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Oxidation of Low Density Lipoproteins Leads
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Abstract. The dynamics of binding of exogenous a-tocopherol (a-T) added to
native or oxidatively modified LDLs (LDLs o1 oxL.LDLs) wetie mvestigated Venous
blood from 31 climically healthy blood donors (15 males and 16 females) was used
LDLs wete 1solated by density gradient ultiacentnfugation LDLs weie oxidized
wn witro by CuSO4 LDLs o1 oxLDLs weie enniched with exogenous o-T (1initial
concentrations 0, 10, 20 50, ot 100 nmol per mg protemn) The contents of a-T 1n
LDLs or in 0xLDLs weire measuied by HPLC Lag-phase of LDL oxidation before
or after saturation with a-T was 1ecorded Corielation analysis of the lag-phase of
LDL oxidation and a-T content in LDIs was canied out by the method of Ester-
bauer et al The expenimental results demonstrated that (1) a-T was incorporated
mto native LDLs to a higher extent as compared to oxLDLs (1) A satuiation of
LDLs and oxLDLs with a-T was observed (1) A positive cotrelation was observed
between the duiation of the lag-phase of LDL oxidation wn vitro and the content
of a-T m LDLs (1v) Based on LDL satuiation with a-T the peisons could be
clasified i two groups LDLs fiom group I of 26 persons were found to mcorporate
exogenous «-T to the extent of 1 8 to 3 tumes 1ts 1mtial concentiation. LDLs fiom
gioup II of 5 persons mcorporated little o1 no exogenous a-T In the fist group,
oxidation of LDLs lead to a considerable deciease in a-T-dependent vaiiable k and
to a moderate 1eduction of a-T-independent vaiiable a m the equation of Ester-
bauer et al lag-phase = k [a-tocopherol] + a In the second group, oxidation of
LDLs lead to msignificant changes i A, as well as m ¢ (v) According to the levels
of k and a the native LDLs fiom the second group of 5 persons were very close
to oxLDLs fiom the fiist group of 26 peisons Piresumably, native LDLs fiom the
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second group of persons were mitially oxidatively modified. and probably tlus will
be a 11sk group 1n 1elation to atherogenic disorders
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Introduction

Increasing evidence has mdicated that fiee 1adical 1eactions may be mvolved
oxtdative modifications of low density ipoproteins (LDL) (Stemnbieclier et al 1984,
Stemberg et al 1989, Witztum and Stemnberg 1991 Esterbauer et al 1992a, Packer
1992, Regnstiom et al 1992 Lyons 1993, Witztum 1994) Oxadatively modihied
LDLs (0xLDLs) may piomote atherosclerosis by different mechamsms by scav-
enget cell teceptor uptake, by cytotoxac effect and following endothehal dysfunction
cliemotaxis of cinculating monocyvtes and mhibition of then migration (Stembrecher
et al 1984 Stewmbeig et al 1989 Witztum and Stemberg 1991, Esterbauer et al
1992a.b Packer 1992, Regnstiom et al 1992. Lyons 1993, Campbell and Campbell
1994, Van Beikel et al 1994, Witztum 1994) A number of 1ecent studies have
shown the protective effect of antioxidant vitamins on the oxidative modifications
ot LDLs (Estcibauer et al 1989a,b, 1992a.b, Coinwell et al 1990 Haiats et al 1990,
Dieber-Rotheneder et al 1991 Packer 1992 Ingold et al 1993 Parthasarathy and
Santanam 1994) Several mechanisms for antiovidant defence of LDLs have been
discussed

consumption of the antioxidants duning then wteraction with fiee 1adicals
and activated oxygen species (Halhwell and Gatteridge 1984, N1kt 1987, Sies 1991),

elimmation of the hpophihc antioxidants by complex formation with free
fatty acids o1 with 1y sopliospholipids generated as products of the onidative modi-
fications of LDL~ (Exm et al 1984, Urano et al 1987),

— elimination of the hpophilic antioxidants by complex formation with choles-
terol esters (Urano and Matsuo 1987, IKagan 1990),

— disturbance of wmteractions between the 1educing plasma equivalents and
lipoplilic LDL antioxidants this would prevent the 1ecychug of Lipophilic LDL
antioxidants (INagan et al 1990a 1992 Hunamatsu and Packer 1991, Packer 1992,
Witztum 1994),

— distutbance of the possibilities of binding of hipophilic antioxidants with
LDLs (Lin 1993, Kaygen and Traber 1993)

The present work focused on the latter mechanism, becanse a disturbance of
the binding of ipophihic antioxidants with LDLs may mfluence all the other possible
mechantsms of LDL antioxidative defence We studied the dynamics of binding of

exogenons a-tocophetrol added to native (nonmodified) and to oxidatively modified
LDLs
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Materials and Methods

Chemacals

All 1eagents, analytical grade, weie obtained fiom Aldiich Chem Co , Henkel Co ,
Meick, and Sigma Chemical Company

Study Design

Thuty-one chnically healthy blood donors (15 males and 16 females, mean age 34
yea1s, rtange 24-39) without hypeitension, coronaty aitery disease, hypercholestero-
laemia, hypeitlipidaenua, hypertiiglycenidaemia diabetes, liver o1 kidney diseases
were mcluded 1 piresent study Blood was obtained fiom the cubital vein after
overnight fast

Isolation of LDLs

LDLs were solated by sequential ultiacentiifugation mn a Beckman L8 55 ultracen-
tiifuge Buiefly, venous blood was taken fiom each person, after overnight fast. into
Vacutainer tubes contaimng K-EDTA (1 mg/m! blood, final concentration) The
plasma was collected after centiifugation and was dialyzed against PBS (10 mmol/l,
pH 74, 4°C, fo1 6 h) LDL fiaction was 1solated by ultiacentiifugation i a density
gradient (KB1) The following solvent density interval was used d =1019-1 063
g/ml, to punify LDLs The 1solated LDL fiaction was dialysed extensively against
PBS (10 mmol/l, pH 74 4°C, for 6 h with 2 changes of the buffer) The punity of
LDL fraction was checked by electiophorests The 1solated LDLs gave a single band
on 1% agarose gel electiophoiesis, and contained only intact apoptoten B LDLs
wete used m experiments immediately after 1solation For experiments LDLs were
resuspended m PBS (10 mmol/], pH 7 4)

HPLC analysis of a-tocopheiol content

a-tocopherol was extiacted from LDL fiaction as desctibed by Lang et al (1986)
and was assayed by HPLC using a C-18 column (25 x 4 1 mm) The eluent was
methanol-ethanol 1 9 (v/v). 20 mmol/1 hthwwm perchlorate I'he flow r1ate was 1
ml/min  and the mjected volume was 20 p] The eluate was monitored by spec-
trofluormmetric detector — Aex = 292 nm, Ae;n = 325 nm

Oaxvdation of bluod plasma

Blood plasma was oxidized according to the method desciibed by Esterbauer et
al 1989b Iu buef, the blood plasma was adjusted to pH 7 4 with 50 mmol/l K,
Na-phosphate buffer CuSO, (10 pmol/1) was added to the plasma followed by
incubation for 18 h at 37°C After the mcubation, the oxidized LDLs (oxLDLs)
wele 1solated fiom the plasma

LDLs 1solated fiom nonoxidized blood plasma were used as contiol To test
whether oxidation of LDLs occuired duning the mecubation of the plasma with
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CuS0y, the electiophoietic mobility of LDL patticles m agarose gel was measuied
The design of the experiment 1s shown in Diagram 1

Blood plasma

4 4
Control aliqouts Oxidation of blood
plasma with CuSOy4

4 4

Isolation of LDLs Isolation of oxLDLs(LDLs)
(by ultracentrifugation)

e Contiol of degree of LDL oxidation — by determination of electiophoietic mobility
of LDL paitticles in agarose gel before and after addition of CuSO4

U 4
Addition of exogeneous a-tocopheiol to LDLs o1 ox LDLs suspensions
| | |
0 10 20 50 100

nmol a-tocopherol/mg LDL protetn

Incubation 1 water-bath — at 37°C for 60 mun

I ¥
Isolation of LDLs or oxLDLs fiom each suspension bv ultracentiifugation
4 4

¢ Determination of a tocopherol bound to LDLs o1 to onLDI 5
e Recording of lag-phase of LDL(oxLDL) oxidation by CuSOy

Diagram 1. Expenimental proceduie for the isolation of native LDLs and oxidatively

modified LDLs from blood plasma

Native LDLs and oxLLDLs were used in further experiments
Enrichment of natwe and oxidized LDLs with eaogenous a-tocopherol

a-Tocopherol was added to 2 ml of LDL suspension (1 mg LDL protemn/ml), fol-
lowed by incubation for 120 min at 37°C, mn a mitiogen atmospheie «-Tocopherol
was dissolved 1 ethanol (5 gl ethanol/2 m! LDL suspension)

Thereafter, the LDL suspension was centiifuged as desciibed above to 1solate
LDL fraction (Diagiam 1) LDLs weie 1esuspended in PBS to a final concentiation
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of protem of 0 5 mg/ml, and the amount of a-tocophetol was analyzed by HPLC
(Lang et al 1986)

Omnidation of natwe and ordized LDLs by CuSOy

LDLs (25 pg protein/ml) were oxidized by 1 67 pmol/l CuSO4 and continuously
monitored sprectiophotometrically at 234 nmm at 30°C to follow the formation of
conjugated diens (Esteibauer et al 1989b) The lag-phase of the 1eaction was cal-
culated

Protein concentiation was measured by the method of Lowry et al (1951) with
bovine setum albumine as a protem standard

Statistical analysis

The results were expressed as mean £ S D The data were analyzed by ANOVA with
statistical significance of differences between the experimental groups detetmined
by Dunnett’s test Statistical significance was assessed at P < 005

Results
Bunding of erogenous a-tocopherol unth natwe and oxsdized LDLs

On the basis of the degree of LDL and oxLDL saturation with a-tocopheiol, the
blood donois could be classified into two groups “a-tocopheiol-binders” (group I)
and “a-tocopherol-nonbinders” (group II) The differences in the degree of LDL
or oxLDL saturation with exogenous a-tocopherol between gioup I and II were
statistically significant (p < 0 01)

The 1esults of LDL o1 oxLLDL satuiration by a-tocopheiol in gioup I of 26 per-
sons (11 males and 15 females) are shown m Fig 14 Addition of a-tocopherol 1n
concentiations between 10 and 100 nmol/mg LDL protein resulted in the satuia-
tion of LDLs and oxLDLs with this antioxidant Native LDLs were saturated after
addition of 50 {01 more) nmol exogenous a tocopherol per mg protewn (Fig 1A4)
OxLDLs (1solated after oxidation of blood plasma by Cu?* wn vitro — see Diagram 1)
were saturated with 20 (o1 more) nmol exogenous a-tocopherol per mg protemn
(Fig 1A) Also, native LDLs bound exogenous a-tocopherol 1 8 to 3 times 1ts -
tial steady-state concentiation in the hipopioteins (15 146 3 nmol a-tocopherol/mg
protemm) However, oxLDLs bound exogenous a-tocopherol 1 4 to 2 3 times (maxi-
mum) its mitial concentiation 1n oxLDL (9 0+ 4 5 nmol a-tocopherol/mg protein)
Maximum concentrations of a-tocopherol measured in LDLs o1 0oxLDLs (after ad-
dition of 100 nmol exogenous a-tocopherol per mg LDL-protein) were 43 5+ 127
nmol/mg protein or 22 5+ 7 5 nmol/mg protein, respectively

The results of LDL or oxLDL saturation by a-tocophetol in group II of 5 per-
sons (4 males and 1 female) are presented in Fig 1B In this case, nattve LDLs
weie satuiated at 20 (o1 more) ninol exogenous a-tocopherol per mg protein Native ‘
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LDLs fiom giroup IT of chinically healthy blood donois were found to incorporate
exogenous a-tocopherol only to the extent of 1 3 1 7 times 1ts mmtial concentration
m hpoprotems (10 0+ 3 5 nmol a-tocopherol/mg protem) oxLDLs fiom this group
of persous mcorporated practically no exogenous a-tocopherol In this case maxi-
mum concentiations of o tocopherol measured in LDLs or oxLLDLs (after addition
of 100 nmol exogenous a tocopherol per mg LDL-protein) weie 17 0+7 1 nmol/mg
piotem o1 8 74 2 8 nmol/mg protemn respectively
A compatison of the results shown m Figs 14 and 1B suggests that

m both gioups ( a tocopherol-bindeis and a-tocopherol-nonbinders’ ) ex
ogenous a-tocopherol was wcorporated mto native LDLs to a higher extent as
compaied to oxLDLs

native LDLs fiom gioup I (26 a-tocopherol binders”) incorporated ex
ogenous a-tocopheiol about twice as much as native LDIs fiom group II (5 «
tocopherol nonbinders )

the degiee of a-tocopherol satwiation of native LDLs from group II 15 sumilar
to the degtee of a tocopherol saturation of oaLDLs fiom gioup I

Correlation between the lag phase of LDL oridation by CuSOy4 and the content of
a tocopherol win LDLs or orLDLs after saturation

A significantly decreased susceptibility of LDLs to oxidation after saturation with
a tocopherol (p < 001) was dcmonstrated by changes mn the kinetics of conju-
gated dienc formation following incubation of LDLs o1 oxLDLs with CuSO, The
changes were chaiactenized by an mcieased lag-phase of LDL oxidation after addi-
tion of a-tocopherol (Figs 24 B) It was shown that i group I (Fig 24) lag phase
of LDL oxadation by CuSQOy incieased significantly after addition of wcieased con-
centrations of exogenous a-tocopherol to native LDLs (p < 001) Lag-phases of
hipopiotemn oxadation hy CuSO4 was mcreased nunnually (p > 0 05) after addition
ot inc1eased concentiations of exogenous a tocopherol to oxLDLs from gioup I, and
to native LDLs and oxL.LDLs fiom gioup II (Fig 2B)

A Iaghly posttive correlation was shown between the duiation of the lag phase
of LDL oaidation by mduced CuSOy4 and the content of a tocopheirol bound to
LDLs o1 oxLDLs (Fig 3) The mathematical modeling of the experimental results
presented in Figs 1 and 2 was carnied out by the method of Esterbauer et al 1992a
The equation desciibing the relationship between a tocopheiol concentiation and
the lag-phase of LDL oxidation was expiessed as lag-phase = k [a tocopherol]
+ a wheie b was the a-tocopheiol-dependent constant (efficacy constant of a
tocopherol) and was calculated from the slope of the correlation hine @ was the a-
tocopherol independent vanable in nunutes calculated fiom the mtercept of the cor-
telation Iine with y axis, and [a tocopherol] was the concentiation of a-tocopherol
added to LDLs The same methodological approach was emploved 1n our study to
calculate the above mentioned patameters kA and a for native LDLs and oxLDLs
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In the fitst group ( a-tocopherol-bindeis ) A values weie 213 £+ 0 58 and
0 74+£0 22 for LDLs and oxLLDLs 1espectively and the a values weire 22 6+8 1 fox
LDLs and 19 0+ 7 2 fo1 0sLDLs In the second gioup ( « tocopheiol-nonbinders )
k values weie 118 £0 30 fo1 LDLs aud 1 06 £ 0 37 fo1 oxLLDLs and the « values
were 51 6 £ 155 for LDLs and 374 + 11 2 for oxL.DLs

Discussion

Ow experiments showed that native LDLs weie able to buid much more exogenous
a tocopherol as compared to oxLDLs A satwation of native LDLs and oxLDLs
with a tocopherol was observed In the case of multi or monolammelar hposomes
(prepared fiom different ipids) no satuiation with a-tocopherol was obseived
the 1ange of a tocopletol concentrations used (Ihagan et al 1990 ¢) These tesults
are m good agreement with thosc 1eported by Esterhauer et al (1992a b)

The 1elationship between the lag phase ot i witro LDL oxidation by Cu?t
and the amount of exogenous a tocopheiol added to the blood 1s desctibed by the
limear equation (Esterbauer et al 1992a) lag phase in minutes = L [a tocopherol
concentration] + a (where & and a were characteristic of subject specific constants
by which the oxidation resistance of the LDLs was determined)

In owr experiments a positive cotrelation was observed (1 =094 p < 0001)
between the dwmation of lag-phase of LDL oxudation en witro and the content of
a-tocopherol in LDLs

According to the degree of exogenous o tocopherol binding to LDLs o1 oxLDLs
the clinically healthy donots may be dlassified to two groups The fiust group ( o
tocopherol binders ) expressed a sigmficantly higher capacity of LDLs to bind o-
tocopherol In this gioup the values of a tocopherol dependent vanable A for LDLs
were considerably lugher (p < 0 001) than the A values for oxLDLs The values of
a tocopherolandependent varable a were slightly decieased (p < 0 05) aftcx LDLs
oxidation LDLs fiom the second giroup of subjects ( a-tocopheiol nonbinders )
exhibited a poor afhmty for exogcnous a-tocopherol In this group the values of a
tocopherol dependent varable A as well as the values of a tocopherol independent
vatiable a for oxLDLs were not sigmificantly dufferent fiom thosc of native LDLs

At present however 1t 1s uncertam why constants for an imdniduals ate diffex
ent and whether they change with age hfestyle and dietary habits It 15 intnigung
to speculate that 1if a 15 low the a-tocopherol mtake may lead to an mciease ot
antioxidant defence of LDLs (estimated by the lag phase tume) For such subjects
a-tocopherol may function as the major LDL protector duiing i vitro oxidation
On the other hand for subjects with low levels of A, even megadoses of a-tocopherol
may biung only mimmimum protective effect agamst LDL oxidation (Esterbauer et
al 1989b 1992a)

The amount of polyunsatmated fatty acids (PUFA s) the 1atio of PUFAS to
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saturated fatty acids, cholesteiol content, mobility of a-tocopherol, and stiucture
of apo-B aie factors which may mfluence the values of A and a (Massay 1984,
Cornwell et al 1990)

All these findings may suggest that if interaction of a-tocopheiol with LDLs 1s
a nonspecific process (deteimined only by the mcoiporation of antioxidant in the
lipid phase of LDLs), supplementation of LDLs with a-tocopherol should 1esult in
almost the same obseivations in different biological subjects, as well as in native
and oxidatively modified LDLs This however was not the case i our experiments
Piobably, a-tocopherol was bound to LDLs not only by mcoiporation mto the
Lipoprotein lipid phase, but also by “specific protein”-mediated interactions

As the 1esults for m wtro oxidized LDLs are very similax to wn wwo oxida-
tively modified LDLs 1n atherogenesis, factors determiming the levels of & and a
cast doubt on the necessity and efficiency of a-tocopherol in the prophylaxis and
treatment of atherogenic disorders This assumption will further be tested 1 owm
futme expernnments
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