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Abstract Oxidized low density lipoprotein (OxLDL) possesses
several proatherogenic characteristics, among which a marked
cytotoxicity. In vitro, cytotoxicity of OxLDL to endothelial cells
is associated with an increase in the expression of the inducible
form of heat shock protein 70 (hsp70), generally regarded as a
cytoprotective protein. Oxidized derivatives of cholesterol which
form upon LDL oxidation are cytotoxic. Moreover, most of the
OxLDL cytotoxicity is due to its lipid moiety, in particular to
oxysterols. In this report we demonstrate that although
oxysterols identified in OxLDL are cytotoxic, they cannot
trigger the increase in hsp70 expression observed with intact
oxidized lipoproteins. We speculate therefore that oxysterols
may represent the most toxic form of oxidized lipids in LDL
because they cannot activate a rescue mechanism (i.e. the hsp
response) and may contribute significantly to cell death within
atherosclerotic plaques.
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1. Introduction

Oxidation of low density lipoprotein (LDL) is believed to
play a key role in the pathogenesis of atherosclerosis [1^3].
One of the potentially atherogenic properties of OxLDL is its
cytotoxicity to the cells of the artery wall [3,4]. Cytotoxicity of
OxLDL could initiate and worsen atherosclerosis by giving
rise to cellular dysfunction in the early stages of lesion for-
mation and by causing cell death in advanced lesions, thus
leading to the formation of a necrotic core [5,6].

Cells facing toxic stimuli rapidly and preferentially synthe-
size a family of cytoprotective proteins, the heat shock pro-
teins (hsps) [7], which can prevent damage to other cellular
proteins and allow denatured polypeptides to reacquire their
native conformation [8]. This stress response represents one of
the basic mechanisms of cellular defense. We previously re-

ported that oxidized LDL triggers the expression of the indu-
cible form of hsp70 in cultured endothelial cells, and that
hsp70 induction is closely associated with OxLDL cytotoxicity
[9]. However, the components in OxLDL responsible for
hsp70 induction are still unknown. It was demonstrated that
the cytotoxicity of Cu2�-oxidized LDL could be mimicked by
its lipid extract and that two cytotoxic oxysterols, 7-keto and
7-OH, are present in OxLDL at concentrations su¤cient to
account for the toxicity of the lipoprotein to smooth muscle
cells [10]. Therefore we evaluated whether oxysterols in
OxLDL can induce hsp70 expression in human endothelial
cells. Our results show that oxysterols in OxLDL fail to do
so, although being cytotoxic. This observation stresses the
concept that oxysterols might be the most toxic component
of oxidized LDL [11,12], by acting through mechanisms that
by-pass the induction of hsp expression.

2. Materials and methods

2.1. Sterols
Cholesterol, 7L-OH, 7-keto, 25-OH and 5,6K-epoxycholesterol were

from Sigma (St. Louis, USA). 7K-OH was from Steraloids (Wilton,
USA). 5K-hydroperoxycholest-6-en-3L-ol (5K-OOH) was synthesized
according to Nickon and Bagli [13] from 500 mg pure cholesterol
(Sigma, Sigma Grades 99% purity). 7K-hydroperoxycholest-5-en-3L-
ol (7K-OOH) was obtained by allylic isomerization of 5K-OOH
present in the mixture described above [14].

2.2. Lipoproteins
LDL (1.019^1.063 g/ml) were obtained from freshly isolated human

plasma by preparative ultracentrifugation [15] and dialyzed in PBS
containing 0.01% EDTA. Protein content was determined by the
Lowry method [16]. LDL (0.2 mg protein/ml) were oxidized with 20
WM CuSO4 for 24 h at 37³C, as previously described [9].

2.3. Lipids
Total lipids from LDL and OxLDL were extracted with chloro-

form/methanol (2:1, vol:vol), containing 0.01% butylated hydroxyto-
luene (BHT) [17]. Lipids were separated in neutral and polar fractions
using Extract-Clean NH2 columns (500 mg/2.8 ml) (Alltech, Deer¢eld,
USA) by the method of Hughes et al. [10]. Oxysterols were obtained
by fractionation of neutral lipids on Extract-Clean NH2 column. Pu-
ri¢ed lipid fractions were dissolved in and added to the culture me-
dium.

2.4. Cells
Human umbilical vein endothelial cells (HUVEC) were isolated

according to established procedures [18], cultured under standard con-
ditions in medium M-199 containing 20% FCS, heparin (15 U/ml) and
ECGF (20 Wg/ml) (Boehringer Mannheim, Mannheim, Germany) and
used within the 4th passage. The EAhy-926 line [19], a hybridoma
with the characteristics of human endothelial cells was a kind gift of
Dr. Edgell and was cultured under standard conditions in MEM+10%
FCS and 1% HAT (5U1033 M hypoxanthine, 2U1035 M aminopter-
in, 8U1034 M thymidine).
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2.5. Immunocytochemistry
Non-con£uent cells (60 000/well) were incubated with modi¢ed lipo-

proteins or the oxysterol fraction for 12 h, then ¢xed in 3% para-
formaldehyde and processed for immunostaining, as described [9].
Mouse monoclonal antibody speci¢c for the inducible form of
hsp70 (C92F3A-5, Stressgen, Victoria, Canada) (1:200) was used, fol-
lowed by biotinylated goat anti-mouse IgG (Amersham, Little Chal-
font, UK) (1:250) and £uorescein-conjugated streptavidin (Amer-
sham, 1:100). Coverslips were mounted on microscopy slides with
glycerol:PBS (1:1), examined with a Zeiss Axioscope £uorescence
microscope and photographed using 400 ASA Diachrome ¢lm.

2.6. Immunoblotting
Cells were incubated with di¡erent concentrations of OxLDL or

lipids from OxLDL. Cells were lysed in Tris-glycine bu¡er (0.25 M
Tris, 0.173 M glycine, pH 8.5), containing 3% SDS and 1 mM PMSF
and the extracts were subjected to 10% SDS-PAGE [20], after the
addition of L-mercaptoethanol (2%), glycerol and bromophenol
blue. Electrophoresed proteins were transferred onto a nitrocellulose
membrane [21] using a Trans Blot Cell (Hoefer Scienti¢c Instruments,
San Francisco, USA). The membrane was incubated with a 1:1500
dilution of anti-hsp70 antibody, then with a 1:2000 dilution of per-
oxidase-conjugated anti-mouse IgG (Sigma). Immunocomplexes were
detected by an enhanced chemiluminescence method (ECL, Amer-
sham), followed by autoradiography and quanti¢ed by the Image
program (NIH 1.52).

2.7. Cell viability
Cell viability was evaluated by the MTT test [22] using non-con-

£uent cells incubated for 24 h with OxLDL, lipids extracted from
OxLDL, lipids or puri¢ed oxysterols exactly as previously described
[23]. Cell viability was expressed as percent ratio over control cells.

2.8. Preparation of 4-hydroxynonenal
4-Hydroxynonenal-diethylacetal (HNE-DEA) was kindly provided

by Dr. Esterbauer, Institute fu«r Biochemie, Graz, Austria. An aliquot
(0.1 ml) of HNE-DEA was dried under nitrogen to remove chloro-
form; to the residue 1 ml 1033 N HCl was added and the solution was
stirred until it became clear. The concentration was determined using
a UV-spectrum (300^200 nm).

3. Results

In previous experiments we observed that OxLDL induce
the expression of hsp70 in endothelial cells [9,24]. To verify
the relationship between OxLDL cytotoxicity and hsp70 in-
duction, HUVEC were incubated with increasing concentra-
tions of OxLDL for 24 h showing a decrease of cell viability
that was accompanied by an increase of hsp70 expression
(data not shown). This suggested that hsp70 expression may
be triggered by the same component(s) present in OxLDL that
induce toxicity, as indicated by the fact that the toxic products
were present in the total lipid extract of OxLDL, which also
induced hsp70 expression (Fig. 1). As expected, lipids from
native LDL could not induce hsp70 expression and were not
cytotoxic (data not shown).

Neutral lipids were obtained from OxLDL by mean of ami-
nopropyl columns, and further fractionated by solvent mix-
tures with increasing polarity to obtain fractions with di¡erent
composition, two of which resulted enriched in oxysterols.
These fractions when incubated with HUVEC at concentra-

Fig. 1. A: Cytotoxicity of oxysterols from OxLDL to HUVEC. Sparsely grown cells were incubated for 24 h in presence of OxLDL (400 Wg
protein/ml), lipids from OxLDL (800 Wg/ml) or the indicated concentrations of oxysterols. Cell viability was determined by the MTT test and
expressed as percent of the viability of control cells. Values are the mean þ S.D. of three determinations from a representative experiment. B:
Expression of hsp70. Cells were incubated as described above, then cellular proteins were processed for immunoblotting (see Section 2.6).
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tions corresponding to 200^1600 Wg OxLDL protein/ml did
not induce hsp70 expression, yet toxic to the cells in a con-
centration-dependent manner (Fig. 1). The other fractions
when added to HUVEC at concentrations corresponding to
400 and 800 Wg OxLDL protein/ml neither were cytotoxic nor
induced hsp70 expression (not shown).

Several oxysterols, including 7-keto, 25-OH, 7K-OH, 7L-
OH, 7K-OOH, 5K-OOH and 5,6-epoxycholesterol have been
detected in OxLDL [25,26]. Puri¢ed oxysterols were individu-
ally incubated with non-con£uent HUVEC at concentrations
corresponding to their estimated content in the OxLDL used
in our experiments (from 200 to 1600 Wg protein/ml) [25]. All
oxysterols, 7K-OOH above all, were cytotoxic to HUVEC in a
dose-dependent manner, but failed to induce hsp70 expression
(Fig. 1). This ¢nding was con¢rmed by immuno£uorescence
(Fig. 2d). Thus it appears that hsp70 induction by OxLDL is
not due to oxysterols.

Oxidation of LDL leads to the formation of a complex
array of products, many of which are more polar than oxy-
sterols (highly reactive aldehydes, lysophosphatidylcholine,
oxidized fatty acids) [5]. Immuno£uorescence results showed
that HUVEC incubated with OxLDL, total lipids or polar
lipids from OxLDL (Fig. 2a, b, e) displayed cytoplasmic stain-
ing for hsp70. Cells incubated with the neutral lipids or the
oxysterol-containing fractions showed no hsp70 staining (Fig.
2c, d), in agreement with immunoblotting data. Lyso PC dis-
solved in ethanol (100 Wg/ml) or PLA2-treated LDL (contain-
ing up to 50% of phospholipids as lyso PC) could not induce
hsp70 expression up to 400 Wg/ml of LDL protein (data not
shown). Another compound that is formed upon LDL oxida-
tion is 4-HNE [27]. We evaluated the e¡ect of 4-HNE in a
range from 0.1 WM up to 1000 WM: this compound resulted to

be toxic in a dose-dependent manner, while no induction of
hsp70 was observed at all concentrations tested (Fig. 3).

4. Discussion

De novo synthesis of stress proteins is generally regarded as
a defense response triggered by a number of toxic stimuli [7,8].
Among stress proteins, hsp70 is highly inducible and is
thought to represent an early response of stressed cells to
adverse conditions [28]. Hsp70 has been detected in areas of
atherosclerotic lesions [29] suggesting that sites of increased
hsp expression during plaque evolution represent areas of the
arterial wall experiencing cytotoxic stress [30]. Recently, we
reported that OxLDL induce the expression of hsp70 in cul-
tured human endothelial cells [9] and smooth muscle cells [23]
and hypothesized that this event may represent a cytoprotec-
tive response to OxLDL cytotoxicity. In vivo, OxLDL are
present in vascular lesions and may play a causal role in
atherosclerosis [1]. Therefore, oxidized lipoproteins could con-
tribute to cell damage associated with atherosclerosis. OxLDL
cytotoxicity can be mimicked by its lipids [10]. Several lines of
evidence point to the cytotoxicity and atherogenicity of oxy-
sterols [31,32], which are also markers for the oxidative mod-
i¢cation of lipoproteins [25,26] and have been detected in
atherosclerotic plaques [11]. Since oxysterols account for
most of OxLDL cytotoxicity [10,11] it is reasonable to spec-
ulate that they are responsible for the damage to endothelial
cells and for the loss of cells occurring in advanced athero-
sclerotic lesions. Due to the pathogenic features of oxysterols,
and because the inducible form of hsp70 can be viewed as a
marker of cells responding to toxic stimuli [28], we speculated
that oxysterols, that could represent an oxidative stress for
cells, may be responsible for hsp70 expression induced by
OxLDL. Oxysterols puri¢ed from OxLDL, either tested as a
whole mixture or individually, were cytotoxic in a dose-de-
pendent manner but neither as a mixture nor as puri¢ed mol-
ecules they could induce hsp70 expression in endothelial cells.
Oxidized cholesteryl esters were mildly cytotoxic and, like
oxysterols, did not induce hsp70 expression (data not shown).

Fig. 2. Analysis of hsp70 induction in HUVEC by immuno£uores-
cence. Sparsely grown cells were incubated for 12 h in M-199 con-
taining: (a) OxLDL (400 Wg protein/ml); (b) OxLDL total lipids
(1000 Wg/ml); (c) neutral lipids from OxLDL (1000 Wg/ml); (d) oxy-
sterols from OxLDL (1000 Wg/ml); (e) polar lipids from OxLDL
(1000 Wg/ml); (f) polar lipids from native LDL (1000 Wg/ml). Cells
were then processed for immunostaining of the inducible form of
hsp70 (see Section 2.7). Data are representatives of four di¡erent ex-
periments.

Fig. 3. Cytotoxicity and induction of hsp70 by 4-hydroxynonenal in
EAhy-926. Sparsely grown cells were incubated for 18 h with in-
creasing concentrations of 4-HNE (0.1 to 1000 WM). Cell viability
was determined by the MTT test and expressed as percent ratio
over the viability of control cells. For immunoblotting experiments,
the inducible form of hsp70 was investigated with a speci¢c mono-
clonal antibody. P6 0.005 vs. control.
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Thus, although hsp70 induction is associated with OxLDL
toxicity, not every toxic component of OxLDL can induce
hsp70 expression. These data therefore suggest that the pres-
ence of hsp70 in atherosclerotic plaques [33] is not caused by
the presence of toxic oxysterols, and that other components of
OxLDL must be responsible for this e¡ect.

In a toxic environment, the increase in hsp synthesis is
generally linked to the presence of protein denaturants [7,8].
It could be that oxysterols do not trigger a stress response
because, rather than being proteotoxic, they are in fact inter-
fering with essential steps of cellular metabolism, as it is
known for some oxidized derivatives of cholesterol that block
protein synthesis [34,35]. Because oxysterols and other neutral
lipids failed to induce hsp70 expression in HUVEC while po-
lar lipids were e¡ective, we tested a major polar product
formed upon oxidation of LDL, 4-hydroxynonenal (4-HNE)
[27]. This molecule induces hsp70 in cultured hepatoma cells
[36]. When 4-HNE was added to endothelial cells we found a
dose-dependent cytotoxicity, while no induction of hsp70 was
found in this cell system.

In summary, our observations point to the concept that
cytotoxicity of oxidized LDL is mediated in part by oxyster-
ols, and that this toxic e¡ect does not induce the heat shock
response elicited by OxLDL. We therefore propose that two
major classes of oxidized products are present in OxLDL: one
responsible for the cytotoxic e¡ect but not able to induce heat
shock response (mainly oxysterols) ; the other, which is less
toxic, mediates the induction of hsp70. The balance between
these components may result in cell survival versus cells death
at sites where OxLDL are present.

Acknowledgements: This work was supported, in part, by a Research
Grant of the European Community (PL931790).

References

[1] Steinberg, D., Parthasarathy, S., Carew, T.E., Khoo, J.C. and
Witztum, J.L. (1989) N. Engl. J. Med. 320, 915^924.

[2] Steinbrecher, U.P., Parthasarathy, S., Leake, D.S., Witztum, J.L.
and Steinberg, D. (1984) Proc. Natl. Acad. Sci. USA 81, 3883^
3887.

[3] Hessler, J.R., Morel, D.W., Lewis, L.J. and Chisolm, G.M.
(1983) Arteriosclerosis 3, 215^222.

[4] Hessler, J.R., Robertson, A.L. and Chisolm, G.M. (1979)
Atherosclerosis 32, 213^229.

[5] Ju«rgens, G., Ho¡, H.F., Chisolm, G.M. and Esterbauer, H.
(1987) Chem. Phys. Lipids 45, 315^336.

[6] Ross, R. (1993) Nature 362, 801^809.
[7] Welch, W.J. (1990) in: Stress Proteins in Biology and Medicine

(Morimoto, R.I., Tissie©res, A. and Geogopoulos, C., Eds.), pp.
223^278, Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY.

[8] Hightower, L.E. (1991) Cell 66, 191^197.
[9] Zhu, W.M., Roma, P., Pellegatta, F. and Catapano, A.L. (1994)

Biochem. Biophys. Res. Commun. 200, 389^394.
[10] Hughes, H., Mathews, B., Lenz, M.L. and Guyton, J.R. (1994)

Arterioscler. Thromb. 14, 1177^1185.
[11] Chisolm, G.M., Ma, G., Irwin, K.C., Martin, L.L., Gunderson,

K.G., Linberg, L.F., Morel, D.W. and DiCorleto, P.E. (1994)
Proc. Natl. Acad. Sci. USA 91, 11452^11456.

[12] Roma, P. and Catapano, A.L. (1996) Atherosclerosis 127, 147^
154.

[13] Nickon, A. and Bagli, J.F. (1960) J. Am. Chem. Soc. 83, 1498^
1508.

[14] Lythgoe, B. and Trippett, S. (1959) J. Chem. Soc. 1959, 462^471.
[15] Havel, R.J., Eder, H.A. and Bragdon, J.H. (1955) J. Clin. Invest.

34, 1345^1353.
[16] Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J.

(1951) J. Biol. Chem. 193, 265^275.
[17] Bligh, E.G. and Dyer, W.J. (1959) Can. J. Biochem. Physiol. 37,

911^917.
[18] Ja¡e, E.A., Nachman, R.L., Becker, C.J. and Minick, C.R.

(1973) J. Clin. Invest. 52, 2745^2749.
[19] Edgell, C.J.S., Mc Donald, C.C. and Graham, J.B. (1983) Proc.

Natl. Acad. Sci. USA 80, 3734^3737.
[20] Laemmli, U.K. (1970) Nature 227, 680^685.
[21] Towbin, H., Staehelin, T. and Gordon, J. (1979) Proc. Natl.

Acad. Sci. USA 76, 4350^4354.
[22] Denizot, F. and Lang, R. (1986) J. Immunol. Methods 89, 271^

277.
[23] Zhu, W.M., Roma, P., Pirillo, A., Pellegatta, F. and Catapano,

A.L. (1995) FEBS Lett. 372, 1^5.
[24] Zhu, W.M., Roma, P., Pirillo, A., Pellegatta, F. and Catapano,

A.L. (1996) Arterioscler. Thromb. Vasc. Biol. 16, 1104^1111.
[25] Malavasi, B., Rasetti, M.F., Roma, P., Fogliatto, R., Allevi, P.,

Catapano, A.L. and Galli, G. (1992) Chem. Phys. Lipids 62, 209^
214.

[26] Bhadra, S., Arshad, M.A.Q., Rymarzewski, Z., Norman, E.,
Wherley, R. and Subbiah, M.T.R. (1991) Biochem. Biophys.
Res. Commun. 176, 431^440.

[27] Esterbauer, H., Schaur, R.J. and Zollner, H. (1991) Free Radic.
Biol. Med. 11, 81^128.

[28] Feige, U. and Polla, B.S. (1995) Experientia 50, 979^986.
[29] Yla-Herttuala, S., Palinski, W., Rosenfeld, M.E., Parthasarathy,

S., Carew, T.E., Butler, S., Witztum, J.L. and Steinberg, D.
(1989) J. Clin. Invest. 84, 1086^1095.

[30] Johnson, A.D., Berberian, P.A., Tytell, M. and Bond, M.G.
(1995) Arterioscler. Thromb. Vasc. Biol. 15, 27^36.

[31] Peng, S.K., Taylor, C.B., Hill, J.C. and Morin, R.J. (1985)
Atherosclerosis 54, 121^133.

[32] Peng, S.K., Hu, B. and Morin, R.J. (1991) J. Clin. Lab. Anal. 5,
144^152.

[33] Berberian, P.A., Myers, W., Tytell, M., Challa, V. and Bond, G.
(1990) Am. J. Pathol. 136, 71^80.

[34] Gudi, T. and Gupta, C.M. (1993) J. Biol. Chem. 268, 21344^
21350.

[35] Kandutsch, A.A. and Chen, H.W. (1973) J. Biol. Chem. 248,
8408^8417.

[36] Cajone, F. and Bernelli-Zazzera, A. (1992) Free Radic. Res.
Commun. 62, 209^214.

FEBS 22930 18-11-99

A. Pirillo et al./FEBS Letters 462 (1999) 113^116116


