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Abstract. The methods of measuring the ultrasound velocity and density were
used for study the adiabatic compressibility of low density lipoproteins (LDL) dur-
ing their oxidation. We showed, that copper-mediated oxidation of LDL resulted in
a decrease of apparent specific compressibility, ϕk/β0, of lipoproteins. The changes
of ultrasound velocity and ϕk/β0 value started much earlier than the beginning of
propagation phase corresponding to the fast increase in concentration of conjugated
dienes, measured by absorption at 230 nm. It was assumed that the changes of com-
pressibility could be in particularly due to increase in ordering of the phospholipids
during reductive activation of Cu2+.
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Introduction

Lipoproteins (LP) are supramolecular lipid-protein complexes that are responsible
for lipid transport in blood plasma. Impaired lipoprotein metabolism in plasma
and in cells, which depends on biophysical and biochemical properties of the parti-
cles, is associated with an increased risk of atherosclerosis. Among wide variety of
lipoproteins a low density lipoproteins (LDL) are of special interest. The LDL are
the major sterol transporters in the circulation between blood plasma and the cell
membranes. They are composed of an apolar core of cholesteryl esters and triglyc-
erides, surrounded by a monolayer of phospholipids, unesterified cholesterol and one
protein component, apolipoprotein B-100 (apoB) (see Kostner and Laggner 1989).
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LDL shows a reversible thermotropic structural transition around 30◦C, which is
due to a cooperative order-disorder transformation of cholesteryl esters in the ap-
olar core. This particle is supposed to be atherogenic (Kostner and Laggner 1989).
The function of LP can be, however, disturbed by various factors. Among others,
an oxidative stress is considered as one of the possible reasons for enhancement of
atherosclerosis (Steinberg et al. 1989). So far the effort has focused mostly on find-
ing the effective methods of detection of degree of in vitro LDL oxidation. Among
the known methods the measurement of diene production by absorption at 230
nm (Puhl et al. 1994) and by fluorescence decay of 1,6-diphenyl-1,3,5-hexatriene
(DPH)-modified phospholipids incorporated into the lipoproteins (Hofer et al. 1995)
have been shown as most sensitive. LDL oxidation has been usually mediated by
Cu2+ or by 2,2′-azobis (2-amidinopropane) hydrochloride (AAPH) as prooxidants.
Less attention has been paid to study of physical properties of LDL during oxida-
tion. At the same time the studies on biomembranes showed a considerable effect of
oxidation on membrane ordering. Upon peroxidation, membrane proteins might be
cross linked, and their rotational and lateral mobility is decreased (Richter 1987).
It is assumed that the structural state of LP is directly related to the oxidative
susceptibility of LDL. The focus in recent studies has been therefore made to study
how the degree of human LDL oxidation depends on their thermodynamic proper-
ties (Ramos et al. 1995; Schuster et al. 1995). The results obtained by differential
scanning calorimetry and absorption spectroscopy proved the existence of corre-
lation between the phase state of LDL and degree of copper-mediated oxidation.
However, it is not known yet, how the oxidation processes influence the physical
properties of lipoproteins and what is the relation between the degree of oxida-
tion, biochemical composition, structural state and physical properties of LDL. So
far, the information about structural and physical properties of LP has been ob-
tained mainly using different spectroscopic techniques (Kostner and Laggner 1989;
Georges et al. 1995), gradient ultracentrifugation (Chapman et al. 1988), differ-
ential scanning calorimetry (DSC), density, X-ray diffraction methods (Kostner
and Laggner 1989; Laggner 1995; Ramos et al. 1995). The interaction of LP with
lipid bilayers has been studied by electrostriction method (Hianik and Passechnik
1995).

In our recent paper (Hianik et al. 1997) we have shown a high sensitivity of
the method of measuring the velocity and absorption of ultrasound to study the
phase behavior of LDL and high density lipoproteins (HDL). We have shown that
the temperature phase transitions of LDL resulted in considerable changes of the
adiabatic compressibility of lipoproteins. We can therefore expect that the method
of molecular acoustics will be very informative also for the study the influence of
oxidation processes on physical properties of LDL. In this paper we therefore stud-
ied the relation between changes of adiabatic compressibility of LDL determined by
densitometry and velocity of ultrasound and the production of conjugated dienes
measured by absorption spectroscopy at wavelength of 230 nm.



Oxidation of Low Density Lipoproteins 141

Materials and Methods

Lipoprotein isolation

Low density lipoprotein was isolated from a single plasma sample from fasting
normolipemic volunteers as described earlier (Steyrer and Kostner 1990). Immedi-
ately after blood drawing and centrifugation, the plasma was stabilised with EDTA
and sodium azide (1 mg/ml) and subjected to density gradient ultracentrifuga-
tion in an SW-40 rotor (Beckmann) for 24 h at 40,000 rpm. LDL was harvested
from a fraction corresponding to densities 1.025–1.055 g/ml of the density gradient
and recentrifugated under identical conditions. All buffers and solutions used for
lipoprotein preparation contained EDTA and sodium azide (1 mg/ml) and were
deoxygenated in vacuo after saturation with nitrogen. All purification steps were
performed at 4◦C and preparations were used within 1 week. The purity of the LDL
fraction was assayed by double-decker rocket immunoelectrophoresis and sodium
dodecyl sulphate (SDS) polyacrylamide gel electrophoresis as described (Laurell
1966; Gaubatz et al. 1983; Armstrong et al. 1985). Protein was measured accord-
ing to Lowry et al. (1951) in the presence of 0.5% (w/w) sodium dodecyl sulphate.
The protein concentration in suspension of LDL used for ultrasonic and density
measurements was 1.2 mg/ml. Buffers were prepared using double distilled wa-
ter. The LDL solution was dialysed over night against 10 mmol/l phosphate buffer
(pH 7.4). Low salt concentrations are important for ultrasonic velocimetry, because
velocity of ultrasound is sensitive to the concentration of salts (Sarvazyan 1991).

Oxidation measurements

The in vitro oxidation of LDL was determined by spectrophotometrical detection
of conjugated dienes at 230 nm as described in the paper by Armstrong et al.
(1985). This method has been shown to be effective for determination of the degree
of oxidation of lipids and lipoproteins. The measurements were performed using a
Specord 40 differential spectrometer (Germany). The sample temperature in the
cuvettes was maintained by an external thermostatic bath at 37◦C. Measuring cu-
vette was filled with LDL suspension (50 µg protein/ml), while the reference cuvette
was filled by 10 mmol/l phosphate buffer (pH 7.4). The oxidation of lipoproteins
was initiated by addition of CuSO4 into both the lipoprotein suspension and the
reference buffer at final concentration of 10 µmol/l.

Sound velocity and density measurements

The measurement of ultrasound velocity, u, allows us to evaluate the elastic proper-
ties of aqueous media, such as liposome or lipoprotein suspensions. This evaluation
is based on a simple relationship:

β = 1/(ρu2) (1)

where β is coefficient of adiabatic compressibility and ρ is the density. In the study
of mechanical properties of solutions, measuring a relative change in a physical
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characteristics per unit of solute concentration rather than its absolute value is
often more important, precise and easier (Sarvazyan 1991). Such a relative con-
centration increments of compressibility, density and sound velocity can be defined
as: [β] ≡ (β − β0)/β0C; [ρ] ≡ (ρ − ρ0)/ρ0C; and [u] ≡ (u − u0)/u0C, where C is
the molar concentration of the solute and values related to the solvent are denoted
by a subscript 0. The relationship between these relative increments at low solute
concentration can be obtained by differentiating the equation (1):

[β] = −2[u]− [ρ] (2)

If taking into account the definition of the values of apparent molar volume Φv ≡
(V − V0)/CV = M/ρ0 − [ρ] and the apparent molar compressibility Φk ≡ (βV −
β0V0)/CV , where M is the molar mass of the solute, then from above definitions
and equation (2), the following relationship can be obtained:

Φk/β0 = −2(u− u0)/u0C −M/ρ0 + 2Φv (3)

and for specific values:

ϕk/β0 = −2[u]− 1/ρ0 + 2ϕv (4)

where ϕk/β0, ϕv are the specific apparent compressibility and specific volume of
solution respectively. The value of [u] can be determined by ultrasonic velocity
measurements and the value of ϕv (Kratky et al. 1973)

ϕv = [1− (ρ− ρ0)/c]/ρ0 (5)

by means of density measurements (c is concentration in g/l).
Ultrasonic velocity was measured using a differential fixed-path velocimeter

consisting of two acoustic resonators as described elsewhere (Sarvazyan 1982; Hi-
anik et al. 1997; Halstenberg et al. 1998).

For precise density measurements the vibrating tube principle was used to
determine the apparent partial specific volumes, ϕv, (see equation (5)) of lipopro-
teins (Kratky et al. 1973), employing the densitometer system DMA 60 with DMA
602M (Anton Paar KG, Graz, Austria). In order to obtain a higher resolution, the
measurements were performed with two sample cells DMA 602M. One contained
the lipoprotein suspension and the other one – the reference buffer. The cells for
both ultrasonic and density measurements were thermostated with a Lauda RK 8
CS ultrathermostat with accuracy of 0.02 ◦C.

Both the measurements of sound velocity and density were started after addi-
tion of Cu2+ (final concentration 10 µmol/l) into the measuring and reference cells
upon continuous stirring. The measurements were performed every 10 min.
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Experimental errors

The accuracy of determination of the sound velocity increment, [u], and the specific
partial volume, ϕv, was better than 10−3 ml/g. The accuracy of the determination
of the density was better than 10−3 g/ml. Each series of measurements was per-
formed at least 3 times.

Results

In order to detect the oxidative susceptibility of LDL, we used standard procedure
of measurement production of conjugated dienes (Puhl et al. 1994). The measure-
ments of 230 nm absorption were started immediately after addition of prooxidant
(CuSO4). Absorption was measured at intervals of 1.5 min. The typical plot of ab-
sorbance as a function of time is presented on Fig. 1a. Three phases can be clearly
seen on the figure: initial lag phase (A), propagation phase (B) and decomposi-
tion phase (C). At longer time, a second increase following phase C takes place.

Figure 1. Time course of the
changes in (a) absorbance measured
at 230 nm and (b) concentration in-
crement of ultrasound velocity [u],
for the suspension of LDL following
their oxidation in the presence of 10
µmol/l Cu2+ (curve 1) and with-
out Cu2+ (curve 2), T = 37◦C. A,
lag phase; B, propagation phase; C,
decomposition phase of oxidation
process. The error bars in Fig. 1b
correspond to S.D. calculated from
5 measurements of resonance fre-
quency in identical samples. If not
indicated the error bars did not ex-
ceed the size of symbols. Duration
of each measurement cycle of the
ultrasound velocity was not longer
than 20 s. The S.D. for absorbance
measurements did not exceed 5 %.
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This effect is due to decomposition products that have absorption at 230 nm range
(see Puhl et al. 1994 for more detail). We did not observe significant changes in
absorbance of LDL suspension without Cu2+ (Fig. 1a, curve 2).

The length of lag phase is related to oxidative susceptibility of lipoproteins.
LDL contain antioxidant (vitamin E), that preserve their oxidation. The time cor-
responding to lag phase can be easily determined at the intercept of the tangent
with the time axis (Puhl et al. 1994). For our sample of LDL the value of lag phase
was 48 min (±5% S.D.). Another important characteristic, that can be derived
from Fig. 1a is the maximum rate of oxidation, which is determined by propaga-
tion phase. This value can be derived from the slope of the tangent (∆A/min)
of the curve (Fig. 1a) and knowing the molar absorbance ε230 nm for conjugated
dienes of 29.000 l·mol−1 ·cm−1. The rate in µmol/l of conjugated dienes formed
per liter and minute is given by (∆A/min) (ε230 nm)−1 = 0.524 µmol/l·min, which
is in a good agreement with that reported by Puhl et al. (1994). The maximum
amount of dienes can be calculated using the maximum increase in absorbance:

A(ε230 nm)−1 = 16.6 µmol/l

The dependence, similar to that presented on Fig. 1a has been published in a
number of papers. The question arises, however, what changes of physical properties
of the LDL take place during the oxidation process. Fig. 1b, curve 1, represents
the changes of [u] value following copper mediated oxidation of LDL as a function
of time. The experiment was performed in similar conditions to that of absorption
measurements. From the Fig. 1b, it can be seen that for the dependence of [u]
vs. time there are also three regions with the changes characteristic of value [u]:
lag phase, propagation phase and saturation with subsequent decrease. However,
in contrast to absorption curve, the changes of [u] started already at the time,
when no substantial changes of absorption occurred. For comparison, on Fig. 1b,
curve 2, there is also the dependence of [u] plotted vs. time for LDL without Cu2+.
We can see, that [u] value practically does not changes and only slight increase
is observed at longer times, which might be connected with oxidation of LDL by
oxygen. The changes of [u] without prooxidant are, however, considerably smaller
than that observed at the presence of Cu2+.

As can be seen from eq. (1), the velocity of ultrasound together with the den-
sity of solution are related to the coefficient of adiabatic compressibility of solution.
In order to characterize the volume compressibility of LDL, the convenient param-
eter is apparent specific compressibility, ϕk/β0, (see eq. (4)). Therefore, also the
density, ρ, of LDL following oxidation was measured and the specific volume, ϕv, of
LDL particles was determined. In contrast to resonatory cells for measurement of
sound velocity, the cells for density measurements does not allow stirring the LDL
suspension during measurements. Due to the sedimentation of LDL, the long term
measurements of its density could leads to errors. We therefore incubated LDL
suspension with CuSO4 and took the small volume of the LDL at certain interval
of time (approx. 5 min) prior to the measurements. This procedure, however, does
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Figure 2. Time course of the density, ρ (a) and specific volume, ϕv (b) for the suspension
of LDL following their oxidation in the presence of 10 µmol/l Cu2+, T = 37◦C.

not allow to obtain an accuracy of the density determination better than ∼10−3

g/ml. This is because of certain dispersion of experimental density points around
average linear regression line (Fig. 2a). The same holds for calculated specific vol-
ume as a function of time (Fig. 2b). The general tendency of increase in density
and decrease in specific volume with time (i.e. with increasing in degree of LDL
oxidation) was, however, reproducibly observed in three independent experiments
with LDL. Having both [u] and ϕv and using eq. (4) it is easy to calculate the value
of ϕk/β0. The value of ϕk/β0 for not oxidized LDL was 1.16± 0.06 ml/g. This is
in good agreement with that published earlier for LDL isolated from normoleptic
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Figure 3. Time course of the
specific apparent compressibility,
ϕk/β0, for the suspension of LDL
following their oxidation in the
presence of 10 µmol/l Cu2+, T =
37◦C.

donors and measured at the same temperature 37◦C (1.17±0.09 ml/g) (see Hianik
et al. 1997). The plot of ϕk/β0 value vs. time is presented on Fig. 3. It is seen
that with oxidation of LDL the apparent specific compressibility of LDL decreases.
However, in contrast with kinetic measurement of concentration increment of sound
velocity, [u], (Fig. 1b, curve 1), the value of ϕk/β0 did not reveal well expressed
saturation at larger times. This is also due to the dispersion of specific volume,
used for calculation of ϕk/β0. Thus, during oxidation the LDL particles become
more rigid.

Discussion

The main and novel results presented in this paper demonstrate that changes
in LDL compressibility started at very earlier stage of LDL oxidation, i.e. when
the concentration of conjugated dienes did not show any substantial changes. We
should note that similar effect has been observed recently by fluorescence spec-
troscopy method (Hermetter A. et al., 1996). Using specific fluorescence probes
they observed faster oxidation of the hydrophobic core of LDL which did not con-
tain vitamin E as compared to surface lipid oxidation. Two effects can contribute
to the changes of the ultrasound velocity: changes in hydration and/or structural
changes of LDL. It is assumed that Cu2+ ions bind to discrete sites on apoB and
form apoB-Cu2+ complexes. Reductive activation of Cu2+ to Cu+ (Cu2+ → Cu+)
mediated by LDL can lead to formation of complex which can initiate lipid peroxi-
dation (Esterbauer and Jürgens 1993). Cu2+-ions probably penetrate into the LDL
phospholipid monolayer at the interface between apoB and phospholipids. During
this penetration the ions should lose the hydrated shell. However, if the changes of
hydration represent an exclusive factor influencing [u], then we can expect decrease
of [u] and not increase this value. It is known, that hydrated shell around cations
is well ordered and its coefficient of adiabatic compressibility is lower than that of
bulk solution (Buckin 1988). Therefore, the lost of hydrated shell should result in



Oxidation of Low Density Lipoproteins 147

overall increase in adiabatic compressibility, which is not the case. We can there-
fore assume, that observed increase in [u] value and decrease in apparent specific
compressibility is due to changes in structural state of LDL.

It is clear, that due to presence of antioxidants, at the initial stage of oxidation,
there is very limited numbers of lipid peroxides in LDL. However, the peroxida-
tion might effect both the compressibility of apoB and the lipids. We can therefore
assume, that decrease of adiabatic compressibility of lipoproteins might be due to
formation of highly ordered clusters of phospholipids around apoB during reduc-
tive activation of Cu2+. As soon as the peroxidation propagates, the changes in
phospholipid ordering could spread over the entire phospholipid surface in LDL.
Due to peroxidation, both restriction of mobility of protein and lipids could take
place. Consistently, a decrease in mobility of proteins and an increase in ordering of
membrane phospholipids has been shown in the past by various methods (Richter
1987; Tirosh et al. 1997).

Thus, our results show that copper-mediated oxidation of LDL is accompa-
nied by a continuous decrease in volume compressibility of LDL. Presently we can
not decide what processes in LDL have dominant contribution to this effect – the
changes in compressibility of apoB due to binding of Cu2+ or lipid peroxidation,
or both of these factors. High sensitivity of molecular acoustic methods for study
protein-lipid interactions (Tata and Dunn 1992) and even compressibility of pro-
teins (Sarvazyan and Kharakoz 1977) allowed us to show that during oxidation of
a model protein – bovine serum albumin by AAPH the adiabatic compressibility
of this protein decreased (unpublished results). Therefore we can also expect oxi-
dation induced changes in compressibility of apoB. The changes in compressibility
of apoB could be also due to the possible changes of protein conformation induced
by binding of Cu2+ to the certain groups (e.g. —SH, —COOH, —OH, etc.) of
the amino acid residues. However, further studies focusing on the determination of
physical properties of apoB and amphiphilic compounds of LDL would be necessary
for a deeper understanding of the observed phenomena.
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