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High levels of circulating lipoprotein constitute a risk factor for cardiovascular diseases, and in this context, the specific role of the
very-low-density lipoproteins (VLDL) is poorly understood. The response of human umbilical vein endothelial cells (HUVEC) to
VLDL exposure was studied, especially focusing on the pathways involved in alteration of redox homeostasis and nitric oxide (NO)
bioavailability. The results obtained by the analysis of the expression level of genes implicated in the NO metabolism and oxidative
stress response indicated a strong activation of inducible NO synthase (iNOS) upon 24 h exposure to VLDL, particularly if these
have been preventively oxidised. Simultaneously, both mRNA and protein expression of endothelial NO synthase (eNOS) were
decreased and its phosphorylation pattern, at the key residues Tyr495 and Ser1177, strongly suggested the occurrence of the
eNOS uncoupling. The results are consistent with the observed increased production of nitrites and nitrates (NOx), reactive
oxygen species (ROS), 3-nitrotyrosine (3-NT), and, at mitochondrial level, a deficit in mitochondrial O2 consumption.
Altogether, these data suggest that the VLDL, particularly if oxidised, when allowed to persist in contact with endothelial cells,
strongly alter NO bioavailability, affecting redox homeostasis and mitochondrial function.

1. Introduction

Atherosclerosis, one of the principal causes of morbidity and
mortality in occidental countries, is a disease affecting large
and medium-sized muscular arteries, characterised by endo-
thelial dysfunction and vascular inflammation [1–3]. Dyslipi-
daemia, and in particular, the increased concentration of
cholesterol esters and low-density lipoproteins (LDL) at the
arterial intima surface, has long been recognised as a major
proatherogenic factor [4] potentially more dangerous for
the vessels upon increasing the lipid oxidation level [5–8].
Not only the LDL but also the very-low-density lipoproteins

(VLDL), the physiological precursors of the LDL, might
share the responsibility of the onset and builds up of
the atherosclerotic plaques [9]. The implication in the
atherosclerotic lesion of VLDL can be indirect, since the
more elevated the VLDL concentration, the higher the LDL
accumulation, but also direct due to the straight molecular
interactions with the arterial cell components, membranes,
and receptors [10, 11].

Evidence has been collected suggesting that, as reported
for the LDL [5], also the oxidation of VLDL triggers a cascade
of proatherogenic and proinflammatory cell responses [12].
These include lipoprotein retention in the arterial wall and
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recruitment of macrophages at the vessel level; under these
conditions, foam cells are formed and eventually the athero-
sclerotic plaque builds up [13, 14].

Interestingly, while the role of LDL and their redox state in
the atherogenesis have been both intensively studied [15–18],
the experimental evidence supporting the direct involvement
of VLDL, native or oxidized, in the onset and development of
atherosclerosis is still limited.

Previous reports have shown an increased production
of reactive oxygen species (ROS) by mitochondria, accumu-
lation of mitochondrial DNA damage, and progressive
respiratory chain dysfunction associated with atherosclerosis
[19–23]. A growing body of evidence suggests that alterations
of the nitric oxide (NO) synthesis may be involved with this
disease [18, 24, 25].

As a gaseous cell messenger, NO regulates several path-
ways both in prokaryotes and in eukaryotes [18, 26–29],
including the modulation of cell energetic through the inter-
action with electron transport chain proteins [30–32]. Very
relevant to cardiovascular diseases, the NO generated by
endothelial cells plays a crucial role in the blood pressure
control via relaxation of the vessel muscular smooth muscle
cells [33].

Studies on knockout mice demonstrated that NO pro-
duced at low (nM) concentration by the constitutive NO
synthases (eNOS and nNOS) exerts vasculo-protective
effects, whereas higher NO concentration levels (μM), as
those synthesized by the inducible NOS (iNOS), are more
often associated with oxi/nitrosative stress of vessels and
tissues [34, 35].

Moreover, it has been observed that under condition
favoring oxidative stress and inflammation, the impairment
of the physiological activity of the eNOS may occur, leading
to the so called “uncoupling state” characterized by the
production of superoxide O2

−• instead of NO [36–38].
The present work was aimed at characterising the

response of vascular endothelial cells in culture to a time-
persistent (24 h) administration of VLDL as purified from
human blood sera (native), or oxidised, focusing on the NO
metabolism, the ROS production, and the changes of the
primary mitochondrial function [39]. Human umbilical vein
endothelial cells (HUVEC) have been taken as a model of
vascular endothelium, and within the simplification of a
monoculture, it allowed a detailed biochemical characterisa-
tion of eNOS biosynthesis and function, pointing to a key
role played by this enzyme in the early redox unbalance asso-
ciated to the onset of atherosclerosis.

2. Materials and Methods

2.1. Cell Culture. Human umbilical vein endothelial cells
(HUVEC, ATCC CRL-1730) were cultured on 0.2% (w/v)
gelatin-precoated flasks or multiwell plates (Falcon, BD
Biosciences, USA) and grown at 37°C, 5% CO2, 95% air in
F-12K medium containing 1.26 g/L glucose, 0.1mg/mL
heparin, 0.03mg/mL endothelial cell growth supplement
(ECGS), 10% fetal bovine serum (FBS), 100U/mL penicillin,
100μg/mL streptomycin, and 1.5 g/L sodium bicarbonate.

The day before the experiments, cells were depleted of
serum for 4 h and thereafter incubated in serum-free medium
for 24 h with native VLDL (n-VLDL) or oxidised VLDL
(ox-VLDL), at the concentration of 75 or 140μg protein
mL−1, the former assayed only in a subset of experiments.

Controls were carried out in the absence of VLDL, under
otherwise identical conditions. When necessary, HUVEC
were harvested by trypsinization and centrifugation (900×g)
and carefully suspended in the working medium, at suitable
density (see text). None of the treatments affected cellular via-
bility of HUVEC, as determined by cell counts, morphology,
and trypan blue exclusion analysis.

Cell lysis was performed by CelLytic™ MT Cell Lysis
Reagent (Sigma-Aldrich, USA) in the presence of the Protease
InhibitorCocktail (Sigma-Aldrich, USA); protein contentwas
determined according to bicinchoninic acid (BCA) assay
(Sigma-Aldrich, USA), and citrate synthase activity, con-
sidered as representative of the mitochondrial mass, was
measured as described [40].

2.2. VLDL Isolation and Ethics Statement. n-VLDL (density:
0.95–1.006 kg/L) were isolated from human sera by prepara-
tive ultracentrifugation following the procedure described by
Redgrave et al. [41]. Serum samples were collected from
typically 40–50 healthy volunteers of age comprised between
20 and 40 years (gender equally represented) after 12 h
fasting, in order to minimize the biological variability among
the preparations. The presence of chylomicrons in fresh sera
was eliminated centrifuging for 30min at 15,000 rpm. Then,
n-VLDL were obtained by ultracentrifugation at 105,000×g,
for 18 h at 15°C in a 1.006 kg/L density solution. After ultra-
centrifugation, the supernatant from the top of each tube
was carefully aspirated and pooled. n-VLDL were dialysed
against 0.25mM ethylenediaminetetraacetic acid (EDTA)
in phosphate-buffered saline (PBS), using a membrane
(molecular weight cut-off: 6–8 kDa) at 4°C overnight. All
VLDL preparations were filtered through a sterile 0.45μm
filter and, after the evaluation of protein concentration by
the BCA (~500μg/mL), were stored at −70°C until used.
The purity of isolated VLDL was checked on agarose gel
and sodium dodecyl sulphate polyacrylamide gel electropho-
resis (SDS-PAGE), staining with a lipid-specific dye (Sudan
Black B) and a protein-specific dye (Coomassie Blue R
250), respectively.

n-VLDL with high degree of purity were obtained as out-
come by its apolipoprotein composition determined by SDS-
PAGE (Supplementary Figure 1(a) available online at https://
doi.org/10.1155/2017/2697364) and characteristic mobility
(Supplementary Figure 1(b)) [42, 43]. Human sera were
collected anonymously by the Immunohematology Labora-
tory, Policlinico Umberto I, Sapienza Università di Roma.
The procedure described has been approved by the Ethics
Committee of SapienzaUniversity (Prot. number 3610-2015).

2.3. VLDLOxidation.VLDLoxidationwas carried out accord-
ing toGuha andGursky [44] usingCu2+ ions (CuSO4). Briefly,
a solution of purified n-VLDL, at the concentration
0.2–0.4mgmL−1 in EDTA-free PBS, was incubated with
CuSO4, 40μM for 6 h; the reaction was then stopped using

2 Oxidative Medicine and Cellular Longevity

https://doi.org/10.1155/2017/2697364
https://doi.org/10.1155/2017/2697364


1mM EDTA. Conjugated dienes and thiobarbituric acid-
reactive substances (TBARS)were quantified in order tomon-
itor lipid peroxidation [45, 46] (Supplementary Figure 1(c)
and (d), resp.).

2.4. Real-Time Polymerase Chain Reaction (PCR). After
HUVEC incubation, for 24 h, with n-VLDL or ox-VLDL
(140μgmL−1), total RNA was extracted using the Nucleo
Spin®RNAisolationkit (Macherey-Nagel,Germany), accord-
ing to the manufacturer’s instructions. Total RNA, 1μg, was
used for the reverse transcription reaction using RT2 First
Strand Kit (Qiagen, Germany). The cDNA obtained was
hybridised to the Human Nitric Oxide Signalling Pathway
RT2 Profiler PCR Array (Qiagen, Germany).

This array contains oligonucleotide primers matching 84
genes whose expression is controlled by or involved in the
signalling of NO, superoxide metabolism, and response to
oxidative stress (see Table 1). The array includes also genes
that are known to be induced or repressed by NO and whose
finding therefore can be used as indicator for the activation of
NO cell pathways.

2.5. Western Blot. After HUVEC treatments, cells (1× 106)
were lysed with CelLytic MT Reagent (Sigma-Aldrich, USA)
in the presence of Protease Inhibitor Cocktail (Sigma-Aldrich,
USA). The proteins were separated on 10% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred on nitrocellulose membranes (Whatman, GE
Healthcare, UK), 1 h at 100mA. After 2 h blocking (PBS with
0.1% Tween 20 and 3% BSA), the membranes were incubated
overnight at 4°C with primary mouse monoclonal anti-
phospho-Ser1177 and anti-phospho-Thr495 antibodies (BD
TransductionLaboratories, USA). Thereafter, themembranes
were stripped and reprobed for monoclonal purified mouse
anti-eNOS antibodies (BD Transduction Laboratories, USA);
α-tubulinwasused as the reference.The enhanced chemilumi-
nescence (ECL) Horseradish Peroxidase (HRP) anti-mouse
secondary antibody (Jackson, Baltimore, PA, USA) was incu-
bated 1 h at 25°C, and chemiluminescence was determined
(Amersham, GE Healthcare, UK). Densitometric analysis
was carried out by the ChemiDoc™ MP Image Analysis
Software (Bio-Rad, USA).

2.6. ROS Quantification. Cell ROS generation was assessed by
using the fluorescent probe 2′,7′-dichlorodihydrofluorescein
diacetate (DCFDA, Sigma-Aldrich, USA), with modifications
respect to the protocol generally adopted for adherent cells.

Briefly, HUVEC (70–75% confluent) were incubated with
VLDL for 24 h as already described, then trypsinized, and
pelleted at 900×g for 5min at 20°C. Cell pellets were resus-
pended in Hank’s buffer at the density 1× 105 cellsmL−1

and plated in 24-well (black) plates.
Immediately after the addition of 10μM DCFDA, the

relative fluorescence emission was followed kinetically at
520nm for 60min (VICTOR™Multilabel Counter, PerkinEl-
mer, USA). The value of ROS production is taken at 30min.

2.7. Nitrate/Nitrite Determination. The accumulation of
nitrate/nitrite (NOx) in the culture medium was assessed by

using the fluorescent probe 2,3-diaminonaphthalene (DAN)
(Fluorometric Assay Kit, Cayman Chemical, USA).

After 24 h incubation of HUVEC (~2.5× 105 cell/mL)
with n-VLDL or ox-VLDL, the culture supernatant was cen-
trifuged at 4°C, 1000×g for 10min and the NOx content was
measured by adding DAN according to the manufacturer’s
instructions and using a Fluorescence Plate Reader VICTOR
Multilabel Counter (PerkinElmer, USA).

2.8. 3-Nitrotyrosine Quantification. The level of 3-nitrotyro-
sine- (3-NT-)modified proteinswas used asmarker of protein
damage induced in HUVEC by peroxynitrite and quantified
using nitrotyrosine ELISA kit (Abcam ab113848, UK).

After treatments with n-VLDL or ox-VLDL at different
concentration (75, 140μg/mL), HUVEC were trypsinized,
pelleted at 500×g for 10min, and washed twice using
PBS buffer. Then, cells (~1× 106) were suspended in
sample extraction buffer and incubated on ice for 20min.
After centrifugation at 12,000×g 4°C for 20min, the 3-NT
levels were determined colorimetrically according to the
manufacturer’s instructions.

2.9. O2 Consumption Measurements.HUVEC incubated with
n-VLDL or ox-VLDL (140μg/mL) were harvested and resus-
pended in the oxygraph medium consisting of 3mM
MgCl2× 6 H2O, 10mM KH2PO4, 20mM HEPES, 1 g/L BSA,
110mM mannitol, 0.5mM EGTA, and pH 7.1. Cell density
and viability were determined by trypan blue exclusion test.
Respirationwas assayed as previously described [47, 48] using
a high-resolution respirometer (Oxygraph-2k; Oroboros
Instruments) equipped with two 1.5mL chambers with
thermostats; data were collected and analysed using the built
in software DatLab 4.

Cells (1× 106) were added to the oxygraph chamber
containing the medium, and the system let equilibrate for
5min. Cell plasma membrane was permeabilised to reducing
substrates and effectors with digitonin (see text). The optimal
digitonin concentration, 2.7μg/mL, and the incubation time,
10 minutes, were fixed according to [49].

The contribution to cell respiration of any respiratory
complex was evaluated according to Kuznetsov et al. with
minor modifications [50]. Briefly, 10min after the addition
of digitonin, 8.8mM pyruvate and 4.4mM malate were
added and the resting complex I-supported respiration was
recorded (state 4); ADP, 2mM, was then added to induce
the maximal mitochondrial respiration (state 3), followed
by rotenone, 0.5μM, to specifically inhibit complex I; succi-
nate, 10mM, was added to induce complex II-supported res-
piration, and antimycin, 5μM, was added to inhibit complex
III; finally, complex IV-dependent respiration was activated
by 2mM ascorbate and 0.5mM N,N,N′,N′-tetramethyl-p-
phenylenediamine (TMPD).

2.10. Citrate Synthase. HUVEC were harvested (1× 106),
lysed, and centrifuged at 13,000×g for 10min. Cell lysates
were assayed for citrate synthase activity [40] and for total
protein content. HUVEC, used as controls or after incuba-
tion with n-VLDL or ox-VLDL, displayed the same
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protein content (~0.2mg/mL) and citrate synthase activity
(~0.18μmol/min/1× 106 cells) (not shown).

2.11. Statistical Analysis. Data are the mean± standard
deviation (SD) of at least three independent biological exper-
iments (as specified in the figure legends), each repeated in
three technical replicates. For statistical analysis, one-way
analysis of variance (ANOVA), followed by Bonferroni-
Holm post hoc test, was used for multiple comparisons.
P values indicated in figures were considered statistically
significant by ANOVA. In Table 1, the P values for all genes
are shown; when followed by ∗, P values were considered
significant by ANOVA.

3. Results

The transcriptional activity of HUVEC exposed to 140μg/mL
n-VLDL or ox-VLDL was investigated by targeting genes
related to NO metabolism and to oxidative stress. The genes
included in the screening have been grouped in functional
classes (Table 1), and the mRNA production of each gene
has been reported as the relative to that of untreated cells
(see Materials and Methods).

3.1. eNOS and iNOS Genes. As shown in Figures 1(a) and
1(b) following cell incubation with n-VLDL, the eNOS
mRNA expression is slightly downregulated by ~0.25-fold,
whereas the iNOS is upregulated by ~2.5-fold. When cells
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Figure 1: Gene expression changes induced byVLDL.HUVECwere incubated 24 hwith n-VLDL (grey) or ox-VLDL (black), both 140μg/mL.
cDNA were assayed by RT-PCR (Human Nitric Oxide Signalling Pathway RT2 Profiler PCR Array). The relative expression of the genes of
interest is shown. (a) Endothelial nitric oxide synthase (eNOS). (b) Inducible nitric oxide synthase (iNOS). (c) Genes involved in the
regulation of eNOS activity. (i) HSP90AB1: heat shock protein 90 kDa α (cytosolic), class B member 1; (ii) GLA: galactosidase α; (iii) GCH1:
GTP cyclohydrolase 1; (iv) GCHFR: GTP cyclohydrolase I feedback regulator; (v) DDAH2: dimethylarginine dimethylaminohydrolase 2; (vi)
ARG2: arginase, type II. (d) Genes induced by nitric oxide and involved in superoxide metabolism/oxidative stress response. (i) IL8:
interleukin 8; (ii) VEGFA: vascular endothelial growth factor A; (iii) SOD1: superoxide dismutase 1, soluble; (iv) SOD2: superoxide
dismutase 2, mitochondrial; (v) NCF2: neutrophil cytosolic factor 2; (vi) NQO1: NAD(P)H dehydrogenase, quinone 1; (vii) ALOX12:
arachidonate 12-lipoxygenase, 12S type. Relative expression calculated after β-actin normalisation versus control cells. Data± SD; n. of
biological experiments = 3. P values were considered statistically significant by ANOVA.
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were exposed to ox-VLDL, the eNOS mRNA expression was
more clearly downregulated (~0.4-fold) while the iNOS
increased largely by approximately 15-fold.

3.2. Other NO-Related Genes. This group includes genes
involved in the stability and functional regulation of the
NOS enzyme. Following cell incubation with ox-VLDL, the
HSP90AB1, GLA, GCH1, and ARG2 genes are upregulated,
whereas the DDAH2 and the GCHFR genes are downregu-
lated (see Figure 1(c)).

Changes of the expression levels of this selection of
genes are very small when induced by n-VLDL, varying
by a larger extent if VLDL were preliminarily oxidised
(see Table 1).

3.3. Inflammation-Related Genes. Along with the iNOS
mRNA, also the VEGFA-, IL8-, and ALOX12-encoding
genes are upregulated by ox-VLDL, pointing to the activation
of inflammation pathways (Figure 1(d)). The expression of
endothelial genes involved in the NADPH oxidase biosyn-
thesis and function, namely, the NCF2 and NQO1, also
appears upregulated together with the SOD1 and SOD2
mRNA, the latter increased by ~1.8-fold (see Table 1 and
Figure 1(d)). In this frame, the 24 h cell incubation with
n-VLDL is clearly less effective.

3.4. eNOS Expression and Uncoupling. The protein expres-
sion of eNOS was determined by Western blot analysis in
HUVEC incubated with n-VLDL or ox-VLDL. For the
analysis, primary antibodies against eNOS, or specifically
recognising Thr495- or Ser1177-phosphorylated eNOS, were
used. Consistent with the data shown in Figure 1, the
exposure to n-VLDL leads to a ~20% decrease of the eNOS
protein detected regardless to the lipoprotein concentration
used, namely, 75 and 140μgmL−1. The exposure to ox-
VLDL, at the same concentrations, induces, respectively,
a~30%and~40%decrease of protein expression (Figure 2(a)).

The results of Western blot carried out with primary
antibodies directed against phosphorylated eNOS indicated
differences in phosphorylation at the level of key regulatory
sites, Ser1177 and Thr495, upon varying VLDL redox state
and concentration. In Figure 2(b), the results were reported
as the ratio of phosphorylated eNOS (at Ser1177 or
Thr495) over total eNOS (%). Control cells exhibited a
~60% phosphorylation at Ser1177 (P-Ser1177), and incuba-
tion with n-VLDL (both 75 and 140μgmL−1) did not induce
significant changes. Nevertheless, the amount of P-Ser1177
decreased significantly to ~30%–40% of the total eNOS,
when cells were incubated with ox-VLDL (Figure 2(b)).
Somewhat symmetrically, Thr495 (P-Thr495) is ~40% phos-
phorylated in the controls, reaching ~60% phosphorylation
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Figure 2: eNOS protein expression and evaluation of uncoupling in response to VLDL by Western blot. HUVEC were incubated 24 h with
(75 and 140μg/mL) n-VLDL or ox-VLDL and then assayed by Western blot with anti-eNOS antibodies (see Materials and Methods).
(a) Levels of eNOS protein after n-VLDL or ox-VLDL treatment. Densitometric values are shown as fold change versus the eNOS
protein expressed by control cells. Data± SD, n. of biological experiments = 8. P values were considered statistically significant by ANOVA.
Inset: Western blot pattern of eNOS after 24 h incubation with n-VLDL or ox-VLDL; α-tubulin as reference (α-tub). (b) Phosphorylation
of eNOS at Ser-1177 and Thr-495 in response to n-VLDL or ox-VLDL (see Materials and Methods). Data± SD, n. of biological
experiments = 4. P values were considered statistically significant by ANOVA. Inset: Western blot pattern of eNOS (P-S1177) and eNOS
(P-T495) after 24 h incubation with n-VLDL or ox-VLDL.
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upon incubation with n-VLDL, regardless to their concentra-
tion, in the limited range explored. At the highest ox-VLDL
concentration, up to ~90% threonin was phosphorylated
(Figure 2(b)).

3.5. Nitrite/Nitrate, Reactive Oxygen Species, and 3-Nitrotyrosine.
The accumulation of nitrite/nitrate (NOx), the production of
ROS, and the concentration level of 3-NT were measured after
24h incubation with VLDL. As shown in Figure 3(a),
~20nmoles NOx was produced by 106 control cells in 24h.
Incubation with VLDL resulted in the increase of NOx
production, as a function of VLDL concentration and oxidation
state. 75μg/mL and 140μg/mL ox-VLDL resulted in the highest
NOx increase, respectively, by 1.5- and 2-fold with respect to
controls. The production of ROS was also measured under
similar conditions. As shown in Figure 3(b), the ROS level
rises during the 24h incubation, with increasing the concen-
tration of VLDL, and more markedly if these are oxidised;
the larger effect is observed at the highest ox-VLDL
concentration. A comparable trend is observed when mon-
itoring the level of 3-nitrotyrosine protein modification;
this last finding, particularly, suggests a correlation between
the persistence in the HUVEC environment of ox-VLDL
and formation of the short-lived detrimental peroxynitrite
(Figure 3(c)).

3.6. HUVEC Respiration. The O2 consumption of HUVEC
following treatment with n-VLDL or ox-VLDL was
measured oxigraphically. Measurements were carried out
under different experimental conditions, such as using
intact or digitonin-permeabilised cells in the presence or

absence of specific mitochondrial substrates and respira-
tory chain inhibitors.

Typical traces are reported in Figure 4(a), where HUVEC
untreated or incubated with n-VLDL or ox-VLDL, both
140μgmL−1, were allowed to consume O2 in the presence
and absence of selective activators or inhibitors of specific
respiratory chain complexes [49, 50]. The basal rates of O2
consumption have been measured and reported under all
conditions (see Figure 4(b)). As shown in the figure, the incu-
bation with n-VLDL induces a ~21% decrease of the O2
consumption, from ~85pmoles O2 s

−1 to ~67 pmoles O2 s
−1.

Moreover, the rate of respiration decreases, instead down
to ~59% of the initial value, if incubation is carried out
with ox-VLDL.

The depression of O2 consumption appears slightly more
evident in the presence of rotenone and succinate, inhibit-
ing complex I and activating complex II, respectively
(Figure 4(b)). The basal respiratory control ratio, RCR,
was also affected by the VLDL incubation; it decreased
from 1.74 to 1.50 and 1.40, upon treatment with n-VLDL
and ox-VLDL, respectively (see Figure 4(c)).

4. Discussion

The endothelium of vessels exposed to oxidative stress
displays an altered availability of reactive oxygen and
nitrogen species (RONS) that may result in disturbance of
mitochondrial function and unbalancing of cell physiologi-
cal signalling, aspects in which NO is known to play a
crucial role [31, 51–54].
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Figure 3: Oxidative and nitrosative stress driven in HUVEC by VLDL. Assays were carried out following 24 h incubation of HUVEC
with n-VLDL or ox-VLDL (75 and 140μg/mL). (a) Nitrite-Nitrate (NOx) accumulation. NOx accumulation (24 h) was quantified in the cell
supernatant downstream treatments by 2,3-diaminonaphthalene (DAN) as described in the Materials and Methods section. Data± SD; n. of
biological experiments = 5. P values were considered statistically significant by ANOVA. (b) Reactive oxygen species (ROS) production.
Intracellular ROS levels were measured in VLDL-treated and VLDL-untreated EC in the presence of 2,7-dichlorodihydrofluorescein
diacetate (DCFDA) (see Materials and Methods). The DCFDA fluorescence was followed kinetically and the values taken at 30min. Data are
shown as percentage of ROS amount detected in untreated cells and normalised for protein content. Data are the means± SD; n. of biological
experiments = 6. P values were considered statistically significant by ANOVA. (c) 3-Nitrotyrosine (3-NT) determination. The 3-NT content
was measured by nitrotyrosine competitive ELISA (see Materials and Methods) in VLDL-treated and VLDL-untreated cells (lysate). Data
values are the means± SD; n. of biological experiments = 5. P values were considered statistically significant by ANOVA.
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Bioavailability of NO at cell level depends on the activity
of the NOS isoforms, so that physiological pathways ascrib-
able to eNOS activity are featured by a limited (nM) amount
of NO, whereas higher NO concentrations (μM) resulting
from the activation of iNOS are responsible for structural
modifications such as membrane lipid peroxydation and
protein nitrosation. These modifications are associated to
the onset and maintenance of severe inflammatory states,
including atherosclerosis [34, 55, 56].

In this study, human umbilical vein endothelial cells
(HUVEC) have been used as a model system to investigate
the endothelium response to a persistent VLDL exposure.

The incubation time and the VLDL concentrations were
chosen so to set a mild though clear dyslipidemic condition
of pathophysiological relevance. Within the experimental
limits of cells in culture mimicking endothelium microenvi-
ronment, cells were allowed to face for 24 h about twice as
much the physiological blood concentration of VLDL
(140μg/mL), as prepared (native) or oxidized. The experi-
mental design was such to investigate the role of VLDL in
inducing nitro-oxidation of endothelium-like cells.

The analysis of NOS expression suggested the activation
of a regulative antagonistic cross talk among the two NOS
isoforms (eNOS and iNOS), so that the upregulation of the
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Figure 4: Evaluation of mitochondrial OXPHOS in response to VLDL treatment by O2 consumption measurements. (a) O2 consumption
profiles. The oxygen consumption was monitored in 1× 106 HUVEC after 24 h incubation under the conditions indicated; thin line:
control cells (1); grey line: 140 μgmL−1 n-VLDL (2); bold line: 140μgmL−1 ox-VLDL (3). Digitonin (Dig) was used to permeabilise cells.
Substrates/inhibitors added along the trace: pyruvate and malate (Pyr/Mal); adenosine diphosphate (ADP); rotenone (Rot); succinate
(Suc); antimycin A (Ant A); ascorbate and N,N,N′,N′-tetrametil-p-fenilendiammina (Asc/TMPD). (b) O2 consumption rates. Respiration
rate values measured in VLDL-treated HUVEC after each addition step (of substrate/inhibitor). Data values are the means± SD; n. of
biological experiments = 3. P values were considered statistically significant by ANOVA. (c) Respiratory control ratio (RCR). The values of
RCR were obtained as the ratio between the O2 consumption rate measured in the presence of saturating [ADP] (state 3) and in its absence
(state 4). Data values are the means± SD; n. of biological experiments = 3. P values were considered statistically significant by ANOVA.
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iNOS mRNA was accompanied, under comparable condi-
tions, by a significant downregulation of the eNOS.

The iNOS activation is fully consistent with the increased
production of NOx independently detected in the culture
medium, suggesting a pathway of NO production which
escapes the eNOS control. Furthermore, the increased
production of ROS and 3-nitrotyrosine herein reported is
consistent with the evidence of peroxynitrite formation
compatible with a cogent inflammatory state of the cells [34].

The whole framework is also coherent with the upregula-
tion of IL8 and VEGFA, genes involved in NO production
and cell inflammatory response [57] and with the increased
expression of NCF2 and NQO1 factors related to the
NADPH oxidase function and biosynthesis [58, 59].

Consistently with the setting of an inflammatory state,
the lowered eNOS synthesis induced by VLDL in HUVEC
may imply an alteration of the physiological vasodilatory
function relying on nanomolar NO fluxes. It is worth to
notice that the eNOS is not only downregulated, according
to both the mRNA and protein expression changes: based
on the detected eNOS phosphorylation pattern (by target-
ing phospho-Ser1177 and phospho-Thr495), the enzyme
appears also largely uncoupled hence supporting the
production of superoxide ion [60–62].

The relevance of the proposed involvement of VLDL in
the biosynthetic and functional regulation of eNOS was sup-
ported by changes found, over the same time scale, on the
regulation of genes involved to NOS stability and function
[63, 64]. The decreased expression of DDAH2, scavenger of
an eNOS inhibitor (ADMA) [65], as well as the upregulation
of ARG2, responsible for the depletion of arginine, were all

elements pointing to the impairment of the physiological
production of NO.

Interestingly, and somehow discordant with the above
findings, some differences in the expression of other
genes from the same array, as the modest upregulation
of HSP90, involved in maintaining the dimeric structure
of eNOS [66] and of GLA, responsible for degradation
of the eNOS uncoupler Gb3 [67], seemed to point out
the activation of compensatory pathways possibly aimed
to the preservation of the eNOS function. Furthermore,
the upregulation of the enzyme GCH1, involved in BH4
biosynthesis, combined to the downregulation of its feedback
regulator GCHFR, suggests that under conditions in which
BH4 oxidation is feasible, such as under oxidising conditions,
signals enhancing BH4 bioavailability may be activated by
endothelial cells, aimed at preventing or possibly reverting
eNOS uncoupling [38, 68].

It is interesting to underline that upon VLDL treatment,
the observed increase in ROS concentration follows a trend
fully consistent with the progress of eNOS uncoupling,
detected by Western blot. A peak in ROS concentration was
found after 140μg/mL ox-VLDL administration, a condition
matching that responsible for the ultimate eNOS uncoupling
(lowest phospho-Ser1177, highest phospho-Thr495).

It may be also interesting to point out that the increased
production of superoxide goes along with amild upregulation
of SOD1 and SOD2 mRNAs (Figure 1(d)), thus suggesting a
cell attempt to tempering ROS rise.

Beside NO, ROS are also involved in the maintenance of
physiological vascular homeostasis, through a tight control
exerted by healthy endothelial cells.
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Figure 5: ox-VLDL-dependent EC dysfunction: schematic representation of the eNOS and iNOS involvement. The activity of eNOS (yellow)
and iNOS (red) dimers are sketched. The coupled (native) eNOS is featured by the utilisation of substrates such as L-Arg and O2 and
production of NO, in the presence of the cofactor calmodulin (CAM) and under condition of Ser1177 phosphorylation, promoting
activity (white cell background). ox-VLDL triggers eNOS phosphorylation at residue Thr495, with dephosphorylation of Ser1177: under
these conditions, the eNOS is uncoupled (U-eNOS) and results in the generation of O2

−•. In parallel, high level of iNOS biosynthesis
occurs, leading to increased ROS and RNS production and resulting in the down-modulation of mitochondrial function (gray background).
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The setting of prooxidative conditions was shown to
result in increased ROS production, associated with the
activation of signals promoting oxidative damage [22, 69].

Hence, the VLDL-induced cell redox changes are charac-
terised by the concurrent synthesis of NO by the iNOS and
of O2

−• by the uncoupled eNOS. These two evidences are
fully compatible with the observed production of the highly
reactive species peroxynitrite, probed by the increased
tyrosine nitration.

Ox-VLDL treatment appears to be the conditionnecessary
and sufficient to determine peroxynitrite formation, as the
increase of 3-NT was found significant already at 75μg/mL,
compared to control cells; this may suggest a specific interac-
tion of ox-VLDL with the scavenger receptors. As already
reported for ox-LDL, this class of cell surface receptors may
specifically recognise oxidised lipoproteins, thus activating
typical inflammatory cell response [70, 71].

The whole picture appears consistent with the onset
and/or maintenance of a nitrosative stress in endothelial cells
undergoing VLDL treatments; within this frame, the deter-
mination of the functional state of mitochondria is relevant
to define the level of cell dysfunction.

VLDL induced a functional decrease (mild if native,
more evident if oxidised) of mitochondrial respiration. The
mitochondrial respiratory control ratio (RCR) also followed
a similar trend. The respiratory chain activity, evaluated at
the level of the specific mitochondrial complexes, showed
a decrease of the electron transfer efficiency (~20%),
detected almost uniformly along the chain, apparently just
slightly more at the level of complex II (~50% inhibition
by ox-VLDL).

As the observed impairment on mitochondrial respira-
tion may not be unequivocally attributed to a specific respira-
tory complex, it appears feasible to envisage that the oxi/
nitrosative stress induced by VLDL may determine relevant
modification of mitochondrial proteins, such as protein
nitrosation, causing an interference with the electron transfer
process. The persistency of these conditions would bring
to supercomplex disaggregation and alteration of the mito-
chondrial proteolipid arrangement.

5. Conclusions

From these experiments, we can propose that 24 h incubation
of HUVEC with native and oxidised VLDL triggers a signal-
ling leading to iNOS activation and eNOS uncoupling.

These events, resulting in an unbalance of NO and
ROS metabolism, are more clearly produced by excess
of ox-VLDL leading to production of harmful proxyni-
trite and triggering a cell inflammatory state. Consistently,
cells display a lower mitochondrial O2 consumption and
RCR (Figure 5).

It is tempting to speculate on the biomedical relevance of
these results: an altered lipid metabolism arising from both a
genetic or epigenetic background could represent a condi-
tion in which an inadequate lifestyle (smoking abuse, highly
processed food consumption, and pollution) provides an
additional detrimental contribution, perceived by the endo-
thelium of vessel as a prooxidant insult.

According to our results, the early dysfunction of the
eNOS associated to iNOS activation driven by VLDL can be
relevant to set conditions compatible with the development
of atherosclerosis.
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