also shows the subclass-specific differences

in both n-LDL and ox-LDL. Subclass B of ox-LDL pro-

duced the lowest ratio of (NO)/(ONOO−) – about 20%

lower than that observed with n-LDL and the lowest

among all of the subclasses studied here. As expected, in

comparison to n-LDL, the effect of decreasing the (NO)/

(ONOO−) was observed for all ox-LDL subclasses.

Clinical studies suggest that elevated levels of LDL do

not correlate well with increases in cardiovascular risk,

however, as seen in the data presented here, evidence has

accumulated that a small and dense subclass of LDL may

be the key factor that is in strong association

with the development of atherosclerosis and other CVD

events.2–5,36–38 Understanding the role of distinct sub-

classes of LDL in triggering endothelial dysfunction as

well as the progress of atherosclerosis may facilitate

improving accuracy of diagnosis for the evaluation of

CVD risk rate. Our main purpose was to investigate the

role of LDL with different subclasses in induction of NO

and ONOO− imbalance in endothelial cells. In our study,

the densities of subclasses A, B, and I were a little lower

than those in a previous report.9 This is due to the ios-

osmotic iodixanol gradients we used for separation of LDL

subclasses. Protein molecules of LDL will keep water

inside to maintain their native hydrate status, rather than

loss of water in highly hyper-osmotic salt gradients, which

results in increasing density. The present study shows

subclass-specific differences in both n-LDL and ox-LDL

stimulated NO and ONOO− release from endothelial cells.

Our data suggest that subclass B can stimulate endothelial

cells to produce the highest level of ONOO− and the low-

est level of NO, resulting in an imbalance of the (NO)/

(ONOO−) ratio, which can lead to severe endothelial dys-

function and aggravate the oxidative stress in endothelial

cells. On the contrary, subclass A stimulated the lowest

level of ONOO− and the highest level of NO, keeping the

ratio of (NO)/(ONOO−) in balance, thus maintaining the

functionality of endothelium.

To investigate the effect of LDL with different consti-

tuents on stimulating NO and ONOO− release from

endothelial cells, we tried different mixture combinations

of LDL with subclasses A, B, and I. The most severe

combination of LDL consisted of 50% B and 50% I. We

may draw the conclusion that the constituents of LDL

mixture containing all of three subclasses is related with

the release of NO and ONOO−. A high percentage of

subclass B stimulated a high level of ONOO− and a low

level of NO; while a high percentage of subclass A stimu-

lated more NO production than ONOO−. Therefore, ana-

lyzing the constituents of LDL with different subclasses

may provide a parameter-based model for an early medical

diagnosis of estimating the risk of cardiovascular disease.
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Reagents which can modulate the L-arginine/NO path-

way, such as PEG-SOD, L-arginine, and sepiapterin, were

used in experiments to boost the level of bioavailable NO

and simultaneously limit the concentration of ONOO−,

thus favorably increasing the ratio of (NO)/(ONOO−).

NO is biosynthesized from L-arginine by eNOS, and

thereby as the substrate for NO production, increasing the

supplementation of L-arginine can partially restore the nor-

mal status of eNOS and balance of the (NO)/(ONOO−) ratio

by enhancing NO production. Our previous studies have

already showed that L-arginine treatment with endothelial

cells before LDL incubation can increase NO production

and decrease ONOO− generation.25 These results suggest

that sufficient supplementation of L-arginine coupled with

eNOS can partially restore normal activity of eNOS and

bioavailability of NO, therefore the synthesis pathway of

ONOO− is turned down at the presence of L-arginine,

leading to the reduction of ONOO− production.

Sepiapterin is a precursor of cNOS cofactor tetrahydro-

biopterin (BH4), which can convert to BH4 via salvage path-

way by sepiapterin reductase and dihydrofolate reductase,39

thereby it can help endothelial NOS maintain functional

status with catalytic activity and normal balance between

NO and ONOO− by increasing NO biosynthesis from

L-arginine. Our data suggest that uncoupling of NOS stimu-

lated by LDL subclasses can be inhibited or reversed by

supplementation of sepiapterin. By restoring the catalytic

function of NOS, endothelial cells in the sepiapterin treat-

ment group released a higher level of NO and a lower level of

ONOO− than the control group after direct injection of LDL

with subclasses A, I, and B. However, among all of LDL

subclasses’ injections, subclass A still stimulated the highest

level of NO and the lowest level of ONOO−, and on the

contrary, subclass B stimulated the lowest level of NO and

the highest level of ONOO−, suggesting that subclass B is

more severe than subclass A in the induction of NOS dys-

function and imbalance of the (NO)/(ONOO−) ratio.

As an L-arginine analog and nonspecific inhibitor of

cNOS, L-NAME can bind to the active site of cNOS to

block its catalytic activity, resulting in reducing the pro-

duction of both NO and ONOO−.40 However, this substrate

analog-mediated inhibition of NOS activity is reversible

with sufficient supplementation of L-arginine.41 It is very

interesting that some studies reported increased NOS

activity in low dose treatment of L-NAME, which may

upregulate NO production via feedback regulatory

mechanisms, as well as increase the expression level of

NOS.42–44 However, it does not mean that higher

bioavailability of NO is necessarily in association with

increased NOS expression and/or NOS activity. Due to

the fact that NO biosynthesis is determined by many

factors, for instance, the lack of cofactors needed for

NOS activation, oxidation and/or inactivation of BH4 and

the presence of highly reactive ROS can reduce NO

production.45,46

As the major product of NADPH oxidases and reactive

oxygen species (ROS), O2
− can oxidize NO to form ONOO−,

which contributes to bring oxidative stress to endothelium

and lead to endothelial dysfunction.46 VAS2870 not only

permeates cell membrane and inhibitsNADPHoxidase activ-

ity in a rapid and reversible way, but also repeals agonist-

stimulated ROS production and thereby provides protection

against oxidative stress generated by ROS.47–49 In this pre-

sent study, NO concentrationwas increased by 15–24%of the

control group, suggesting that this portion ofNOproduced by

endothelial cells is consumed by O2
− generated by NADPH

oxidase to formONOO−. Meanwhile, ONOO− concentration

was decreased by 20–27% of the control group, which was

consistent with the increase of NO production.

Among different subclasses of LDL, subclass B is the

most susceptible to be oxidized.3 Incubation with ox-LDL/

n-LDL can stimulate ONOO− release and inhibit NO pro-

duction from endothelial cells.25 However, the real-time

effect of ox-LDL with different subclasses during direct

injection to endothelial cells remains unclear. In this study,

our data show for the first time that injection with ox-LDL

stimulated less NO production and more ONOO− release

than n-LDL, suggesting that ox-LDL is more cytotoxic

than n-LDL in induction of endothelial dysfunction and

imbalance of the (NO)/(ONOO−) ratio, which may play an

important role in the pathogenesis of atherosclerosis.

Previous studies have shown that LDL can increase

monocyte adhesion to endothelial cells by enhancing the

expression level of ICAM-1 and/or VCAM-1.49–53 In this

work, we elucidated the effect of LDL with different sub-

classes on inducing ICAM-1/VCAM-1 expression and

monocyte adhesion to endothelial cells. We revealed that

LDL significantly up-regulated the expression level of

ICAM-1 and VCAM-1, leading to enhancement of monocyte

adhesion to endothelial cells. Our data also showed that

monocyte adhesion was positive correlated with the concen-

tration of LDL. Subclass B stimulated the highest level of

monocyte adhesion, while subclass A stimulated the lowest

level of adhesion at the same concentration of LDL incuba-

tion. Compared with the n-LDL treatment group, ox-LDL

can stimulate a higher level of ICAM-1 and VCAM-1
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expression, suggesting that ox-LDL is more likely to cause

monocyte adhesion on the surface of endothelial cells. Our

data from monocyte adhesion is consistent with the result of

ICAM-1 and VCAM-1 expression.

This study reveals that n-LDL and ox-LDL with

different density can differently alter NO and ONOO−

production, and the effect is dose-dependent in a nar-

row range of their concentrations. The decrease in

cytoprotective NO and the increase of cytotoxic

ONOO− suggests that subclass B uncouples eNOS

bioactivity more significantly than subclasses I and A,

causing severe dysfunction in endothelial cells. In

addition, subclass B not only stimulated higher expres-

sion of ICAM-1 and VCAM-1 than subclasses I and A,

but also stimulated maximal monocyte adhesion. Based

on data from this research, subclass B can cause more

serious damage to endothelial cells than subclasses A

and I, and the distribution of those three LDL sub-

classes in human blood may play a crucial role in the

pathology of cardiovascular diseases. It appears that

elevated levels of subclass B is the leading contribu-

tor/component of bad cholesterol.

Conclusion
Based on the studies presented here, one can conclude

that the concentration of subclass B, in relation to the

concentrations of subclasses I and A, may be a very

valuable tool in the early diagnosis of atherosclerosis

and the potential risk of heart attack. Our studies are

coherent with published clinical findings and can

explain why a correlation of total “bad” cholesterol

with a risk of heart attack is poor and dangerously

misleading (which is wrong in about 75% of cases).

National guidelines may seriously underestimate the

noxious effect of LDL cholesterol, especially in cases

where the content of subclass B in total LDL is high

(50% or higher).
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