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Oxidized low density lipoproteins elicit DNA fragmentation of cultured
lymphoblastoid ceils
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Lymphoblasioid cell lines continuously pulsed with mildly oxidized low deisily lipoproleins, exhibited a signiﬁcam increase of DNA fraginentation
induced by oxidized LDL internalized by cells. DNA fragmentation was associated with an increasing number of morphologically characleristic
apopiotic cells simultaneously with the increase of cytotoxicity indexes, and the activalion of the poly(ADP-ribose) polymerase, a nuclear enzyme
stimulated by DINA strund breaks. The potential involvement of these biochemical and morphological changes in atherogenesis is discussed,
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1. INTRODUCTION

Oxidized low density lipoproteins (LDL) are thought
to play a major role in atherogenesis [1-4] by several
mechanisms: (i) extensive oxidative alterations of apoB
result in the metabolic deviation of oxidized LDL to-

wards the scavenger-receptor pathway of macrophagic -

cells which accumulate cholesteryl esters and are trans-
formed into *‘foam’ cells (characteristic of the early le-
sions of atheroma) [3,6]; (ii) lipid peroxidation of LDL
(1,3-5] results in a cytotoxic effect towards cultured cells
{7-11]. We have recently demonstrated that oxidized
LDL elicit a delayed and sustained rise of cytosolic

calcium [Ca*), [12] which is involved in the cellular

mechanism of the cytotoxicity [13]. A sustained [Ca®"};
rise has been shown to be critically involved in the cyto-
toxicity by stimulating calcium-dependent injurious
processes, for instance activation of degradative en-
zymes, resulting in damage of cellular compenents lead-
ing finally to cell death [13,14]. Supporting this view,
several experimental studies have shown that a sus-
tained [Ca™]; rise can stimulate calciumn-dependent en-
zymes such as phospholipases and proteases which are
probably invelvad in cytoskeletal alterations and bleb-
bing of the plasma membrane (see review in [13]). More-
over, a sustained [Ca®'), rise Las been shown to mediate

DNA fragmentation [13,15-17), possibly potentialized .

by PKC inhibition [18]. This DNA fragmentation is one
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of the characteristic events of apoptosis, i.e. pro-
grammed cell death, and seems to be linked to activa-
tion of an endogenous nuclear endonuclease that clives
chromatin into oligonucleosomes [19,20].

The actual mechanism by which cells exposed to oxi-
dized LDL become damuaged is still completely un-
known. We report in the present work that the sustained

"[Ca**]; rise induced in lymphoblastoid cells by mildly

oxidized LDL is followed by a significant increase of
DNA. fragmentation and of apoptotic cells number
which could in part explain the mechanism of their
cytotoxic efTect. '

2. MATERIALS AND METHODS .
2.

1. Chenticals ‘

The caleium probe Quin~ZAM was purchased {rom Molecular
Probes (Eugene, OR, USA), [*Hlthymidine (5 Ci/mmol} and -
("CINAD {nicotinamide- ["*Cladenine dinucleotide, 273 mCirmmol)
from Amersham (Paris, France), Trypan blue, bovine serum albumin,
sodium dedecy! salfate, ethidium bromide and agarose from Sigma
(St. Louis, MO, USA), RPMI 1640, {etal calf serum, glutamine, pen-
icilline and sireptemycin from Gibeo (Cergy-Ponloise, France) and
Ultreser HY from IBF (Villeneuve-la-Jarenne, France), A-DNA
Aindill, proleinase K and ribonuclease A from Boghringer-
Mannheim (Meylan, France), Other reagents and chernicals were ab-
tained from Merck (Darmstadt, FRG) or Prolabo (Paris, France).

2.2, Lymphoblustoid cell lines

Lyraphoblastoid <ell lines were established by Epstein-Barr virus
(B95/8 strain) transformation of blood B lymphocyies of healthy do-
ors and were grown in RPM1 1640 medium containing 10% fe1al call
serum, penicillin, streplomycin and glutamine [21]. 48 h before LDL
imcorporation, this medium was removed and replaced by RPMI 1640 .
containing 2% Uliroser HY (a serum substitule devoid of lipoprolein).
as previously used [10,12].

2.3. LDL isolation and oxidation

. LDL were iscluled {rom human pooled fresh sera by uliracentrifu-
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gation according to Havel [22], dialyzed, sterilized by filiration and
thair purity controlled as previously indicated [23). Purified LDL were
stored at 4°C under nitrogen (up to 2 weeks). For each experiment,
2 mg (as apoB) of LDL were exposed lo UV-C radiations under the
previously used slandard conditions (254 nm, 0.5 mWrem?, for 2 1)
(9,231 and immediately incorporated (at the concentrations indicated
in the text} in the culture medium. Lipid peroxidation was evaluated
by determining the content of thiobarbituric acid reuctive substances
(TBARS) according to the method of Yagi [24] as previously used {23].

2.4. Determineation of [Cat* ],
The cencentration of [Caz*li (free cytosolic calcium coneeniration)
wis determined by using Quin-2/AM sccording to Arslan et al, [25].

2.5, Determination of cyfotoxicity
The cytotoxicity was determined by the Trypan blue test according
"o Morel et al, [26] and under the previously used conditions [9,10).

2.6. Determination of D¥VA fragmencation and counting of apoptotic
cells

DNA fragmentation assays were essentially derived from the proce-
dures previously used by Wyllie [15,19] and Orrenius’ group [16-18].
Briefly, lymphoblastoid celis (approximately 10° incubated with oxis
dized LDL for variable times), were isolated by centrifugation tor 10
min at 500 x g, allowed 10 lyse for 15 min in 1 mt lysis bulfer (0.5%

/v Triton X:100 and 20 mM EDTA, 5 mM Tris, pH E.0), then
centrifuged for 20 min-at 27,000 x g to separate the chromatin pellet
from cleavage products, The pellet (re-suspended in 1 ml of 1 mM
EDTA in 10 mM Tris-HCI, pH 8.0 buffer) and the superniatant were
assayed for DNA determination by (he fluorometric DAPI procedure
according to Kapuscinski et al, [27] and Bumma et al. [28]. Similar
results were obtained with the diphenylamine method [29], but using
5-10 = 10° cells per determination because of the slight sensitivity ol
this method,

Another procedure derivaling from Zheng et al. [20] was alterna-
tively used: lymphoblastoid cells (10%ml)-were grown in a culture
medium containing [*H]thymidine (0.2 4Ci/ml for 48 h) and carefully
washed 3 times with phosphate-buiTered saline, These pre-labelled
eells were incubated with oxidized LDL For variable periods of time,
then were lysed and centrifuged at 27,000 » g under the conditions

. indicated above and the relative DNA content was evalusted by radi-
oactive ligquid scintillation counting of supernatant and pellet frac-
tions. ' - )

DNA eleclrophoresis was performed according to Trauth et al, [31]
with the following medifications: briefly, 2 x 10% celis wera pelleted (10
min at 600 x g}, washed once with cold phesphate-bufferad saline,
re-suspended in NTE bulfer, pH 8.0 (100 mM NacCl, 10 mM Tris, )
mM EDTA) containing 1% SDS and 0.1 mg/ml proteinase K. After
12 h incubaltion at 37°C, the DNA was exiracted with phenol, phenal/
chloroform and chloroform (v/v) and precipitated in eithanol/Na-ace-
tate (0.3 M) for at least 18 h at —20°C. After 5 min centrifugation at
13,000 x g, the DNA pellei was suspended in 20 gl of sterile water,

digested wilh ribonuclease (| mg/ml} and run on 1.5% agarose gel in - '

TBE buffer (2 mM EDTA, 20 mM boric acid, 90 mM Tris, pk 8.4)
in the presence of 0.05% Bromophenol blug, A-DNA-Hind1Il digest
was treated and used simultaneously as a size marker,

The percentage of apoptotic cells was delermined by counting the
lymphoblastoid eells microseopically after eytocentrifugation and
staining by May Griinwald-Giemsa,

2.7, Determinativn of paly( ADP-ribose) polymerdse activily

The paly(ADP-ribose) polymerase activity was determined exactly
under the conditions deseribed by Althaus et al. [32] and Schraufstats
ter et al. {33] on lymphoblastoid celis (3 % 10° cells/iml) previously
incubated for variable perieds of time with oxidized LDL, using
["CINAD as substrate: briefly, at the required tiine lymphoblastoid
celis were pelleied by centrifugation (10 min at 500 x g), washed once
with the incubation HEPES bufler (56 uM HEPES bulTer, pH 7.4,

centaining 28 mM KCl, 28 mM NacCl, 2 mM MaCl,}, The cell pellel
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was resuspended in 509 4l of HEPES buffer ¢conrtaining 0.01% dig-
itonin and 250 uM NAD and 0.5 4Ci/ml [“CINAD, the permeabilized
cells were incubated for 5 min at 37°C and the proieins radjolabelled

"by ribosylation from ["C]NAD were presipitated with 200 w1 50%

TCA, The prolein pellet was washed twice with TCA, solubilized in
2% SDS in 0.1 M WaOH (incubation ovemnight at 37°C) and ils
radioaclivity determined by liquid scintillation counting (IPackard Tri-
carb 4530).

Protein concentrations were determined using the procedure of
Lowry ¢l al, [34].

3, RESULTS

In agreement with our previous results [11,12], mildly
oxidized LDL (LDL oxidized by UV-C irradiation
under the standard conditions indicated above con-
tained around 3 nmol TBARS/mg apoi3) elicited a de-

" layed and sustained [Ca®*]; rise in lymphoblasioid cells,

whereas the same dose of non-oxidized LDL did not
induce any similar {Ca*']; peak (Fig. 1A). Under the
standard conditions used here, UV-C induced a mild
lipid peroxidation of LDL and no major structural or
functional modification of apoB [10,23]; consequently,
UV-oxidized LDL are internalized by lymphoblastoid
cells through the apoB/E.receptor pathway like normal -
LDL, as previously discussed {10]. When lymphoblas-
toid cells were continuously pulsed with 200 ug apoB/ml
UV-oxidized LDL, the meximum of the [Ca*'], peak
was observed around 12-14 h after the beginning of the
pulse (Fig. 1A). This concentration of UV-oxidized
LDL induces a delayed and progressive loss of cell via-
bility (Fig. 112) which has been shown to be, at least in
part, calcium-dependent [12]. In contrast, the same con-
centration of non-oxidized LDL induced no [Ca**]; rise
nor loss of cell viability.

We report here that the [Ca®'], rise was followed by
a significant increase of DNA fragmentation level and
apoptotic cell number (Fig. 1B and C)..In EBV-trans- -
formed immortalized lymphoblastoid cell population,
under the culture conditions used here (serum-fiee me-
dium supplemented by 2% Ultroser HY) and during the
exponentizl growth phase, we observed a basal level of
cell death (around 22 * 4% on the basis of Trypan blue
staining) which is associated to a basal level of DNA
fragmentation (around 10 = 49%) and of morphologi-
cally apoptotic cells (4 = 2%). When cells were pulsed
with cytotoxic concentrations of UY-oxidized LDL
(200 ug apoB/ml), the maximal level of DNA fragmen-
tation was observed between 24 and 43 h after the begin-
ning of the pulse, Then the level of fragmentation was
apparently decreasing, perhaps because of the loss of
DNA fragments (which might result from the loss of cell
membrane integrity of dead cells: under the conditions
used, around 709 cells were stained by Trypan blue
after 48 h pulse). A good correlation was observed be-
tween the fluorometric (DAPI) and radiometric
([’H]thymidine) methods for the quantitative determi-
nation of the DNA fragments. These results were con-
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firmed by counting the number of apoptotic cells (Fig.
1C) (a microphotography of a morphologically typical
apopiotic lymphoblastoid cell near normal celt is shown 30”

in Fig. 3) and by the presence of smears on the DNA s
electrophoresis (Fig. 2). DNA fragmentation induced £
by oxidized LDL was increased significantly and nearly =
parallel with the cytotoxicity index: the level of DNA Q 1500

fragmentation and of apoptotic cells represented an al-
‘most constant (but relatively low; around 20-25%) pro-
portion of the cytotoxizity index (number of Trypan
blue stained cells, i.c. cells with membrane damages). , 0

Poly{ADP-ribose} polymerase activity was deter-
mined in lymphoblastoid cells grown for variable peri-
ods of time in the presence of oxidized LDL (under the
conditions of Fig. 1, i.e. continuous pulse with 200 ug
apoB/ml UV-oxidized LDL) and at the time of the de-
termination, cells washed with the HEPES buffer, per-
meabilized with digitonin and incubated with [Y|NAD
for radiolabelling of ribosylated proteins. A significant
increase of poly{ADP-ribose) polymerase activity was
observed with a maximum between 16 and 24 h after the
beginning of the pulse (Fig. 4), thus concomitantly with
the rise of DNA fragmentation indexes.

DNA {ragmeniation (%)

4. DISCUSSION

The data reported in this paper lead to several new
conclusions on the cellular effects of axidized LDL. The
basal levels of DNA fragmentation reported here are
consistent with the studies of Gregory et al. [33] which
demonstrated that EBV-transformed lympheoblastoid
cell lines are relatively protected from apoptosis by the
expression of latent proteins (EBNAs and LMPs) in-
duced by transforming strains of EBV. We used here
these cells relatively resistant to apoptosis (particularly
to serum deprivation-induced apoptosis), because we
have to use serum-free culture medium for pulsing the
cells with oxidized LDL in order to exclude non-oxi-
dized LDL and protective molecules contained in the
serum [7,8,36). We can exclude that the DNA fragmen-
tation reported here could be artifactual or non-specific
since: (i) the same technique was used for all the samples
(controls and cells treated by oxidized LDL); (ii) the
three tests used here for detecting DNA fragmentation
(DAPI fluorometric and [*H]htymidine radiometric
procedures and DNA electrophoresis) gave quite con-

Apoplotic celis (%)

Trypan blue {%%)

—)

Fig. 1. Time course of [Ca®]; (A), DNA fragmentation (evaluatcd on ) —t
- 27,000 x g supernatarnt of gently lysed cells) by the Ruorometric DAPL 0 24 a8
method (squares) or by the radiometric determination of [PH]thymid- Time (h)
ine radiolabelled DNA fragments (circles) (B), apoptotic cells (micro- )
seopic morphologicsl count) (C) and eyt-aloxicity indexes determined
by counting Trypan blue stained cells (D). Cells were continuously
pulsed with 200 g4g of apeB/m] UV-oxidized LDL (open symbols) or
non-oxidized LDL (filled symbols). Oxidation of LDL was performed
under the standard ¢onditions indicated in Materials and Methods;
TBARS content in UV-oxidized LDL was 4 = | nmol TBARS/mg
apoB. The resulls are a mean of 5 separate experiments.
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Time (h) 0

~16 24 48 4B

ox.LDL + + + + -
LDL - - - = +

Fig. 2 . Electrophoresis of DNA of cells grown in serum-free medium

containing 2% Ultraser HY and continuously pulsed either by non-

oxidized LDL or by oxidized LDL. All the procedures were performed

as indicated in Materiuls and Methods. This experiment wds done in
quadruplicate and gave similar resulls.

sistent results; (iii) the activation of poly(ADP-ribose)
polymeras¢ observed in our experiments strongly sup-
port the idea that DNA fragmentation occurred in the
intact ceil, since activation of this nuclear enzyme is
-associated to DNA strand break formation [32,33].
The difference between DNA fragmentation and
cytotoxicity ievels could be explained by different hy-
potheses. A first hypothesis is that oxidized LDL could
kili cells by 2 separate mechanisms: the first one (pre-
dominating in a part of the cell population) could lead

Ty

*

L
1 na:
Fig. 3. Mncrophomgraphy of a typical apoptmn. lymphoblastoid cell
{arrow) near a morphologically normal lymphoblastoid ¢ell. Cells
were grown for 24 h in the presence of UV.oxidized LDL under the
conditions of Fig. 1| (May Grinwald-Giemsa slaining, and magnifica-
tion » 400},
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Fig. 4. Time course of poly(ADP-ribose) polymerase activity of lym-

phoblastoid cells pulsed with a fixed concentration of oxidized LDL

(under 1he conditions used in Fig, 1). The enzyme activity was deter-

mined under the conditions indicated in Malterials and Methods. De-
lerminations were done in quadruplicate,

to DNA fragmentation and apoptosis, the second one
(predominating in the other part of the cell population)

could lead to damages of the plasma membrane and to

the rise of cytotoxicity indexes. Yet, we do not know
exactly if both events are subsequent to the [Ca®™); rise
or not (the role of the sustained [Ca**]; rise being cur-
rently under investigation in our laboratory). A second
hypothesis (less probable) is that cell death induced by
oxidized LDL is mediated by a single mechanism (pos-
sibly the [Ca*"}; rise) inducing DNA fragmentation and
membrane damage as well, but DNA fragmentation is
not complete or DNA fragments are lost in the culture
medium subsequently to the loss of membrane integrity.
An under-estimation of DNA fragmentation (resulting
from a loss of DNA fragments) can probably be rejected
since we did not detect any appreciable amount of DNA
fragments in the culture medium (at tires 24 and 48 h)
and since the loss of total DNA was proportional to the
cell loss when the cell population declined, It is more
probable that DNA fragmentation is not complete in
cells affected by the cytotoxicity: if all the cells affected
by the cytotoxicity (i.e. Trypan blue stained, but not
completely desintegrated) were also affected by DNA
fragmentation, DNA fragmentation would be evaluated
at around 20% of the total cellular DNA. However, it
is to note that the number of apoptotic cells is largely
lower than that of Trypan blue stained cells (around
189% vs. 65%, at time 48 h) aud if the DNA fragmenta-
tion aifected only apoptotic cells, the DNA of these cells
would be almost completely fragimented. The mecka-
nisms of apoptosis and of DNA fragmentation are only
poorly understood [20] and are completely unknown in
the case of oxidized LDL (since the present paper re-
ports the phenomenon for the first time, to our knowl-
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edge), therefore we cannot today distinguish between
the various hypotheses.
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