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Abstract The present study describes the toxicity of oxi- 
dized LDL towards rabbit aortic endothelial cells in terms of 
its lipid components with specific attention to the cholesterol 
oxidation products (ChOx) found in oxidized LDL isolated 
from human plasma. Measurements of the major ChOx asso. 
ciated with freshly isolated unmodified LDL, those found in 
oxidized LDL isolated from human plasma and LDL sub- 
jected to oxidation in vitro are described. We have confirmed 
previous findings that most of the cytotoxicity of freshly iso- 
lated human LDL may be attributable to a minor fraction that 
appears to be oxidatively modified by several criteria. More- 
over, this plasmaderived oxidized LDL (referred to as LDL-) 
is highly enriched in ChOx, whereas the content of lipid 
peroxides or derived products (measured as conjugated di- 
enes and thiobarbituric acid reacting products) are much 
lower, particularly when compared to copper-induced LDL 
oxidation. Much of the ChOx found in plasma are associated 
with LDL-, however, the levels and proportions of the various 
ChOx found in LDL- differ from those produced after exten- 
sive copper-induced oxidation but resemble those produced 
after moderate oxidation with copper. The species and con- 
centrations of ChOx found in LDL- when applied as a mixture 
exhibit considerably more toxicity than any individual ChOx 
alone. At non-toxic levels this ChOx mixture causes an in- 
creased influx of several ions, including calcium, an effect not 
seen with individual ChOx at comparable doses. Perturba- 
tions in ionic homeostasis, and particularly the sustained 
increase in intracellular calcium concentrations, are associ- 
ated with much of the cytotoxicity, an effect attributable to 
the membrane disruptive action of ChOx leading to altered 
ion transporter activity. The effect of the ChOx mixture (but 
not any individual ChOx) on sodium and potassium flux 
appears to be due to enhanced Na+/K+-ATPase activity based 
on the complete inhibition produced by ouabain under all 
treatment conditions. 1 These findings also show that the 
levels of cholesterol oxidation products found in normal LDL 
are not cytotoxic whereas those present in oxidized LDL 
exceed the toxic threshold for endothelial cells and account 
for most of the cytotoxicity produced by this modified lipo- 
protein.Sevanian, A., H. N. Hodis, J. Hwang, L. L. 
McLeod, and H. Peterson. Characterization of endothelial 
cell injury by cholesterol oxidation products found in oxi- 
dized LDL.J. Lipid Res. 1995. 36: 1971-1986. 
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Oxidative modification of low density lipoproteins 
(LDL) is widely regarded as a contributing process in 
the development of atherosclerosis. Oxidation of LDL 
increases the cytotoxicity and atherogenicity of this 
particle (1). Both oxidatively modified LDL and choles- 
terol oxidation products (ChOx) are found in 
atherosclerotic lesions (2, 3) and in the plasma (4, 5),  
and their levels appear related to lipoprotein cholesterol 
levels. Similar forms of oxidized LDL are produced by 
cell-mediated as well as metal- and oxidant-catalyzed 
reactions (6-8). Oxidatively modified LDL prepared by 
these methods is considerably more cytotoxic than un- 
modified LDL (l), contains substantial amounts of 
ChOx (9), and elicits a variety of vascular cell responses 
that reflect early events during atherogenesis. Repre- 
sentative effects include induction of cytokines (lo), 
stimulation of monocyte adhesion and chemotaxis (1  l), 
and increased cellular LDL-cholesterol uptake and lipid 
loading of macrophages (1). 

Increased plasma levels of LDL are considered as a 
risk factor for atherosclerosis. There are numerous re- 
ports that high levels of LDLcholesterol are injurious to 
the endothelium. Adverse effects include perturbations 
in the formation of vasoactive agents with consequent 
loss of vascular tone regulation (12) and stimulation of 
oxyradical formation (13). Enhanced production of oxi- 
dizing agents by vascular tissues or resident inflamma- 
tory cells may be responsible for the formation of oxi- 
datively modified LDL found in vivo (1, 14). 
Accordingly, the ability to produce oxidized LDL may 

Abbreviations: ChOx, cholesterol oxidation products; LDL, low 
density lipoprotein; LDL-, oxidized LDL; nLDL, unmodified LDL; 
HPLC, high performance liquid chromatography; PBS, 
phosphate-buffered saline; TMS, tnmethylsilyl; REC, rabbit aortic 
endothelial cells; FBS, fetal bovine serum; LPDS, lipoproteindeficient 
serum; 7a-OH, 5-~holesteneSP,7adiol; 7 W H .  Bcholestene-SP, 
,7bdiol; a-epox, cholestan-5a,6aepoxy-3~l; Bepox, cholestan- 
5P,GBepoxy-3fbl; CT, cholestan-3~,5a,6~tnok 7-keto, kholesten- 
3bl-7-one; 25-OH, 5cholesten-3P,25dio1. 

Journal of Lipid Research Volume 36,1995 1971 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


be augmented via elevated LDL which both stimulates 
oxidation and acts as the enlarged target for the proc- 
esses that lead to its oxidation. Previous studies have 
described elevated plasma levels of a modified LDL 
(referred to as LDL- in this report) in hyper- 
cholesterolemic humans (15) and animals (16). More- 
over, the LDL is enriched in lipid peroxidation products 
and is more electronegative than normal LDL based on 
its anion exchange high pressure liquid chromatography 
(HPLC) and gel electrophoresis characteristics (15, 16). 
The increased oxidation is accompanied by increased 
levels of ChOx that are largely associated with LDL (17), 
and particularly enriched in the LDL fraction (16). 

LDL- recovered from hypercholesterolemic animals is 
highly cytotoxic to endothelial cells whereas comparable 
or greater amounts of unoxidized LDL are not toxic 
(16). Recent studies suggest that much of the cytotoxic- 
ity of oxidized LDL is associated with the ChOx (18) 
which appear to be formed by gradual oxidation of the 
lipoprotein in vivo. This is suggested by several in vivo 
(19, 20) and in vitro (21, 22) studies demonstrating the 
cytotoxicity of ChOx found in LDL and their role in 
atherosclerotic-type lesion formation. The cytotoxicity 
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Fig. 1. A representative tracing for the progression of LDL oxidation 
is shown. Freshly isolated LDL was pipetted into a spectrophotometric 
cuvette containing phosphate-buffered saline. The amount of LDL in 
each sample was adjusted to a final protein concentration of 500 
pg/mL. Oxidation was initiated by addition of 10 p~ (final) CuSOd 
(prepared in water). The progress of oxidation was then continuously 
monitored at 234 nm, and when desired, the sample was recovered 
for further use or analysis as described in the text. Arrow no. 1 
represents the zero time point or the background level ofperoxidation 
in the LDL sample. Arrow no. 2 shows the typical end of the oxidation 
lag phase when LDL is minimally oxidized. Arrow no. 3 indicates the 
mid-point of the propagation phase for LDL lipid peroxidation. 
Samples were recovered at this point for analysis of lipid peroxidation 
products or for cytotoxicity experiments. Arrow no. 4 indicates the 
time when LDL oxidation is nearly maximum and termination reac- 
tions prevail. 

of ChOx may manifest by a number of mechanisms and 
the effects on cell membranes have been well docu- 
mented (23). A possible consequence of membrane 
disruption is perturbation of enzymes involved in ion 
transport. ChOx have been shown to affect Na', K+, and 
Ca2' flux where, for example, cholestan-3P,5a,6Ptriol, 
25-hydroxycholestero1, and 7-ketocholesterol enhanced 
Na+/K+-ATPase activity in fibroblasts and smooth mus- 
cle cells (24,25). Stimulation of Ca2' influx has also been 
reported after treatments with the above-mentioned as 
well as other ChOx (26). In this report, we describe 
further the cytotoxicity of in vivo oxidized LDL (i.e., 
LDL) based on its enriched ChOx content from the 
standpoint of the types of ChOx found in this lipopro- 
tein. A range of ChOx concentrations, including those 
found in LDL, were used to assess cytotoxicity towards 
endothelial cells as well as effects on ion flux in compari- 
son to the effects of LDL-, normal LDL, and Cu2+-oxi- 
dized LDL. 

METHODS 

Materials 

Cholesterol oxides were purchased from Steraloids, 
Inc. (Wilton, NH). The following reagents were ob- 
tained from Sigma Chemical Co. (St. Louis, MO): 
MnC12, CaC12, ethyleneglycol-bis-( p-aminoethyl ether) 
N,N'-tetraacetic acid (EGTA), bradykinin, ionomycin, 
ouabain, amiloride, and HEPES buffer. A23187, Fluo3- 
AM, and 1,2 bis[2-aminophenoxy]ethane-N,N,N,N- 
tetraacetic acid (BAPTA-AM) were obtained from Mo- 
lecular Probes, Inc. (Eugene, OR). All cell culture media 
were obtained from Gibco, Grand Island, NY and fetal 
bovine serum was from Gemini Bioproducts, Calabasas, 
CA. Endothelial cell growth factor and gentamicin were 
purchased from Sigma, Inc., St. Louis, MO. [U-14C]6 
Leucine, 86Rb, and 22Na were obtained from Amersham, 
Arlington Heights, IL. All organic solvents were HPLC 
grade and purchased from J. T. Baker Chemical Co. 
(Phillipsburg, NJ). 

Isolation of LDL from plasma 

Venous blood was obtained from fasting adult human 
volunteers with total plasma cholesterol levels ranging 
from 160 to 210 mg/dL. Blood was collected into IO-mL 
Vacutainer tubes containing EDTA where the final 
EDTA concentration was 1 mg/mL blood. Plasma was 
immediately separated by centrifugation at 1500 g for 
10 min at 4°C. LDL (6 1.019-1.063 g/mL) was separated 
from freshly drawn plasma by preparative ultracentri- 
fugation with a Beckman L8-55 ultracentrifuge 
equipped with an SW-41 rotor as described previously 
(16). After separation, the LDL was dialyzed against 
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argonsparged 0.01 M Tris-HC1 buffer, pH 7.2, contain- 
ing 50 p~ EDTA. Cholesterol levels were measured 

bott, Ddas, Tx) according to Lipid Research clinic 

In vitro oxidation of LDL 

enzymatically using a Vp Super System instrument (Ab- Fresh preparations of LDL were subjected to oxida- 
tion as follows. Samples of LDL were mixed and incu- 

methodology (27). The isolated LDL was kept in argon- 
sparged buffer at 4°C for no more than 24 h before 

bated with lo pM cus04 in phosphate-buffered saline 
(pBS) at ZoC for intervals of UP to 6 h. The readon 
was monitored continuously at 234 nm with a Beckman 
DU650 spectrophotometer and Beckman proprietary 
spectrophotometric software in 1-mL quartz cuvettes 

of LDL oxidation varies among samples from different 
donors, the deFee Of Oxidation was determined by 
continuously measuring the increase in conjugated di- 
enes (OD = 234 nm) over the incubation interval. This 

further processing as described below. 

Preparation of LDL- 

plished using anion exchange high performance liquid 
chromatography (HPLC) (Perkin Elmer Series 4 HPLC) 
as described pre+ously (16). ne eluent was monitored 
at 280 nm and p e ~ s  corresponding to unmodified or 

Separation of LDL- from unmodified LDL was accom- containing 500 Pg DL protein* As the rate and extent 

normal LDL (n-LDL) and LDL- were collected in l-mL 
aliquots using a fraction collector. The amount of LDL 
protein was determined for each pe& using the method 
of Lowry et al. (28) and used for p e d  area calibration 
from which the amOuntS of n - m ~  and LDL- were rou- 
tinely computed. Fractions were collected into tubes 
containing 50 pM EDTA in 0.01 M Tris-HC1 buffer, p~ 

concentrated, and all salts removed by centrifugation 
with centricon 10,000 molecular weight microconcen- 
tratorS ( ~ ~ ~ ~ ~ l ~ ,  MA). This procedure cauSeS minimal 

produced by conventional dialysis. Samples were di- 
luted in phosphate-buffered saline, the protein content 
was determined, and the samples were then used for the 
various studies described below and aliquots were ex- 
tracted for determinations of ChOx content as detailed 
below. 

spectrophotometric assay was based On the method of 
Esterbauer et ala (29h enabling measurement of the 
oxidative lag phase (recorded in minutes) and the rate 
Of peroxidation during the propagation phase- The level 
of total peroxides in LDL was estimated using a molar 
extinction coefficient of 2.54 x lo4 for lipidconjugated 
dienes measured at the end of the incubation period. 

successive centrifugations with Centricon 10,000 mo- 
lecular weight microconcentrators. These preparations 
were then adjusted to desired concentrations for analy- 

used for Other analyses as reported be1ow. 

Measurements of LDL oxidation 

7.2, and those fractions containing LDL were pooled, After oxidation, LDL was collected and dialyzed by two 

LDL aggregation which is indistinguishable from that sis of LDL Content by HPLC, as described above, Or 

The progress of LDL Oxidation was determined either 
directly by monitoring formation of conjugated dienes 
in LDL suspensions via the absorbance change at 234 
nm, or by measurement of conjugated dienes on lipid 
extracts of LDL using second derivative spectroscopy as 
described previously (30). For the latter measurements, 
samples of LDL containing 500 pg protein per mL were 
extracted with 6 mL chloroform-methanol 2:l after 
various periods of incubation with the oxidizing system. 
The organic phase was collected and saved, and the 
aqueous phase was re-extracted with another 3 mL 
chloroform-methanol 2: 1 and the organic phases were 
pooled. After evaporation of the organic solvent under 
a stream of nitrogen at room temperature, the lipid 
residue was redissolved in absolute ethanol and the 
absorbance was monitored over the frequency range of 
220-300 nm against an ethanol blank. The extent of 
peroxidation was estimated from the sum of the absor- 
bance minima at 242 and 233 nm corresponding to the 
&/trans and trum/truns diene con,ugate isomers. Li- 
noleic acid hYdroperoxide, prepared as described pre- 
viously (31), was used to develop a calibration curve. All 
ScanS were t ~ e n  with a Beckman DUG50 spectra- 
photometer. The content of lipid peroxides was esti- 
mated from the total cis/truns and truns/truns conju- 
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Fig. 2. The content of conjugated dienes in eight representative 
preparations of LDL from different donors immediately after isola- 
tion. The samples are identified by the laboratory identification 
number. As indicated in the inset, Before Lag corresponds to arrow 
1 shown in Fig. 1. Also shown are the levels of conjugated dienes 
formed after subjecting the sample to Cu*+-induced oxidation to the 
extent indicated by arrow 3 in Fig. 1 and referred to as After Lag in 
the inset. 
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Fig. 8. The contents of cholesterol oxidation products (ChOx) measurable by gas chromatography are shown 
before oxidation of LDL (represented by arrow 1 in Fig. 1 )  and after Cu*+-induced oxidation to an extent 
represented by arrow 3 in Fig. 1. The lipid peroxide content (estimated by conjugated dienes measured by 
second derivative W spectroscopy of lipid extracts) was 31 & 11 nmol/mg LDL protein before oxidation and 
222 It 79 nmol/mg LDL protein after oxidation. The amounts of each ChOx as well as the total ChOx are shown 
as well as the amount of total ChOx expressed as a percent of the cholesterol content in the sample. Values for 
samples before oxidation are derived from nine independent analyses while those for samples after oxidation 
are from five independent analyses. 

gated dienes using and a molar extinction coefficient of 
2.54 x 104. 

Measurement of ChOx 

Characterization and quantitation of ChOx was per- 
formed as described previously (17,32). Briefly, sample 
aliquots containing approximately 0.5 mg LDL protein 
were immediately purged with argon after isolation or 
after various periods of oxidation, as described above. 
The sample was sealed under an argon atmosphere and 
stored at -7O'C for no longer than 1 week before being 
analyzed. Lipids were extracted with chloro- 
form-methanol 2:l (v/v) containing 0.01% BHT. An 
internal standard (5a-cholestane, 100 pL @ 10 pg/uL) 
was added to each sample at the time of extraction. The 
lipid extract was evaporated to dryness under nitrogen 
and the residue was dissolved in 1.0 mL toluene-ethyl 
acetate 1: l  (v/v). The neutral lipid fraction, containing 
cholesterol and ChOx, and the phospholipids (polar 
lipid fraction) were isolated by sequential elution of 
solid phase extraction columns with toluene-ethyl ace- 
tate followed by methanol (Bakerbond Diol columns, J. 
T. Baker, Inc. Phillipsburg, NJ). The phospholipids were 
saved frozen under nitrogen while aliquots of the neu- 
tral lipid fraction were subjected to mild alkaline saponi- 

fication followed by treatment with ethereal dia- 
zomethane. The sample was then transferred into a 
1 .O-mL autoinjector via4 and lipids were converted to 
trimethylsilyl (TMS) ethers using dimethylformamide 
and N,O-bis( trimethylsilyl) trifluoroacetamide (BSTFA, 
Supelco, Inc., Bellefonte, PA) (1:l v/v). The vials were 
sealed, purged with argon, heated at 80°C for 30 min 
and injected into a Shimadzu GC-14A gas chroma- 
tograph. A description of the chromatographic condi- 
tions can be found elsewhere (1 7). Quantitative analysis 
of biological samples was performed by the internal 
standard method. A set of standards corresponding to 
common ChOx previously identified in human plasma 
were analyzed under the same conditions in order to 
verify the identity of ChOx found in LDL. 

Cytotoxicity assays 

Rabbit aortic endothelial cells (REC) were isolated 
from New Zealand albino rabbits and used between 
passages 9 and 13. The characteristics of these cells have 
been described elsewhere (21). Cells were grown in 6- 
or 12-well dishes and maintained in complete medium 
consisting of DMEM-M199 80:20 with 10% fetal bovine 
serum (FBS), endothelial cell growth factor (5 pg/mL), 
and gentamicin (50 pg/mL). Conditioned medium was 
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added at the time of medium change at a 1:4 ratio with 
fresh medium. The phenotype of the cells was checked 
on the basis of the expression of factor VI11 antigen, 
angiotensin converting enzyme activity, and by morpho- 
logical characteristics. Stock cells were passaged using a 
1:3 split ratio with mechanical disruption of the mono- 
layer. Cultures were maintained with weekly media 
changes. Freshly isolated LDL- or n-LDL was added to 
subconfluent cultures (5 x 105 cells/well) over a range 
of treatment concentrations and measurement of toxic- 
ity was performed by determining the surviving fraction 
of cells after 24 h as described previously (16). The 
treatment concentrations are expressed as serum 
equivalents where, for example, a 10% serum equivalent 
dose corresponds to 10% of the lipoproteins present in 
serum. The 10% serum equivalent is generally the serum 
concentration (10% FBS) in complete cell culture me- 
dium. Similarly, a ChOx mixture, representative of the 
major ChOx present in LDL-, was added to selected 
cultures in a manner analogous to LDL treatments; 
however, ChOx were added to the medium using an 
ethanol vehicle where the final ethanol concentration 
was I 0.5% (v/v). The composition of the ChOx mixture 
and amounts [expressed as mole fraction x 1001 of each 
component were as follows: 5-cholestene-3P,7adiol 
[ 10.21 (7a-OH), 5-cholesteneSP,7~iol [6.7] (7P-OH), 
cholestan-5a,6a -epoxy-SP-ol [ 10.31 (a-epox), cholestan- 
5,P,6fipoxy-3p-Ol [24.3] (p-epox), cholestan-3P,5a,6P- 
triol [ 10.01 (CT), 5cholesten-3P-ol-7-one [31.0] (7-keto), 
and 5-cholesten-3p,25-diol [7.3] (25-OH), approximat- 
ing the proportions of ChOx found in LDL-. The mix- 
ture was added over a range of concentrations repre- 
sentative of that found in human LDL- or from 
hypercholesterolemic monkeys ( 16) and expressed as 
percent serum equivalent concentrations in complete 
medium. 

In addition to the above determinations, acute toxic- 
ity was measured by means of [ 14C]leucine release from 

REC into the medium. This provided a measure of cell 
injury in terms of damage to cell membranes and leak- 
age of peptides and proteins. Subconfluent cultures of 
REC were incubated with [14C]leucine for 48 h at 1.0 
p.Ci/well in complete medium. Prior to treatment, the 
cells were washed three times with complete medium 
and then incubated with the ChOx mixture in media 
containing 2% LDL-deficient FBS (LPDS) for 2 h. Addi- 
tion of complete medium containing undetectable levels 
of ChOx to selected wells provided an estimate of the 
background (control) rate of radioactivity released by 
cells. After incubation, aliquots of the medium were 
treated with 12% cold TCA (final concentration), the 
precipitates were washed, and their radioactivity con- 
tent was measured in a Beckman IS7500 scintillation 
counter. The level of radioactivity in the precipitates is 
expressed as a percentage of radiolabel released from 
untreated (control) cultures. 

Measurements of ionic flux 

The effects of n-LDL, LDL-, and ChOx on the influx 
or eMux of Na+, K+, and Ca2+ were determined in 
parallel with cytotoxicity measurements. Subconfluent 
cultures similar to that described above were used for 
measurements of Na+ influx. Treatment with the ChOx 
was for 2 h in 2% LPDS media after which the monolay- 
ers were washed three times with Na+-free choline-buffer 
(choline chloride, 100 mM; magnesium chloride, 30 mM; 
potassium chloride, 3 mM, pH 7.4) to remove excess Na'. 
The monolayers were allowed to equilibrate for 10 min 
at 37°C. Choline-buffer containing *2Na+ at 105 
dpm/well (sp act, 90 mmol/mCi, NEN, Wilmington, 
DE) was added to the wells and at designated time 
periods up to 5 min the monolayers were washed with 
PBS (containing excess cold Na+), trypsinized, and 
counted for cell number and radioactivity. Measure- 
ments of ouabain-resistant Na+ and K+ influx were made 
in the presence of 1 mM ouabain final concentration, 

TABLE 1. 

ChOx as 96 
Cholesterol' of Cholesterolb TBAR' 

mg/dL nmol/mg LDL-C 
2.2 f 1.2 1.2 f 0.03 

nLDL 108 f 8.3 
LDL- 2.4 f 0.5 29.6 f 9.1 4.6 f 1.1 
Oxid. nLDLd 88 f 9.0 31.4 f 9.3 39.3 f 6.9 

 total cholesterol in lipoproteins was measured by gas chromatography as described in Methods. 
*ChOx in lipoproteins was measured by gas chromatography as described in Methods and is expressed as 

a percentage of cholesterol in the lipoprotein using the sum of the ChOx measurements. 
TBAR for each lipoprotein was measured as described in Methods and is expressed as nmol/mg LDL- 

cholesterol using a molar extinction coefficient of 5.6 x lo5 for malondialdehyde and cholesterol levels were 
measured as described in a. 

%LDL after isolation by anion exchange HPLC was incubated with 10 phi CuSO4 in phosphate-buffered 
saline for intervals sufficient to induce propagation of lipid peroxidation. The LDL was recovered at the 
mid-point of the propagation phase as indicated by arrow 3 in Fig. 1, and the ChOxwas extracted for GC analysis. 
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Fig. 4. The content of the major ChOx recovered 
from human plasma. All ChOx were characterized 
and quantitated by gas chromatography and values 
are expressed as mg/dL plasma. Total ChOx repre 
sents the sum of the individual ChOx expressed as a 
percent of the plasma total cholesterol also meas- 
ured by gas chromatography. Results, expressed as 
mean and standard error, are from the analysis of 
eight plasma samples obtained from different d e  
nors. 

which was added to the choline-buffer 2 min prior to 
addition of 22Na' or 86Rb. Measurements of Na+ efflux 
were made after prelabeling REC with 22Na' for 18 h 
(0.1 pCi/mL in complete medium) prior to addition of 
ChOx. Treatment with the ChOx was for 2 h in 2% LPDS 
media after which the monolayers were washed three 
times with Na+-free choline-buffer (choline chloride, 100 
mM; magnesium chloride, 30 mM; potassium chloride, 3 
mM, pH 7.4) to remove excess Na+. The monolayers 
were allowed to equilibrate for 10 min at 37°C. Choline- 
buffer was added to the wells and at designated time 
periods up to 5 min aliquots of the medium were taken 
for measurement of radioactivity. The monolayers were 
then washed with PBS (containing excess cold Na"), 
trypsinized, and counted for cell number and radioac- 
tivity. Ouabain (1 mM) was also present in some wells 
during the last 2 h to determine the extent of ouabain- 
sensitive Na+ (or K+, see below) flux. Measurements of 
cell number and cell associated radioactivity were made 
at the end of the designated time intervals. 

Measurements of K+ uptake were made utilizing 86Rb 
as a radiotracer. For these studies, REC were grown to 
the required density in 24well plates. The uptake of 86Rb 
was determined over a 2-h period concurrent with the 
treatment of the monolayers with the ChOx mixture in 
DMEM/M199 (41) and [@Rb]Cl, 1 pCi/ml, (sp act, 4.6 
mCi/mmol) containing 2% FBS. At the end of treat- 
ment, the media was removed and the monolayers were 
washed three times with PBS containing excess K+, 
trypsinized, and counted for cell number and radioac- 
tivity. The extent of 86Rb uptake over the fKed 2-h 
interval was used to estimate rates of K+ uptake which is 

expressed as a percentage of the rate found in untreated 
(control) cells. 

Intracellular free calcium concentrations ([Ca2+]i) 
were measured fluorometrically using a Hitachi F-2000 
fluorometer. REC grown directly on polymethacrylate 
fluorometer cuvettes (Sigma, St. Louis, MO) in 1 mL 
complete media buffered with 10 mM HEPES were 
loaded with the fluorescent probe, fluo-%AM by adding 
5 pL of a 1 mM solution in DMSO directly to cuvettes 
resulting in a final probe concentration of 5 p ~ .  The 
cultures were left for up to 1 h at 21°C and uptake and 
completeness of ester hydrolysis were monitored by 
measuring the fluorescence intensity signal over this 
interval. This served to establish the optimum cell load- 
ing time. The fluorescence signal was found to reach a 
maximum that stabilized in about 45-60 min after addi- 
tion of the probe. Unincorporated probe was removed 
from the cells by two washings, first with fresh media, 
then with the Ca2+-free HEPES buffer (10 mM). ChOx, 
prepared in complete medium containing 2% FBS, were 
added to the cells after labeling with the probe and the 
change in Ca2' levels was monitored over the time. The 
fluorescence emission signal at 526 nm was collected at 
a right angle from the excitation beam. A 0.1- to 2-sec 
response time and a 150 watt xenon lamp at 400V was 
used to deliver 506 nm excitation beam through a 
grating monochrometer to the sample compartment 
containing cells loaded with the fluorescent probe. The 
excitation and emission band-pass were set to 10 nm. 
nLDL, LDL-, or ChOx were added to the cuvettes while 
monitoring the fluorescence. After each experiment, a 
calibration of the signal was performed. This fluores- 
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cence signal was converted to Ca2' concentration ac- 
cording to the method of Tsien and Pozzan (33). Briefly, 
this method involves determining the dye fluorescence 
at two points within the linear region of the calibration 
curve: F ~ n  (the fluorescence of the unchelated dye) and 
Fmax (the fluorescence of the fully chelated dye). This 
type of calibration was done for each experiment, as the 
number of cells analyzed and the amount of dye taken 
up by the cells varied between experiments. Determina- 
tion of FMn was accomplished by saturating the dye With 
Mn (2 mM) after addition of the ionophores A23187 or 
ionomycin. The signal intensity observed, FMn, was then 
used to calculate F- using the following equation: 

Fmax = 5 X (FMn - Fbkg) + Fbkg 

where Fbkg is the autofluorescence of the cells without 
dye which was measured in each instance before addi- 
tion of the probe, in the absence and presence of 
ChOx. 

This background intensity, Fbkg, was also used to 
determine Fmin, the minimum dye fluorescence inten- 
sity: 

Fmin = (Fmax Fbkg)/40 + Fbkg 

The fluorescence intensity signal, F, was converted to 
[Can+], using the following equation: 

[Ca2+li Kd (F - Fmin)/(Fmax - F) 

where K i  (400 nM) is the known dissociation constant of 
the fluo-3 dye/Ca2+ complex. 

Statistical analyses 

The data are expressed as the mean k standard error 
calculated from three to five independent experiments, 
each measurement performed in duplicate. Data for 
specific treatment groups were subjected to analysis of 
variance (ANOVA) or the Student's t-test. 

RESULTS 

The kinetic profde for oxidation of freshly isolated 
LDL in the presence of 10 pM CuSO4 is shown in Fig. 1. 
The net formation of conjugated dienes in most of the 
LDL samples analyzed was typical of that shown in Fig. 
1. The lag phase prior to the propagation of lipid 
peroxidation is indicated, as are intervals (indicated by 
arrows) at which aliquots were taken for measurement 
of oxidation products during either the lag or propaga- 
tion phase. The oxidative lag phase varied from 28 to 65 
min for the LDL samples analyzed in this study. Consid- 
erable differences in the oxidative susceptibility of LDL 
among subjects have been reported and attributed to 
the antioxidant content (34) as well as composition and 
structural variability (35) of the lipoprotein. 

Figure 2 shows the level of lipid peroxides measured 
via second derivative UV spectroscopy of the total lipid 
extracts taken from samples at zero time (arrow 1) and 
at the mid-point .of the propagation phase (arrow 3). 
These samples were from eight subjects representing 
the range of values found in our study and are indicated 
by their laboratory identification numbers. Small but 
variable amounts of total conjugated dienes were meas- 
ured at zero time, estimated to be 31 f 11 nmol/mg 
LDL. The LDL samples experienced variable degrees of 
oxidation where the levels of conjugated dienes ranged 
from 120 to 800 nmol/mg LDL. No relationship was 
evident between the levels of conjugated dienes present 
before oxidation and the levels of conjugated dienes 
formed after Cu2+-induced oxidation. Moreover, the 
wide range found for LDL oxidation reflects the dispar- 
ity in oxidative resistance reported among normal indi- 
viduals (34). The corresponding levels of ChOx in the 
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Fig. 5. The cytotoxicities of nLDL (C-.), LDL- (A-A), Cu*+-oxi- 
dized LDL (V-V), and ChOx (0-4)  are shown. In each instance 
REC were incubated for 24 h in DMEM-MI99 8020 containing 2% 
heat-inactivated FBS, which is the minimum serum required to main- 
tain viability over the test period. The medium was prepared with the 
LDLs or ChOx and was formulated to contain these components at 
levels that would be present in the indicated equivalent concentrations 
of serum. For example, a 20% serum equivalent dose contains LDL 
that would be present in medium that contained 20% serum (assuming 
that pure serum contains 100 mg/dL LDL). As shown in Fig. 4, ChOx 
comprise on the average 1% of the plasma total cholesterol. Thus, 
using an average plasma cholesterol level of 150 mg/dL, a 20% serum 
equivalent dose represents the addition of 0.30 mg/dL ChOx. ChOx 
were added in ethanol vehicle (0.2% v/v, ethanol-medium) and 
control cultures received ethanol only. After treatment, cells were 
washed and replated in complete medium and the surviving fraction 
was determined via plating eficiency measured after 24 h of culture. 
The surviving fraction was calculated from the survival of control 
cultures that were subjected to the same conditions of culture during 
treatment and subsequent growth and were assigned a value of 100%. 
Data points represent the mean and standard error calculated from 
three independent experiments with each treatment dose measured 
in duplicate. Determinations of statistical significance were made 
using a two-tailed t-test comparing the log of the surviving fraction for 
the ChOqLDL- at each treatment dose to untreated control cultures. 
*, P < 0.05, compared to untreated controls; X ,  P < 0.01, compared to 
untreated controls; **, P < 0.001, compared to untreated controls. 
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Fig. 6. Release of radiolabeled protein from REC after treatment 
with the ChOx mixture at the indicated treatment concentrations. As 
shown in Fig. 4, the ChOx mixture comprises in total approximately 
1% of the plasma total cholesterol. Thus, using an average plasma 
cholesterol level of 150 mg/dL, each 5% serum equivalent incre- 
mental dose corresponds to the addition of 0.075 mg/dL ChOx as a 
mixture. Subconfluent cultures of REC were incubated with 
[14C]leucine for 48 h at 1.0 pCi/well in complete medium. Prior to 
treatment, the cells were washed and then incubated with the ChOx 
mixture in media containing 2% LPDS for 2 h. Addition of complete 
medium containing undetectable levels of ChOx to selected wells 
provided an estimate of the background (control) rate of radioactivity 
released by cells. After a 2-h interval, aliquors of the medium were 
treated with 12% cold TCA (final concentration), and radioactivity in 
the washed precipitates was measured. The level of radioactivity in the 
precipitates was corrected for the total 14C radioactivity associated 
with cells in each culture and the results are expressed as a percent of 
radiolabel released from untreated (control) cultures. Also shown are 
the surviving fractions of treated cells (REC Survival, expressed as the 
log percent surviving fraction) which were determined concurrently 
with measurements of radiolabel release. Results are the mean and 
standard error from three independent analyses. Determinations of 
statistical significance were made using a two-railed t-test of the log 
d u e s  for each treatment condition (serum equivalent dose) versus 
the corresponding control values (no ChOx addition) and significant 
differences (P < 0.05) are indicated by asterisks. 

LDL before and after oxidation are shown in Fig. 3. 
ChOx identified in freshly isolated LDL not subjected 
to peroxidation included small amounts of 7a-OH, fb 
epox, and 7-keto with either trace or undetectable levels 
of the other oxidation products. After oxidation, the 
levels of several ChOx increased markedly, among 
which increases in pepox and 7kOH were most evident. 
The accumulation of ChOx was most evident when 
expressed as a percentage of the cholesterol in the 
lipoprotein (far right bar in each panel of Fig. 3). The 
approximately 10-fold increase in conjugated dienes 
after Cu2’-induced oxidation was accompanied by about 
a 15-fold increase in ChOx levels. The greater apparent 
susceptibility of cholesterol to oxidation and accumula- 

tion of ChOx may be due to its participation in chain 
termination reactions resulting in cholesterol oxidation 
in lieu of peroxidation of other LDL lipids. The “anti- 
oxidant” behavior of cholesterol has been described for 
various lipid systems (36). 

We previously reported that the levels of lipid peroxi- 
dation products were elevated in LDL- as compared to 
unmodified LDL (nLDL) (15,16). Table 1 compares the 
levels of lipid peroxidation products in nLDL, LDL-, and 
in Cu*+-oxidized LDL. LDL is highly enriched in ChOx, 
and Cu2+-induced oxidation of freshly isolated nLDL to 
the extent shown in Fig. 1 (arrow 3, approximately 2 h) 
resulted in the formation of ChOx to levels comparable 
to those found in LDL-. However, it is important to note 
that whereas TBARs also accumulate after oxidation 
with Cu2+, the content of TBARs in LDL is relatively 
small. 

For comparison to the data presented in Fig. 3, Fig. 
4 shows the levels of ChOx measured in human plasma. 
In this case, the levels of ChOx that would exist in all 
serum lipoproteins were determined, which fully repre- 
sents the total ChOx in the circulation to which vascular 
endothelial cells are potentially exposed. In this case, 
approximately 1% of the total cholesterol was in the 
form of ChOx, with Pepox and 7-keto being the major 
components. PEpox and 7-keto are also the major ChOx 
in freshly isolated LDL as well as in Cu2+-oxidized LDL. 
p-Epox appears to be a predominant cholesterol oxida- 
tion product from free radical-mediated oxidation of 
LDL-cholesterol and the major product found in experi- 
mental atherosclerosis (16, 17, 32). 

The composition of ChOx found in plasma and LDL- 
(16) and, with minor variations, the similar profiles 
obtained after Cu2+-induced oxidation of LDL afforded 
formulation of a ChOx mixture representative of the 
composition of ChOx found in plasma that can be used 
for cell culture studies. The cytotoxicity of the ChOx 
mixture was the focus of those studies that drew upon 
previous characterization of the cytotoxic effects of 
individual cholesterol oxidation products on vascular 
cells (16, 19-22). Figure 5 compares the cytotoxicity of 
the ChOx mixture to that of LDL-, Cu2+-oxidized LDL, 
and nLDL. The treatment concentrations are expressed 
as percent serum equivalents where the serum equiva- 
lent dose corresponds to the percentage of the lipopro- 
tein cholesterol that typically exists in complete serum 
(i.e., we assume that the average LDL-cholesterol is 120 
mg/dL). There was no apparent toxicity when cells were 
treated with nLDL up to a serum equivalent dose of 20% 
(the maximum level of serum used to culture of REG 
and equivalent to 0.3 mg/dL of ChOx). On the other 
hand, 24h treatments with 10% serum equivalents of 
LDL-produced a 30% reduction in the surviving fraction 
of cells compared to control cultures and a 75% reduc- 
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tion at 20% serum equivalent doses. Twenty four-h 
treatments with the ChOx mixture produced a dosede- 
pendent toxicity profile similar to that of LDL, with a 
55% decrease in survival using a 20% serum equivalent 
dose. Treatments with Cu2+-oxidized LDL produced the 
greatest toxicity where the LDLso dose was 10% serum 
equivalents under these assay conditions. Comparison 
of the toxicity curves indicates that the ChOx mixture 
accounts for most of the cytotoxicity of LDL- but not of 
Cu*+-oxidized LDL. The toxicity of Cu2+-oxidized LDL 
may be attributed to a number of oxidation products 
that are found only in minute quantities in in vivo 
oxidized LDL. Thus, Cu2+-oxidized LDL has, in addition 
to ChOx, substantial amounts of lipid peroxides and 
aldehydic decomposition products, as shown in Table 1 
and Fig. 2, and reported in previous studies (6), that can 
contribute to toxicity. It should be noted that the cyto- 
toxic component of oxidized LDL was previously shown 
to be associated with the neutral lipid fraction (7) where 
the ChOx are found. 

The results of cytotoxicity experiments utilizing meas- 
urements of [14C]leucine release from REC are pre- 

Fig. 7. The effect of individual ChOx and the ChOx mixture of Na' 
eMux from REC. The treatment dose was in each case 0.15 mg/dL 
(10% serum equivalents). An explanation of serum equivalent dose is 
found in the Methods and described under Fig. 6. Na* efflux was 
measured after prelabeling REC with "a+ for 18 h (0.1 pCi/mL in 
complete medium) prior to addition of ChOx for the final 2 h. The 
monolayers were then washed three times with choline buffer; Na+ 
free buffer was then added to the cells and aliquou were taken for 
measurement of radioactivity after 5 min. Cell numbers and cell-ass* 
ciated radioactivity were measured at the same time in order to 
determine the amount of efflux relative to that of cells not treated 
with ChOx (controls). The results are expressed as a percent of efflux 
in control cultures. The three dotted horizontal lines indicate the 
mean and standard error for control cultures. The mean and standard 
errors from three independent analyses are shown. Determinations 
of statistical significance were made using one-way ANOVA compar- 
ing all treatment conditions to control cultures that were treated with 
ethanol vehicle (0.2% v/v, ethanol-medium) only. Significant differ- 
ences from controls are indicated (P < 0.02). 

Fig. 8. The effect of individual ChOx and the ChOx mixture on K+ 
influx into REC. SRb was used as a radiotracer. The treatment dose 
was in each case 0.15 mg/dL (10% serum equivalents). An explanation 
of serum equivalent dose is found in the methods and described under 
Fig. 6. For these studies, REC were grown in 24-well plates and uptake 
of =Rb was measured over a 2-h period concurrent with the treatment 
of the monolayers with the ChOx mixture in DMEM-M199 4 1  and 
[%Rb]CI, 1 pCi/ml, (sp act, 4.6 mCi/mmol) containing 2% FBS. At 
the end of treatment the media were removed and the monolayers 
were washed three times with PBS containing excess K'. trypsinized, 
and counted for cell number and radioactivity. Cell numbers and 
cell-associated radioactivity were measured in order to determine the 
amount of influx relative to that of cells not treated with ChOx 
(controls). The results are expressed as a percent of the control rate 
of influx. The three dotted horizontal lines indicate the mean and 
standard error for control cultures. The mean and standard errors 
from three independent analyses are shown. Determinations of statis- 
tical significance were made using one-way ANOVA comparing all 
treatment conditions to control cultures that were treated with etha- 
nol vehicle (0.2% v/v, ethanol-medium) only. Significant differences 
from controls are indicated (P < 0.01). 

sented in Fig. 6. Treatment of [I4C]leucine prelabeled 
cells with the ChOx mixture at serum equivalent doses 
up to 30% produced an incremental increase in the level 
of 14C-labeled protein release. For these experiments all 
ChOx treatments were made in 2% serum-containing 
medium to minimize the effects of serum factors (par- 
ticularly the ChOx that may exist in serum) on cell 
permeability. The level of protein leakage was approxi- 
mately 20% greater in 2% serum-containing medium as 
compared to standard culture conditions (i.e., 10% se- 
rum-containing medium) where no leakage was measur- 
able over a 2-h period. An apparent threshold was found 
at a 10% serum equivalent dose of ChOx where leakage 
of protein increased to approximately 140% of the 2% 
serum control levels. At 30% serum equivalents, there 
was a 160% increase in leakage of [14C]leucinederived 
radioactivity. Figure 6 includes the results of concurrent 
analyses of cell injury determined via measurements of 
the surviving fraction as presented in Fig. 5. Thus, at the 
10% serum equivalent dose, the ChOx mixture pro- 
duced a decrease in the surviving fraction that corre- 
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sponded to the sharp increase in protein leakage meas- 
ured as [14C]leucine-derived radioactivity. Using the 
methods described above, it was noted that none of the 
phospholipid fractions isolated from LDL, Cu2+-oxi- 
dized LDL, or plasma produced a measurable increase 
in toxicity or [ 14C]leucine leakage at serum equivalent 
doses of up to 20% (data not shown). 

Cytotoxic characterization of ChOxin previous studies 
focused on the isomeric cholesterol epoxides, a-epoxand 
P-epox, and their hydration product, 3P,5a,6P- 
cholestane triol (CT) (21). The geno- versus cyto-toxic 
effects of these compounds were found to be interrelated; 
however, the mechanism for cell injury and death ap- 
peared to be epigenetic and implicated damage to the cell 
membrane(s). This was described in other studies 
wherein various ChOx were found to be incorporated 
into and altered the structure and permeability of cell 
membranes (23). Using the cytotoxicity data described 
above, the effects of individual ChOx and the ChOx 
mixture on the transport of Na+, K', and Ca2' ions were 
examined. For these experiments, we used a 10% serum 
equivalent treatment dose for the individual ChOx or for 
the total concentration of the ChOx mixture. This corre- 
sponds to 10% of the plasma concentration of ChOx as 

-4-ChOx 10 % SeNm equivalents 
- - 0- - Cholesterol 10 % serum equivalents 

2w1 
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Fig. 9. The effect of the ChOx mixture on the [Ca2+]i of REC after 
addition of a 10% serum equivalent concentration (final concentra- 
tion) of the ChOx mixture (prepared in complete medium containing 
2% FBS) to cultures maintained in cuvettes as described under Meth- 

showninFig.4(i.e., 10%of 1.5mg/dLorO.I5mg/dL).A 
2-h treatment period in 80/20:DMEM/M199 medium 
containing 2% heat-inactivated serum resulted in cell 
survival greater than 85% in all cases. The effects of 
individual ChOx and the ChOx mixture on Na' efflux 
from REC under these treatment conditions are shown in 
Fig. 7. None of the ChOx or unoxidized cholesterol 
significantly affected the extent of Na' efflux from cells 
measured over the last 5 min of the 2-h treatment period. 
In each case, there was a marginal increase or decrease in 
the extent of efflux as compared to that measured in 
untreated cells (dotted horizontal lines representing the 
mean and standard error of the controls). Of the individ- 
ual ChOx tested, pepox, 7-keto, and25-OH produced the 
most marked inhibition of Na+ efflux while 7a-OH and 
cholesterol caused a marginal increase in efflux. On the 
other hand, the ChOx mix produced a 1.4times increase 
in Na+ efflux (P < 0.02). Similar effects were seen for 
measurements of Na' influx measured under the same 
treatment conditions (data not shown). Figure 8 shows 
the effects of ChOx and the ChOx mixture on K' influx, 
measured as the extent of 86Rb influx over the 2-h 
treatment period. None of the individual ChOx or 
cholesterol affected the rate of K' influx; however, the 
ChOx mixture produced a significant increase (PC 0.01). 
The extent of this increase matched that found for Na' 
efflux and influx. The stimulatory effect of the ChOx 
mixture was completely blocked by ouabain at a concen- 
tration (0.1 pM) that inhibited K' transport by 90% in 
control cultures, suggesting the involvement of enhanced 
Na+/K'-ATPase in the stimulated rates of Na'andK'flux. 
Consequently, the data shown in Figs. 7 and 8 can be 
regarded as ouabain-sensitive Na' and K' flux. Pretreat- 
ments with 1 mM amiloride also prevented the ChOx-in- 
duced Na' uptake when ChOx treatment concentrations 
exceeded 10% serumequivalents (datanotshown). 

The effects of the ChOx on [Ca2']i were also studied. 
Addition of the ChOx mixture at a 10% serum equiva- 
lent concentration (0.15 mg/dL) to REC (maintained in 
complete medium) produced a rapid increase in the 
[Ca2']i that reached maximum levels that were 175% of 
the control [Ca2']i by 1 h. The [Ca2+]i then decreased 
over the following 48 h but remained significantly ele- 
vated (P < 0.05) over basal levels (Fig. 9). Addition of 
pure cholesterol at a 10% serum equivalent concentra- 

ods. After addition to the cultures, the fluorescence intensity of 
fluo-CaZ+ complex was measured at designated intervals over a 72-h 
period. Control cultures were maintained in the DMEM-MI99 8020 
containing2% heat-inactivated FBS for the same period, the measured 
[Ca2+]i was arbitrarily set as 100% and used to calculate the increases 
in [ca2+], due to addition of ChOx which are expressed as a percent 
of control levels at that interval. Significant increases over controls 
(which were set at 100% for each time period analyzed) are indicated 
as: *, P < 0.01, and **, P < 0.05 as determined using a two-tailed t-test. 
Significant differences between ChOxand cholesterol treated cells are 
indicated by #, P < 0.05. Results shown are the mean and standard 
errors for three independent analyses. 

tion (15 also resulted in a rapid rise in the 
[Ca2+li, reaching a maximal z5% increase over baseline 
and then decreasing to approximately 10% Over baseline 
for the remaining 70-h measurement period. N o  signifi. 
cant increases in [ca2+li were found after additions of 
nLDL Or LDL- at 10% Serum equivalent concentrations 
(data not shown). Microscopic examination of cells re- 
vealed morphological changes after ChOx addition Over 
a 24-h period. This was observed previously when CT 
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was added to endothelial cells (37) where changes in the 
shape and contact between cells were measured. To 
examine this further, cell size was determined 1 h after 
addition of the ChOx mixture by trypsinization and 
measurement of cell numbers and size distribution us- 
ing a Coulter counter. Figure 10 compares the changes 
in cell volume and the maximum [Ca2']i measured after 
addition of the ChOx mixture to REC. A dosedepend- 
ent increase in the [Ca2']i was found up to a 20% serum 
equivalent dose. The increased [Caz'li was only found at 
concentrations equal to or greater than 10% serum 
equivalent concentrations. Increases in cell volume a p  
proximated the maximum levels of [Ca2']i measured at 
each treatment concentration, although no appreciable 
increases in cell volume were found at treatment doses 
greater than 10% serum equivalents. This may be due to 
cell lysis or because cells reached the maximum volumes 
attainable for these cultures, or to other unknown limit- 
ing factors. As the effects of ChOx doses greater than 
10% serum equivalents were not tested in detail for 
parameters such as K' or Na' flux, and because treat- 
ments greater than 15% serum equivalents produced 
substantial cell death, the relationship between cell vol- 
ume and intracellular ion concentrations cannot be fully 
established at this time. Nevertheless, the increases in 
[Ca2']j (or possibly Na' levels) may be explained, in part, 
by an increase in cell volume. 

Table 2 shows the results of studies where the cyto- 
toxicity of selected ChOx or the ChOx mixture were 
compared after treatments in complete medium versus 
medium containing low calcium concentrations (Le., 50 
pM). Each of the individual ChOx tested produced a 
dosedependent decrease in cell survival with the order 
of potency being: CT Y k p o x  > 7-keto Y a-epox. At doses 
up to 25 pM, the ChOx mixture was more potent than 
any individual ChOx, suggesting a synergistic action for 
the various ChOx. When treatments were performed in 
Ca2+deficient medium, there was a substantially de- 
creased toxicity for all the ChOx examined. Indeed, at 
concentrations that may be considered as physiologi- 
cally relevant @e., 25-40 pM) there was negligible toxic- 
ity when treatments were performed in Ca2'-deficient 
medium. This suggests that much of the ChOx-induced 
cell injury arises from an influx of extracellular Ca2', 
likely due to membrane perturbations. 

DISCUSSION 

Two interrelated aspects of ChOx toxicity were exam- 
ined I) identification and quantitation of ChOx found 
in human plasma, and specifically ChOx found in LDL- 
or formed by subjecting LDL to Cu2+-induced oxidation; 
and 2) the types and amounts of ChOx found in LDL- 
provided the basis for an investigation of the cytotoxicity 

of a mixture of the major ChOx representing a potential 
exposure of vascular tissues in vivo. Analysis of human 
plasma and LDL has shown that ChOx are commonly 
encountered and may be present in high concentrations 
in an oxidatively modified subfraction of LDL which we 
refer to as LDL-. Previous studies have shown that the 
proportion of LDL- may be as high as 8% of the total 
LDL (15,38) and the present findings show that nearly 
one third of the total LDL ChOx in normo- 
cholesterolemic human plasma is associated with LDL-. 
In addition, the plasma ChOx concentration is esti- 
mated to be approximately 25 p~ based on the samples 
analyzed in this study. This provided a standard to 
examine the cytotoxicity of ChOx using a mixture of 
products normally encountered in plasma at biologically 
relevant concentrations. When LDL is subjected to oxi- 
dation, the ChOx levels increase dramatically and the 
profile of products resembles that found in LDL-. Major 
products formed include 7kOH, 7-keto, and bepox, all 
of which are known products of free radical-dependent 
cholesterol oxidation. In particular, Pepox is of impor- 
tance as it is found in considerable amounts in hyper- 
cholesterolemic models of atherosclerosis ( 18, 32, 39), 
is present at low concentrations in normo- 
cholesterolemic plasma, and is absent in the high cho- 
lesterol-containing diets used to produce hyper- 
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Fig. 10. The concentrationdependent effect of the ChOx mixture 
on the elevation in [Ca*+]i and cell volume. Using an average plasma 
cholesterol level of 150 mg/dL, each 5% serum equivalent incre 
mental dose corresponds to the addition of 0.075 mg/& ChOx as a 
mixture. Cell volume (black bars) was determined after trypsinization 
of the samples by means of the sue distribution pattern measuredwith 
the Coulter counter. The displayed cell diameters were converted to 
volume assuming a spherical shape and the reported values are 
expressed as a percent of the size of untreated (control) cultures, 
indicated as the zero ChOx treatment dose. The [Ca*+]i (open bars) 
represents the maximum [Caw], measured after addition of the ChOx 
mixture to the culture. This was usually achieved within 1 h as shown 
in Fig. 9. The results for each treatment dose are from three inde 
pendent determinations and are shown as means and standard errors. 
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cholesterolemia (39). Its formation is inhibited in probu- 
col-treated animals (39), suggesting that it derives from 
peroxyradical attack of the 5,6-double bond of choles- 
terol (40). Together with measurements of TBAR and 
conjugated dienes, formation of ChOx follows the pro- 
gression of lipid peroxidation in LDL. This can be 
attributed to the large amounts of cholesterol available 
for oxidation and its participation in the radical chain 
reaction. However, unlike polyunsaturated fatty acids, 
peroxidation of cholesterol is less facile and its primary 
peroxidation product (cholesterol-7-hydroperoxide) 
readily decomposes to non-radical products as de- 
scribed previously ( 17), which essentially terminates the 
chain reaction. This resembles an "antioxidant effect" 
proposed by Smith (36) for limiting LDL oxidation as 
well as other cholesterol-containing lipid systems. 

It has been proposed that the oxidizability of LDL 
bears an inverse relationship to cholesterol content (36, 
41). As will be discussed further, Cu2+ oxidation of LDL 
produces considerable amounts of lipid peroxidation 
products other than ChOx and, in this respect, differs 
from LDL-. Nevertheless, the progression of lipid per- 

oxidation during Cu2+-induced oxidation correlates well 
with accumulation of ChOx. The variability of LDL to 
oxidation is well recognized and this also applies to the 
oxidation of LDL cholesterol. The present findings 
agree with the general observations of Jialal, Freeman, 
and Grundy (42), who reported that measurement of 
oxysterols provides an accurate index of the oxidative 
modification of LDL. Indeed, among the parameters 
analyzed for Cu2+-induced LDL modification, the best 
correlation is between the time-dependent changes in 
electrophoretic mobility and the formation of 
oxysterols. However, in contrast to their findings, 7-keto 
was not the predominant, although it was a major, ChOx 
in the samples we analyzed. The differences between our 
findings may be due to the manner by which oxysterols 
were isolated and analyzed as Jialal et al. (42) subjected 
the sterol extracts to a harsher saponification procedure 
and did not convert the sterols to their 0-TMS deriva- 
tives prior to gas chromatographic analysis. 

We used the profile of ChOx found in human plasma 
for cytotoxicity studies and to compare the effects of 
ChOx to that of Cu2+-oxidized LDL and LDL-. Using 

TABLE 2. Effect of Caz'deficient medium on ChOx toxicity surviving fraction relative to controls 

Dose' 

Compound 5 pM 10 pM 20 pM 40 pM 

a-Epox 
+Ca2* 1.05 f 0.02 1.13 f 0.04 0.69 f 0.06 0.57 f 0.07 
-Ca2+ 1.00 f 0.05 1.25 f 0.07 1.02 f 0.05' 1.01 f 0.02c 

CT 
+Ca2+ 
-Cas+ 

7-Keto 
+Cas' 
-Ca2+ 

0.93 f 0.06 0.77 f 0.06 0.66 It 0.08 0.43 f 0.09 
1.15 f 0.07 1.17 f 0.11* 1.03 It 0.03c 0.91 f 0.05' 

1.14 f 0.02 0.80 1 0.09 0.45 f 0.10 0.05 f 0.10 

1.05 f 0.08 0.79 f 0.05 0.76 f 0.13 0.15 f 0.11 

1.03 f 0.05 1.21 f 0.05 0.78 f 0.09 0.20 f 0.06 

0.96 f 0.08 1.11 f 0.04 1.07 It 0.10* 0.22 f 0.15 

Dosed 

5% 10% 20% 30% 

ChOx mix 
+Ca2+ 0.85 f 0.05 0.62 f 0.13 0.52 f 0.10 ND 
-Ca2+ 0.96 f 0.06 0.87 f 0.08 0.80 f 0.066 ND 

~~ 

%e treatment concentration for individual ChOx is expressed as p ~ .  
bP < 0.05 comparing -Ca*+ versus +Ca* at the indicated treatment dose as determined by Student's t-test. 
9 < 0.01 comparing -Cap+ versus +Cas+ at the indicated treatment dose as determined by Student's t-test. 
dFor the ChOx mixture the treatment dose is given as percent serum equivalents where a 10% serum 

equivalent is approximately 0.15 mg/dL according to the ChOx content shown in Fig. 4. 
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measurements of cell survival and protein leakage as 
determinants of injury, we found that neither pure 
cholesterol nor the. phospholipids isolated from oxi- 
dized LDL were toxic at levels found in LDL-. On the 
other hand, the ChOx mixture found in LDL- closely 
replicated the dose-response curve for LDL-induced 
cytotoxicity. Given the relative absence of other lipid 
peroxidation products in LDL-, it is plausible that the 
toxic component( s) known to be associated with the 
lipid fraction (7) are likely the ChOx. The toxicity of 
LDL- from humans was similar to that of LDL- recovered 
from monkey plasma as described previously (16). The 
cytotoxicity of these ChOx has been demonstrated with 
many vascular cell types, where the effects on smooth 
muscle cells (SMC) (18, 43) monocyte/macrophages 
(44), and endothelial cells (21) are particularly relevant. 
Cytotoxicity to arterial endothelial and SMC likely has 
significant implications for atherosclerosis as these two 
cell types play a pivotal role in the etiology of the disease 
(45). There are many reports describing ChOx cytotoxic- 
ity over a wide concentration range (37,43,44,46-48). 
There is now further evidence that pure (unoxidized) 
cholesterol when administered at levels found in hyper- 
cholesterolemic subjects is not cytotoxic to cultured 
endothelial cells. Elevated levels of ChOx in hyper- 
cholesterolemic and normocholesterolemic individuals 
represents a future point of interest for the study of 
atherogenesis that is attributed to cholesterol in general. 

The cytotoxic potency of Cu2+-oxidized LDL is likely 
attributable to other lipid-associated components. This 
is reasoned on the basis that the ChOx content of LDL- 
and Cu2'-oxidized LDL are similar (Table 1) yet the latter 
is nearly twice as toxic, as shown in Fig. 5. The nearly 
10-fold greater levels of other lipid peroxidation prod- 
ucts (e.g., TBAR and lipid peroxides) may account for 
the greater margin of toxicity. The aldehydic products 
of lipid peroxidation, such as 4-hydroxynonenal (6) are 
known to be highly cytotoxic and appear to be present 
in relatively low levels in LDL-. In this respect, LDL- more 
closely resembles the peroxide composition of mini- 
mally modified LDL that is produced by mild in vitro 
oxidation u. Berliner, personal communication). 

The vascular endothelium acts as a barrier to ions, 
lipoproteins, and other plasma components. Injury to 
endothelium by ChOx may disturb endothelial integrity 
resulting in alteration of the barrier function of the 
vascular endothelium allowing increased penetration of 
these plasma components. It was previously shown that 
CT increased albumin transfer across endothelial mono- 
layers (49). In addition, increased permeability to Ca2+ 
and rubidium was reported after treating P815 cells (50) 
or L-cells (24) with 25-OH. Loss of the membrane Ca2+ 
transport function and intracellular Ca2+ homeostasis is 
a mechanism by which many compounds produce cell 

death (51). In this study we found that the ChOx found 
in LDL- affect the rate of Na', K', and Ca2+ flux at 
subtoxic treatment concentrations. At similar concen- 
trations, the individual ChOx minimally affected ionic 
flux while the ChOx mixture produced a marked in- 
crease in the influx (or eftlux) of these ions, indicating 
that a synergistic interaction may take place when all the 
ChOx are present. When higher doses of ChOx were 
added, producing greater cytotoxicity (surviving frac- 
tion less than 0.7), damage to the membrane was evident 
by leakage of cell proteins. The effect of the ChOx 
mixture appears to be more than simply an additive 
effect of the individual components as levels of cyto- 
toxicity and effects on ion transport were comparable 
among the individual ChOx but were markedly less than 
the effect of the mixture at a comparable dose (e.g., Fig. 
7). Indeed, none of the ChOx at the levels present in the 
mixture (< 5 p~ each) are toxic when administered alone 
(inferred from data in Table 2). 

Our findings suggest that the ChOx perturb mem- 
brane structure, and at sublethal doses disrupt the trans- 
port of ions. However, this appears not to involve gen- 
eral membrane disruption because the ChOx mixture, 
at comparable doses, has no effect on glucose transport 
as measured by the rate of [ 14C]-2-deoxyglucose uptake 
(data not shown). This is also indicated by the ouabain- 
sensitive enhancement of Na+ and K' flux suggesting 
activation of Na+/K+-ATPase. It is also possible that 
increased K+ and Na' influx may be linked to Ca2' influx 
where Na+/Ca2+, K+/Ca2+, Na+/H+, or H+/Ca2+ trans- 
porters could be involved when K+ and Na+ homeostasis 
is disrupted, as suggested by the inhibitory effect of 
amiloride. The effects on ion flux can be explained in 
terms of the membrane structural changes produced by 
ChOx (23); however, we could not determine the extent 
to which increases in [Ca2+]i, or influx of Na', are due to 
passive leakage. This precaution is based on the general 
permeabilizing effect of the ChOx that is evidenced by 
cell swelling. Indeed, the changes found for K+ and Na' 
flux may be explained by a net increase in cell volume. 
Size distribution analysis using the Coulter counter 
indicated increased cell volumes corresponding to the 
changes in K+/Na+ flux. However, this cannot account 
for the changes in [Ca2']i suggesting that this effect is 
driven by specific membrane transport processes that 
are perturbed by ChOx. Moreover, the marked protec- 
tion afforded by treatments in Ca2+-deficient medium 
(Table 2) indicates that much of the cytotoxicity is due 
to ea2+ influx with prolonged increases in [Ca2+]i that 
are known to induce cell death. The contribution of 
elevated [Ca2']i cytotoxicity could not be fully investi- 
gated as approaches such as Ca2+ buffering or chelation 
were not possible because cells would not remain viable 
long enough to perform these experiments. Earlier 
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studies showed that several ChOx individually altered 
Ca2+ homeostasis by affecting the activity of Ca2' trans- 
porters (26). 

Reduction or cessation of cell growth of cultured 
mammalian fibroblasts has been observed after treat- 
ments with certain ChOx. The inhibition of DNA syn- 
thesis, measured by [SH]thymidine incorporation, cor- 
related with the cytotoxic potencies of several ChOx 
(52). The cytostatic or  cytotoxic effect of the ChOx 
present in LDL- may also be due to the inhibitory action 
reported for some ChOx on cholesterol synthesis (53), 
which may deplete isoprenoids and sterols required for 
cell division and growth, The sterol depleting effect of 
ChOx may also contribute to the noted perturbations 
in ion flux (24). The in vivo effects of ChOx adminis- 
tered orally (54-56) or  intravenously (19) have been 
described in terms of vascular injury evidenced by mor- 
phologic changes by means of light and electron micros- 
copy. Administration of CT, 25-OH, a-epox, and 7-keto 
individually to New Zealand white rabbits (19, 54), rats 
(55), and chicks (19) caused alterations in the aortic wall 
suggestive of cytotoxic/necrotic processes. In non-hu- 
man primates, CT and 25-OH induce changes consistent 
with atherosclerosis. These include arterial wall calcium 
accumulation, wrinkling of nuclear membranes, nuclear 
pyknosis, cytoplasmic involution, and endothelial de- 
generation and desquamation (57, 58). Indeed, all the 
cholesterol oxidation products described above are de- 
rived from the primary peroxidation products of choles- 
terol, namely 7P-hydroperoxycholest-5-en-3P-01 (choles- 
terol-7-hydroperoxide) (36, 40). Cholesterol-7-hydro- 
peroxide was recently shown to be a primary cytotoxin 
in oxidized LDL and  was found in human athero-  
sclerotic lesions (59). The cholesterol oxide mixture 
described in this study could likely mimic the action of 
cholesterol-7-hydroperoxide on cultured cells through a 
facile decomposition of the hydroperoxide to the vari- 
ous cholesterol oxidation products, which contribute to 
the observed cytotoxicity apparently through different 
mechanisms (20). Effects regarded as cytotoxic may 
represent an early component of vascular injury which 
leads to atherosclerotic lesion development, particularly 
in hyperlipidemic subjects where ChOx concentrations 
are usually high. I 
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