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Abstract A subclass of LDL described on the basis of its 
greater electronegativity and oxidative status is further charac- 
terized using a new, highly sensitive single photon counting 
technique to measure lipid hydroperoxides. We describe in 
this report that these particles, which we refer to as LDL-, are 
enriched in lipid peroxides and other peroxidation products 
as compared to the bulk of the unmodified, normal LDL 
(nLDL) recovered from human plasma. This chemilumines- 
cence-based, single photon counting technique has unique 
advantages in that analyses are performed on whole LDL, thus 
avoiding artifactual lipid peroxidation during lipid extraction. 
Evidence for increased amounts of lipid hydroperoxides in 
LDL- versus nLDL are in agreement with other analytical 
methods such as measurement of conjugated dienes as well 
as cholesterol oxidation products. LDL- also has lower pro- 
portions of polyunsaturated fatty acids than nLDL. Analysis of 
the amino acid composition of apoB-100 and fatty acid com- 
position of total LDL lipids also revealed major differences 
between nLDL and LDL- consistent with an oxidative modi- 
fication of the latter. Thus, LDL- has significantly lower pro- 
portions of the oxidizable amino acids histidine and lysine, 
and marked differences in other neutral and acidic amino 
acids. The deficit in specific amino acids is in agreement with 
a reduced TNBS reactivity and increased relative electropho- 
retic mobility of LDL-.I  We postulate that LDL- is a major 
carrier of lipid hydroperoxides associated with plasma LDL 
and may arise from oxidative events in the vasculature and/ 
or by ingestion of peroxideenriched meals.-Sevanian, A, G. 
Bittolo-Bon, G. Cazzolato, H. Hodis, J. Hwang, A. Zamburlini, 
M. Maiorino, and F. Ursini. LDL- is a lipid hydroperoxide- 
enriched circulating lipoprotein. J. Lipid Res. 1997. 38: 419- 
428. 
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There is mounting evidence that oxidatively modified 
LDL plays an important role in atherogenesis in that 
several processes underlying the formation and progres- 
sion of an atheromatous lesion appear to be initiated 

by oxidized LDL ( 1 ) .  LDL can be oxidized in vitro by 
a variety of catalysts or pro-oxidants, including free (2) 
and bound (3) transition metals, metalloproteins (4), 
enzymes (5, 6) ,  and by a number of vascular cells (7- 
9) utilizing metabolically generated oxidant species. 
Peroxidation under these conditions is usually exten- 
sive resulting in not only accumulation of peroxides but 
also substantial peroxide decomposition to aldehydes 
and complete depletion of vitamin E. A more gradual 
oxidation of LDL lipids, as in the case of autoxidation, 
produces a minimally modified particle via propagation 
from pre-existing peroxides with marginal consump- 
tion of vitamin E (10). There is evidence that LDL per- 
oxidation occurs in vivo, where formation and accumu- 
lation in the vascular intima has been described ( 1 ) .  
Furthermore, a form of LDL containing lipid peroxida- 
tion products has been isolated from the circulating 
blood ( 1 1 ) .  As evidence for oxidized LDL in human 
plasma remains limited, some investigators have sug- 
gested that oxidation of LDL may occur when particles 
become trapped in the proteoglycan matrix of the in- 
tima, where in these antioxidantdepleted domains the 
LDL particles experience progressive oxidation (1). 
The rate and extent of oxidation is related to the levels 
of LDL peroxides regardless of the mechanism for catal- 
ysis, indicating that the propensity for LDL oxidation is 
peroxide-dependent (12).  The origin of modified LDL 

Abbreviations: LDL, low density lipoprotein; ChOx, cholesterol ox- 
ides; HPLC, high pressure liquid chromatography; BHT, butylated 
hydroxytoluene; GC, gas chromatography; TNBS, trinitrobenzene sul- 
fonic acid; PAGE, polyacrylamide gel electrophoresis; CAPS, S[cyclw 
hexylaminol-1-propanesulfonic acid; LOOH, linoleic acid hydroper- 
oxide. 
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in the circulation remains speculative as indications of  
mild oxidation have been reported (11, 13) and con- 
tested (14). This controversy is due, in part, t o  the ab- 
sence of suitable analytical tools that are sensitive 
enough to measure peroxidation products in the physi- 
ological concentration range. Neverthekss,. modified 
LDL in the circulation possess a number of features dis- 
tinct from unmodified LDL that impart a more electro- 
negative character to the modified particle (1 4). How- 
ever, a detailed analysis of the constituents that account 
for the more oxidized nature of circulating modified 
LDL has yet to be performed. 

Utilizing ion exchange chromatography, a more elec- 
tronegative LDL subfraction (LDL-) has been isolated 
from human plasma. This lipoprotein has been re- 
ported to be enriched in oxidized lipids, contains vita- 
min E at levels similar to or lower than that found in 
unmodified or normal LDL (nLDL), shows a lower (15) 
or similar (14) binding affinity to LDL receptors on hu- 
man skin fibroblasts and endothelial cells, is a poor li- 
gand for scavenger receptors (14), and is cytotoxic to 
cultured endothelial cells (14, 16), unlike nLDL which 
demonstrates no toxicity. Recent evidence also indi- 
cates that particles with characteristics similar to LDL 
have an increased content of sialic acid and much 
higher levels of apoC-I11 and apoE (14), however, the 
sialic acid content is also subject to controversy (17) .  
The total LDL fraction from hypercholesterolemic sub 
jects can have sizable amounts of LDL-, in the range of 
2-6% of total LDL in most subjects (1 3) ,  and in some 
cases as high as 10 mg/dL. As the content of cholesterol 
oxidation products may at times comprise over 25% of' 
total lipoprotein cholesterol (16), LDL; may also he a 
major carrier of plasma oxidized cholesterol. As LDL. 
is different from nLDL in several ways, a distinct differ- 
ence in origin may also be possible. In the present study, 
freshly isolated LDL- was further characterized with the 
objective of precisely quantifying the levels of- lipid hy- 
droperoxides and describing the characteristics of its 
apoprotein content and lipid fractions. Using a newly 
developed method for measuring lipid hydroperoxides 
by means of single photon counting (18) we show that 
LDL- represents a lipid hydroperoxide-enriched lipo- 
protein subpopulation. It is also enriched with other 
lipid peroxidation products and has a modified apoB- 
100 composition. 

MATEFUALS AND METHODS 

from 160-210 mg/dL,. Blood was collected into \ ' a c ~ ~ -  
tainer test tubes containing ethylenediamine Letrxncet ic-  
acid (EDTA, from Sigma, St. Louis, MO) and immedi- 
ately centrifuged at 1500 g for 10 min at 4 O C .  LDL ( 6  
1.019-1.063 g/mL) wasseparated by prepar;itive ultra- 
centrifugation of the. plasma using a Beckman 1,s-s.', 
ultracentrifuge equipped with an SW-41 rotor as de- 
scribed previously (1 6). The isolated LDL, was dialyzed 
against argon-sparged 0.05 M Tris-HCI buffer, pH '7.2, 
containing 10 FM EDTA at 4°C overnight arid choles- 
terol levels were measured enzymatically using a W Su- 
per System instrument (Abbott, Dallas, TX). The iso- 
lated LDL was kept in argon-sparged, EDTA-buffer ; i t  

4°C for no more than 24 h before further analysis. 
Separation of L D L  from unmodified 1.DL was ac- 

complished using anion exchange high pressure liquid 
chromatography (Perkin Elmer Series 4 HPLC) a s  de- 
scribed previously (1 6 ) .  The purity of the isolated LDI.. 
was checked by means of rocket gel electrophoresis us- 
ing agarose gels prepared with 10% polyclonal antibod- 
ies to apoprotein B-100, apoA-I, and Lp[a] using coni- 
mercially available antibodies for these apoproteins 
(Apo-Tek, Organon Teknika/Biotechnology Research 
Institute, Rockville, MD). The isolated LDL was then 
injected into the HPLC at an acljusted concentration of' 
0.5 mg cholesterol/ml buffer. The eluent was moni- 
tored at 280 nm and peaks corresponding to defined,' 
normal LDL (nLDL) or LDK were collected in I-mL 
aliquots and immediately used for further studies cle- 
scribed below. Chelex-treated buffers were used dur- 
ing all steps of the isolation procedure. The amount of' 
LDL protein was determined for each peak using the 
method of Lowry et al. (19) and used for peak area cali- 
bration from which the amounts of nl,DL arid LDL 
were routinely computed. Fractions were collected into 
tubes containing 50 VM EDTA in 0.01 M Tris-HC1 buffer, 
pH '7.2, and those fractions containing LDL ~ were 
pooled, concentrated, and all salts were removed by 
centrifugation with Centricon 10,000 molecular weight 
microconcentrators (Beverly, MA). Lipoprotein elec- 
trophoresis was done using a Beckman Paragon Lipu 
Cell in 50 mM barbital buffer (pH 8.6). Bovine albumin 
(Sigma) at a final concentration of 20 mg/mL was 
added to dilute lipoprotein samples to ensure repro- 
ducible migration distances. 

Determination of amino acid composition in LDL 
proteins 

Amino acid analysis of LDL was performed on ah- 
quots of delipidated fractions where the protein residue 
was hydrolyzed at 110°C in 6 M HC1 for 24 h in evacu- 
ated sealed borosilicate tubes. The hydrolysates were 
evaporated, washed in distilled water, evaporated again 
to dryness, derivatized with fluoroaldehyde reagent 

Isolation of LDL subfractions 

Venous blood was obtained from fasting adult human 
volunteers with total plasma cholesterol levels ranging 
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(OPA, Pierce Chemical Co., Rockford, IL) and then an- 
alyzed by HPLC using a 4 X 150 mm Bio-Si1 ODS.5S 
column as described previously (20). The effluent was 
monitored with a Perkin-Elmer LS5 fluorometer (exci- 
tation 360, emission. 455 nm). Amino acid standards 
were obtained from Sigma or Pierce and used to iden- 
tify amino acids derived from LDL protein using exter- 
nal standard calibration and peak identification using 
HPLC proprietary software. Free amino groups on LDL 
subfractions were estimated using trinitrobenzenesul- 
fonic acid (TNBS) according to Habeeb (21). LDL was 
mixed with 1 mL of 4% NaHC03 (pH 8.4) and 50 pL 
of 0.1% TNBS and then heated for 1 h at 37°C. The 
concentration of amino groups was determined by ref- 
erence to a valine standard. 

Measurement of LDL conjugated diene content 

Conjugated dienes were measured in lipid extracts of 
LDL by means of second derivative W spectroscopy as 
described previously (22). Samples of LDL containing 
500 pg protein/mL were extracted with 6 mL chloro- 
form-methanol 2: 1; the organic phase was collected 
and saved; the aqueous phase was reextracted with an- 
other 3 mL chloroform-methanol 2: 1; and the organic 
phases were pooled. After evaporation of the solvent un- 
der a stream of nitrogen at room temperature, the lipid 
residue was redissolved in absolute ethanol and the ab- 
sorbance was monitored over the frequency range of 
220-300 nm against an ethanol blank. The amounts of 
conjugated dienes were estimated from the sum of the 
absorbance minima at 242 and 233 nm. Linoleic acid 
hydroperoxide (LOOH), prepared as described previ- 
ously (23), was used to develop a calibration curve. All 
scans were taken with a Beckman DU650 spectropho- 
tometer. Conjugated diene content was estimated from 
the sum of the conjugated diene absorbances using the 
LOOH calibration standard. 

Chemiluminescence measurements 

For determinations of LDL peroxides using photon 
emission counting, all LDL samples were prepared in 
Chelex-treated normal saline containing 25 mM Tris- 
HCl buffer, pH 7.4. Photon counting was performed 
using an SEAS luminometer containing a thermally iso- 
lated and cooled photocathode which has been previ- 
ously described (18). The reaction mixture contained 
30 p~ luminol, 0.3% (w/v) Triton X-100, 0.12 mL 
methanol, and 4 p~ hemin in 0.1 M CAPS buffer, pH 
10, in a final volume of 1.2 mL. The reaction was started 
by loading the LDL sample into the loop of a &way valve 
containing a computer-controlled syringe that aspirates 
1 mL of the reaction mixture in front of the photomulti- 
plier and then re-injects the mixture through the loop 
containing the sample into the vial in 2 s .  Samples were 

continuously mixed by a built-in minivortex in the dark. 
For internal calibration, 20 pL of LDL was injected 6 to 
8 times in duplicate along with increasing amounts of 
standard hydroperoxide (1 ,palmitoylS, linoleoylhydrc- 
peroxy-phosphatidylcholine, Le., PLPCOOH) in meth- 
anol. Integrated areas of the mono-exponential fitting 
of the photon emission rate were plotted versus the 
amount of internal standard added and second-order 
polynomial fitting of data was used to calculate the ab- 
solute value of lipid hydroperoxide by extrapolation 
through the x-axis intercept. 

Measurement of LDL cholesterol oxides 

Characterization and quantitation of cholesterol ox- 
ides (ChOx) was performed by capillary gas chromatog- 
raphy, as described previously (24). All procedures were 
performed under nitrogen in subdued light in the pres- 
ence of 0.01% BHT and 50 p~ EDTA. Sample aliquots 
containing approximately 500 pg/ ml LDL protein were 
extracted with chloroform-methanol 2: 1 (v/v) con- 
taining 0.01% BHT, and 100 pl of 5a-cholestane (10 
pg/ml) was added to each sample as an internal stan- 
dard. The lipid extract was dried under nitrogen and 
the residue was redissolved in 1 .0 ml toluene-ethyl ace- 
tate 1 : 1 (v/v). The neutral lipid fraction (triglycerides, 
cholesterol, ChOx) and polar lipid fraction (phospho- 
lipids) were isolated by sequential elution through solid 
phase extraction columns (Bakerbond Diol columns) 
with toluene-ethyl acetate followed by methanol. The 
neutral lipid fraction was subjected to mild, two-phase 
alkaline saponification and methylated with ethereal di- 
azomethane (25). The samples were then transferred 
into autoinjector vials; lipids were derivatized to o-tri- 
methylsilyl ethers (TMS) using dimethylformamide and 
N,O-bis (trimethylsilyl) trifluoroacetamide (BSTFA) 
(1: 1); and the vials were sealed, purged with argon, 
heated at 80°C for 20 min, and injected into a gas chro- 
matograph (Shimadzu GC14A) fitted with a 30 meter 
DB-1 column (0.32 mm I.D., 0.25 micron film thickness, 
J & W Scientific, Folsom, CA) and operated with a split 
ratio of 1 : 10. Helium was used as a carrier gas at a flow 
rate of 1 ml/min, the injection temperature was set at 
290°C and initial column temperature at 260°C. A pro- 
grammed temperature ramp of 3"C/min was used un- 
til the final temperature of 290°C was achieved. The 
flame ionization detector temperature was set at 300°C. 
Peaks of interest were integrated with Axxichrom 747 
chromatography software. Quantitative analysis of all 
chromatograms was performed by the internal stan- 
dard method. Standards used to identify commonly en- 
countered ChOx included: 5-cholestene-3P,7a-diol 
(7a-OH), 5-cholestene-3P,7Pdiol (7@OH), cholestan- 
5a,6a-epoxy-3@01 (a-epox) , cholestan-5P,6@epoxy-3@ 
01 (0-epox) , cholestanS~,5a,6~triol (CT) , 5-cholesten- 
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3Pol-7-one ("-keto), and 5-cliolesten-3B,'Lj-diol (25- 
OH). 

Measurement of LDL phospholipids 
The polar lipid fraction isolated from LDL as de- 

scribed under Measurement of LDL cholesterol oxides, 
above, was dissolved in methanol and injected into an 
HPLC column (Perkin-Elmer Series 4) fitted with a 4.6 
X 150 mm normal phase silica column (Alltech, Inc., 
Deerfield, IL). Separation was achieved using a tertian 
solvent system arid 0.5-min linear gradients according 
to the following elution program and solvent propor- 
tions. 

Acetonitrile Water Methanol 
7 0.01 -5.0 miri 86 / 

5.5-35.5 rnin 80 12 8 
36.0-53.0 min (5 7 2 0 13 

The eluent was monitored in series using a Perkin-El- 
mer LAC-95 W detector set at 204 nm and a Shimadzu 
SPD-GAV UV/VIS detector set at 234 nm. The UV chro- 
matograms were displayed using Axxioni 747 chro- 
matography software. Authentic lipids consisting of 
phosphatidylinositol (PI) from bovine liver, phospha- 
tidylserine (PS) from bovine brain, phosphatidyletha- 
nolaniine (PE) from bovine liver, phosphatidylcholine 
(PC) from soybean, sphingomyelin (SM) from bovine 
liver, and lysophosphatidylcholine (LPC:) from bovine 
liver, were obtained from Avaiiti Polar Lipids (Pelham, 
AL) and used as calibration standards. The amount of 
conjugated dienes in PC (the major LDL phospholipid) 
was determined by second derivative UV spectroscopy 
o f  the lipid extract from the isolated PC peak (collected 
using a programmed fraction collector). 

Measurement of LDL fatty acid composition 
ToVal lipid extract5 of LDL samples were hydrolyzed 

by means acidic methanolysis and dissolved in a solil- 

h 

tion o f  25 p t  of DNlF 3- 25 pL of BSTFA (Siipeko. 
Bellefonte, PA), heated for 10 I n i n  at 80°C untler argon 
in  scaled autoinjector vials. An aliquot of 2 HI of' ea( 11 
sample was injected into a Shinladm Modr) 14.A g-as 
chromatograph (Shiniadzu Corporation, Kyoto ,~  J;ipaii) 
equipped with a 30 n1 X 0.52 inn1 DB223 capillary ccd- 
iinm (.J&MT Scientific, Folsom, (:A) . The coliirnn teiu- 
perature \vas held at 185°C for 8 inin, increased 10 

220°C at a rate of 2"C/minute, and held at 220°C for 
16 ~iiin. The in-iectoi- teinper-ature was set at 1!)0"(: and 
the detector at 230°C. Fatty x i d  identification and 
quantitation were determined using Axxioni 747 chro- 
inat ogi-aph i cs software. 

All data are presented as mean and standard eriwrs 
based on the analysis of' 5-1 1 samples fi-om different 
individuals. Statistical significancr for differmces be- 
tween nLDL and LD1.- was determined using the Stu- 
dent's t-test. 

RESULTS 

The isolation of nLDL and LDL- froin a total of' 1 1  
subjects was found to result in 82-94% recovery with 
respect to the initial amounts of total LDL subjected to 
dialysis and HPLC based on cholesterol content. Al- 
though the amount of LDL- can be as low as 0.5% and 
as high as 8% of the total LDL, the mean percentage 
of the pool of samples in this study was 4.5%. Electro- 
phoretic analysis of total LDL, nLDL, and LDL- indi- 
cated that only apoB-100 was detectable in all saniples 
and there was no  indication of Lpla) or other apopro- 
teins (data not shown). Figure 1 indicates that LDL has 
a 10-20% greater electrophoretic mobility compared to  
nLDL. Analysis of samples from eight subjects showed 
that this increased mobility correlates with a reduction 
in TNRS reactivity, suggesting that increased rlectro- 

100 

n 95 
E 

2 80 

E 75 

U 

Fig. 1. The relationship hetwecil 1-elative clectropho- 
retic mobility and TNBS reactivity for eight indepcn- 
dent sample isolates of nLDI. (0) and the coi-re- 

0 O C l  

a sponding LDL- (a) isolated from each sample. Eac-1~ 
plasma LDL sample was subjected to anion eXc1Jallge 

and analyzed as descrihed under Methods. Freshly 
prepared total 1.DL was used to establish ciectropho- 
retic mobility for LDL which was arbitrarily set as I .O. 

I 
a m  

I 
~ 

1-IPI.C: and the nLDI. and L D L  praks were isolated m , 
, m a  

m a 
The relative electrophoretic mobility of the isolated 
nLDL and LDI.- waq then calculated and shown along 
the x-axis. TNRS reactivity is expressed as a percent 
of the valine standard which was prepared at a protein 70 4 I concentration equivalent to the amount of nLI31, and 

0.95 1 1 .os 1 .l 1.15 1.2 1-25 I,DL protein analyzed. 

Relative Electrophoretic Mobility 

422 Journal of Lipid Research Volume 98, 1997 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 1. Fatty acid composition of nLDL and LDL- total lipids 

P a y  Acid nLDL LDL- 

16:O 34.8 ? 1.80 35.3 t 0.81 
18:O 18.4 t 3.93 21.1 2 4.11 
18:l 15.4 2 0.94 17.0 i 1.11 
18:2 20.8 2 2.89 18.2 2 2.64 
20:s 1.33 t 0.24 0.90 i 0.21" 
20:4 5.37 t 0.37 1.33 -t 0.13' 
22:6 0.93 2 0.14 0.13 t 0.03h 
Total PUFA 28.5 ? 2.62 20.5 t 2.97'1 

Values are expressed as mean and standard error for the percent 
composition of fatty acids from 5 independent measuremen@ using 
samples obtained from different subjects. Major fatty acids of LDL are 
shown and those comprising less than 0.5% of fatty acids are omitted. 

"P < 0.05. 
"P < 0.005. 
'P < 0.001. 

negativity is related to a reduction in free amino groups 
in LDL- (Fig. 1 ) .  Characterization of LDL- by means 
of nondenaturing PAGE has also shown it to be more 
electronegative with indications of greater size hetero- 
geneity than nLDL and greater mass due likely to aggre- 
gation (1 6, 26). 

To further exclude the possibility that LDL- was 
formed during the isolation procedures used, we com- 
pared the effects of various antioxidants, including ad- 
dition of BHT and desferal to the plasma prior to the 
isolation steps described. No differences in LDL- con- 
tent were found as compared to the conventional 
method described. Moreover, when we did not use 
Chelex-treated buffers or sparge solvents with argon, 
the isolated nLDL and LDL- contained up to 10 times 
more peroxides but the content of LDL- did not in- 
crease. Finally, rechromatography of nLDL diluted 10- 
fold gave only one peak corresponding to nLDL (data 
not shown). 

The composition of fatty acids obtained from the to- 
tal lipid extracts of nLDL and LDL- is presented in Ta- 
ble l. Results were analyzed using the paired t-test as 

TABLE 2. 

ChOx nLD1. m1,- 

~cL-OH 0.08 t 0.02 0.46 f 0.09" 
7kOH 0.06 t 0.02 0.55 f 0.17" 
7-Keto 0.47 t 0.11 1.94 t 0.29' 
a-Eptrx 0.28 -C 0.10 0.66 _f 0.19" 
PEPOX 0.33 2 0.17 0.69 t 0.21 
CT 0.03 t 0.02 0.19 t 0.07" 
25-OH 0.02 t 0.009 0.17 ? 0.05" 

Composition of cholesterol oxides in nLDL and LDL- 

Values are expressed as mean and standard error for the ChOx 
expressed as a percent of total cholesterol from 11 independent mea- 
surements using samples obtained from different subjects. 

"P < 0.001. 
"P < 0.05. 
' P < 0.01, 

TABLE 3. Composition of phospholipids from nLDL and LDL- 

Phospholipid nLDL. I.DL 

2.07 t 0.87 PI 3.03 t 0.98 
PE 6.42 t 1.66 1.02 t 0.63" 
PC 78.87 t 1.23 65.90 i 7.90" 
LPC 2.00 f 1.70 3.50 t 2.09 
SM 12.60 2 1.57 21.50 t 7.5OC 

Values are expressed as mean and standard error for the percent 
composition of phospholipids from five independent measurements 
using samples obtained from different subject,. 

"P < 0.001. 
"P < 0.01. 

LDL- and nLDL were compared from the same sam- 
ples. No differences were found in the proportions of 
saturated (palmitic and stearic), monounsaturated 
(oleic), and diunsaturated (linoleic) fatty acids. Margin- 
ally lower proportions of trienoic fatty acids (8,11,14 
eicosatrienoic acid, 20 : 3) were found in LDL- and all 
polyunsaturated fatty acids (PUFA) measured in LDL-, 
and notably (arachidonic acid, 20: 4), were significantly 
lower than in nLDL. 

Analysis of the conjugated diene levels in the lipid 
extracts of freshly isolated LDL and LDL- subfractions 
showed that the amounts measured were much greater 
than that found by chemiluminescence detection of 
lipid peroxides (Fig. 2). Nevertheless, there was agree- 
ment between these two methods of measurement in 
terms of differences between LDL- and nLDL contents. 
LDL- had more than &fold higher levels of lipid perox- 
ides than nLDL arid 4fold higher levels of conjugated 
dienes. In all cases measurements are based on LDL 
cholesterol content. Accordingly, peroxide values mea- 
sured via chemiluminescence were 13-fold lower than 
that measured by means of conjugated diene content 
for nLDL and 8-fold lower for LDL-. Reasons for a dis- 
crepancy between amounts of peroxidation products 
measured via conjugated dienes versus direct measure- 
ments of peroxides will be discussed later. In any case, 
it is clear that LDL- is greatly enriched in lipid peroxi- 
dation products, and specifically, lipid hydroperoxides. 
Results for hydroperoxide measurements by chemilu- 
minescence are in agreement with measurements of to- 
tal cholesterol oxidation products (ChOx) as shown in 
Fig. 2 and provided in greater detail in Table 2 for spe- 
cific ChOx species. Previous studies showed that total 
plasma ChOx vary according to the plasma cholesterol 
levels (16, 24, 27). The results are, therefore, expressed 
as a percentage of the LDL cholesterol measured by GC 
together with the ChOx. L D L  was found to contain 
approximately four times more ChOx than nLDL with 
the major oxidation product being 7-keto. Indeed, 7- 
keto was highly representative of the general increase 
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conjugated dienes I = peroxides 
1 :: 

12 

nLDL LDL- 

Fig. 2. A comparison of the total lipid conjugated dienes, lipid hydroperoxides, and total cholesterol oxides 
((:hOx) in nLDL and LDL-. Conjugated dienes were measured spectrophotometrically while lipid hydroperox- 
ides were measured by means of chemiluminescence as described under Methods and expressed as nmol/mg 
LDL cholesterol. ChOx were determined by gas chromatography and expressed as a percent of cholesterol 
measured in each sample. Results for conjugated dienes and peroxides are based on 5 independent samples 
whereas ChOx are from 11 samples. 

in LDL- ChOx levels although proportionately greater 
increases in isomeric 7a /kOH were found. 

HPLC analysis of the phospholipid fractions of nLDL 
and LDL- showed five major phospholipid species of 
which PC was predominant. The results are shown in 
Table 3 and expressed as percent of the total phospho- 
lipid content. The proportions of all phospholipids ex- 
cept for SM and LPC were lower in LDL- as compared 
to nLDL with the largest difference in phospholipid 
mass accounted for by the PC and PE fractions. As the 
largest loss occurred for PC, this fraction was collected 
and analyzed by second derivative W spectroscopy for 
total conjugated diene content. Conjugated dienes asso- 
ciated with PC were 5.42 t 0.42 nmol/mg protein for 
nLDL and 16.51 3.25 nmol/mg protein for LDL-, 
representing a significantly greater content in the latter 
lipoprotein fraction. 

The amino acid composition of the total LDL protein 
is shown in Table 4. The differences in percent compo- 
sition for the major amino acids in LDL were most a p  
parent for glycine (+75%), serine (+46%), alanine 
(+34%), histidine (-52%), lysine (-43%), isoleucine 
(-37%), and threonine ( -35%),  where the values in 
parentheses indicate changes in percent composition 
for LDL- as compared to nLDL. Amino acids not shown 
either could not be detected with the method used or 

could not be reliably measured with the HPLC method 
used, thus, nothing can be concluded regarding the a p  
parent deficit in this oxidant-sensitive amino acid, how- 
ever, the lower content of lysine and histidine is sugges- 
tive of an oxidative attack on susceptible amino acids. 
The higher proportion of many of the neutral amino 

TABLE 4. Cohiposition of amino acids in LDL apoB protein 

Amino Acid nLDL LDI: 

Valine 
Leucine 
Isoleucine 
Serine 
Threonine 
Tyrosine 
Arginine 
Glycine 
Lysine 
Phenylalanine 
Methionine 
hpartic acid 
Glutamic acid 
Glutamine 
Alanine 
Histidine 

6.2 t 0.13 
11.7 t 0.36 
6.7 i- 0.15 
8.2 t 0.24 
6.3 t 0.16 
3.3 i- 0.21 
4.3 t 0.16 
6.0 2 0.58 
7.2 t 0.28 
6.9 t 0.40 
1.6 2 0.14 

10.2 t 0.37 
12.1 i- 0.32 
3 . 2 t  0.11 
6.5 t 0.24 
2.7 i- 0.26 

6.7 t 0.29 
8.9 t 0.32A 
4.2 i- 0.2Gd 

12.0 t 0.78' 
4.1 t 0.45' 
2.9 2 0.21 
4.3 t 0.25 

10.5 2 0.98d 
4.1 i- 0.49' 
7.4 t 0.63 
1.4 i- 0.11 
8.7 t 0.46" 

13.3 2 0.91 
3.2 t 0.08 
8.7 2 0.69" 
1.3 2 0.25b 

Values are expressed as nmo1/100 nmol total amino acids from 

"P < 0.05. 
5 independent determinations. 

were too small to be quantitated. In particular, cysteine bP < 0.01. 
'P  < 0.005. 
"P < 0.001. 
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acids may reflect the deficit in the specific amino acids 
indicated. 

DISCUSSlON 

Recent studies on LDL- recovered from human 
plasma have shown that they represent an oxidatively 
susceptible population of low density lipoprotein parti- 
cles that exhibit LDL receptor binding characteristics 
similar to nLDL (13, 14,28). Previous studies are in con- 
flict regarding the content of lipid peroxidation prod- 
ucts in LDL- and the degree to which the apoprotein 
is modified in terms of binding to LDL receptors versus 
scavenger receptors (13-15, 28). The present findings 
show that LDL- is indeed enriched in lipid peroxides 
by more than &fold as compared to the major “unoxi- 
dized” nLDL fraction using a direct and sensitive mea- 
surement technique. The elevated peroxide levels in 
LDL- correspond to the conjugated diene and ChOx 
levels, all of which are substantially elevated (qiproxi- 
mately 3.5-fold) in LDL- as compared $0 nLDL. The 
new technique used to measure peramides also reveals 
ithat n‘LDL, and in some cases LDL-, could be consid- 
ered as “peroxide-free” based on other conventional 
and less sensitive methods for measuring lipid peroxida- 
tion products. 

Some of the products memured in LDL are not per- 
oxides as the values for conjugated dienes are consider- 
ably greater than those obtained by means of chemi- 
luminescence detection. This may be at the basis of the 
discrepancy found between measurements of LDL lipid 
peroxidation determined by conjugated diene levels 
versus direct analysis of lipid peroxides. Additionally, as 
the levels of conjugated dienes were estimated from a 
calibration curve derived from linoleic acid hydroper- 
oxide, peroxide levels interpreted from these results are 
likely to be overestimated. The conjugated diene ab- 
sorbance is specific only for the double bonds but not 
for the peroxidic group, thus, other oxidation products, 
such as alcohols, or non-peroxidation products, such as 
9 , l l  fatty acids are measured. Comparison to the perox- 
ide levels measured via chemiluminescence suggests 
that considerable lipid peroxidation likely occurred 
during the isolation and analysis of the lipoprotein 
phospholipids. This may be a particular problem for 
LDL- lipid extracts whose components are more prone 
to oxidation based on the higher peroxide levels. On 
the other hand, non-peroxide conjugated dienes may 
also be associated with PC. For example, the 9,ll-fatty 
acids, particularly of linoleic acid, are thought to be de- 
rived from various dietary sources (29) and can be in- 
corporated into phospholipids (30) ,  hence accounting 

for the high levels of conjugated dienes in the phospho- 
lipid fraction of LDL. A point to be stressed from these 
observations is that a clear advantage exists with the use 
of chemiluminescence detection of peroxides as it pro- 
vides a direct measure of peroxides in LDL particles 
without need for lipid extraction. 

The levels of ChOx in LDL- are increased in parallel 
with other lipid peroxidation products suggesting a 
common origin. The ChOx are thought to be derived 
from lipid peroxide attack at the allylic C-7 hydrogen 
of cholesterol to produce the isomeric 7-a/ p cholest-5- 
en-3pol hydroperoxides (7-0l/p ChOOx) from which 
other ChOx are derived (31). The markedly higher 
amounts of isomeric 7-OH are indicative of a peroxida- 
tive attack on cholesterol to yield 7-p ChOOx and in 
turn these biologically active ChOx (32). The profiles 
of ChOx are quite consistent among individuals as well 
as in LDL isolated from animals (16, 27, 33) suggesting 
that similar mechanisms underlie their accumulation in 
LDL. Table 2 also indicates that although LDL- is en- 
riched with ChOx relative to nLDL, the bulk of the 
LDL-associated ChOx (approximately 85%) are found 
in the nLDL fraction which makes up about 95% of the 
total LDL as isolated by HPLC. However, this also ap- 
plies to lipid peroxides as indicated in Fig. 2 and sug- 
gests that oxidation processes may have involved the 
cholesterol or cholesteryl ester fractions, and specifi- 
cally the cholesterol Bring to a comparable extent as 
other lipid peroxidation products. This is expected for 
lipoproteins rich in cholesterol but, nevertheless, indi- 
cates that much higher concentrations of peroxidation 
products are found in LDL-. On the other hand, it is 
also possible that considerable amounts of ChOx may 
be derived from dietary sources as discussed below. 

Our findings show a substantial difference between 
LDL- and nLDL amino acid composition, suggesting 
either apoB-100 oxidation or other undefined modifi- 
cations of the apoprotein. However, the general compo- 
sition of apoB amino acids in nLDL and LDL- agrees 
with that reported by Fong et al. (34) for LDL, both 
before and after oxidation. Although data for some oxi- 
dant sensitive amino acids are incomplete, the general 
decrease in basic amino acids is consistent with the loss 
in TNBS reactivity as shown in Fig. 1. Moreover, the rela- 
tive decrease in the proportions of oxidant-sensitive 
amino acids (e.g., histidine, lysine, methionine), and in- 
crease in unoxidizable amino acids, suggests that LDL- 
proteins reacted with oxidants. Despite these differ- 
ences, decreases in total acidic amino acids are not as 
great as for basic and other oxidant-sensitive amino 
acids, indicating that the increased negative charge for 
LDL- may, in part, be explained by amino acid compo- 
sition. It is unclear why LDL- interacts with the LDL 
receptor gven the 40% decrease in lysine residues as 
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previous reports show that even a 10% decrease in ly- 
sine content can result in major decreases in LDL recep- 
tor-mediated uptake (35). One explanation may be that 
our measurements of apoB represent the proportion of 
lysine residues among total amino acids, whereas the 
effects on receptor uptake are based on free lysine resi- 
dues. TNBS reactivity is consistent with previous results 
showing a reduced uptake of LDL- by the LDI, recep- 
tor, but not a lack of uptake. A reduced reactivity with 
monoclonal antibodies that recognize domains in- 
volved in receptor binding was found (15) and the same 
results may explain the lack of reactivity with the scaven- 
ger receptor. As LDL charge characteristics can be in- 
fluenced by other components, such as phospholipids, 
it is also possible that the substantially lower content of 
PE may account for some of the net electronegativity 
and decreased TNBS reactivity (36) of LDL . Hindering 
of specific amino groups due to a different folding of 
the protein, altered size/structure of the particle, or its 
increased mobility could be unrelated to an oxidant- 
mediated modification. Demuth et al. (14) isolated par- 
ticles from human plasma with characteristics similar to 
LDL- which have increased sialic acid contenL and 
much higher levels of apoC-111 and apoE. The increased 
sialic acid content may contribute to the electronegative 
character of this modified form of LDL. However, oth- 
ers have found that LDL subclasses with similar charac- 
teristics and isolated in a similar manner contain less 
sialic acid residues (1 7). Lacking a thorough character- 
ization of glycoprotein composition, the increased elec- 
tronegative charge of our LDL may tentatiwly be ex- 
plained by the loss of electropositive amino acids, the 
total charge of which is much higher than thc charge 
contribution of sialic acid residues removed via desialy- 
Iation (37). 

Modifications in apoB protein can arise from a con- 
certed reaction between lipid hydroperoxides and free 
amino groups in the protein (38) or by decomposition 
of hydroperoxides to aldehydic products and their reac- 
tion with free amino groups (39). However, the very low 
levels of Schiff-base fluorescence (data not shown ) sug- 
gest that reactions between LDL amino groups and 
lipid peroxide decomposition products are not appre- 
ciable in LDL-. Modifications in LDL- amino acids 
based on its enhanced content of lipid peroxides and 
decreased TNBS reactivity can be reconciled b y  the 
finding that many of the lysine residues can form meta- 
stable conjugates that are not measured via TNBS fliio- 
rescence but degrade to yield free lysine upon acid hy- 
drolysis of apoB (38). 

It is reported that LDL phospholipids, and particu- 
larly PC, are major targets for lipid peroxidation (39) 
from which certain biologically active and potentially 
atherogenic products are derived. Among these are 

LPC (40, 41) and P(;-hydroperoxidc decorripositic , I I  

products resembling PAF (42) that stiniulatc inflalri- 
matory cell influx and accumulation during ciirl) a t l l -  
erosclerosis. A marginal increase in LPC was also found 
consistent with its formation after in vitro I.I)L oxicla- 
Lion (43). (:omparison of this data to the results fbr L,I)IA 
fatty acid composition (Table 1) suggest that accun~ul,i- 
tion of lipid peroxidation products in LDL- may deriw 
from oxidation of' LDL-PUFA which are preferred tar- 
gets during peroxidation of' LDL, lipids (39).  

A dietary origin for plasma ChOx arid lipid peroxides 
may be related to the L,DL,- levels. Studies with animals 
have shown that the diet accounts for the majority of' 
the ChOx found in lipoproteins, although some ChOx 
appear not to come from the diet (27, 44). Similarly, 
lipid peroxides can be ingested from peroxide-enriched 
foods and appear in serum lipoproteins (45). Whether 
the ingested peroxides persist by the time plasma sam- 
ples are analyzed remains to be determined. As intli- 
cated in Fig. 2, LDL- is substantially enriched in all lipid 
peroxidation products as compared to nLDL, however, 
lipid peroxide levels are proportionately much greater 
in LDL than the other indices measured, suggesting 
that LDL- is an enriched carrier of either ingested per- 
oxides or of' peroxides accumulating due to the ten- 
dency of these particles to undergo lipid peroxidation. 

LDI, may represent a population of old LDL parti- 
cles that are not sufficiently modified to be clearctl 
from the circulation. Under these circumstances per- 
oxides gradually accumulate either by radical propaga- 
tion reactions, and/or by deposition of peroxidized lip- 
ids from dietary sources or generated by cells. I n  thc 
latter case, the vessel wall has been shown to generatc' 
modified LDL as a component of the LDL, oxidized i n  
the interstitial spaces (1 j .  Being minimally modified, 
LDL- may escape clearance by phagocytic cells or rc- 
ceptor-mediated uptake and egress back into the circu- 
lation in a manner similar to normal LDL (46). Until 
more definitive findings are available conccrning the 
source of peroxides in human plasma, an oxidative ori- 
gin linking LDI; to nLDL must be approached with 
cauti0n.a 
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