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Human plasma low density lipoprotein has been oxidized at different stages in iirru and analysed by 'H.  
"C, and " P  N M R  spectroscopy and by biochemical methods. Information was obtained on: a )  structure 
mobilities of lipids and on lipid-protein interactions: b) conjugated and 0x0-dienes; c) polyunsaturated/ 
monounsaturated fatty acid chains; d)  lysophosphatidylcholine production. The results show that the 
N M R  approach is particularly useful for the assessment of structural modification in oxidized LDL. 

KEY WORDS: lipid peroxidation, N M R  spectroscopy, oxidatively-modified LDL, atherosclerosis, age- 
ing. 

1. INTRODUCTION 

Atherosclerosis is considered at present to result from endothelial injury caused by 
different starting agents.' Lipid accumulation (mainly cholesterol esters derived from 
LDL) and atheromatous plaques are formed after repeated endothelial injuries. 
Multiple mechanisms might take part in the formation of plaques; several reports 
have shown that altered lipoproteins may play an important role in foam cell for- 
mation.' Oxidatively-modified low density lipoprotein (ox-LDL) in vivo is potentially 
atherogenic because of an altered interaction with the LDL receptor, massive depo- 
sition of cholesterol esters in macrophages mediated by the LDL scavenger receptor, 
and cy to t~xic i ty .~ .~  Until now only indirect and inconclusive evidence has been 
presented that ox-LDL occurs in vivo and is of any meaning in atherosclerosis.2 
Nevertheless modified lipoproteins have been found in atheromatous plaques5.' and 
in plasma of normolipidaemic subjects.' Rapid catabolism of OX-LDL,~ oxidation 
product instability, and/or inhibition of extensive oxidation exerted by plasma anti- 
oxidants may be the cause of low circulating levels of mild OX-LDL.~ Alternatively, 
the low levels of circulating ox-LDL may be due to the low sensitivity of the analytical 
procedures applied to determine lipid peroxidation in biological or even 

Abbreviations: LDL, low density lipoprotein; PC. phosphatidylcholine; lyso-PC, lysophosphatidyl- 
choline; FA, fatty acid; PA,, phospholipase A,; DC, diene-conjugated lipid; 0 x 0 - D ,  0x0-diene: TNBS, 
trinitrobenzenesulphonic acid; TBARS, thiobarbituric acid-reactive substance(s): LPO, lipid hy- 
droperoxides: BHT, butylated hydroxytoluene: TMS, tetramethylsilane: MDPA. methylemediphosphonic 
acid; SM, sphingomyelin. 

* T o  whom correspondence should be addressed. 
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to the loss of water-soluble lipid peroxides during LDL isolation. We applied ‘H, I3C, 
and 3 1  P NMR spectroscopy to study ox-LDL. Advantages over other techniques 
include the quite rapid, non-destructive procedure, the chance to study several lipid 
compounds at the molecular level, and to get evidence on the structural mobilities and 
interactions of the lipid-protein c~mplexes.’~ Here we report results about in vitro 
ox-LDL, the model we have chosen to test the specificity and the sensitivity of the 
NMR approach. 

2. MATERIALS AND METHODS 

2.1. Isolation, Modification and Characterization of LDL 

Human LDL (density 1 . O w l  .063 g/mL) samples were isolated by ultracentrifu- 
gation’, from normolipidaemic pooled plasma collected in dipotassium EDTA 
(1.7 mg/mL). LDL was dialyzed against phosphate buffer (0.1 M, pH 7.4) containing 
150 mM NaCl and 10 pM EDTA-Na2 for 24 hours at 4°C. LDL was sterilized by 
filtration (0.2 pm Nalgene filter) and in vitro oxidation was obtained at 37°C by adding 
different amounts of metal ion according to the following procedures: i) LDL (diluted 
up to 3 1-34mg total cholesterol/dL with EDTA-free dialysis buffer) was incubated 
with 5 pM CuSO, for 29 h as reported by Steinbrecheq8 ii) alternatively LDL (230- 
260 mg total cholesterol/dL in dialysis buffer) was incubated with Fe(NH,),(SO,), 
and FeCI, (400 pM each final concentration) for 68 h. Control incubations (c-LDL) 
were done in the presence of 200 pM EDTA-Na, without metal ions. In both cases the 
oxidation was stopped by refrigeration with the addition of 1 mM EDTA-Na, and 
40pM BHT. All samples were dialyzed at 4°C against 1 mM EDTA-Na,, 150mM 
NaCl in H,O (pH 7.4) for 24 h and against 1 mM EDTA-Na, in D,O (pH 7.4) for 12 h. 
TBARS were determined by using a modified method of MoreIi5,l6 in the unfrac- 
tionated medium at the end of oxidation. At the end of the last dialysis, LPO was 
measured as described by Ohishi et al.” using a commercial test kit (Determiner LPO, 
Kyowa Medex Co, Japan). Protein was assayed by the method of Lowry.” Free 
amino group change upls determined by testing the TNBS reactivity.” We used 
enzymatic kits according to the manufacturer’s instructions to determine: a) total 
cholesterol and triglycerides (Boehringer Biochemica Robin); b) free cholesterol and 
total phospholipids (Biotrol). We quantified DC and 0 x 0 - D Z 0  on LDL extracts.,’ Fe 
or Cu concentration was determined in the ox-LDL fractions by inductively-coupled 
atomic emission spectroscopy.22 Cis-9, trans- 1 I -tetradecadienol was bought from 
Sigma, and butadiene monoxide from Aldrich. 

2.2. NMR Spectroscopy 

High resolution ’H,  I3C, , ‘P spectra have been recorded on a Varian XL-300 instru- 
cumulated using a normal single pulse sequence and chemical shifts were referred to 
TMS as external standard. When necessary the H 2 0  signal was suppressed either by 
a continuous secondary irradiation or by a 3.5s presaturation pulse at the H,O 
resonance frequency. P spectra were recorded at 121 SO MHz using a normal single 
pulse sequence with complete decoupling of protons; a delay of 7 s was used to allow 
recovery with a 90 pulse of 18ps; shifts were referred to 85% H,PO, as external 
standard. 
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c-DL 

FIGURE I " P  NMR spectra of  c-LDL and copper ox-LDL (procedure i )  

3 .  RESULTS 

We chose a free radical-mediated process catalyzed by transition metals (copper and 
iron salts) to produce in i~i tro ox-LDL. Modifications were monitored by altered lipid 
composition, oxidation marker increase (such as TBARS, DC, 0 x 0 - D  and LPO 
concentration) and decrease of free amino groups as reported in Table I .  We found 
1 pM copper concentration in reisolated LDL prepared according procedure (i). We 
applied 3'P NMR analysis to quantitate the different phospholipids in LDL. In fact, 
they can be dispersed in mixed micelles by addition of sodium cholateZ3 and compared 
to MDPA standard. 3 'P  spectra and quantitative analysis of ox-LDL and c-LDL 
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c-u)L 

FIGURE 2 ' H  NMR spectra of c-LDL and copper ox-LDL (procedure i ) .  

prepared according procedure ( i )  are reported in Figure 1 and Table 1 .  Differently 
from what we expected ox-LDL ' H  spectra at 37OC (Figure 2) showed very little 
evidence of peaks attributed to the fatty chain (2.5-0.5 ppm) and to the cholesterol 
moiety: we obtained no marked improvement by changing the temperature (45°C) or 
the accumulation time (nt = 5000). We run NMR spectra of ox-LDL prepared 
following procedure (ii). To overcome possible copper interference on ' H spectra we 
used an iron salt ratio known to promote oxidatio~i.'~ Despite the slight changes in 
lipid composition, in reactive amino group amount, and the very low TBARS of the 
ox-LDL (Table 1 )  we could check the oxidized status by NMR analysis. In this case 
the 13C NMR spectra (Figure 3) revealed a change in the olefinic region 
(120-140ppm). The ratio of the peak at 128.Oppm (polyunsaturated carbons) to that 
at 129.7 ppm (monounsaturated carbons) is appreciably different, being above 1 .  I in 
c-LDL and below 0.90 in ox-LDL. In addition several patterns appeared in the range 
131-140 ppm, that we preliminarily attributed to conjugated dienes. "P NMR data 
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ox-LDL (Fe) 

140 130 140 130 

FIGURE 3 "C NMR spectra of c-LDL and iron ox-LDL (procedure ii) .  

I " " " " ~ l ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ' ~ ~ ~ ~ ' ~ ~ ~ " " ~ ~ " ~ ~ ~ ~ ' ' ~ ' ~ ~ ~ ' ~ " ' ~ ' ~  6 2  6 0  5 8  5 6  5 4  5 2 PPM 6 4  

FIGURE 4 
(b) cis-9, trans-1 I-tetradecandienol. 

'H NMR spectra (CDCl,/CD,OD 2/ 1 v/v) of (A) an iron ox-LDL extract (procedure ii), and 
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B 

FIGURE 5 
(B) butadiene monoxide. 

' H  NMR spectra (CDCI,/CD,OD 2/1 v/v) of(A) acopper ox-LDL extract (procedure i ) ,  and 

showed a slight increase of lyso-PC (0-5%) in ox-LDL compared to c-LDL (Table 
1). The ' H  spectra were similar to those obtained from c-LDL showing that this 
procedure induced no or very little modifications of the lipoprotein structure. We 
proved the presence of dienes analysing the spectra of ox-LDL extracts. The olefinic 
patterns have been attributed to a part of the cis-trans diene system (5.4-6.4 ppm) in 
comparison with the spectrum of cis-9, trans-1 I tetradecadienol. Details are reported 
in Figure 4. Peaks of ox-LDL have been assigned as following: 6.39ppm (H, ,  dd) 
J,,,,, = 16Hz, J H , H 2  = 9Hz; 5.86ppm (H,,t) J,,, = 9Hz. J H I H 2  = 9Hz; 5.56ppm 
(H,,dt) J,,,,, = 16Hz, J H i H 2  = 6.5Hz. Instead, the 'H  N M R  spectra of ox-LDL 
extracts (procedure i) showed a large amount of 0 x 0 - D  residues, as the major result 
of the oxidation process. We identified this system by comparing the patterns with 
those obtained by NMR analysis of butadiene monoxide (Figure 5) .  Peaks of ox-LDL 
were attributed as follows: 5.45 ppm, CH =; 2.9 and 2.6ppm epoxy system. NMR 
data are consistent with DC, 0 x 0 - D  and LPO values from biochemical analysis. 
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4. DISCUSSION 

We attribute 'H NMR spectral changes of extensively ox-LDL (procedure i) to many 
concurrent causes such as: 1 )  the small paramagnetic effect of the copper, which 
remains bound to Apo B' even after extensive dialysis. 2) The LDL structural rigidity 
caused by bonds between aldehydes and protein and lipids4 - in our experiments only 
35% of free amino groups in ox-LDL were seen compared to control. 3) The increased 
density of ox-LDL due to an altered lipid/protein ratio.' Extensive loss of lipids in 
ox-LDL is in accord with Steinbrecher data.8 4) The decreased fluidity and increased 
order of the phospholipid acyl chains" and/or the change of the melting point caused 
by oxidized lipid products." 5 )  The influence of the increased lyso-PC content on ' H  
spectra as suggested by Steim." Our data on phospholipid concentration are compat- 
ible with an extensive hydrolysis of PC by phospholipase Az-like activity* due to 
oxidation. Therefore we suggest that the extensively ox-LDL (procedure i)  could not 
be considered representative of the ox-LDL present in vivo. The ox-LDL in atheroma- 
tous plaques and in blood obtained from WHHL rabbits contained not more than 15 
and less than 1 nmol MDA/mg protein respectively.(' Human complicated plaques 
have been reported to contain a considerable amount of cholesterol esters of 9- and 
13-hydroxyoctadeca-dienoic acids.I8 Indeed, there is no evidence that extensively 
ox-LDL might occur in human plasma.',' Moreover a mild peroxidative premodifi- 
cation of LDL in the circulation might increase the deeper modifications in the vessel 

and promote atherosclerosis. Ox-LDL obtained by using procedure (ii) ap- 
peared only mildly oxidized because of the low levels of TBARS concomitant with no 
changes in TNBS reactivity. "P NMR spectra revealed a slight increase in lyso-PC/PC 
ratio in ox-LDL compared to c-LDL showing a mild phospholipase A, activation 
consistent with low LPO and DC amounts. Nevertheless the olefinic region of I3C 
NMR spectra revealed a change in polyunsaturated/monounsaturated fatty chains. 
' H  NMR spectra of mild ox-LDL extracts (procedure ii) confirm the presence of DC 
mixture of isomers mainly cis-trans oriented. Extensively ox-LDL (procedure i) 
extracts revealed the presence of 0x0-D possibly derived from the reaction of DC 
with hydroxyl  radical^.^" NMR analysis of our models is informative of the stages of 
lipid peroxidation on LDL in vitro. These data suggest that the NMR approach is a 
suitable device to study mildly oxidized LDL which might play a role in vivo during 
atherogenesis and the ageing process. Studies are in progress to compare our models 
with biological samples as whole plasma, plaques, and lipoproteins obtained from 
aged and high cardiovascular risk subjects. 
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