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1 Oxidized low density lipoproteins (LDL) are toxic to cultured endothelial cells. Mildly oxidized LDL,
characterized by relatively low levels of TBARS and only minor modi®cations of apoB, were obtained by
using 2 experimental model systems of oxidation, namely oxidation by u.v. radiation or ferrylmyoglobin
(a two electron oxidation product from the reaction of metmyoglobin with H2O2).

2 Toxic concentrations of mildly oxidized LDL induce apoptosis (programmed cell death) of cultured
endothelial cells, as shown by typical morphological features, by the in situ TUNEL procedure and by
DNA fragmentation revealed on gel electrophoresis. This apoptosis is calcium-dependent and subsequent
to the intense and sustained cytosolic [Ca2+]i peak elicited by oxidized LDL.

3 Five naturally occurring phenolic compounds present in food and beverages were able to prevent, in
a concentration-dependent manner, the apoptosis of endothelial cells induced by oxidized LDL. Among
the compounds tested, ca�eic acid was the most e�ective. Under the conditions used, the protective e�ect
of ca�eic acid (IC50 8.3+2.1 mmol l71) in the prevention of apoptosis induced by oxidized LDL was
signi®cantly higher than that of the other compounds tested (IC50s were 12.4+3.2, 14.1+4.1, 20.4+4.4
and 72.6+9.2 mmol l71 for ferulic, protocatechuic, ellagic and p-coumaric acids, respectively).

4 The anti-apoptotic e�ect of ca�eic acid results from the addition of two e�ects, (i) the antioxidant
e�ect which prevents LDL oxidation and subsequent toxicity (`indirect' protective e�ect); (ii) a `direct'
cytoprotective e�ect, acting at the cellular level.

5 E�ective concentrations of ca�eic acid acted at the cellular level by blocking the intense and
sustained cytosolic [Ca2+]i rise elicited by oxidized LDL.

6 In conclusion, phenolic acids (ca�eic and ferulic acids being the most potent of the compounds tested
under the conditions used) exhibit a potent cytoprotective e�ect of cultured endothelial cells against
oxidized LDL. In addition to antioxidant e�ect delaying LDL oxidation, ca�eic acid acts as a
cytoprotective agent, probably by blocking the intracellular signalling triggered by oxidized LDL and
culminating in the sustained calcium rise which is involved in oxidized LDL-induced apoptosis.
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Introduction

LDL oxidation is a progressive process (Esterbauer et al.,

1992) leading ®rst to the formation of mildly oxidized LDL
and ®nally to extensively oxidized LDL. Mildly oxidized LDL
are characterized by a low content of lipid peroxidation

products and only minor alterations of apoB, whereas
extensively oxidized LDL contain high levels of lipid
peroxidation products and extensively modi®ed apoB. LDL

oxidation can be promoted in vitro by a wide variety of
oxidizing agents, such as transition metal ions (free or
complexed), oxidizing enzymes, ferrylmyoglobin, living cul-
tured cells and photonic radiations (Steinberg et al., 1989; Dee

et al., 1991; Esterbauer et al., 1992; NeÁ gre-Salvayre et al.,
1992b).

Oxidized LDL are cytotoxic to cultured cells (Henricksen et

al., 1979; Hessler et al., 1979). Two types of cell death, termed
apoptosis and primary necrosis (or oncosis), have been
discriminated on the basis of morphological studies (Willye

1981). Apoptosis is characterized by DNA fragmentation,
chromatin condensation, nucleus fragmentation, organelle
relocalization and cell fragmentation without increased

permeability of the plasma membrane. In contrast, necrosis
is characterized by cellular swelling, organelle alterations,

rupture of plasma membrane and ®nally cell lysis and leakage

of the cellular components.
During toxic cell injury, disruption of Ca2+ homeostasis

seems to play a critical role by triggering activation of calcium-

dependent degradative enzymes, resulting in irreversible
damage of cellular components leading to cell death (Boobis
et al., 1989; Orrenius et al., 1989; Arends et al., 1990; Farber,

1990). The toxic e�ect of oxidized LDL is mediated by an
intense and sustained rise of cytosolic calcium [Ca2+]i and
induces a massive apoptosis of cultured endothelial cells
(NeÁ gre-Salvayre et al., 1992a; Escargueil-Blanc et al., 1997).

Dietary phenolic derivatives of cinnamic acid have been
shown to prevent LDL oxidation induced by peroxyl radicals
and metmyoglobin/H2O2 (Laranjinha et al., 1994; 1996). It has

been proposed that these antioxidants act by quenching
peroxyl radicals, reducing ferrylmyoglobin to metmyoglobin
(Laranjinha et al., 1995) and by regenerating a-tocopherol
from its radical, at the LDL surface (Laranjinha et al., 1995).
As other naturally occuring antioxidants have been shown to
protect cells against the injurious e�ect of oxidized LDL

(Mabile et al., 1995), we investigated whether phenolic
compounds were able to protect endothelial cells against the
cytotoxic e�ect of oxidized LDL.

We showed here that (1) mildly oxidized LDL (oxidized by

u.v. or by ferrylmyoglobin) induces a calcium-dependent
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apoptosis of cultured endothelial cells; (2) ca�eic acid and
other phenolic compounds prevent apoptosis of endothelial
cells induced by oxidized LDL; (3) beside its antioxidant e�ect,

ca�eic acid blocks the oxidized LDL induced apoptosis by
inhibiting the genesis of the calcium rise induced by oxidized
LDL.

Methods

Cell culture

The human umbilical vein endothelial cell line CRL-1998 was

obtained from the ATCC (Rockville, MD, U.S.A.), the bovine
aortic endothelial cell line GM-7372A was from the National
Institute of Genetics Human Mutant Cell Repository

(Camden, NJ, U.S.A.). Non immortalized bovine aortic
endothelial cells (BAEC) were obtained according to the
procedure of Gospodarowicz et al. (1976), as previously used
Escargueil-Blanc et al., 1997). Under standard conditions,

endothelial cells (0.46106 cells ml71) were seeded in 6
multiwell plates, or in falcons (Nunc) when required and
grown (at 5% CO2, 378C) in a medium supplemented with

10% heat inactivated foetal calf serum, 100 u ml71 penicillin
and 100 mg ml71 streptomycin (CRL-1998 being grown in
RPMI-1640 containing Glutamax from Gibco, GM-7273A

cells and BAEC in Dulbecco's modi®ed Eagle's DMEM
medium), under previously described conditions (Escargueil-
Blanc et al., 1997). All passages were made with a splitting

ratio 1/4. Twenty four hours before LDL incorporation, this
medium was replaced by a serum-free medium.

LDL isolation and oxidation

LDL from human pooled sera were isolated by ultracen-
trifugation according to Havel et al. (1986), dialyzed (against

150 mmol l71 NaCl with 0.1 mmol l71 EDTA), sterilized on
0.2 mm Millipore membrane and stored at 48C under nitrogen
(up to 3 weeks). LDL mobility was evaluated by electrophor-

esis on Hydragel and apoB by immunonephelometry.
Mildly oxidized LDL were obtained by (u.v.+copper/

EDTA)-mediated oxidation under mild conditions: LDL
solution (2 mg apoB/ml71, containing 5 mmol71 CuSO4) was

irradiated for 2 h (generally), as a thin ®lm (5 mm) in an open
becher placed 10 cm under the u.v. -C source (HNS 30W OFR
Osram u.v. -C tube, l max 254 nm, 0.5 mW cm72 determined

by a Scientech thermopile Model 360001), under the standard
conditions previously de®ned by Escargueil-Blanc et al. (1994).
At the end of the irradiation, aliquots were taken up for

analyses and oxidized LDL (200 mg apoB ml71 under standard
conditions or at the indicated concentration) were immediately
incorporated in the culture medium.

Alternatively, mildly oxidized LDL were obtained by
ferrylmyoglobin treatment. Ferrylmyoglobin mediated-LDL
oxidation was carried out by incubation of LDL samples
(2 mg apoB ml71, in PBS, pH 7.4) with 18 mM metmyoglobin/

27 mM H2O2 during 2 h at 378C. When LDL were oxidized in
the presence of phenolic acids, they were added 3 min before
the peroxide (which starts the oxidation reaction).

LDL oxidation was evaluated by determining their content
of thiobarbituric acid reactive substances (TBARS) Yagi,
1987) and in lipid hydroperoxide by using the FOX-2

procedure Wol�, 1994), by the relative electrophoretic mobility
(REM) on Hydragel (Sebia, Paris, Fr) and the level of
trinitrobenzene sulphonic acid (TNBS)-reactive amino groups
determined (Steinbrecher et al., 1990).

The susceptibility to oxidation of LDL from various
batches was variable and some batches were more resistant
to oxidation. In this case, the oxidation time was increased in

order to obtain lipid peroxidation indices in the range
indicated below. In the mildly oxidized LDL used here, lipid
hydroperoxides ranged between 32 and 48 nmol mg71 apoB,

TBARS between 3.9 and 6.3 nmol mg71 apoB, REM between
1.1 and 1.4, and TNBS-reactive amino groups between 91 and
97% (as % of the non oxidized LDL). In non oxidized LDL,
the ranges were between 4.5 and 8.5 nmol mg71 apoB for lipid

hydroperoxides, 0.1 and 0.3 TBARS mg71 apoB (non oxidized
LDL being used as references, their REM and TNBS values
were 1.0 and 100%).

Protein content was determined by the procedure of Smith
et al. (1985).

Labelling of LDL with DiIC18 and determination of
LDL uptake by endothelial cells

Puri®ed (native) LDL or (u.v.+copper) oxLDL were

¯uorescently labelled with DiIC18 according to Via & Smith
(1986), re-isolated by ultracentrifugation, dialysed and ster-
ilized again as above indicated. Fluorescently-labelled LDL

were added to the culture medium (at 200 mg apoB ml71, i.e. at
the same concentration as for cytotoxicity experiments) and
incubated with cells for 14 h. At the end of the incubation

time, cells were carefully washed once with phosphate bu�ered
saline (PBS) containing 5 g l71 bovine serum albumin and
once with PBS. Then cells were homogenized by sonication in

1 ml of distilled water and an aliquot was used to extract
DiIC18 by the procedure of Folch et al. (1957) and to read the
cell-associated ¯uorescence extracted in the chloroformic
phase (by use of a Jobin-Yvon JY-3C spectro¯uorometer;

excitation 545 nm; emission 568 nm).

Determination of cytotoxicity and indices of necrosis and
apoptosis

Subcon¯uent endothelial cells (grown previously under the

standard conditions) were grown in a serum-free medium for
24 h, before adding lipoproteins. Then LDL or oxidized LDL
were added to the culture medium at the concentration and for
the time indicated below. Controls were grown under the same

conditions but without addition of lipoproteins.
The whole cytotoxic e�ect was evaluated by using the

MTT test (Denizot & Lang, 1986). Cell lysis (i.e. necrosis) was

evaluated by counting trypan blue stained cells (without
counting cellular debris, thus probably excluding late steps of
the apoptotic and necrotic processes) (Escargueil-Blanc et al.,

1994) and by determining the activity of lactate dehydrogen-
ase released into the culture medium (Roche assay kit, MA
kit 10), under the previously used conditions (Negre-Salvayre

& Salvayre, 1992). The percentage of apoptotic cells was
determined microscopically after the nucleus of the living cells
had been stained with 5 mmol l71 SYTO-11 (a ¯uorescent
permeant DNA probe dissolved in dimethylsulphoxide) and

immediately examined by ¯uorescence microscopy (Leica
model Diaplan, ®lters for ¯uorescein). Alternatively, apopto-
tic nuclei were visualized after ®xation of cells (3%

paraformaldehyde for 15 min and washing in 150 mmol l71

phosphate bu�ered saline, pH 7.4) and staining by the DNA
intercalating ¯uorescent probe DAPI (0.1 mg ml71 in pH 7.0

Tris/EDTA/NaCl, 10/10/100 mmol l71), and mounted in
Fluoprep for ¯uorescence microscopy (Leica model Diaplan),
under the previously used conditions (Escargueil-Blanc et al.,
1994).

Phenolic acids block apoptosis induced by oxidized LDL566 O. Vieira et al



DNA fragmentation was visualized in situ on ®xed cells by
the TUNEL (terminal transferase-mediated dUTP-biotin nick
end labelling) procedure of Gavrielli et al. (1992), using the

terminal transferase (TdT) kit of Boehringer Mannheim
(Germany). Brie¯y, cells grown on glass cover slides, were
®xed in 3% bu�ered paraformaldehyde and endogenous

peroxidases were inactivated by 2% H2O2. After rinsing,
150 ml of TdT (0.3 u ml71) and biotinylated dUTP in TdT
bu�er (150 mmol l71 K cacodylate/25 mmol l71 Tris-HCl pH
6.6, 0.25 mg ml71 bovine serum albumin) and 2 mmol l71

CoCl2 for 1 h at 378C. After the reaction had been stopped and
the cells rinsed 4 times, the slides were covered by 150 ml of
Extra-avidin Peroxidase (Sigma, MO) diluted 1/15 in water

and incubated for 30 min at 378C, washed twice and stained
with 1 mg ml71 DAB for 5 min at 378C. The positive control
was treated with DNAse I (1 mg ml71 from Sigma, for 10 min),

as indicated by Gavrielli et al. (1992), before being processed
through the TUNEL procedure.

To evaluate the protective e�ect, the phenolic compounds
tested (see structures in Figure 1) were added to the culture

medium under conditions indicated below and the toxicity was
evaluated comparatively with the control (without phenolic
compounds).

Determination of chromatin fragments

DNA fragmentation assays were essentially derived from the
procedure of McConkey et al. (1989) under the previously used
conditions Escargueil-Blanc et al., 1994). Cells were allowed to

lyse for 15 min in 1 ml lysis bu�er (5 g l71 Triton X-100 and
20 mmol l71 EDTA, 5 mmol l71 Tris pH 8.0), then ultra-
centrifuged for 20 min at 27 0006g to separate the chromatin
pellet from cleavage products. The pellet (re-suspended in 1 ml

of 10 mmol l71 Tris-HCl, pH 8.0 bu�er containing 1 mmol l71

EDTA) and the supernatant were assayed for DNA
determination by the ¯uorometric DAPI procedure according

to Kapuscinski & Skooczylas (1977).

Electrophoresis of DNA fragments

DNA fragmentation was visualized by gel electrophoresis (on
agarose gel 1.8%, for 2 h at 50 V) under the previously used
conditions Escargueil-Blanc et al., 1997), except that DNA

bands were stained by ethidium bromide and visualized by
¯uorescence.

Determination of cytosolic calcium concentration
[Ca2+]i

[Ca2+]i was determined according to the methods of Tsien's
group, by using the permeant calcium probe fura-2/AM which
are hydrolyzed by intracellular carboxylesterases to liberate

fura-2. Brie¯y, cells were incubated for 15 min at 378C in RPMI
medium bu�ered with 20 mmol l71 HEPES and containing
0.5% bovine serum albumin and fura-2/AM (2 mmol l71).
After dilution and incubation in RPMI for 45 min, cells were

washed twice in phosphate bu�ered saline and their ¯uores-
cence recorded. [Ca2+]i determination was performed at the
dual excitation wavelength of 340 and 380 nm and emission at

510 nm. [Ca2+]i was calculated by the ratio method according
to the protocol of Thomas and Delaville (1991).

Chemicals

Dioctadecylindocarbocyanine (DiIC18) and SYTO-11 were
purchased fromMolecular Probes (Eugene, OR, U.S.A.), fura-

2/AM, agarose, extra-avidine peroxidase, 4',6-diamidino-2-
phenylindole (DAPI), 2,4,6-trinitrobenzenesulphonic acid

(TNBS), bovine serum albumin, diaminobenzidine (DAB),
horse heart myoglobin and phenolic acids from Sigma (St.
Louis, MO, U.S.A.), RPMI 1640 and phenol red-free (PRP-)

RPMI-1640, foetal calf serum, L-glutamine, penicillin,
streptomycin from Gibco (Cergy-Pontoise, France), Hydragel
from Sebia (Issy, France), PGEM DNA ladder (Charbon-
nieÁ res, France), G-Nome kit (Bio 101, La Jolla, CA) and other

chemicals from Sigma or Prolabo (Paris). Before use,
metmyoglobin was puri®ed by dialysis against phosphate
bu�er (20 mM phosphate, 110 mM NaCl), pH 7.4 containing

50 mM DTPA and Chelex-100. Stock metmyoglobin and H2O2

solutions were standardized with e632nm=2.1 mM
71 cm71 and

e240nm=43.6 mM
71 cm71, respectively. Phenolic acids solu-

tions were prepared in water puri®ed in a Milli-Q apparatus.

Presentation of data and statistical analysis

Data are given as means+s.e.mean. Estimates of statistical
signi®cance was performed by ANOVA (Newman-Keuls
Multiple comparison test).

Results

LDL oxidized by u.v. or by ferrylmyoglobin induced
apoptosis of cultured endothelial cells

The 2 types of mildly oxidized LDL (u.v.- and FMb-oxidized
LDL) used here exhibited a time- and concentration-
dependent cytotoxicity to cultured endothelial cells (Figure

2a,b). CRL-1998 and GM-7273A exhibited a similar suscept-
ibility to the toxic e�ect of both u.v.- and FMb-oxidized LDL,
whereas non immortalized BAEC were more susceptible to the

toxic e�ect of oxidized LDL (Table 1). In the experiments
described below, we utilized the immortalized CRL-1998 cell
line which was more stable and resistant than non

immortalized BAEC.
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Figure 1 Chemical structure of phenolic acids.
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The self-toxicity of the phenolic compounds used here has

been evaluated on the 3 types of endothelial cells. On CRL-
1998 and GM-7273A, ca�eic, ferulic, protocatechuic and
coumaric acids were not toxic up to 100 mmol l71 (in contrast
50 mmol l71 ellagic acid was signi®cantly toxic). In contrast,

BAEC were more susceptible to the toxic e�ect of ca�eic acid
(toxicity beginning at 10 mmol l71), whereas ferulic acid was
not toxic up 100 mmol l71.

Cells treated by oxidized LDL died mainly through an
apoptotic process as suggested by DNA fragmentation
determined by the DAPI quantitative procedure (Figure 2c),

and visualized by in situ TUNEL labelling (Figure 2d and
Figure 3). In situ visualization of DNA fragmentation by the
TUNEL procedure is one of the earliest morphological

features of apoptosis (when primary necrosis or oncosis is
excluded). Under the conditions used here, in situ DNA
fragmentation (TUNEL labelling of the nuclei) began to rise
after a 12+2 h pulse with oxidized LDL, and was clearly

visualized at 18 h (Figure 3). At this stage, the major part of

the cell population was still attached to the culture ¯ask and

the permeability of their plasma membrane was not grossly
altered, as suggested by the small number of trypan blue
stained cells (data not shown). Six hours later, a large number
of apoptotic cells became detached (and discarded with the

medium, thus explaining the fall in the MTT index). Detached
cells became rapidly permeant to trypan blue (data not shown).
LDH activity released in the culture medium was signi®cantly

increased (P50.05) after 24 h incubation of CRL-1998 cells
with oxidized LDL (200 mg apoB ml71), but the released LDH
activity was low in comparison to the total cellular LDH

content (Figure 2e).

Phenolic compounds prevent oxLDS-mediated apoptosis
of endothelial cells

When phenolic compounds were added to the culture medium
simultaneously with u.v.-oxidized LDL (200 mg apoB ml71),

the viability of endothelial cells was signi®cantly improved in a
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Figure 2 Toxicity of mildly oxidized LDL obtained by (u.v.+copper/EDTA) (u.v.) or by ferrylmyoglobin (FMb) treatment
(described in Methods section), containing 5.2+1.4 nmol and 5.7+1.5 TBARS/mg protein, respectively. In (a) and (b), time course
(with a ®xed concentration of oxidized or native LDL, 200 mg apoB ml71) and concentration-dependence (CRL-1998 cells being
incubated for 24 h with increasing concentrations of LDL) of the cytotoxicity. Subcon¯uent endothelial cells, preincubated for 24 h
in serum free RPMI, were grown in the presence or absence of mildly oxLDL (solid symbols) or of native LDL (open circles, Nat).
The toxic e�ect was evaluated by the MTT test (expressed as % of the control, i.e. cells grown in the absence of LDL). In (c, d and
e), CRL-1998 cells were incubated for 24 h without (0) or with LDL (200 mg apoB ml71) either native (Nat) or oxidized by
u.v.+copper/EDTA (u.v.) or by ferrylmyoglobin (FMb). In (c) and (d), DNA fragmentation was evaluated by ultracentrifugation
procedure and DAPI staining, expressed as % of non sedimented chromatin (c) or by the in situ TUNEL procedure, expressed as
labelled nuclei % cells (d). In (e), activity of LDH released in the culture medium (0, Nat, u.v., FMb) or total LDH activity (Tot) of
control cell homogenate (cells grown in the absence of LDL). Mean+s.e.mean of 4 separate experiments are shown. *P50.01
(comparison between controls and cells treated with u.v.- or FMb- oxidized LDL).

Table 1 Toxicity of oxidized LDL on various types of endothelial cells and protection by ca�eic and ferulic acids

Phenolic
OxLDL compound u.v.-oxidized LDL FMb-oxidized LDL
(mg ml±1) (mmol l±1) CRL-1998 GM-7372A BAEC CRL-1998 GM-7372A BAEC

0
100
200

0
0
0

100+8
95+7
36+5

100+9
98+9
42+4

100+10
41+7
10+4

100+8
97+8
31+6

100+9
99+8
40+6

100+10
26+4
8+3

200
100
200

100 ca�eic
100 ferulic
100 ferulic

96+7*
ND
95+8*

94+11*
ND
92+9*

ND
ND
ND

93+8*
ND
91+7*

86+7*
ND
72+6*

ND
57+6*
12+4

Subcon¯uent endothelial cells, were treated by 200 mg apoB ml±1 of oxidized LDL in the absence or presence of ca�eic and ferulic
acids. The cytotoxicity was evaluated, at the end of the 24 h-incubation period, by the MTT test, expressed as % of the control (cells
grown in the absence of oxidized LDL and phenolic compounds). Mean+s.e.mean of 3 experiments. *P<0.01 (comparison between
assays in the absence and presence of the phenolic compound). ND, not done, because 100 mmol l±1 ca�eic acid was toxic per se to
BAEC (but not to CRL-1998 or to GM-7372A) and because 100 mg apoB ml±1 oxidized LDL were not toxic to CRL-1998 or to GM-
7372A (in contrast to BAEC).
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concentration-dependent manner by all the compounds tested.
Under the experimental conditions used in Figure 4a, ca�eic
acid exhibited the highest protective e�ect (IC50

8.3+2.1 mmol l71). IC50 of ferulic and protocatechuic acids
were slightly lower (IC50 12.4+3.2 and 14.1+4.1 mmol l71,
respectively). p-Coumaric acid exhibited only a relatively low

protective e�ect (IC50 72.6+9.2). Ellagic acid exhibited an
intermediate activity (IC50 20.4+4.4 mmol l71), but its use was
restricted by its non negligible self-toxicity (at concentrations
higher than 25 mmol l71). Optimal concentrations of ca�eic,

protocatechuic or ferulic acids were able to inhibit apoptosis of
endothelial cells induced by toxic concentrations of oxidized
LDL, whereas, as expected, ellagic and p-coumaric acids were

less e�ective. (Figure 4b,c).
As shown in Table 1, ca�eic and ferulic acids, the most

e�ective compounds in the protection of CRL-1998 cells, were

also able to protect GM-7372A cells against the toxic e�ect of
200 mg apoB ml71 oxidized LDL. Ferulic acid (100 mmol l71)
was also able to protect BAEC against 100 mg apoB ml71

oxidized LDL, but not against 200 mg apoB ml71 oxidized

LDL.
Phenolic compounds were also able to prevent cytotoxicity

and apoptosis induced by FMb-oxidized LDL. In this

experimental system, ca�eic acid added to the culture
medium simultaneously with oxidized LDL was able to
prevent in a concentration-dependent manner cell loss and

apoptosis of endothelial cells (`direct' protective e�ect)
(Figure 5). When ca�eic acid was added to the LDL
preparation before oxidation, i.e. before addition of

ferrylmyoglobin, the `indirect' protective e�ect (antioxidant
and subsequent protective e�ects) was signi®cantly higher
than under `direct' conditions (addition to the culture
medium with oxidized LDL, i.e. after LDL oxidation)

(P50.05, comparison between `indirect' and `direct' condi-
tions at 10 and 100 mmol l71 (Figure 5).

When cells were preincubated for 24 h with phenolic

compounds (at concentrations protecting e�ectively cells under
co-incubation conditions), then washed and immediately
incubated with toxic concentrations of oxidized LDL, all the

a

b

c

Figure 3 DNA fragmentation induced by oxidized LDL on CRL-
1998 cell culture. In (a), cells grown in the absence of LDL (control).
In (b) and (c), cells were grown for 24 h in the presence of a ®xed
concentration (200 mg apoB ml71 of LDL oxidized by (u.v.+copper/
EDTA) or by ferrylmyoglobin (under the same conditions as in
Figure 2c,d, respectively.
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Figure 4 Protective e�ect of phenolic compounds against apoptosis of CRL-1998 cells induced by (u.v.+copper/EDTA)-oxidized
LDL (200 mg apoB ml71 for 24 h). In (a), e�ect of increasing concentrations of phenolic compounds. The toxic e�ect was evaluated
by the MTT test (expressed as % of the control, i.e. cells grown in the absence of LDL). Mean+s.e.mean of 3 separate experiments.
In (b) and (c), inhibitory e�ect of phenolic compounds on DNA fragmentation induced by oxidized LDL. Cells were grown for 24 h
either in the absence (C1) or presence of oxidized LDL without (C2) or with phenolic acids, ca�eic (Caf), ferulic (Fer),
protocatechuic (Pr), p-coumaric (Cou) and ellagic acids (Ell) (100, 100, 100, 100 and 25 mmol l71, respectively). In (b), DNA
fragmentation was evaluated by the ultracentrifugation procedure (DAPI test). Mean+s.e.mean of 3 separate experiments. *P50.01
(comparison between controls C2 and assays containing phenolic compounds). In (c), detection of DNA fragmentation (DNA
ladder) by gel electrophoresis and BET staining. M, is a PEGM DNA marker (representative experiment).
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phenolic compounds tested were ine�ective at protecting the
cells (data not shown).

We also tested the protective e�ect of phenolic compounds

added after oxidized LDL. When an e�ective concentration of
ca�eic acid (the most potent of phenolic compounds tested
here) was added after oxidized LDL, endothelial cell
protection was e�ective up to 3 h, then decreased progressively

until 9 h when it reached the basal level (no protection).

Inhibition by ca�eic acid of the [Ca2+]i rise elicited by
oxidized LDL

Under the experimental conditions used in Figure 6, [Ca2+]i
began to rise in endothelial cells 10 h after addition of mildly
oxidized LDL, was maximal between 12 ± 14 h and then
decreased to the basal level in about 3 h. This [Ca2+]i peak

was concomittant with the beginning of the morphological
apoptotic changes. As shown in Figure 6, e�ective concentra-
tions of ca�eic acid (100 mmol l71) blocked the [Ca2+]i rise
evoked by oxLDL. The mechanism of the protective e�ect of

ca�eic acid probably results from the inhibition of the [Ca2+]i
peak, since blocking the [Ca2+]i rise is su�cient to block the
toxic process induced by oxidized LDL.

Since the cellular uptake of oxLDL is a prerequisite for their
toxic e�ect, the e�ect of phenolic compounds on the uptake of
oxLDL was investigated. As shown in Table 2, the uptake of

oxLDL by endothelial cells was not a�ected by the concentra-
tion of phenolic compounds used here. Therefore the protective
e�ect (and the inhibition of the [Ca2+]i peak) by phenolic
compounds cannot be explained by the inhibition of the cellular

entry of toxic compounds contained in oxidized LDL.

Discussion

The present study showed that toxic concentrations of mildly

oxLDL lead to apoptotic cell death of human cultured

endothelial cells and that this apoptotic process is prevented
by phenolic antioxidants, ca�eic acid being the most e�ective
of the tested compounds.

As LDL oxidation is a progressive process (Esterbauer et
al., 1992), mildly oxidized LDL are formed during early steps
of the oxidation process. Mildly oxidized LDL were obtained
by methods which allow moderate oxidation to generate, i.e.

treatment by (i) u.v.-C (NeÁ gre-Salvayre et al., 1992a) in the
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Figure 6 Time course of [Ca2+]i levels in endothelial cells incubated
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conditions indicated in Methods. Mean+s.e.mean of 3 separate
experiments are shown.
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presence of copper and EDTA (Escargueil-Blanc et al., 1994;
1997); (ii) ferrylmyoglobin obtained by the metmyoglobin/

H2O2 system (Laranjinha et al., 1996; Dee et al., 1991). Mildly
oxidized LDL used here were characterized by relatively low
levels of lipid peroxides and TBARS, similar to those found at

the end of the lag period when copper oxidation was used
(Esterbauer et al., 1992).

Mildly oxidized LDL have been shown to be cytotoxic to

endothelial cultured cells (Henricksen et al., 1979; Hessler et
al., 1979), but the mechanism of this cytotoxicity remains
poorly understood. Through their toxic e�ect on endothelial

cells, oxidized LDL could take part in the endothelial cell
injury (Ross, 1993). It was therefore of interest to investigate
the mechanism of the toxic e�ect of mildly oxidized LDL on
endothelial cells, and to investigate the protection of

endothelial cells by dietary or pharmacological compounds.
Toxic concentrations of oxidized LDL induced apoptosis of

cultured endothelial cells, as assessed by morphological and

biochemical features. During the ®rst steps of apoptosis,
endothelial cells were still attached to the culture ¯ask, but
exhibited the characteristic apoptotic alterations of the

nucleus, i.e. chromatin margination and condensation, nucleus
fragmentation (easily visualized by ¯uorescent DNA probes
and by electron microscopy) (Escargueil-Blanc et al., 1997),
without an increase of plasma membrane permeability, as

suggested by the lack of trypan blue staining (data not shown).
The TUNEL procedure revealed that a relatively high number
of cells exhibited DNA fragmention. Later on (3 ± 5 h after the

beginning of apoptotis), apoptotic cells lost their adherence to
the culture ¯ask, underwent plasma membrane alterations and
post-apoptotic necrosis, as suggested by trypan blue staining.

The level of LDH activity released by cells into the culture
medium increased signi®cantly (P50.05), but remained
relatively low in comparison to the total cellular LDH content.

Next, these ¯oating cells progressively disintegrated into small
fragments and apoptotic bodies (data not shown). This
characteristic sequence of alterations is quite consistent with
the classical description of apoptosis and post-apoptotic

alterations occurring in vitro (post-apoptotic necrosis and cell
disintegration) (Willye, 1981; Golstein et al., 1991).

It should be noted that apoptosis induced by oxidized LDL

is a phenomenon not restricted to the human umbilical vein
endothelial immortalized cell line CRL-1998, since oxidized
LDL also triggered apoptosis of the bovine aortic endothelial

immortalized cell line GM-7372A and of (non immortalized)

bovine aortic endothelial cells. The latter non immortalized
endothelial cells were more fragile and more susceptible to a
lower concentration of oxidized LDL than the immortalized

endothelial cells. This study was conducted on immortalized
cells because these cells were less susceptible to artefactual loss
of viability and gave results generally more reliable than non

immortalized cells.
Theoretically, the pathophysiological consequences of LDL

oxidation can be blocked by two ways (at least): (1) by
inhibiting LDL oxidation (antioxidant e�ect); (2) by increasing

the resistance of cells against the toxic e�ect of lipid
peroxidation products contained in oxidized LDL (direct
cytoprotective e�ect).

The antioxidant activity of phenolic compounds and their
ability to prevent LDL oxidation, has been recently
documented by Laranjinha et al. (1996). As expected, when

LDL oxidation was inhibited by e�ective concentrations of
phenolic compounds, the subsequent toxicity was also
prevented. This `indirect' protective e�ect is probably due to
the inhibition of formation of lipid peroxidation derivatives

(Laranjinha et al., 1996) which are known to be cytotoxic
(NeÁ gre-Salvayre et al., 1990; Colles et al., 1996).

Moreover, phenolic compounds also exhibited a `direct'

protective e�ect of endothelial cells against apoptosis induced
by oxidized LDL (independently of the inhibition of LDL
oxidation). These `direct' anti-apoptotic e�ects were clearly

independent of the inhibition of LDL oxidation (i.e. `indirect'
protection due to the antioxidant e�ect), since, in experiments
testing the `direct' protective e�ect, LDL were (pre-)oxidized in

the absence of phenolic compounds and phenolic compounds
were added to the culture medium simultaneously with
oxidized LDL (i.e. after LDL oxidation). This `direct'
protective e�ect is consistent with previous observations with

other compounds (NeÂ gre-Salvayre & Salvayre, 1992; Mabile et
al. 1995; Schmitt et al., 1995; Colles et al. 1996).

It should be noted that, under the conditions used here, the

`indirect' protective e�ect of ca�eic acid (resulting from its
antioxidant e�ect) was signi®cantly higher than the `direct'
cytoprotective e�ect. This is in contrast with a-tocopherol

which is much more e�ective under `direct' protective
conditions than under `indirect conditions' (Mabile et al.
1995).

The antiapoptotic e�ect was not persistent, when cells,

preincubated with phenolic compounds, were incubated with
oxidized LDL after the phenolic compounds had been washed
out, they behaved as before. These results are completely

di�erent from those observed with a-tocopherol which
exhibited a persistent protective e�ect for several days (Mabile
et al, 1995). This discrepancy may be due to di�erent

mechanisms of action at the cellular level or to a more rapid
extrusion or metabolic inactivation of phenolic compounds.

The precise mechanism of the apoptotic e�ect of oxidized

LDL remains largely unknown, therefore the antiapoptotic
e�ect of phenolic compounds is also unknown. The data
presented here show that ca�eic acid blocks the intracellular
signalling triggered by oxidized LDL. The sustained [Ca2+]i
peak is involved in the apoptotic process induced by oxidized
LDL as suggested by the time course of the [Ca2+]i peak and
cytotoxicity ([Ca2+]i peak occurring before the cytotoxicity)

and by the protective e�ect of agents (i.e. the calcium chelator
EGTA and the calcium channel blocker nifedipine) which
block concomitantly the [Ca2+]i peak and the apoptotic

process as well (Escargueil-Blanc et al., 1994; 1997). In
endothelial cells, the [Ca2+]i rise elicited by oxidized LDL
induces very probably the activation of calcium-dependent
endonucleases involved in the apoptotic process (as suggested

Table 2 Uptake of native (nat) or oxLDL (ox), labelled
with DiIC18 and incubated with subcon¯uent endothelial
cells for 14 h

Phenolic Concentration DiIC18-LDL DiIC18-oxLDL
compound (mmol l±1) (200 mg apoB ml±1)

None
Ca�eic acid
Coumaric acid
Ferulic acid
Protocatechuic
acid

Ellagic acid

±
100
100
100
100

100

100+6
99+7
102+7
98+8
100+6

99+6

100+5
100+4
99+5
97+7
99+5

101+7

The nat or oxLDL were labelled with DiIC18 as indicated in
Methods. After the cells had been washed and homogenized
the cell-associated DiIC18 were extracted and the ¯uores-
cence determined under conditions indicated in Methods.
Data are expressed as % of the control (i.e. cells grown in
the presence of labelled LDL or oxLDL, but in the absence
of any additive). Mean+s.e.mean of 3 experiments.
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by the internucleosomal DNA cleavage and its inhibition by
aurintricarboxylic acid) (Escargueil-Blanc et al. 1997). These
data are in good agreement with previous studies on the role of

calcium in the lethal cell injury (Orrenius et al. 1989; Farber
1990).

As e�ective concentrations of ca�eic acid blocked con-

comitantly the [Ca2+]i rise and apoptosis evoked by oxidized
LDL, it is suggested that the antiapoptotic e�ect of ca�eic acid
may result from its ability to inhibit the intracellular signalling
cascade (yet unidenti®ed) triggered by oxidized LDL and

culminating in the sustained [Ca2+]i peak. On the other hand,
another possible mechanism for the antiapoptotic e�ect of
ca�eic acid may involve the potential regeneration of a-
tocopherol from its radical in cell membranes, since phenolic
compounds are able to regenerate a-tocopherol at the LDL
surface (Laranjinha et al. 1995) and since a-tocopherol is able
to protect cells against the toxic e�ect of oxidized LDL
(Mabile et al. 1995; Schmitt et al. 1995).

From a pathophysiological point of view, the endothelial
cell injury elicited by oxidized LDL may be involved in

atherogenesis and thrombosis (Witztum & Steinberg, 1991;
Ross 1993). The endothelial defects are associated with platelet
adhesion and thrombi formation and are potentially involved

in extensive thrombotic events. One of the most striking results
of the present study is the e�ciency of ca�eic, ferulic and
protocatechuic acids and other phenolic acids in protecting

endothelial cells against apoptosis induced by oxidized LDL.
Finally, since phenolic acids are present in vivo in human
plasma (Goldstein et al., 1984), it may be speculated that they
could take part in maintaining the integrity of the endothelial

cell lining by preventing LDL oxidation [Laranjinha et al.,
1996) and by increasing the resistance of endothelial cells
against injurious e�ect of oxidized LDL.
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