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Abstract

Reactive oxygen species (ROS) generated within the vascular wall trigger low-density lipoprotein (LDL) oxi-
dation, lipid peroxidation, and carbonyl stress that are involved in atherogenesis. We recently reported that the
antihypertensive drug, hydralazine, exhibits carbonyl scavenger and antiatherogenic properties, but only
moderate antioxidant activity, so that high concentrations are required for inhibiting LDL oxidation. We aimed
to develop agents sharing both antioxidant and carbonyl scavenger properties. We have synthesized a new
hydralazine derivative, the bisvanillyl-hydralazone (BVH). BVH strongly inhibited LDL oxidation induced by
copper and by human endothelial cells (HMEC-1), and prevented the formation of macrophagic foam cells. BVH
reduced both the extracellular generation of ROS (superoxide anion and hydrogen peroxide) induced by oxi-
dized LDL (oxLDL), as well as intracellular oxidative stress and proteasome activation, NFkappaB activation,
and oxLDL-mediated proinflammatory signaling. In parallel, BVH prevented the carbonyl stress induced by
oxLDL on cellular proteins, and blocked the apoptotic cascade as assessed by the inhibition of Bid cleavage,
cytochrome C release, and DEVDase activation. Lastly, BVH prevented atherogenesis and carbonyl stress in
apoE /™ mice. In conclusion, BVH is the prototype of a new class of antioxidant and carbonyl scavenger agents

designed for new therapeutical approaches in atherosclerosis. Antioxid. Redox Signal. 14, 2093-2106.

Introduction

OXIDATIVE STRESS PLAYS A MAJOR ROLE in atherogenesis
and cardiovascular diseases (50), via its implication in the
oxidative modifications of low-density lipoproteins (LDLs),
that render them highly atherogenic (4, 7, 25, 54, 64). Oxidized
LDL (oxLDL) are metabolically deviated toward macrophagic
cells and taken-up via the scavenger receptor system, leading to
the formation of foam cells that accumulate as fatty streaks in
the arterial intima (43, 54, 55). Early lesions may be complicated
by chronic inflammatory processes and local remodeling of the
arterial wall, leading finally to more complex atherosclerotic
plaques (33). Besides, oxLDLs exert various biological proper-
ties (including inflammation, cell proliferation, migration,
growth arrest, and apoptosis) that play a role in the formation
of complicated lesions, and in plaque erosion and rupture (31,
39, 44, 47, 48). These responses depend on the local concen-
tration of oxLDLs, and on their content in lipid peroxidation

products oxidized phospholipids, oxysterols (22, 30), and lipid
peroxidation-derived aldehydes (4-hydroxynonenal [4-HNE],
malondialdehyde [MDA], and acrolein) (13, 14, 59). These al-
dehydes react with free amino groups and thiol residues of
proteins, thereby forming protein adducts (“carbonyl stress”),
which modify and alter the function of circulating (e.g., LDL)
and cellular proteins (14, 40). Carbonyl stress occurs as a
downstream consequence of oxidative stress, and it is inhibited
when blocking lipid oxidation by antioxidants (52, 40). How-
ever, antioxidants fail to neutralize carbonyl stress, once ad-
ducts are formed on proteins (40, 42). Carbonyl stress is
involved in cell growth arrest, inhibition of cell migration, in-
flammation, and (at a lesser extent) apoptosis, and is thought to
contribute to the progression of atherosclerosis (40, 42).

The ability of antioxidants to reduce the coronary risk
in humans is largely debated. The antiatherogenic effect of
antioxidants has been extensively studied through in vivo
preclinical studies on animal models for atherosclerosis and in
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human trials (3, 5, 15, 23, 57, 63). Most antioxidants are highly
efficient in preventing atherosclerosis development in ani-
mals (which mainly allow to investigate the first steps in
atherogenesis, i.e., foam cell formation), but fail to prevent the
late athero-thrombotic complications of atherosclerosis and
the subsequent cardiovascular events in human trials (3, 23,
63). The low apparent benefit of antioxidant therapy does not
question the implication of oxidative stress and LDL oxida-
tion in atherogenesis, as it may result from diverse mecha-
nisms, such as difficulties in delivering effective in situ
antioxidant therapy, including a lack of antioxidant avail-
ability, or a lack of effect on reactive oxygen species (ROS)
involved in vivo in LDL oxidation and inflammatory signal-
ing. Inhibiting carbonyl stress (which is a consequence of
oxidative stress) may represent a new therapeutic strategy for
patients, but so far, it is not known if the use of carbonyl
scavengers could be beneficial or not on the late steps of
atherosclerosis (40, 42). Most carbonyl scavengers usually
exhibit poor antioxidant activity and inhibit neither LDL ox-
idation nor the generation of toxic lipid oxidation products
(oxysterols and oxidized phospholipids), which are involved
in the inflammatory and apoptotic events characterizing
atherosclerosis progression (40). Hydrazine derivatives, such
as the antihypertensive drug hydralazine, exhibit potent car-
bonyl scavenger efficiency associated with anti-atherogenic
properties in apoEf/ ~ mice, but present poor or moderate
antioxidant properties, so that high concentrations (50—
100 uM) are required for inhibiting cell-mediated LDL oxi-
dation (16). Theoretically, agents sharing both antioxidant
and carbonyl scavenger activities should inhibit each step of
atherosclerosis progression, including LDL oxidation, oxida-
tive stress, and carbonyl stress as well, and their consequences
in the evolution toward advanced lesions.

We have designed and synthesized a hydralazine derivative,
the bisvanillyl-hydralazone (BVH), and we have characterized
its antioxidant, carbonyl scavenger, and antiatherogenic prop-
erties, more precisely its ability to (i) block oxidative stress, LDL
oxidation, carbonyl stress, and foam cell formation, (ii) inhibit
the inflammatory signaling of oxLDL, (iii) neutralize the apo-
ptotic effect of oxLDL in cultured vascular cells, and (iv) slow
down or inhibit the formation of atherosclerotic lesions in
apoE ™/~ mice.

Materials and Methods
Chemicals

Antibodies directed against MCP-1, Bid, gp91°™>, and
cytochrome C were from Santa Cruz (Tebu-Bio SA). Anti
phospho-NF-«xB was from Cell Signaling. AntiCD3 and anti
o-actin antibodies were from R&D System. Anti 4-HNE
antibody was prepared as reported (58). Acrylamide-4X/
bisacrylamide-2 xsolutions were from Euromedex; SYTO-13,
6-carboxy-2',7'-dichlorodihydrofluorescein diacetate, di (acet-
oxymethyl ester) (H,DCFDA-AM), dihydroethidium (DHE), and
propidium iodide were from Molecular Probes (InVitrogen); cell
culture reagents and other reagents were from WWR or Sigma.

Synthesis

Organic solvents were purified as described (41) or were
purchased from Aldrich Chemie. Melting points (mp) were
obtained on a Buchi apparatus and are uncorrected. Infrared
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(IR) spectra were recorded on a Perkin-Elmer 1725 IR spec-
trophotometer and the data are reported in inverse centime-
ters. UV spectra were recorded on a Perkin-Elmer lambda 17
UV-vis spectrophotometer. Proton nuclear magnetic reso-
nance (*H NMR) spectra were obtained with a Bruker AC-
300 MHz spectrometer. Chemical shifts were reported in parts
per million (ppm) and signals are given as follows: s, singlet;
d, doublet; t, triplet; m, multiplet. Mass spectra were recorded
on an R 10-10C Nermag (70eV) quadripolar spectrome-
ter using desorption chemical ionization or electrospray
techniques.

Bisvanilline 2 synthesis. To vanillin (10.64 g, 70 mmol) in
700ml of water was added FeSO, (0.4g, 1.4mmol) under
stirring. After heating during 10 min at 50°C, Na,S,05 (8.93 g,
37.5mmol) was added. The reaction mixture was stirring at
50°C for 5 days. The brown precipitate formed was filtered
off. The solid was dissolved in NaOH (2 M) aqueous solution.
HCI (2 M) aqueous solution was added. Brown solid formed
was isolated by filtration (10 g, 95%). mp >270°C. IR (KBr) v
cm™': 3186 (O-H), 1672 (C=0), 1587 (C=C arom.), 1454
(C=C arom.). 'HNMR (DMSO, 300 MHz) 6 ppm: 3.94 (s, 6H,
OCHa), 7.42 (s, 4H), 9.80 (s, 2H, CHO), 9.89 (s, 2H, OH). °C
NMR (DMSO, 75MHz) ¢ ppm: 56.50 (s, 2C, OCHjs;), 109.70
(s, 2C), 125 (s, 2C), 128.23 (s, 2C), 128.62 (s, 2C), 148.60 (s, 2C),
150.90 (s, 2C), 191.60 (s, 2C, CHO). UV (EtOH/0.2% DMSO,
25 uM, 25°C): 2 =303nm, ¢ = 14,300 mol '.L.cem~1.MS (FAB,
MNBA) m/z: 303.1 [M+H"].

BVH synthesis. 5,5'-Bisvanilline (BV) 2 (0.2 g, 0.66 mmol)
was suspended in absolute ethanol (26 ml). Hydralazine hy-
drochloride (0.26g, 1.32mmol) was added. The reaction
mixture was refluxed for 6h30 and filtrated to give pure BVH
(0.38 g, 87%) as a yellow solid. mp >270°C; IR (KBr) v cm ":
3423 (O-H), 1675 (C=N), 1617 (C=C arom.), 1594 (C=C
arom.), 1473 (C=C arom.). 'H NMR (DMSO, 300 MHz)
d ppm: 3.94 (s, 6H, OCH3), 7.41 (d, 2H, *T = 1.8 Hz), 7.78 (d, 2H,
4T=1.8Hz), 8.10 (m, 6H), 8.68 (s, 2H, HC =N); 8.95 (s, 2H);
9.03 (s, 2H); 9.20 (d, 3] = 7.3 Hz, 2H); 9.29 (bs, 2H, OH); 14.31
(bs, 2H, HCI)."*C NMR (DMSO, 75 MHz) 6 ppm: 56.55 (s, 2C,
OCH3;), 109.70 (s, 2C, Cy), 119.35 (s, 2C, Cg), 123.91 (s, 20),
124.26 (s, 2C), 125.12 (s, 2C), 125.38 (s, 2C), 126.61 (s, 2C),
128.25 (s, 2C),128.62 (s, 2C), 134.12 (s, 2C), 136.27 (s, 2C),
147.70 (s, 2C), 148.29 (s, 2C), 148.46 (s, 2C), 157.75 (s, 2C,
HC=N). UV (EtOH/0.2% DMSO, 25 uM, 25°C): 1 =376 nm,
¢=34,750mol '.L.cm ™!, =296 nm, £ =21,500mol ".L.cm '
MS (IC, NHj, pos) m/z: 587.2 [M+H™].

Cell culture

Human microvascular endothelial cells (HMEC-1) (CDC,
Dr. Candal) were grown in MCDB131 culture medium sup-
plemented with 10% heat inactivated fetal calf serum,
100 U/ml penicillin, and 100 ug/ml streptomycin. Raw 264.7
murine macrophages were obtained from ATCC and were
grown in DMEM. Twenty-four hours before LDL incorpora-
tion, cells were starved in serum-free RPMI medium.

LDL isolation and oxidation

LDL from human pooled sera were prepared by ultracen-
trifugation, and dialyzed against phosphate-buffered saline
(PBS) containing 100 uM EDTA, as previously indicated (62).
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The mechanism by which BVH protects against LDL oxida-
tion has been compared in vitro on LDL oxidation mediated
by transition metal-dependent (copper) and -independent
(AAPH) systems. Native LDLs (1 mg/ml) were incubated in
the presence of BVH (5 uM), and either with freshly prepared
AAPH [2,2-azobis-(2-amidinopropane) hydrochloride] (at
the indicated concentrations, 2h at 37°C) (49), or with copper
(CuSOy4 5uM, 4h incubation at 37°C). LDL oxidation was
evaluated by determining the thiobarbituric acid-reactive
substance (TBARS) content (16). To evaluate cell-mediated
LDL oxidation, HMEC-1 were seeded in 12-multiwell plates.
The standard culture medium was removed and replaced
by serum-free RPMI 1640 containing native LDLs (100 ug
apoB/ml). BVH, hydralazine, and BV were solubilized in
DMSO, and added to the culture medium at the indicated
concentrations (and 0.1% DMSO final concentration), simul-
taneously with LDLs. After incubation (14 h at 37°C), the LDL-
containing medium was recovered for determining the TBARS
and protein carbonyl content (16, 26). For all the other exper-
iments, LDLs were mildly oxidized by UV/copper (in the
absence of drug), as previously described (62). Under standard
conditions, UV /Cu-oxLDLs contained 71-104 nmol lipid hy-
droperoxide/mg apoB and 6.4-9.7 nmol TBARS/mg apoB.

Protein carbonyl content and foam cell formation

The protein carbonyl content was determined using DNPH,
according to Ichihashi et al. (26). The formation of foam cells
was evaluated on Raw 264.7 macrophages incubated for 14 h
in serum-free RPMI containing UV-oxLDL (100 ug/ml) and
the agents at the indicated concentrations. After 14h incuba-
tion, the LDL-containing culture medium was removed, cells
were fixed in 0.4% paraformaldehyde/PBS for 10 min, washed
in PBS, and stained with oil Red O, or fluorometrically quan-
tified by Nile Red, as described (16).

Extracellular and intracellular ROS determination

Extracellular superoxide anion (O, 7) generation was
measured as the superoxide dismutase (SOD)-inhibitable
reduction of cytochrome C. HMEC-1 preincubated for 1h
with native LDL (100 ug/ml), CuSO;, (1 uM), and the mole-
cules tested at 5 uM), were incubated in 1 ml phenol red-free
RPMI containing cytochrome C (20 uM) with or without
SOD (100 mU/1), for 30 min. The reduction of cytochrome C
specific of 0, ~ (e.g., SOD inhibitable) was determined
spectrophotometrically at 550 nm (difference in absorbance
with or without SOD), according to McCord and Fridovich
(35). Extracellular hydrogen peroxide (H,O,) generation was
determined as horseradish peroxidase (HRP)-dependent
quenching of scopoletin fluorescence according to Loschen ef
al. (32), modified as follows: cells were incubated at 37°C in
1 ml of PBS containing 5 uM scopoletin and 30 nM HRP, and
the fluorescence of the medium was read after 0, 30, and
60 min (ex/em 358,/448 nm).

Intracellular ROS generated in cells treated by oxLDL
(200 pg/ml) and the tested agents (1-5 uM) were evaluated by
measuring the oxidation of H,DCFDA-AM (for hydroperox-
ides) and DHE (for O, ) (10, 18). The probes were added to
the culture medium (5 uM final concentration) 30 min before
the end of the experiment. At the end, the cells were washed
three times in PBS, and the fluorescence of the cell homoge-
nate was measured as reported (ex/em 495/520nm for

2095

H,DCFDA, and 518/605nm for DHE, respectively) (18). The
data are expressed as ratio of fluorescence/fluorescence of the
unstimulated control (12).

Proteasome activation

The in vitro activity of 20S proteasome was determined
according to Grune et al. (21). Cells were homogeneized in PBS
containing 0.1% Triton X-100 and 0.5 mM dithiotreitol, and
the enzymatic activity was measured. The assay mixture
contained 50 ul of buffer (50 mM Tris-HCI pH 7.8, 20 mM KCl,
5mM MgCl,, and 0.1 mM DTT), 250 uM of sSLLVY-MCA, and
50 ul of cell homogenates (30 ug protein). After 30 min incu-
bation at 37°C, the reaction was stopped by adding 1 ml of
0.2M glycine buffer pH 10 and the fluorescence of the liber-
ated 7-amino-4 methylcoumarin was measured (exc/em
365/460 nm, respectively).

Monocyte adhesion assay and MCP1 release
in the culture medium

Monocyte adhesion assay was performed according to
Srinivasan et al. (51). Briefly, Raw 264.7 macrophages were
labeled with Calcein AM (5 uM) for 10min at 37°C, rinsed
three times in PBS, and resuspended in PBS. Labeled fluo-
rescent monocytes were added (100,000/well) to HMEC-1
either unstimulated or stimulated (at the indicated times)
with oxLDL (200 ug/ml) in the presence or absence of the
different agents (5 uM), for 30 min. At the end, the cells were
carefully washed three times with PBS for removing unbound
monocytes, and then lysed in water by sonication; the fluo-
rescence of the cell lysate was immediately determined by
fluorometry (ex/em 490/525). MCP-1 released by cells was
measured by ELISA in the culture medium of control and
LDL-stimulated HMEC-1, with or without the tested agents,
according to the indications of the manufacturer (Pierce).

Evaluation of cytotoxicity, necrosis and apoptosis

Cytotoxicity was evaluated using the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test.
Necrosis and apoptosis were determined by counting the cells
(inverted fluorescence microscope Fluovert FU; Leitz), after
staining with 2 vital fluorescent dyes, 0.6 uM SYTO-13 (a
permeant DNA intercalating green-colored probe) and 1.5 uM
propidium iodide (a non permeant intercalating red probe)
(16). DEVDase activity (caspase 3) was determined using the
fluorogenic substrate Ac-DEVD-AMC (N-acetyl-Asp-Glu-
Val-Asp-7-amino-4-methylcoumarin) (40 uM), on cell lysates
from HMEC-1 stimulated with oxLDLs (200 ug/ml) and the
agents, as reported (16). After 30 min incubation at 37°C, the
released fluorescent product AMC (aminomethylcoumarin)
was determined by fluorometry (ex/em 351/430 nm).

Western blot analysis

Cells extracts were subjected to SDS-PAGE and revealed
using the indicated primary and secondary antibodies con-
jugated with horseradish peroxidase, and developed by ECL
(Amersham). Same protocol was applied on aortas from
apoE’/’ mice (16).

Western blot was quantified using NIH Image] software
(http: /rsbweb.nih.gov/ij/index.html).
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Animal studies

ApoE KO (apoE /™) mice were from Transgenic Alliance
(IFFA Credo; Les Oncins). Three groups of 20 male mice
(4 weeks old), housed under specific pathogen-free conditions,
were fed a standard diet supplemented (or not) with BVH or
hydralazine (10mg/kg in drinking water), as reported in (16,
38). Mice were killed at age 20 weeks. Mouse experiments were
approved by the Committee on Research Animal Care of In-
serm U-858 Center. Plasma cholesterol, triglycerides, and gly-
cemia were determined immediately after sacrifice (AU 2700
Biochemistry Analyzer Olympus, CHU Rangueil Toulouse).

Quantification and characterization
of atherosclerotic lesions

The lesions were estimated as described by Bucciarelli et al.
(6). Hearts were washed in PBX, frozen on a cryostatmount
with OCT compound (Tissue-Tek), and stored at —80°C. Se-
rial sections 10 um thick of aortic sinus were stained with oil
Red O, counterstained with hematoxylin-eosin, and analyzed
for morphometric evaluation of the lesion size, using a com-
puterized Biocom morphometry system. The mean lesion size
in aortic sinus was expressed in yum?*+ SEM.

Immunohistochemistry

Fixed frozen cryo-sections (10 um thick) of aortic sinus from
control and BVH-treated mice were incubated with the anti-
bodies, anti-CD3 (lymphocytes), anti-a-actin (SMC), anti-4-
HNE-adducts (lipid peroxidation), and anti-MCP1. After incu-
bation with appropriate biotin-labeled antibody, sections were
revealed using avidin-biotin horseradish peroxidase visuali-
zation system (Vectastain, ABC kit Elite; Vector Laboratories).

Statistical analysis

Data are given as mean+SEM. Estimates of statistical
significance were performed by analysis of variance (one-way
ANOVA, Tukey test, SigmaStat software).

Results

We recently reported that hydralazine is an efficient car-
bonyl scavenger agent with potent antiatherogenic effect

CHO CHO CHO

Na,S,04, cat FeSO,
H,0, 5 days, 50°c
H,CO
OH

Vanilline (1) Bmagg&ne (2)

————— H,c0” ‘ ‘g ~oc
OH OH
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(45% of lesion reduction in apoE ™/~ mice treated by
10mg/kg/day hydralazine in drinking water during 16
weeks) (16). However, hydralazine exhibits only mild anti-
oxidant properties, and relatively high concentrations are re-
quired to prevent LDL oxidation and subsequent formation of
foam cells that accumulate in early atherosclerotic lesions. We
aimed to improve the antioxidant properties of hydralazine,
without altering its carbonyl scavenger properties. For this
purpose we designed and synthesized a hydralazine deriva-
tive, and we report its ability to prevent LDL oxidation and
oxLDL cytotoxicity, and to delay the formation of athero-
sclerotic lesions in apoE~/~ mice.

BVH synthesis

BV was obtained through oxidative coupling reaction of 2
vanilline moieties. The reaction conditions were optimized
and the best results were obtained when performing the
coupling reaction in the presence of sodium persulfate and
catalytic amount iron sulfate in water at 50°C (Fig. 1). The
reaction was followed by thin layer chromatography till
completion after 5 days, affording after work up BV with an
excellent yield (95%). BV was then allowed to react with two
equivalents of hydralazine hydrochloride in refluxing ethanol
for 6h30 affording pure chlorhydrated BVH as a precipitated
solid which was filtered off (87% yield).

BVH copper chelating properties

Transition metals are strongly implicated in the reductive
decomposition of lipid hydroperoxides, to give alkoxyl and
lipid peroxyl radicals during the propagation step. As some
polyphenolic compounds block the oxidation induced by
transition metal ion-induced by chelating copper or iron ions
(36), we evaluated whether this mechanism was implicated in
the protective effect of BVH against LDL oxidation. To clarify
the ability of BVH to react with cupric ion, its interaction was
assessed by UV-vis spectroscopy. The wavelength spectra of
the complex formed between BVH (25uM) and increased
concentration of copper (10-80uM) revealed absorbance
peaks at 296 and 376 nm related to BVH alone (Fig. 2A). The
increase in Cu(Il) concentration caused a linear decrease in
the absorbance at 296 and 376nm and a linear increase in

Z °N
|
XN NH
N\ =N
EtOH, 6h30, A O O 2HC|
Hy — " H,CO OCH;,3
NHNH,, HC| OH OH
N
~N BVH (3)
hydralazine P

FIG.1. Chemical structures of bisvanillyl-hydralazone (BVH), hydralazine (Hdz), and bisvanilline (BV), and scheme of

BVH synthesis.
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1 Oé" 1 |

0 0.5 1
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absorbance at 456 nm. Figure 2A also shows the formation of
four isosbestic points at 274, 306, 330, and 415nm in the
presence of concentration of Cu(II) between 0 and 20 M. The
isosbestic points at 306, 330, and 415 nm shifted, respectively,
to 299, 323, and 402nm in the presence of 23.33 to 80 uM
Cu(Il). Altogether, these results indicate the formation of
copper-BVH complexes.

BVH prevents metal- and AAPH-dependent
LDL oxidation

The antioxidant properties of BVH were evaluated on its
ability to block LDL oxidation induced in vitro by metal-
dependent (copper) and -independent (AAPH) oxidation sys-
tems or by contact of LDL with HMEC-1. As shown on Figure

5 0 01 0.3 1
AAPH concentration (mM)

2B, low concentrations of BVH (1-5uM) prevented copper-
mediated LDL oxidation (monitored by TBARS formation), in
contrast to hydralazine and BV, which had no (or only minor)
effect at these concentrations. BVH efficiently inhibited LDL
oxidation mediated by AAPH (100 and 300 uM), indicating
that it also exhibits free radical scavenger properties in metal-
independent oxidation systems (Fig. 2C). Likewise, BVH
inhibited cell-mediated LDL oxidation and subsequent cyto-
toxicity, whereas hydralazine and BV had no effect (Fig. 3A, B).

Since cell-mediated LDL oxidation depends on the secre-
tion of ROS in the extracellular medium, we evaluated the
ability of BVH to reduce the level of extracellular ROS,
namely, superoxide anion (O, ) and hydrogen peroxide
(H20,). BVH (1 and 5 uM) reduced the generation of 0, ~and
H,0, (Fig. 3C, D), in agreement with its inhibitory effect on
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FIG. 3. BVH inhibits cell-induced LDL
oxidation and the extracellular generation
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mediated LDL oxidation was evaluated on
human microvascular endothelial cell-1
(HMEC-1) seeded in 12-multiwell plates. The
standard culture medium was removed and
replaced by serum-free RPMI 1640 contain-
ing native LDL (100 ug apoB/ml) and the
agents (BVH, Hdz, and BV) used at the in-
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at 37°C, the TBARS content was determined
in the LDL-containing medium. Results are
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viability after 14h of incubation in the pres-
ence of native LDLs and copper (1 umol), as
indicated in (A). Cell viability was deter-
mined by the MTT test. Results are expressed
as percent of the untreated control. (C) De-
termination of O, ~ generation by HMEC-1
incubated for 1h with oxLDL (100 ug/ml) +
the indicated agents (1 and 5uM). O, = was
measured by the SOD-inhibitable reduction
of cytochrome C, as reported in the Materials
and Methods section. Results are expressed as
percent of the control treated with oxLDLs.
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(Santa-Cruz), as control. Right panel: densito-

metric analysis of gp91P"** Western blot experiments by Image] software. Gp91P"/EGF-R ratio was calculated and expressed
in arbitray units (au), as mean 4 SEM of four separate experiments. *p < 0.05 (values compared to the unstimulated control). In
(A-E), the data are mean + SEM of four separate experiments. *p < 0.05. In (C, D), compared to the oxLDL-treated control, black
bar. The yellow bars represent the untreated control. (To see this illustration in color the reader is referred to the web version of

this article at www liebertonline.com/ars).

lipid peroxidation and subsequent toxicity (Fig. 3A, B). It may
be noted that hydralazine was less efficient than BVH (Fig.
3A-D). BV did not exert any protective effect at the used
concentrations.

The generation of extracellular ROS by NAD(P)H oxidase
and its implication in LDL oxidation and atherosclerosis have
been largely investigated (19, 20, 46). This functionally active
NAD(P)H oxidase contains the membrane-bound subunits
p22P"* and gp91P"°* (20), and is required for the proliferation
and migration of these cells (20, 60). The expression of
gp91P"** is increased and regulated by oxidative stress (20,
46), and is blocked by antioxidants such as resveratrol (8).
Moreover, we previously reported that NAD(P)H oxidase is

involved in the generation of extracellular ROS in HMEC-1
(11). We thus checked whether oxLDLs (preoxidized by UV
irradiation/Cu in the absence of drug) increase the expression
of gp91ph°" at the plasma membrane, and whether these re-
sponses are regulated by BVH and the other tested com-
pounds. As shown in Figure 3E, oxLDLs increased the
expression of gp91P"* (the data in Fig. 3E were observed after
5h incubation). All these responses were inhibited by BVH
(and at a lesser extent by hydralazine) (both being tested at
5 uM), as well as by the metal chelator desferal, and by trolox
(data not shown). BV had no inhibitory effect. Thus, it can be
speculated that BVH inhibits the generation of extracellular
ROS via a direct mechanism including its radical scavenger
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FIG. 4. BVH inhibits the
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intracellular oxidative stress
and the release of MCP-1.
(A, B) Rise of intracellular ROS
triggered by oxLDLs (200 ug/
ml, 3h incubation) and inhibi-
tion by BVH, Hdz, and BV.
HMEC-1 were incubated with
or without oxLDLs (200 ug/ml
for 3h) and the indicated
agent, used at 1 or 5 M (A) or
at 5uM (B). Thirty minutes
before the end of the experi-
ment, cells were loaded with
the ROS-sensitive fluorescent
probes 6-carboxy-2',7'-
dichlorodihydrofluorescein dia-
cetate, di(acetoxymethyl ester) D
(H,DCFDA-AM) (A) or dihy-
droethidium (DHE) (B) and
the fluorescence of the cells
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tested at 5 uM, except trolox, 10 uM). (D) Upper panel: Western blot experiments showing the phosphorylation of NF-«B, upon 2h
stimulation of HMEC-1 with toxic oxLDL concentrations (200 ug/ml), and effect of BVH, Hdz and BV (all the agents were tested at
5uM). Lower panel: densitometric analysis of phospho-NF-«B Western blot experiments by ImageJ software. Phospho-NF-«B/ 8-
actin ratio was calculated and expressed in arbitray units (au), as mean+ SEM of four separate experiments. *p < 0.05 (values
compared to the unstimulated control). (E) Monocytes adhesion to HMEC-1 activated by oxLDLs. HMEC-1 were grown on 12-
multiwell culture plaques, and stimulated by oxLDLs for 1-4 h. The adhesion assay was performed using Raw-267.4 macrophages
previously loaded with calcein (5 M) for 10min and washed three times in warm PBS. The fluorescent calcein-loaded macro-
phages (50,000 cellules/well) were added to HMEC-1 culture for 30 min, and then the cells were carefully washed with warm PBS
and lyzed in water, and the fluorescence of the mixture was immediately measured (ex/em 490/525). The results are expressed as
percentage of the unstimulated control. (F) MCP-1 release by HMEC-1 activated by oxLDLs. HMEC-1 were incubated with
oxLDLs (200 ug/ml) for 1 to 5h, and MCP-1 released in the culture medium was determined by ELISA. The data are expressed as
percentage of the unstimulated control. In (A-F), the data are means 4+ SEM of four separate experiments. *p < 0.05; compared to
the oxLDL-treated control, black bar. The yellow bars represent the untreated control. (To see this illustration in color the reader is

referred to the web version of this article at www.liebertonline.com/ars).

and metal chelator properties, and indirectly, by blocking the
increase in gp91phox expression.

We then investigated whether BVH is able to inhibit the
intracellular ROS rise generated by oxLDLs, and involved in
vascular dysfunction, inflammatory response, and cytotoxic-
ity (1, 44, 45). For this purpose, HMEC-1 were loaded with
two permeant ROS-sensitive probes, the H,DCFDA-AM
probe that reacts with hydroperoxides, and DHE that is more
specific for 0, "~ (18). Incubation of HMEC-1 with toxic con-
centration of oxLDLs (200 ug/ml) resulted in increased level
in cellular hydroperoxides and O, ~, which were completely
prevented by BVH (1-5 uM) (Fig. 4A, B), whereas no or only
very weak protective effects were obtained with similar con-
centrations of hydralazine and BV.

Oxidative stress and oxLDLs trigger a proinflammatory
signaling, which results (at least in part) from the activation of
the redox-sensitive NF-«xB transcription factor (44). The

nuclear translocation of NF-xB depends on its phosphoryla-
tion, and on the proteasomal degradation of IxBu, the cyto-
solic constitutive inhibitor of NF-xB (44). The incubation of
HMEC-1 with oxLDLs stimulated the in vitro hydrolysis of
sLLVY-MCA (a fluorogenic synthetic peptide substrate for
20S proteasome) (Fig. 4C) and the phosphorylation of NF-xB
(Fig. 4D) (the reported data were observed at 2h), in agree-
ment with our previous report (61). These responses were
completely inhibited by BVH, whereas hydralazine and BV
had no effect. The proinflammatory signaling resulting from
NF-«B activation is implicated in the expression of adhesion
molecules and the secretion of chemoattractants (9, 51, 56). To
check whether BVH inhibits the proinflammatory signaling of
oxLDLs, we tested its ability to inhibit the monocyte recruit-
ment to the endothelium activated by oxLDLs. As shown in
Figure 4E, a significant increase in monocyte adhesion to the
endothelium was observed after incubation of cells with
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oxLDLs. This effect was prevented by BVH, but not by hy-
dralazine nor BV. Likewise, the secretion of MCP-1 was in-
hibited by BVH, but not or only weakly by hydralazine or BV
(Fig. 4F). Altogether, these data indicate that BVH exerts a
potent antioxidant activity able to prevent the rise of extra-
and intracellular ROS. Moreover, BVH inhibits the inflam-
matory signaling mediated by oxLDLs, as assessed by the
inhibition of NF-xB, and the reduced expression of gp91P"",
adhesion molecules, and chemoattractant factors.

BVH inhibit foam cell and carbonyl stress
induced by oxLDLs

The formation of foam cells results from the uptake by
macrophages of modified and oxLDLs (55). Foam cell for-
mation was evaluated in murine Raw 264.7 macrophages
incubated for 14h with 100 ug/ml oxLDLs and the tested
agents (5 uM). The lipid accumulation was evidenced by oil
red O staining and was fluorometrically quantified by Nile
Red. Foam cell formation was strongly inhibited by BVH, but
not by BV, whereas hydralazine exhibited only weak protec-
tion (Fig. 5A, B) (higher concentrations being required for
preventing foam cell formation) (16).

We then investigated whether BVH may block the modi-
fication by carbonylation of cellular proteins (53), which can
be protected by carbonyl scavengers (16). As shown in Figure

.com/ars).

5C, BVH prevented the cellular increase in protein carbonyl
content induced by oxLDLs (200 ug/ml, 14h incubation),
whereas hydralazine and BV were unefficient at the used
concentration (5 uM). As shown in Figure 5D, 4-HNE (10 uM)
directly added to the culture medium of HMEC-1 triggered an
increase in protein carbonyl content, which was blocked by
BVH and hydralazine, but not by BV. The protection against
the carbonyl stress induced by 4-HNE necessited higher BVH
and hydralazine concentrations (25 uM), whereas the antiox-
idant properties of BVH were observed from 1 to 5 uM. Taken
together, it is suggested that the inhibitory effect of BVH on
the carbonyl stress elicited by oxLDLs mainly results from its
antioxidant properties, whereas its intrinsic carbonyl scav-
enger properties are comparable with those exerted by
hydralazine.

BVH prevents oxLDL-mediated apoptosis

The antiapoptotic properties of BVH, hydralazine, and
BV were evaluated on HMEC-1 incubated with toxic
concentrations of oxLDLs. After 24h incubation, the re-
sidual viability of cells (evaluated by the MTT test)
was < 20% of the control (cells incubated without oxLDLs)
(Fig. 6A). Dose-response experiments indicated that BVH
was strongly efficient even at low concentrations (1 uM)
for preventing the toxic effect of oxLDLs, whereas 5uM
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FIG. 6. BVH prevents oxLDL-mediated
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apoptotic signaling. (A-C) Cytoprotective
effect of BVH. Sub-confluent HMEC-1 were
incubated in serum-free culture medium with
oxLDLs (200ug apoB/ml) and the tested
agents. (A) Cytotoxicity and cytoprotection
were evaluated by the MTIT assay, after 24h
incubation with oxLDLs and with/without the
tested agents (used at the indicated concentra-
tions). The results are expressed as percentage
of the untreated control. Fluorescence micros-
copy (B) and count of live and dead cells (C)

>

—

o

=)
.
|

(%1
(=]
T

MTT assay
(% of untreated control)

incubated for 16h with/without oxLDLs 0
(200 pg/ml) and with/without BVH (Gupy), — OXPL -
Hdz (5uM), BV (5uM), and trolox (Trol, ~ 'Mhibitor -
10 uM). Cells were stained by the fluorescent
DNA intercalating agents Syto-13 (permeant,
green) and propidium iodide (nonpermeant, B
red), and examined by fluorescence microscopy
that reveals live cells (green with normal nu-
cleus) and dead cells with apoptotic nucleus
(green apoptotic or red postapoptotic necrosis,
arrows) or primary necrosis with red nucleus
(without apoptotic features). In (B), represen-
tative of three separate experiments. (D) Cyto-
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ditions as in (C). (E) Western blots of cyto-
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chrome C (cyto C) on cytosolic proteins, and
Bid and f-actin on total cell extracts. Re-
presentative of four separate experiments. (F).
Evaluation of the DEVDase activity on cell ex-
tracts using the fluorogenic substrate Ac-
DEVD-AMC, as indicated in Materials and
Methods section. The results are expressed as
percentage of the untreated controls. These data
are means+ SEM of at least four separate ex-
periments. *p < 0.05 (comparison to the oxLDL-
treated controls, black bars). The yellow bars 0
represent the untreated control. (To see this
illustration in color the reader is referred to the
web version of this article at www liebertonline
.com/ars).
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hydralazine and BV had no protective effect (Fig. 6A). Cell
death was characterized by counting apoptotic cells after
double staining with two fluorescent intercalating agents,
the permeant DNA probe syto-13 that stains green all the
nuclei, and propidium iodide (PI) that stains red only cells
with permeabilized membrane (i.e., necrotic cells affected by
either primary necrosis or postapoptotic necrosis) (47, 62).
As shown in Figure 6B and C, oxLDLs increased the number
of apoptotic cells. BVH (1-5 uM) prevented the apoptosis of
HMEC-1 cells, whereas hydralazine and BV (1-5 uM) were
unefficient. BVH (5uM) blocked the apoptotic signaling
elicited by oxLDLs (Fig. 6E, F), by inhibiting the cleavage of
Bid and the cytosolic release of cytochrome C, as well as the
activation of DEVDase (caspase 3). BVH and hydralazine
(25 uM), but not BV, blocked the carbonyl stress-induced
toxicity, by inhibiting cell death elicited by pure 4-HNE
(10 uM) added to the culture medium of HMEC-1 (Fig. 6D).
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The protective effect of BVH on 4-HNE-induced cell death
necessited higher concentrations (25 uM), and was compa-
rable with that exerted by hydralazine (Fig. 6D). Trolox, an
antioxidant deriving from vitamin E, and used as control,
blocked oxLDL-mediated apoptosis in agreement with
previous studies (33), but had no effect on 4-HNE-induced
cytotoxicity.

BVH prevents the development
of atherosclerosis in apoE~'~ mice

The deletion of the apoE gene in apoE /~ mice leads to
severe hypercholesterolemia and spontaneous atherosclero-
sis, even on a standard chow diet (65). Three groups of 20
apoE "/~ mice (male) received a standard diet chow, and were
either untreated (control) or treated for 16 weeks with BVH or
hydralazine added to the drinking water. Blood pressure,
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TABLE 1. PLAsMA CHOLESTEROL, TRIGLYCERIDE, AND GLYCEMIA CONCENTRATIONS AND BLOOD PRESSURE
IN APOE /= MICE AFTER 16 WEEKS OF TREATMENT WITH BISVANILLYL-HYDRALAZONE AND HYDRALAZINE

ApoE ™/~ mice treatment Glucose (mM) Total cholesterol (mM) TG (mM) BP (mmHg)
Untreated 8.6£0.4" 13.8+1.6% 1.58 +£0.4% 108 £5
BVH 8.2+0.3° 134+147 1.76 £0.3% 110+6
Hydralazine 8.5+0.3° 13.7+1.5% 1.45+0.3% 107 £4

Results are given as mean £ SD.

p < 0.05 for comparison between untreated and drug-treated apoE/~ mice, 20 animals per group.

BVH, bisvanillyl-hydralazone; BP, blood pressure; TG, triglycerides.

plasmatic levels of total cholesterol, triglycerides, and glucose
were comparable in treated and untreated animals (Table 1),
thereby indicating that neither BVH nor hydralazine modify
the blood level of circulating lipids. In untreated (control)
apoEf/ ~ mice, the area of atherosclerotic lesions in aortic
sinus was 24,550 4 6340 umz, in agreement with (16). BVH
administration resulted in a marked reduction (>55%) of
the atherosclerotic lesion area (Fig. 7A). By comparison, hy-
dralazine reduced by 40% the size of the lesions, as previ-
ously reported (16). In the light of the antioxidant and anti-
inflammatory properties of BVH, we checked the composition
of atherosclerotic lesions from BVH-treated and control ani-
mals. As shown in Figure 7B, BVH reduced the tissular ex-
pression of the chemoattractant factor MCP-1, and the
number of «-actin-positive cells (SMC), as well as CD68-

ApoE i

positive cells (macrophages) (data not shown). BVH also re-
duced lymphocyte infiltration (as assessed by a decrease in
CD3-positive T cells), and inhibited the accumulation of 4-
HNE adducts on tissular proteins (carbonyl stress) in aortic
sinus of apoE /~ mice (Fig. 7B). These data were confirmed by
the reduction by BVH (and hydralazine) of the tissular in-
crease in protein carbonyl content (Fig. 7C), and by the de-
crease in 4-HNE-adduct accumulation on the PDGF receptor
(a target of carbonyl stress) (13, 62), in aortas of treated versus
untreated animals (Fig. 7D).

Discussion

Oxidative stress, LDL oxidation, and carbonyl stress are
involved in the initiation of early atherosclerotic lesions, and

FIG. 7. Antiatherogenic effect of BVH on
ApoE /" mice lesions. ApoE /~ male mice
aged 4 weeks (20 in each group) were fed a
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regular mouse chow diet and treated or not by
BVHorHdz (30mg/l,i.e., 10 mg/kg/day added
to the drinking water) for 16 weeks. Hearts were
embedded in OCT (Tissue-Tek) and aortic sinus
were cut into 10 um sections, stained with oil
Red O, and counterstained with hematoxylin—
eosin, and a morphometric quantification of the
lesion size was performed, as indicated in the
Materials and Methods section. (A) Fatty streak
area quantification. Means + SEM of fatty streak
area in aortic sinus of untreated male mice was
24,550 + 6340 um?. (B) Immunohistochemistry
of cryosections of aortic sinus from untreated
(left) and BVH-treated (right) apoE_/ ~ mice.
From top to bottom, a-actin (SMC), CD3 (T
lymphocytes), MCP-1, and 4-HNE-adduct
(HNE) immunostaining. The pictures showed
here are representative of five separate un-
treated and BVH-treated mice. (C) Determina-
tion of the protein carbonyl content in protein
extracts from aortas of control untreated, BVH-,
and Hdz-treated mice. (D) Western blot exper-
iments of HNE-adduct accumulation in aortas
of control and BVH-treated mice. These results
are representative of three separate experi-
ments. In (A, C), the data are means + SEM of 20
mice in each group. *p < 0.05 (comparison to the
untreated controls, black bars). The yellow bars
represent the untreated control. (To see this
illustration in color the reader is referred to the
web version of this article at www liebertonline
.comy/ars).
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in the inflammatory and apoptotic events involved in the
progression of atherosclerosis (3, 4, 23, 25). Antioxidants
prevent the development of fatty streaks in animals (3, 24, 37),
but their efficacy on advanced atherosclerotic lesions and on
cardiovascular events in humans is debated (3, 5, 63). Al-
though the efficiency of carbonyl scavengers on LDL oxida-
tion (27) and on the late steps of atherosclerosis is not clarified,
inhibiting both oxidative stress and carbonyl stress may rep-
resent a new therapeutic strategy for atherosclerosis. Carbo-
nyl scavengers are usually poor antioxidants, whereas
antioxidants fail to neutralize carbonyl compounds once ad-
ducts are formed on proteins (40, 42). We recently reported
that hydrazine derivatives used in medicine inhibit the car-
bonyl stress induced by oxLDL, and slow down the devel-
opment of atherosclerotic lesions in apoE/~ mice (this being
correlated with a decrease in foam cell formation). Among
these agents, the antihypertensive drug hydralazine is a car-
bonyl scavenger agent with (moderate) antioxidant activity
(16). To improve the antioxidant properties of hydralazine, we
designed and synthesized BVH, a hydralazine derivative,
exhibiting both antioxidant (presence of a phenolic moiety)
and carbonyl scavenger properties (presence of hydralazine).
The linker between BV and hydralazine is an acid-labile hy-
drazone group that was designed to undergo hydrolysis, al-
lowing the release of hydralazine under physiological
conditions (28).

A first observation is that BVH is a potent antioxidant,
associating both metal chelator and radical scavenger
properties. BVH (even at low concentrations) formed
complexes with copper, and significantly blocked the
copper-induced and AAPH-induced LDL oxidation,
(which is metal-independent), as well as LDL oxidation
mediated by vascular cells (HMEC-1), which depends on
the presence of transition metal. The later mimicks the
mechanism of LDL oxidation occurring in vivo in the
vascular wall, since copper ions are present in the vessels,
and contribute in the generation of oxLDLs and athero-
genesis (3, 25, 64). The metal chelator and radical scaven-
ger properties of BVH allow to block the generation of
extracellular ROS that are involved in cell-mediated LDL
oxidation (O, ~ initiates the generation of H,O, and OH",
formed through the Fenton reaction in the presence of iron
or copper) (29). The copper-chelating properties of BVH
should help to inhibit the Fenton reaction as assessed by
the inhibition of H,O, secretion in the culture medium.
These effects are reinforced by the inhibitory effect of BVH
on the expression of the gp91P" subunit of NADPH-
oxidase, in agreement with reports showing the role of
gp91P"°* in extracellular ROS generation (19, 20). The in-
hibitory effect of BVH on gp91P" expression could result
from an inhibition by BVH, of the redox sensitive proin-
flammatory NF-xB transcription factor, which regulates
the expression of NAD(P)H oxidase (2, 17), and is acti-
vated by oxLDLs (1). These data are in agreement with the
classical inhibitory effect of antioxidants on the intracel-
lular oxidative stress, the proteasome activation (as re-
ported here with BVH), and the proteasomal degradation
of I-kB, the natural cytosolic inhibitor of NF-«xB (44). Be-
sides, BVH inhibited the proinflammatory signaling me-
diated by oxLDLs (44, 47), leading to stress-mediated
cellular responses, such as the adhesion of monocytes to
HMEC-1 stimulated by oxLDL, and the secretion of the
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chemoattractant MCP-1 involved in mononuclear cell re-
cruitment (9, 44). Interestingly, BVH prevented oxLDL
cytotoxicity, by blocking the apoptotic signaling resulting
in the activation of the intrinsic mitochondrial apoptotic
cascade (characterized by the cleavage of the proapoptotic
factor Bid, the release of cytochrome C, and the activation
of caspase 3) (47). These data are in agreement with the
generally known cytoprotective properties of antioxidants
(vitamin E, Trolox, probucol, phenolic acids, and flavo-
noids) (34, 37, 57). The antioxidant effect of BVH was not
reproduced by co-incubating BV and hydralazine, thereby
suggesting that the effect of BVH results from a confor-
mational change in the chemical structure of its compo-
nents, which confers to the molecule a better access to its
targets (ROS, copper), and its subsequent antioxidant and
cytoprotective properties.

The second observation is that BVH exhibited carbonyl
scavenger properties similar to those observed for hydral-
azine, and evidenced by the inhibitory effect of BVH
on protein carbonylation and toxicity elicited by 4-HNE di-
rectly added to the culture medium of HMEC-1 (which
triggers a carbonyl stress independent of lipid peroxidation).
Trolox used as control cytoprotective antioxidant was un-
able to block the carbonyl stress induced by 4-HNE, and this
suggests that the carbonyl scavenger properties of BVH (on
the direct formation of 4-HNE-adducts) are independent of
its antioxidant activity. These effects of BVH necessite rela-
tively higher concentrations (25 uM), and are comparable
with (thus probably result from) hydralazine, which is an
hydrazine derivative, and a strong carbonyl scavenger (45).
One hypothesis is that BVH undergoes hydrolysis of its acid-
labile hydrazone group, thereby releasing hydralazine at
acidic pH under physiological conditions (28). In contrast,
the strong inhibitory effect of low BVH concentrations (1-
5 uM) on the formation of protein carbonyls and foam cell
accumulation induced by oxLDLs likely resulted from its
antioxidant and cytoprotective rather than carbonyl scav-
enger properties. Nevertheless, it can be speculated that
BVH is protective through its antioxidant properties (inhi-
bition of oxidative stress, inflammation, and apoptosis in-
duced by oxLDLs), and through its carbonyl scavenger
properties at least in the vascular wall of apoE™/~ mice,
where it prevented the accumulation of HNE-adducts on
PDGF-R, a known target of carbonyl stress (13, 62). The
antiatherogenic effect of BVH in apoE~/~ mice was superior
to that of hydralazine (55%—-60% of lesion area decrease vs.
40%-45% for hydralazine), perhaps because of its better
antioxidant properties. BVH did not reduce the plasma lipid
content of apoE~/~ mice, but prevented in part the accu-
mulation of macrophagic foam cells, CD3 T-cell infiltration,
and MCP-1 expression. The protein carbonyl content and the
accumulation of 4-HNE adducts on tissular proteins (such as
PDGEFR) were reduced in BVH-treated apoEf/ ~ mice, indi-
cating a good correlation of these parameters with the de-
crease in fatty streaks accumulation and plaque size
reduction.

In conclusion, BVH is a potent antiatherogenic agent, and
represents the prototype of new antioxidant and carbonyl
scavenger molecules, which should be of interest for slowing
down the progression of early atherosclerotic lesions forma-
tion, and more generally of pathologies associated with oxi-
dative and carbonyl stress.
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