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Carluccio MA, Ancora MA, Massaro M, Carluccio M, Scoditti E,
Distante A, Storelli C, De Caterina R. Homocysteine induces VCAM-1
gene expression through NF-kB and NAD(P)H oxidase activation:
protective role of Mediterranean diet polyphenolic antioxidants. Am J
Physiol Heart Circ Physiol 293: H2344-H2354, 2007. First published
June 22, 2007; doi:10.1152/ajpheart.00432.2007.—Hyperhomocys-
teinemia is a recognized risk factor for vascular disease, but patho-
genetic mechanisms involved in its vascular actions are largely
unknown. Because VCAM-1 expression is crucial in monocyte adhe-
sion and early atherogenesis, we evaluated the NF-kB-related induc-
tion of VCAM-1 by homocysteine (Hcy) and the possible inhibitory
effect of dietary polyphenolic antioxidants, such as frans-resveratrol
(RSV) and hydroxytyrosol (HT), which are known inhibitors of
NF-«kB-mediated VCAM-1 induction. In human umbilical vein endo-
thelial cells (HUVEC), Hcey, at 100 wmol/l, but not cysteine, induced
VCAM-1 expression at the protein and mRNA levels, as shown by
enzyme immunoassay and Northern analysis, respectively. Transfec-
tion studies with deletional VCAM-1 promoter constructs demon-
strated that the two tandem NF-kB motifs in the VCAM-1 promoter
are necessary for Hcy-induced VCAM-1 gene expression. Hcy-in-
duced NF-kB activation was confirmed by EMSA, as shown by the
nuclear translocation of its p65 (RelA) subunit and the degradation of
the inhibitors IkB-a and IkB-B by Western analysis. Hcy also in-
creased intracellular reactive oxygen species by NAD(P)H oxidase
activation, as shown by the membrane translocation of its p47Phox
subunit. NF-kB inhibitors decreased Hcy-induced intracellular reac-
tive oxygen species and VCAM-1 expression. Finally, we found that
nutritionally relevant concentrations of RSV and HT, but not folate
and vitamin B6, reduce (by >60% at 10~° mol/l) Hcy-induced
VCAM-1 expression and monocytoid cell adhesion to the endothe-
lium. These data indicate that pathophysiologically relevant Hcy
concentrations induce VCAM-1 expression through a prooxidant
mechanism involving NF-kB. Natural Mediterranean diet antioxi-
dants can inhibit such activation, suggesting their possible therapeutic
role in Hey-induced vascular damage.

atherosclerosis; endothelial activation; homocysteine; gene expres-
sion; inflammation; nuclear factor-xB

HOMOCYSTEINE (Hcy) is a sulfur-containing amino acid synthe-
sized during the metabolic conversion of methionine to cys-
teine (Cys) (41, 50). Despite the physiological role of Hcy in
methyl-transfer reactions (68), elevated plasma levels of Hcy
(>15 pmol/l) lead to endothelial damage in humans (24) and
are related to increased cardiovascular risk (2). Hyperhomo-
cysteinemia (HHcy) occurs in ~5-7% of the general popula-

tion and is considered an independent and graded risk factor for
atherothrombotic vascular disease (67). Although intervention
trials with folate and other B vitamins have led to inconsistent
effects in mild HHcy (7, 35, 56), still few would dispute that
moderate-to-severe HHcy plays a causal role in human vascu-
lar disease. A direct causal relationship between HHcy and
accelerated atherosclerosis has been shown in apolipoprotein
E-deficient mice, where HHcy can be induced by dietary (29,
70) or genetic (65) manipulations. Moreover, recent studies
have shown increased binding of monocytes to the endothe-
lium and increased expression of adhesion molecules in rats
with diet-induced HHcy (64). However, the basic mecha-
nisms through which Hcy affects such intermediate patho-
genetic events in early atherogenesis and the identification
of inhibitable targets in such a cascade are largely unknown.

Local leukocyte recruitment into the vessel wall is the
earliest basic step in atherogenesis (47) and is largely explained
by the induction of endothelial activation, featuring the in-
creased expression of endothelial leukocyte adhesion mole-
cules, such as VCAM-1, ICAM-1, and E-selectin (36). These
endothelial adhesion molecules mediate the adhesion and
transmigration of leukocytes to the vascular endothelial wall
and may also promote plaque growth and instability. VCAM-1,
in particular, plays a dominant role in the development and
progression of atherosclerotic lesions (18). Its expression is
regulated by prooxidant mechanisms through the activation of
redox-sensitive transcription factors, such as NF-kB and acti-
vator protein-1 (AP-1) (15).

NF-kB, in particular, plays an important role in increasing
the expression of endothelial proinflammatory genes (10, 14,
23, 26). The VCAM-1 promoter region contains two tandem
NF-kB sites that are essential for VCAM-1 induction by
several proatherogenic triggers (6, 16, 42, 46). No data on the
involvement of NF-kB in Hcy-induced VCAM-1 expression
are available. NF-kB activation has been shown in vascular
cells (3, 29), but no link with endothelial VCAM-1 induction
was demonstrated.

We therefore sought to investigate /) the possible direct
effects of Hcy on VCAM-1 expression and NF-kB activation
by testing the cause-effect relationship between the two via
analysis of Hcy effects on various deleted VCAM-1 promoter
constructs in promoter activity assays and 2) the effects of
NF-kB inhibitors on VCAM-1 induction by Hcy.
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ENDOTHELIUM-ACTIVATING EFFECTS OF HOMOCYSTEINE

Hcy is also known to induce oxidative stress by increasing
reactive oxygen species (ROS) levels by autoxidation (53) and
by interfering with the activity and expression of pro- and
antioxidant enzymes (27, 59). Since increased intracellular
ROS levels are known to activate NF-kB (8, 16), yielding a
plausible putative mechanism for adhesion molecule expres-
sion, we also investigated the effects on these phenomena of
various dietary polyphenolic antioxidants that were recently
reported by us and others to reduce cytokine-induced NF-«B
activation (12, 17). If proven effective in this model, such
findings would support the possibility that specific dietary
interventions modify cardiovascular risk associated with
Hcy, which was recently reported to be unaffected by the
administration of folate and vitamins B6 and B12 (7,
35, 56).

METHODS

Materials. Hydroxytyrosol (HT) was obtained from Cayman
Chemical (Ann Arbor, MI), and carboxy-2',7'-dichlorofluorescein
diacetate (carboxy-H>DCFDA) was purchased from Molecular Probes
(Eugene, OR). When not otherwise specified, all other reagents,
including pL-Hey (99% pure), L-cysteine (Cys), and trans-resveratrol
(RSV), were obtained from Sigma Chemical (St. Louis, MO).

Cell cultures. Human umbilical vein endothelial cells (HUVEC), a
widely used model of vascular endothelium, were harvested and
maintained as described elsewhere (11, 12) and used at passages 1-3
after primary culture. Cell number was assessed by direct counting of
adherent cells after trypsin detachment. The cells were stained with
trypan blue, and the percentage of cells excluding trypan blue was
taken as a measure of cell viability. Monocytoid U937 cells were
obtained from American Tissue Culture Collection and grown in
RPMI 1640 (GIBCO, Invitrogen, Milan, Italy) containing 10% FCS.
At confluence, HUVEC were switched from 10% FCS to 5% FCS =5 h
before addition of the designated compounds, and the effect of
antioxidants or inhibitors was tested. Hcy-induced cellular toxicity
(with or without stimuli) was tested for concentrations up to 5 mmol/l
by a variety of techniques, including cell counting, morphology, 3-(4,
5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) as-
say, and binding of annexin V-fluorescein isothiocyanate, with detec-
tion of the exposure of phosphatidylserine in the outer membrane
leaflet.

Detection of cell surface molecules. HUVEC at confluence were
treated for specified times with Hcy alone (or Cys, as control) and in
combination with selected cytokines with or without preincubation
with antioxidants, folate, or vitamin B6. Assays of cell surface
molecules were carried out by cell surface enzyme immunoassays
(EIA) using primary mouse anti-human monoclonal antibodies against
VCAM-1 (Ab E1/6), E-selectin (Ab H18/7), ICAM-1 (HU5/3), or the
monoclonal antibody E1/1 against a non-cytokine-inducible and con-
stitutive endothelial cell antigen, as previously described (11).

Isolation of RNA and Northern analysis. RNA was isolated using
the method of Chomczynski and Sacchi (13), and Northern analysis
was performed as described elsewhere (11).

Transfections and promoter activity assays. Human VCAM-1 pro-
moter constructs containing the chloramphenicol acetyltransferase
(CAT) reporter gene were described previously (45). HUVEC were
transfected with 10 pg of each reporter plasmid using the
GenePORTER 1I transfection reagent (Gene Therapy Systems, San
Diego, CA) according to the supplier’s manual. As an internal control
for transfection efficiency, 2.5 g of pRSV B-galactosidase ((3-Gal)
plasmid was cotransfected in all experiments. HUVEC transfected at
~60% confluence were stimulated 48 h later with Hey (100 pmol/l) =+
TNF-a (1 ng/ml). After 15 h, cellular extracts were prepared, and
CAT and B-Gal were assayed as described elsewhere (20).
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Preparation of nuclear extracts and EMSA. Confluent HUVEC
were treated for 1 h with Hey (100 wmol/l) = TNF-a (1 ng/ml), and
nuclear proteins were prepared as described elsewhere (12). Oligonu-
cleotides corresponding to the binding sequences for NF-kB or AP-1
in the VCAM-1 promoter were radiolabeled by a Klenow fill-in
reaction, as described elsewhere (12). The DNA binding reaction was
performed at 30°C for 15 min in a volume of 20 wl containing 6 pg
of nuclear extracts (20). Samples were subjected to electrophoresis on
native 5% polyacrylamide gels. We determined the specificity of the
assay by including a 50- to 100-fold excess of unlabeled competing
wild-type or mutant sequences in the binding mixture. After electro-
phoresis, gels were dried and directly autoradiographed using Kodak
X-AR film.

Total protein extracts. HUVEC were cultured and treated in six-
well plates, washed twice with PBS, and lysed in 150 wl of lysis
buffer: 150 mmol/l HEPES (pH 7.9), 150 mmol/l NaCl, 1 mmol/l
EDTA, 1% Triton X-100, 10% glycerol, 1 mmol/l DTT, 1 mmol/l
PMSF, 1 mg/ml aprotinin, and 1 mg/ml leupeptin. Lysates were
vortexed three times for 10 s each and incubated on ice for 30 min;
then they were centrifuged at 10,000 g for 20 min at 4°C. After
determination of protein concentration (9), supernatants were stored
at —20°C.

Assessment of p47Ph°* translocation. After several 0- to 60-min
exposures to Hcy, HUVEC monolayers were washed three times in
cold PBS and harvested by scraping. Cells were centrifuged, resus-
pended in extraction buffer [7.5 mmol/l Tris-HCI (pH 7.5), 2 mmol/l
EGTA, 2 mmol/l EDTA, 0.25 mol/l sucrose, 1 mmol/l DTT, 1 mmol/I
PMSF, 1 mg/ml aprotinin, and 1 mg/ml leupeptin], and disrupted by
sonication on ice with three 15-s bursts. Sonicates were centrifuged at
500 g for 10 min, the nuclei-rich pellet was discarded, and the
supernatant fluid was centrifuged at 100,000 g for 1 h at 4°C. The
supernatant fluid (cytosolic fraction) was removed and stored at
—20°C, while the pellet, containing the particulate fraction, was
resuspended in extraction buffer containing 1% Triton X-100 and
centrifuged at 100,000 g for 1 h. The resultant supernatant fluid (now
membrane-enriched fraction) was removed and stored at —20°C. The
plasma membrane and cytosolic fractions were used to detect specific
subunit translocation after protein separation by SDS-PAGE and
subsequent immunoblotting.

Immunoblotting. Equal amounts of proteins were separated by
SDS-PAGE. The resolved proteins were transferred to supported
nitrocellulose sheets (Amersham Biosciences, Milan, Italy) and, after
saturation of nonspecific binding sites, incubated overnight with
specific mono- and polyclonal antibodies against the p65 NF-«B
subunit, IkB-a or IkB-B, or p47P"°* (all from Santa Cruz Biotech-
nology). Protein bands were visualized by an enhanced chemilumi-
nescence kit (Amersham). Blots were scanned, and digitized images
were subjected to densitometry analysis using the Scionlmage soft-
ware.

Quantitative detection of intracellular ROS. Intracellular levels of
ROS were monitored quantitatively by flow cytometry using the ROS
probe the carboxy derivative of fluorescein, carboxy-H>DCFDA, as
described elsewhere (40, 48). This method is based on the oxidation
of carboxy-H.DCFDA by ROS, resulting in the formation of a
fluorescent compound. Confluent HUVEC in six-well plates were
preincubated with inhibitors or antioxidants for 60 min before 45 min
of stimulation with Hey (100 pmol/l) = TNF-« (1 ng/ml) in DMEM
without phenol red with 2% FBS. After stimulation, the medium was
removed and the cells were washed with PBS and loaded with 10
pmol/l carboxy-H>DCFDA in PBS for 45 min. Then the cells were
washed with PBS, harvested by careful treatment with 0.01% trypsin-
EDTA, immediately added to 2 ml of DMEM without phenol red,
supplemented with 2% FBS, and placed on ice. Samples were washed
twice with PBS containing 2% BSA, and 10* cells per sample were
analyzed by flow cytometry (Coulter Electronics Epics XL, Hialeah,
FL).
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TNF-a measurement. HUVEC in six-well plates at confluence and
U937 cells (10~° cells/ml) were treated with 0-500 pwmol/l Hey for
24 h, and the conditioned medium was collected for storage at —80°C
until the assay, which consisted of an immunometric sandwich EIA
permitting TNF-a measurements within the range 1-250 pg/ml, with
a detection limit of 1 pg/ml (Cayman Chemical).

Monocytoid cell adhesion assays. HUVEC were grown to conflu-
ence in six-well plates and then treated with the selected antioxidant
polyphenols HT and RSV (0.1-100 wmol/l) or their combination for
60 min or with folic acid and vitamin B6 (0.1-100 wmol/l) or their
combination; then endothelial adhesion molecule expression was
induced by addition of Hey (100 pmol/l) = TNF-a (1 ng/ml) for an
additional 16 h. Adhesion assays were performed with U937 mono-
cytoid cells as described elsewhere (12).

Statistical analysis. Two-group comparisons were performed by
Student’s z-test for unpaired values. Comparisons of means of three or
more groups were performed by ANOVA, and the existence of
individual differences, in the case of significant F-values at ANOVA,
was tested by Scheffé’s multiple contrasts. Distribution of fluorescence
intensities by flow cytometry was compared using Kolmogorov-Smirnov
statistics.

RESULTS

Hcy induces adhesion molecule expression in HUVEC and
potentates effects of other inducers of endothelial activation.
We treated HUVEC with 10-500 wmol/l Hey, corresponding
mild-to-severe HHcy (28). At these concentrations, Hcy =
TNF-a was not cytotoxic throughout the experimental dura-
tions used in the present study, as assessed by morphological
analysis, cell number, viability, MTT assay, lactate dehydro-
genase release, and annexin V staining (data not shown).
Cytotoxicity appeared at =1 mmol/l Hey. Within this concen-
tration range, Hcy, but not Cys, another sulfur-containing
amino acid, significantly increased VCAM-1 expression, with
a plateau at =100 wmol/l (Fig. 1A). This effect was relatively
modest compared with the effect of TNF-a (Fig. 1C). The
effect was identical in the presence of polymixin B, thus
excluding its dependence on endotoxin contamination (data not
shown).

Fig. 1. Effect of homocysteine (Hcy) on VCAM-1 protein and mRNA expres-
sion in endothelial cells. A: Hcy, but not cysteine (Cys), induces VCAM-1
surface expression. Human umbilical vein endothelial cells (HUVEC) at
confluence were stimulated for 20 h with Hcy (0-500 wmol/l) or Cys, and
VCAM-1 expression was assessed by cell surface enzyme immunoassay
(EIA). Hey alone induces a moderate, but significant, concentration-dependent
increase in VCAM-1 surface expression, reaching a plateau at 100 pmol/l,
whereas Cys had no effect. B: Hcy, but not Cys, potentiates TNF-a-induced
VCAM-1 surface expression. HUVEC were stimulated for 20 h with Hcy *=
TNF-a (1 ng/ml). Costimulation resulted in a more-than-additive and concen-
tration-dependent effect on VCAM-1 surface expression. OD, optical density.
Data in A and B are based on 6 different experiments, each consisting of =8
repeats for each condition. *P < 0.05; **P < 0.01 vs. non-Hcy-stimulated
cells. C: Hey potentates VCAM-1 surface expression induced by unrelated
stimuli such as TNF-a, LPS, or PMA. HUVEC at confluence were treated for
20 h with Hey (100 wmol/l) = TNF-a (1 ng/ml), LPS (100 ng/ml), or PMA
(6.3 ng/ml), and VCAM-1 expression was measured by EIA. All stimuli
affected VCAM-1 surface expression, but the effect was greater with TNF-a.
Data are based on 4 different experiments, each consisting of =8 repeats for
each condition. *P < 0.05; **P < 0.01 vs. LPS, TNF-a, or PMA alone.
D: Hcy *+ TNF-a increases VCAM-1 mRNA steady-state levels. HUVEC at
confluence were stimulated for 4 h with Hey (100 pmol/I) = TNF-a (1 ng/ml),
and VCAM-1 mRNA was assessed by Northern analysis. Hcy significantly
increased VCAM-1 mRNA steady-state levels. As a control for equal loading
of lanes, 28S rRNA was stained with ethidium bromide. Quantitative analysis
by densitometry of specific bands shows results from 3 independent experi-
ments.

ENDOTHELIUM-ACTIVATING EFFECTS OF HOMOCYSTEINE

Since Hcy is known to increase plasma levels of TNF-a
(29), we investigated whether Hcy induces VCAM-1 expres-
sion indirectly by stimulating the endothelial release of TNF-c.
Exposure of HUVEC to 10-500 pwmol/l Hey for 24 h did not
induce any appreciable TNF-a release (which was always
below EIA detection limits), ruling out an effect dependent on
the autocrine production of TNF-a. In the same conditions,
treatment of U937 monocytoid cells with 100 and 500 wmol/l
Hcy induced TNF-a release of 20 and 70 pg/ml, respectively,
after 24 h, indicating monocytes-macrophages as a likely
source of TNF-a in vivo in HHcy. For this reason, we assessed
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Table 1. Effects of Hcy = TNF-« on surface expression of
E-selectin, ICAM-1, and E1/I in HUVEC

Stimuli E-Selectin ICAM-1 E 1/1

None 30x2 400+43 450+40
Hcy

10 pwmol/1 42+5 410£30 43030

25 pmol/l 58+5% 420*30 435+30

50 pmol/l 70+=8* 440+45 450+35

100 pmol/l T4+5% 45020 440%20

500 pwmol/l 81£7* 430+40 430+20
TNF-a (1 ng/ml) 30024 800*50 450*=50
TNF-a + Hey (10 wmol/l) 320*+31 86040 450+35
TNF-a + Hcey (25 pmol/l) 370x30 86840 46040
TNF-a + Hcey (50 pwmol/l) 400+35% 900*+38 470+39
TNF-a + Hcey (100 pmol/l) 470+29% 1,103+54+ 450*30
TNF-a + Hcey (500 pmol/l) 450+30F 1,095+61F 460+30

Values are means = SD based on 4 different experiments, each based on 8
repeats for each condition and expressed as milliunits of optical density.
Human umbilical vein endothelial cells (HUVEC) at confluence were stimu-
lated for 20 h with Hey (10-500 pmol/l) = TNF-« (1 ng/ml), and E-selectin,
ICAM-1, and E1/1 expression was assessed by enzyme immunoassay using
specific monoclonal antibodies. *P < 0.05 vs. without Hey. P < 0.05 vs.
TNF-a alone.

the combined effect of Hcy and TNF-a on VCAM-1 expres-
sion in HUVEC. We found that the combination of Hcy and a
low concentration of TNF-a (1 ng/ml) boosted VCAM-1
expression in a concentration-dependent fashion, at least addi-
tively with TNF-a, with a significant increase at 10 pwmol/l Hey
(Fig. 1B).

Similarly, the simultaneous stimulation of HUVEC with the
combination of 100 wmol/l Hcy and low concentrations of
other classical proinflammatory stimuli, such as LPS (100
ng/ml) or PMA (6.3 ng/ml), increased VCAM-1 expression in
a more-than-additive fashion (Fig. 1C). The optimal concen-
trations for a robust induction of adhesion molecules and a
substantial costimulation with Hey are 1 ng/ml (among 0.1, 1,
and 10 ng/ml) TNF-a, 100 ng/ml (among 10, 100, and 1,000
ng/ml) LPS, and 6.3 ng/ml (among 0.63, 6.3, and 63 ng/ml)
PMA. The maximum induction of VCAM-1 was obtained with

A B

PLASMIDS
(fold induction)
01 23 4 5 67
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TNF-a cotreatment, resulting in >150% VCAM-1 induction
compared with TNF-a alone.

Hcy, alone or in addition to TNF-a, also induced expression
of E-selectin, with a plateau at 50 wmol/l Hecy (Table 1). Hey
alone did not affect basal ICAM-1 expression but significantly
increased TNF-a-induced ICAM-1 expression (Table 1). The
effect of Hcy on endothelial activation was not, however, an
overall increase in expression of all endothelial antigens, since
it did not affect expression of the constitutive antigen recog-
nized by the E1/1 antibody (Table 1).

Hcy increases VCAM-1 mRNA steady-state levels. Because
of the dominant role of VCAM-1 in early atherogenesis (18),
we next focused our attention on the regulation of VCAM-1
expression by Hey. We investigated Hcy effects on VCAM-1
mRNA steady-state levels. Densitometric analysis of autora-
diographic bands by Northern blot showed an induction of
VCAM-1 mRNA on incubation with Hcy (Fig. 1D) and a
potentiation of TNF-a induction, in agreement with data on
surface protein expression, indicating that VCAM-1 induction
by Hcy occurs at a pretranslational level.

Hcy increases human VCAM-1 promoter transcriptional
activity. Since VCAM-1 is transcriptionally regulated, we
sought to determine whether Hey regulates VCAM-1 promoter
transcriptional activity and to identify the promoter regions
involved. HUVEC were transiently transfected with several
deletional VCAM-1 promoter constructs linked to the CAT
reporter gene (Fig. 2A) and then stimulated with Hcy (100
pmol/l) £ TNF-a (1 ng/ml). Hcy induced the activity of
FO.CAT, the full-length functional VCAM-1 promoter contain-
ing AP-1, GATA, and two tandem NF-«kB sites, by ~2-fold
and the activity of F3.CAT, which contains only the two
tandem NF-kB binding sites, by 1.8-fold compared with un-
stimulated cells, but did not influence the activity of F4.CAT,
which lacks also the two tandem NF-kB binding sites as well
(Fig. 2B), indicating the essential role of the two tandem
NF-kB sites in Hcy-induced VCAM-1 expression. Similar
results were obtained using Hcy + TNF-a. In such experi-
ments, the F3.CAT construct preserved ~80% of FO.CAT
activity. These results indicate that activation of VCAM-1

VCAM-1 promoter activity

L Fig. 2. Effects of Hcy on VCAM-1 promoter activity.

=755
FO.CAT L 1 o
AP-1 GATA NF-kB TATA

A: structure of plasmids that contain deletional con-
structs of VCAM-1 promoter upstream of the chloram-
phenicol acetyltransferase (CAT) reporter gene. Binding
sites for transcription factors and distance from transcrip-
tion starting site are shown. B: plots of VCAM-1 pro-
moter activity with promoter constructs after 20 h of
stimulation with Hey (100 pmol/l) = TNF-a (1 ng/ml).
Promoter activity is expressed as ratio of CAT to B-ga-
* lactosidase (3-Gal). Values are means = SD of 3 repli-
cates for each condition. *P < 0.01 vs. unstimulated
control (basal).

98 ] | "
F3.CAT O CAT I H *
44 [ H [ Basal
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Bl TNFo Ing/mL
I Hcy 100 umol/L+ TNFo 1 ng/mL
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expression by Hcy occurs at the transcriptional level and is
mainly due to the two NF-kB DNA binding elements in the
VCAM-1 promoter.

Hcy activates the redox-sensitive transcription factor NF-kB
but not AP-1 through a proteasome-dependent pathway. Since
promoter activity studies showed a key role for NF-kB in
Hcy-induced VCAM-1 expression, we next analyzed the
mechanisms of NF-«kB activation by Hcy. In endothelial cells,
NF-kB consists of heterodimeric proteins, the most prominent
being p50 (NF-kB1) and p65 (RelA), sequestered in the cyto-
plasm in resting conditions through the association with inhib-
itory molecules (IkB). When cells are exposed to proinflam-
matory cytokines and other pertinent stimuli, IkB is phosphor-
ylated, ubiquitinated, and then degraded by the 26S proteasome
complex, which allows the heterodimeric active moiety to pass
through the nuclear envelope and bind to consensus sequences
in the promoter region of NF-kB-sensitive genes (4, 57). To
verify the involvement of the classical NF-kB signaling path-
way in VCAM-1 induction by Hcy, we treated HUVEC with
Hcy = TNF-« in the presence of the well-known proteasome
inhibitor lactacystin (1 and 10 wmol/l) (32) and then assessed
VCAM-1 expression by EIA. As shown in Fig. 3A, the
VCAM-1-inducing effect of Hcy was almost totally abolished
in the presence of lactacystin, without cellular toxicity (not
shown), which indicates the importance of the classical
NF-kB/IkB pathway in this induction.

To directly assess the effects of Hcy on NF-kB activation,
we used an oligonucleotide corresponding to the tandem kB
sites on the VCAM-1 promoter to perform EMSA. We found
that 100 wmol/l Hey induced NF-kB activation, as indicated by
the increased intensity of the shifted band of the protein-DNA
complex corresponding to NF-«kB in Hey-treated HUVEC (Fig.
3B, lane 2 vs. lane 1), and markedly increased the NF-kB
activation induced by TNF-a (Fig. 3B, lane 4 vs. lane 3).
Correspondingly, immunoblots for RelA, performed on nu-
clear extracts, confirmed that Hcy = TNF-a increased the

Fig. 3. Effects of Hcy on NF-kB activation in endothelial cells. A: the
proteasome inhibitor lactacystin reduces Hey-stimulated surface expression of
VCAM-1 in HUVEC. HUVEC were treated for 60 min with lactacystin (10
pmol/l) and then stimulated for 20 h with Hey (100 pmol/l) = TNF-a (1
ng/ml). After incubations, VCAM-1 expression was assessed by cell surface
EIA. Values are means = SD for 8 replicates in each of 3 separate experi-
ments. ¥*P < 0.05; ¥*P < 0.01 vs. control (without lactacystin). B: results from
EMSA showing Hcy-induced increase in NF-kB activation. Nuclear proteins
were isolated from HUVEC treated for 1 h with Hcy (100 pmol/l) = TNF-a
(1 ng/ml), and EMSA was performed to determine NF-kB DNA binding.
Autoradiography shows bands of ?P-labeled NF-kB-binding oligonucleotides
in the VCAM-1 promoter shifted in their electrophoretic run by their binding
to nuclear protein extracts. Hcy induced appearance of a shifted band of
labeled oligonucleotide, indicating formation of DNA-protein complexes.
Attribution of shifted band to NF-kB was determined by competition with
unlabeled wild-type (wt) or unlabeled mutant (mut) NF-kB oligonucleotide
(lanes 5 and 6, respectively), whereby only unlabeled wild-type oligonucleo-
tide effectively competes with binding, leading to the disappearance of the
band. Results are representative of 3 separate experiments. C: Hcy induces
nuclear translocation of p65/RelA subunit of NF-kB. RelA/NF-kB nuclear
abundance in nuclear extracts of HUVEC treated with Hey (100 pmol/l) =+
TNF-a (1 ng/ml) for 1 h was evaluated by Western analysis. Blot is represen-
tative of 3 separate experiments. D: Hcy affects IkB-a and IkB-f3 degradation
in HUVEC. HUVEC were treated with Hey (100 wmol/l) for 0—60 min, and
total protein extracts were separated by electrophoresis, transferred to a
nitrocellulose membrane, and probed with antibodies for total IkB-a and
IkB-. Blots are representative of 3 different experiments.
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nuclear translocation of RelA (Fig. 3C), which was reduced by
lactacystin treatment (not shown).

To further examine the mechanisms by which Hcy induces
NF-kB activation, we investigated whether Hcy affects the
phosphorylation and the subsequent degradation of the two IkB
subunits (« and 3) most commonly found in HUVEC (57). We
observed that Hcy, in addition to the rapid degradation of
IkB-a, which is maximal after 15 min, and its resynthesis after
60 min (Fig. 3D) induce a retarded, but prolonged, IkB-3
degradation, which is maximal after 60 min (Fig. 3D) and
persists for up to 120 min (not shown), suggesting a possible
mechanism for the persistent NF-kB activation in Hey-chal-
lenged endothelial cells (31).
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Fig. 4. Effects of Hey on activator protein-1 (AP-1) activation. EMSA (gel
shift) shows bands of 3?P-labeled oligonucleotides encoding for AP-1 consen-
sus sequence in the VCAM-1 promoter shifted by coincubation with nuclear
protein extracts from HUVEC treated for 1 h with Hey (100 wmol/l) = TNF-a
(1 ng/ml). Hey alone does not influence baseline AP-1 activation but does
increase density of shifted band induced by TNF-«. Values are based on 3
different experiments. *P < 0.05; #P < 0.05 vs. unstimulated control and
TNF-« stimulation, respectively.

Hcy induces NF-«B, but not other transcription factors. For
example, AP-1 (Fig. 4), which is activated by TNF-a + Hcy,
was not activated by Hcy alone.

Hcy induces VCAM-1 expression through an increase of
intracellular ROS: involvement of NAD(P)H oxidase. It is
known that the NF-kB/IkB pathway is sensitive to oxidative
stress (34) and that Hcy induces oxidative stress in various
systems (3, 59). To test whether Hcy treatment affects intra-
cellular ROS generation and to characterize the main enzy-
matic sources of ROS involved in Hcy-induced VCAM-1
induction, HUVEC were first pretreated with the NAD(P)H
oxidase inhibitor diphenyliodonium (DPI, 1 and 10 pmol/l),
the xanthine oxidase inhibitor allopurinol (1 and 10 pmol/l), or
the mitochondrial NADH dehydrogenase inhibitor rotenone

Fig. 5. Effects of Hcy on NAD(P)H oxidase activation, intracellular reactive
oxygen species (ROS) production, and VCAM-1 surface expression in
HUVEC. A: diphenyliodonium (DPI) inhibits the increase in intracellular ROS
levels induced by Hcy = TNF-a. HUVEC were treated for 50 min with Cys
(100 pwmol/1) or Hey (100 pwmol/l) = TNF-« (1 ng/ml) and then incubated for
45 min with carboxy-2',7’-dichlorofluorescein diacetate (carboxy-H.DCFDA,
10 pmol/l), and intracellular ROS production was monitored. Involvement of
NAD(P)H oxidase was tested by addition of the NAD(P)H oxidase inhibitor
DPI (10 pwmol/l) to monolayers 30 min before treatment with stimuli. Fluo-
rescence was measured by flow cytometry, and results are expressed as
fluorescence intensity. Values are means = SD of 3 independent experiments.
*#P < 0.05 vs. corresponding samples without DPI. P < 0.05 vs. TNF-a
(1 ng/ml). #P < 0.05 vs. unstimulated control. B: DPI reduces VCAM-1
expression induced by Hcy * TNF-a. HUVEC were treated for 30 min with
DPI (10 wmol/1) and then stimulated for 20 h with Hcy (100 wmol/l) = TNF-a
(1 ng/ml). VCAM-1 expression was assessed by cell surface EIA. Values are
means = SD, with 8 replicates per condition in each of 3 separate experiments.
*#P < 0.05 vs. corresponding samples without DPI. C: effects of Hcy on
translocation of NAD(P)H oxidase p47P"* subunit to plasma membrane.
HUVEC were treated with Hey (100 wmol/l) for 0-30 min, and plasma
membrane fractions were prepared and used for detection of p47PP* subunit
translocation after protein separation by SDS-PAGE and subsequent immuno-
blotting. The blot is representative of 3 similar blots. D: dietary antioxidants
trans-resveratrol (RSV) and hydroxytyrosol (HT) reduce Hcy-induced increase
in intracellular ROS levels. HUVEC at confluence were pretreated for 60 min
with RSV or HT (1 wmol/l) and stimulated with Hey (100 wmol/l) = TNF-a
(1 ng/ml) for 50 min, and intracellular ROS production was monitored by
incubation for 45 min with carboxy-H>DCFDA (10 wmol/l). Fluorescence was
measured by flow cytometry. Values are means * SD of 3 independent
experiments. *P < 0.05 vs. control without antioxidants.
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(1 and 10 pmol/1) for 30 min before stimulation with Hey (100
pwmol/l) = TNF-a (1 ng/ml) for 50 min, and then ROS levels
where assessed with the redox-sensitive fluorescent probe car-
boxy-H,DCFDA. We observed that only DPI reduced Hcy-
induced ROS formation (Fig. 5A), whereas the other inhibitors
had no effect (not shown). Correspondingly, only DPI reduced
Hcy-induced VCAM-1 expression (Fig. 5B), suggesting the
causal link between stimulation of NAD(P)H oxidase activity
and VCAM-1 expression by Hcy.

Activation of endothelial NAD(P)H oxidase requires the
assembly of cytosolic subunits (p47P"°% and p67PP°* proteins)
with the membrane-integrated b-type cytochrome, cytochrome
b-558 (consisting of p22P"°% and gp91Ph°%) (30). We found that
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Hcy (100 pmol/l) induced translocation of the NAD(P)H
oxidase p47P"°X subunit to the plasma membrane in HUVEC in
a time-dependent fashion (Fig. 5C), confirming that the Hcy-
induced increase of ROS production in endothelial cells oc-
curs, at least in part, through NADPH oxidase activation.

As shown in Fig. 5D, the dietary phenolic antioxidants HT
and RSV (1 pmol/l) quench the Hcy-induced increase in
intracellular oxidative stress in HUVEC, suggesting their po-
tential involvement in reducing ROS-mediated Hey proinflam-
matory effects.

Olive oil and red wine phenolic antioxidants affect prooxi-
dant Hcy-induced endothelial activation and monocyte adhe-
sion. Phenolic antioxidants from typical Mediterranean foods,
such as RSV from red wine and HT from extra-virgin olive oil,
are considered partly responsible for the decreased risk of
cardiovascular diseases in Mediterranean countries (58, 62).
RSV and HT exhibit antioxidant and anti-inflammatory activ-
ities in vitro (17, 25) and in vivo (22, 62). We and others
previously showed that RSV and HT, at micromolar concen-
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trations, inhibit endothelial adhesion molecule expression by
reducing cytokine-induced NF-kB activation (12, 17). To test
whether these compounds can also reduce Hcy-induced endo-
thelial activation, we treated HUVEC for 60 min with 0.1-10
pmol/l RSV or HT before stimulation with Hcy (0-500
pmol/l) for 20 h and then evaluated VCAM-1 expression by
cell surface EIA. As shown in Fig. 6A, the antioxidant HT
reduces Hcy-induced VCAM-1 expression in a concentration-
dependent manner, with an almost total abolition of the Hcy
effect at 1 pmol/l HT. Similar results were obtained with RVS
(not shown). Both polyphenolic antioxidants tested at 1 wmol/l
significantly reduced the expression of VCAM-1 induced by
Hcy = TNF-a (Fig. 6B), confirming a role for ROS in
VCAM-1 induction by Hcy and also indicating that natural
antioxidants may counterbalance Hcy prooxidant, proinflam-
matory effects in endothelial cells. We obtained similar results
with other antioxidants such as N-acetylcysteine (5 mmol/l)
and pyrrolidindithiocarbamate (5 wmol/l), but not with ascor-
bic acid (5-500 wmol/1), vitamin B6 (100 wmol/l), or folic acid
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Fig. 6. Effects of phenolic antioxidants, folic acid, and vitamin B6 on Hcy-induced VCAM-1 expression and monocytoid cell adhesion to HUVEC. A: dietary
antioxidant HT reduces Hcy-induced VCAM-1 expression in a concentration-dependent manner. HUVEC at confluence were pretreated for 60 min with HT
(0.1-10 pmol/) and then stimulated for 20 min with Hey (0-500 pwmol/l), and VCAM-1 expression was assessed by cell surface EIA. Data are based on 2
different experiments, each consisting of =38 replicates per condition. *P < 0.05 vs. control without antioxidants. B: antioxidants RSV and HT, but not folic acid
or vitamin B6, reduce Hey-induced VCAM-1 expression. HUVEC at confluence were pretreated for 60 min with RSV or HT (both at 1 wmol/l) and stimulated
for 20 h with Hey (100 pmol/l) = TNF-a (1 ng/ml). VCAM-1 expression was assessed by cell surface EIA. Data are based on 3 different experiments, each
consisting of =8 replicates per condition. *P < 0.05 vs. control without antioxidants. C: RSV and HT, but not folic acid or vitamin B6, reduce Hcy-induced
U937 monocytoid cell adhesion to HUVEC. HUVEC were pretreated simultaneously with RSV and HT (1 wmol/l) or folic acid (1 wmol/l) and vitamin B6 (100
pmol/l) before 20 h of stimulation with Hey (100 pwmol/l) = TNF-a (1 ng/ml), and U937 cell adhesion to the endothelium was evaluated. Monocyte adhesion
was measured as the number of U937 cells adhering within a high-power (0.09-mm?) field and expressed as percentage of unstimulated control. Values are
means = SD of adhering cells from 3 experiments, each consisting of 8 counts per condition. *P < 0.05 vs. unstimulated control. #P < 0.05 vs. stimulated
conditions without antioxidants.
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(1 pwmol/l; Fig. 6B). Ascorbic acid, vitamin B6, and folic acid
were devoid of any effect on adhesion molecule expression,
even with Hcy concentrations of 25 and 50 wmol/l (data not
shown). Similar to VCAM-1, RSV and HT also inhibited
E-selectin expression induced by Hey (100 pwmol/l) = TNF-«
(1 ng/ml) by ~50 = 5 and 45 * 4%, respectively, as well as
the expression of ICAM-1 induced by Hcy (100 pmol/l) +
TNF-a (1 ng/ml) by ~37 = 4 and 30 £ 3%, respectively,
indicating a general quenching of endothelial activation by
these phenolic antioxidants, consistent with previous results
with other stimuli (12, 17, 22).

Finally, to examine the functional consequences of HUVEC
treatment with polyphenolic antioxidants, we evaluated their
effect on endothelial-monocyte interactions (adhesion) induced
by Hcy by documenting the increased monocytoid cell adhe-
sion after treatment of HUVEC with Hcy = TNF-a and the
inhibition of endothelial adhesive properties with RSV and HT
(Fig. 6C). Monocytoid cells did not adhere to unstimulated
HUVEC but adhered to Hcy-stimulated HUVEC and, to a
greater extent, to HUVEC treated with Hcy (100 wmol/l) +
TNF-a (1 ng/ml). When HUVEC were pretreated with RSV or
HT (1 wmol/1) for 60 min before Hcy stimulation, monocytoid
cell adhesion was reduced to a degree comparable with the
inhibition of adhesion molecule expression (Fig. 6C). The
combination of the two polyphenolic antioxidants at micromo-
lar concentration resulted in an increased inhibition of mono-
cyte adhesion to the endothelium, suggesting that concentra-
tions of these polyphenols attainable with Mediterranean diets
can quench inflammation caused by HHcy. On the contrary,
folic acid and vitamin B6, alone or in combination, did not
affect monocyte adhesion to the endothelium (Fig. 6C).

DISCUSSION

Even modestly elevated Hey concentrations are recognized
as an independent risk factor for atherosclerotic disease, but the
mechanisms linking HHcy to the development of vascular
disease, and even the causal role of Hcy, have not been fully
clarified. The possibility that Hcy might affect lesion progres-
sion stimulating VCAM-1 expression was first raised by
in vivo findings that HHcy induced by methionine loading in
healthy subjects modifies the adhesive properties of the endo-
thelium as reflected by circulating levels of soluble VCAM-1
and ICAM-1 (44), as well as E-selectin (37). Such results were
later confirmed by Silverman et al. (51), who demonstrated
increased VCAM-1-dependent monocyte adhesion to endothe-
lial cells after treatment of human aortic endothelial cells with
Hcy, without, however, an assessment of underlying mecha-
nisms.

Since it is known that Hecy induces the release of soluble
cytokines, such as TNF-a (19), thus possibly causing endothe-
lial activation indirectly (29), we first investigated the ability of
Hcy to induce the endothelial release of TNF-a. We observed
that Hcy does not affect the release of TNF-a in the endothe-
lium, in contrast to monocytoid cells (19) and smooth muscle
cells from coronary arteries (59). Rather, we report that Hcy
directly affects the expression of adhesion molecules in endo-
thelial cells and, in particular, VCAM-1 by increasing its gene
expression. This occurs at =50 wmol/l Hey, which is compat-
ible with the in vivo definition of moderate HHcy (31-100
wmol/l) (54). We also demonstrate a global state of endothelial
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activation by Hcy, with the increased expression, by Hcy alone
or in combination with inflammatory cytokines, of all the main
endothelial adhesion molecules, including E-selectin and
ICAM-1, the latter only in combination of Hcy with near-
threshold classical proinflammatory stimuli.

To address the mechanisms by which Hcy induces endothe-
lial activation, we show that, in HUVEC, Hcy (100 pwmol/l),
but not Cys, induces NF-kB activation and the nuclear trans-
location of its p65 (RelA) subunit, as well as the degradation of
IkB-a and IkB-B, confirming and extending previous data (3).
It is known that vascular endothelial cells in a quiescent state
express little VCAM-1 and other endothelial activation mark-
ers. This normal quiescent status is maintained by a complex
balance of interconnected activators or repressors of endothe-
lial inflammatory genes (21, 55). Thus the mere presence of
activated NF-kB in the nucleus of endothelial cells challenged
with Hcy is necessary, but not sufficient, for VCAM-1 induc-
tion by Hcy. Using transient transfection assays with several
deletional mutants of the VCAM-1 promoter linked to the CAT
reporter gene (45), we report, for the first time, that Hcy
induces the expression of the reporter gene driven by the
VCAM-1 promoter and that the two tandem NF-«B sites are
necessary for VCAM-1 promoter activity, since reporter activ-
ity is virtually abolished in the absence of such regions in the
VCAM-1 promoter.

We also found that Hcy induces the activation of the redox-
sensitive transcription factors NF-kB and AP-1, as assessed by
EMSA. We show that Hcy alone induces increased DNA
binding of NF-kB and, in combination with low concentrations
of proinflammatory stimuli, also AP-1. Hcy activation of AP-1,
in a proinflammatory milieu containing low concentrations of
activating cytokines, can explain the more-than-additive ef-
fects of Hey and inflammatory cytokines on the expression of
VCAM-1, E-selectin, and ICAM-1. Indeed, it is known that
AP-1 can synergize with the NF-kB transactivation of several
inflammation-inducible genes (1).

We have confirmed that Hcy stimulation of endothelial cells
induces phosphorylation of the main endothelial IkB isoforms
(3, 29), which are ubiquitinated and degraded via the protea-
some-dependent pathway. The resulting nuclear translocation
of active forms of NF-kB leads to transcription, translation,
and expression of the VCAM-1 gene, which is abolished by the
proteasome inhibitor lactacystin. Our results thus unequivo-
cally support the hypothesis that proteasome-dependent pro-
cesses, including NF-kB activation, are necessary for Hcy-
elicited increases in VCAM-1 expression and suggest a likely
effect of Hcy on IkB phosphorylation and, therefore, on acti-
vation of the IkB kinase (IKK) signalosome (39).

VCAM-1 expression is regulated by redox-sensitive steps,
and antioxidants are known to quench VCAM-1 induction (12,
17, 38). On the other hand, Hey-induced endothelial dysfunc-
tion was previously suggested to be mediated by intracellular
oxidative stress (60). The mechanisms through which Hcy
induces endothelial activation were not, however, clear from
previous literature. We show here that VCAM-1 induction by
Hcy is mediated by an increase of ROS, mainly through
activation of NAD(P)H oxidase, as shown by the increased
membrane translocation of the cytosolic p47P"°* subunit of
NAD(P)H oxidase and by the reduced ROS production and
VCAM-1 expression in the presence of the NAD(P)H oxidase
inhibitors DPI and apocynin. Such results are consistent with
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those obtained in monocytoid cell culture (52) and in the
coronary arteries of mice with HHcy (59). Hcy activation of
NADPH oxidase, as well as p47phOX membrane translocation, is
abolished by PKC inhibitors (experiments not shown), suggest-
ing some involvement of PKC in Hcy endothelial effects, in
agreement with reports of other studies using monocytoid cells
(52, 69).

Increased oxidative stress is often quoted as a mechanism of
Hcy-induced endothelial dysfunction, and antioxidants have
been examined to prevent Hey-induced endothelial dysfunction
(5, 33). Having highlighted a critical role of ROS overproduc-
tion in VCAM-1 induction by Hcy, we tested the possibility
that the prooxidant and proinflammatory effects of Hcy could
be reduced by quantitatively minor Mediterranean dietary com-
ponents, the antioxidant and anti-inflammatory properties of
which have been long recognized (25, 61, 63). We previously
showed that the olive oil and red wine phenolic antioxidants
HT and RSV reduce VCAM-1 expression and endothelial
activation induced by LPS or cytokines by inhibiting NF-kB
and AP-1 activation (12). Here we show that they also reduce
Hcy-induced VCAM-1 induction and monocytoid cell adhe-
sion, suggesting a novel possible tool to ameliorate Hcy proin-
flammatory effects mediated by ROS overproduction and
NF-kB activation. Further studies are warranted to explain the
mechanisms by which these antioxidant polyphenols may
counterbalance enhanced ROS production and expression of
endothelial adhesion molecules by Hcy and whether such
effects also occur in vivo. Such phenolic antioxidants are
known to be highly bioavailable and to reach plasma levels
in the micromolar range when they are included in the diet
(43). They may therefore represent an alternative dietary
approach to prevent prooxidant and proinflammatory effects
of Hcey.

Although the association of HHcy and vascular disease is
no longer a matter of discussion, the causal role of Hcy,
supported by our findings, still needs to be definitely ac-
cepted through intervention trials in humans showing clin-
ical benefits of lowering Hcy. In three recently reported
trials (7, 35, 56), no effects of folic acid and vitamin B6/B12
supplementation on clinical end points were found. Al-
though there are multiple explanations for the apparent lack
of efficacy of Hcy-lowering strategies in these trials, includ-
ing, as a main explanation, minor Hcy lowering against the
background of very minor HHcy, strategies to counteract
vascular effects of Hcy might be alternative or complemen-
tary to those of Hcy lowering. Natural antioxidants of
Mediterranean diets might represent one such therapeutic
strategy in vascular disease.
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