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Abstract. Lipid apheresis, a recently described proce-
dure for the elimination of lipid but not apolipoproteins
from plasma, was applied to normocholesterolaemic and
hypercholesterolaemic roosters. Lipid apheresis resulted
in an immediate reduction in plasma unesterified choles-
terol concentration, which was sustained for 150 min.
The reduction in unesterified cholesterol concentration
was higher in the normocholesterolaemic animals than in
the hypercholesterolaemic animals. Lipid apheresis
induced changes in the ratio of plasma unesterified to
total cholesterol in normocholesterolaemic animals but
not in hypercholesterolaemic animals. In hypercholester-
olaemic animals, lecithin–cholesterol acyltransferase
(LCAT) activity was not affected by lipid apheresis,
whereas in normocholesterolaemic animals LCAT activ-
ity was acutely reduced for 150 min after lipid apheresis.
Saturated LCAT kinetics occurred in the hypercholester-
olaemic animals but not in the normocholesterolaemic
animals. LCAT obeyed Michaelis–Menten kinetics.
After lipid apheresis, there was a pool of unesterified
cholesterol that was available as substrate for LCAT to a
greater extent in hypercholesterolaemic animals than in
normocholesterolaemic animals. These observations may
have important implications for lipid apheresis as a
treatment for atherosclerosis.

Keywords. Atherosclerosis, hypercholesterolaemia,
lecithin–cholesterol acyltransferase (LCAT), lipid
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Introduction

Atherosclerosis and its primary clinical manifestation,
coronary heart disease (CHD), is the major cause of
death in developed countries. CHD is a growing problem
in the developing countries. It is generally acknowledged
that CHD is a multifactorial disease [1]. Evidence from
epidemiological and clinical trials in different popula-
tions links hypercholesterolaemia to the chain of events

that lead to atherosclerosis [2,3]. On the assumption of a
causal relation between hypercholesterolaemia and
CHD, preventive and therapeutic strategies have been
developed to reduce plasma cholesterol levels [1]. Stu-
dies have demonstrated that lowering of high plasma
cholesterol levels reduces CHD morbidity and mortality
[3,4]. If the appropriate lipid-lowering effect is not
achieved by diet and other lifestyle measures then
pharmacological intervention must be considered [5]. If
these conventional therapies fail to control hyperlipidae-
mia-induced atherosclerosis, then surgical procedures,
angioplasty or extracorporeal removal of lipoproteins
may be considered.

We recently reported a new procedure for the extra-
corporeal removal of lipids, but not apolipoproteins,
from plasma [6]. The attributes of this procedure as
opposed to low-density lipoprotein (LDL) apheresis
have been described previously [6]. Essentially, lipid
apheresis (LA) results in an acute reduction in circulating
plasma cholesterol levels with no effect on apolipo-
proteins or biochemical or haematological parameters.
This effect lasts much longer in normocholesterolaemic
animals than in hypercholesterolaemic animals. It has
been suggested that this differential response is due to
extraplasmatic (outside the plasma compartment)
cholesterol pools that are dynamically mobilizable by
the apolipoproteins in the treated plasma [6,7]. Following
LA, conspicuous changes in the high-density lipoprotein
(HDL) and very high-density lipoprotein (VHDL)
fractions have also been observed [7].

It has been speculated that apolipoproteins in HDL and
VHDL [8] interact with peripheral cell membranes to
form lipid–protein complexes with recruitment of
membrane cholesterol, thus playing a role in reverse
cholesterol transport and the prevention of atherosclero-
sis [9]. LCAT is an enzyme that is involved with the
esterification of unesterified cholesterol, which may be of
cellular origin. Thus, the objective of this study was to
examine the relationship between the activity of LCAT
and its substrates, lecithin (phosphatidylcholine) and
unesterified cholesterol, in normocholesterolaemic and
hypercholesterolaemic roosters that had been subjected
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to LA. The rooster was chosen for this study for a variety
of reasons as discussed previously [6], but essentially
because it can spontaneously develop a human-like
atherosclerotic plaque when fed a cholesterol diet
[10].

Materials and methods

Experimental animals

The roosters used in this study were of White Leghorn
Hiline strain and were obtained as 1-day-old chicks. All
roosters from 8 weeks of age were transferred into
individual cages. Water and feed were unrestricted. At
8 weeks of age, four control birds were fed a commercial
poultry ration for 31 days and another group of four birds
was fed on the same diet but supplemented with 2.6%
cholesterol for a period of 31 days. All four animals of
each group were then subjected to LA (see below). All
animals were kept off their feed for 3 h following
reinfusion of their autologous blood. The animals were
conscious throughout the entire experiment. The care of
the animals was in accordance with the ethical standards
of the University of Queensland.

Lipid–apheresis procedure

The LA procedure was performed as described pre-
viously [6]. Briefly, approximately 25% of the calculated
blood volume was collected from a brachial vein of the
animal with a 21-gauge needle and syringe. The total
blood volume was estimated as 8% of the body weight
[11]. The blood was collected in heparinized tubes and
immediately centrifuged at 900× g for 5 min at room
temperature. The plasma was separated from the blood
cells. The blood cells were kept in the tubes at room
temperature. The plasma was delipidated for 20 min with
a mixture of butanol–diisopropyl ether (DIPE) (25:75,
v/v) in a ratio of one volume of plasma to two volumes of
butanol–DIPE mixture (organic phase) [12]. After
extraction, the mixture was centrifuged at 900× g for
2 min at room temperature to separate the plasma and
organic phase. The organic phase (upper layer) was
removed, free of plasma phase, by careful aspiration
with a Pasteur pipette under vacuum. Traces of butanol in
the plasma phase were washed out with two volumes of
diethyl ether (DEE) for 2 min by end-over-end rotation at
9 × g. The mixture was then centrifuged at 900× g for
2 min to separate the plasma and ether phase. The ether
phase was subsequently removed by aspiration with a
Pasteur pipette. Residual ether was removed by evacua-
tion with a water pump aspirator at 378C. This procedure
yielded delipidated plasma free of solvent. The plasma
samples were not treated with antioxidants or preserva-
tives. The delipidated plasma was remixed with the
original blood cells, then reinfused through a brachial
vein back into the identical donor animals. The duration
of the entire procedure (that is removal of blood from the

animal to reinfusion of treated blood back to the animal)
was approximately1 h (range 50–70 min).

Laboratory measurements

Measurements of plasma levels of total cholesterol,
unesterified cholesterol and choline-containing phospho-
lipids were determined by enzymatic methods [13,14]
using reagents from Boehringer Mannheim and a Cobas-
Bio centrifugal analyser (Hoffman-La Roche, Zurich,
Switzerland). LCAT activity was determined essentially
as described previously [15,16]. LCAT activity was
inhibited by 5,5-dithiobis 2-nitrobenzoic acid (DTNB)
during the 4-h equilibration of labelled and unlabelled
cholesterol. This equilibration time was shown to be
optimal. The enzyme reaction was initiated by the addi-
tion of excess mercaptoethanol and the samples were
incubated for 16 h. The reaction was rectilinear for 16 h.
The reaction was terminated by the addition of 20
volumes of chloroform–methanol (2:1, v/v) and lipids
extracted according to Folchet al. [17]. The lipids were
then separated by thin-layer chromatography and the
fractions comprising unesterified and esterified cholesterol
were scraped off and radioactivity determined by liquid
scintillation. LCAT specific activity was expressed as
mmol cholesterol ester (CE) formed per litre of plasma
per hour (mmol L–1h–1). The LCAT ‘fractional rate’, i.e.
the fraction of labelled CE to total CE formed, was also
calculated.

Statistical analyses

Comparisons between the various times after reintroduc-
tion of delipidated autologous blood were made with
respect to the percentage change from baseline for the
following variables: unesterified cholesterol, LCAT
activity and ratio of unesterified to total cholesterol.

Within-group comparisons were made using Wilcox-
on’s signed-rank test. Adjusted mean percentage changes
were obtained using an analysis of covariance on the
individual percentage changes with treatment as a model
effect and baseline value as a covariate. Adjusted mean
percentage changes were similar to the equivalent unad-
justed values and therefore the difference in unadjusted
mean percentage changes was considered an appropriate
estimate of the difference between baseline value and
treated value.

The comparability of the treatment groups of baseline
and post-infusion levels of delipidated autologous blood
resulting in the reduction of plasma lipids was assessed
by means of analysis of variance on the ranked values of
the reduction in plasma lipid levels with delipidated
blood infusion as a factor.

Two-sided tests were used for all statistical compar-
isons of LA treatment. All probability values were
rounded to two decimal places and the statistical sig-
nificance of LA treatment or dietary treatment compar-
isons was declared if the rounded probability values (P)
was less than or equal to 0.05.
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Results

Effect of high-cholesterol diet on plasma cholesterol
concentrations and LCAT activities

Roosters fed on a high-cholesterol diet for 31 days
became hypercholesterolaemic. The plasma total and
unesterified cholesterol concentrations increased four-
fold (Table 1). Consequently, the ratio of unesterified
cholesterol to total cholesterol remained constant. The
enzymatic percentage esterification of unesterified cho-
lesterol to cholesterol ester by LCAT (fractional rate)
decreased approximately 60% in the hypercholesterolae-
mic plasma compared with normocholesterolaemic con-
trols. If the total pool of unesterified cholesterol was
taken into consideration (LCAT activity) then there were
no differences in LCAT activity when hypercholester-
olaemia was compared with normocholesterolaemia
(Table 1).

Effect of infused delipidated autologous plasma on
plasma unesterified cholesterol over a period of 16 h

Infusion of delipidated autologous plasma (approxi-
mately 25% of plasma volume) resulted in a rapid
reduction in plasma unesterified cholesterol concentra-
tions (Fig. 1). The percentage changes induced by LA in
normolipidaemic and hypercholesterolaemic animals
were immediate and sustained for up to at least
150 min. The mean percentage reduction in the plasma
unesterified cholesterol concentration was as high as
60% for normolipidaemic controls and up to 40% for
hypercholesterolaemic animals. Sixteen hours after LA,
the plasma concentration of unesterified cholesterol
returned to pretreatment values in both groups of animals.

Effect of infused delipidated plasma on ratios of
unesterified cholesterol to total cholesterol

LA of normocholesterolaemic animals resulted in sig-
nificantly (P< 0.05) decreased ratios of unesterified to
total cholesterol (Table 2). In the case of the hypercho-
lesterolaemic animals the ratios remained remarkably
constant and were not significantly different from the
pre-LA level (Table 2).

Relationship between lecithin and unesterified
cholesterol

There were linear relationships between unesterified
cholesterol concentrations and lecithin concentrations
before and at various times after LA apheresis in the
hypercholesterolaemic and normocholesterolaemic ani-
mals (Fig. 2). Although the mean concentrations of
plasma cholesterol were markedly different between
the groups, the mean lecithin concentrations remained
essentially unchanged (mean6 SD: control, 2.506
0.45 mmol L–1; hypercholesterolaemic, 3:016 0:47
mmol L–1) and within the same ranges for both groups
(Fig. 2). Subsequently, the ratio of unesterified
cholesterol to lecithin was approximately fivefold
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Table 1.Effect of control and high cholesterol diets on plasma total-cholesterol, unesterified cholesterol and
LCAT levels

Control diet High-cholesterol diet

Component (n= 4) (n= 4)

Total cholesterol (mmol L–1) 3.536 0.80 15.06 4.78*
Unesterified cholesterol (mmol L–1) 1.336 0.32 5.846 2.00*
Ratio: unesterified cholesterol–total cholesterol 0.406 0.18† 0.426 0.13†

LCAT fractional rate‡ 0.166 0.09 0.066 0.01*
LCAT activity (mmol L–1h–1) 279.56 152.8 327.16 40.5

* P< 0.001 when compared with the corresponding control.
† The ratio for each individual animal was calculated and the mean of these data determined.
‡ The fraction of labelled to total cholesterol esterified by LCAT.

Figure 1. Changes in plasma unesterified cholesterol concentration
after lipid apheresis. The plasma unesterified cholesterol concentrations
of roosters on control diet (A) and hypercholesterolaemic diet (B) were
determined before and at various times after reinfusion of lipid
apheresed blood. The results are expressed as percentage changes.
The data from the two groups of animals were pooled to determine
statistical differences. Arrows indicate significant differences (P< 0.05)
of those values compared with the prelipid apheresis values (100%).



higher in the hypercholesterolaemic group (1.376 0.10)
than in the normocholesterolaemic group (0.266 0.71).

Effect of infused delipidated plasma on LCAT activity

LA did not cause any changes in the LCAT activity in the
hypercholesterolaemic animals. However, in the case of
normocholesterolaemic animals, there was an immediate
reduction in plasma LCAT activity (Fig. 3). This reduc-
tion was highly significant and was sustained for up to
150 min after LA. Sixteen hours after LA, LCAT activity
had returned to its pretreatment value.

Effect of the absolute concentrations of unesterified
cholesterol on LCAT activity following LA

Before and at various times after LA, the mean plasma
unesterified cholesterol concentrations in the normocho-
lesterolaemic animals ranged from 1.33 to
0.50 mmol L¹1, whereas in the hypercholesterolaemic
animals the mean plasma unesterified cholesterol concen-
tration ranged from 5.84 to 3.51 mmol L–1 (Table 2).
There was a highly significant (r = 0.84; P< 0.001) linear
correlation between the observed LCAT activity and
unesterified cholesterol in the plasma of the normo-
cholesterolaemic animals. In contrast, there was no

EFFECT OF LA ON LCAT ACTIVITY 215

q 1997 Blackwell Science Ltd,European Journal of Clinical Investigation, 27, 212–218

Figure 2. Relationship between lecithin and unesterified cholesterol before and at various times following lipid apheresis in
hypercholesterolaemic (B) and normocholesterolaemic (A) roosters. Results are expressed as mean values at each time point. The
plasma lecithin concentrations were in the same range for both groups of animals (see Results). There were highly significant
(P< 0.001) linear correlations between lecithin concentrations and unesterified cholesterol concentrations in the hypercholester-
olaemic group (r = 0.88) and normocholesterolaemic group (r = 0.90) of animals.

Table 2. Effect of lipid apheresis on absolute concentrations of plasma unesterified cholesterol, total cholesterol and the ratio of unesterified to total
cholesterol

Control (n= 4) Hypercholesterolaemic (n= 4)
Cholesterol (mmol L–1) Cholesterol (mmol L–1)

Unesterified Unesterified
Time after LA (min) Unesterified Total Total Unesterified Total Total

0 1.336 0.32 3.536 0.80 0.406 0.18 5.846 2.00 15.006 4.78 0.426 0.13
15 0.796 0.12* 3.316 0.63 0.256 0.07* 4.076 1.24* 11.306 3.40 0.376 0.12
30 0.596 0.14* 3.006 0.85 0.226 0.12* 4.426 1.36* 12.906 1.36 0.346 0.09
45 0.506 0.06* 2.766 0.56 0.196 0.05* 3.806 0.56* 10.506 2.47 0.386 0.11
60 0.516 0.18* 2.836 0.89 0.186 0.03* 3.866 0.84* 9.906 2.49 0.376 0.04
90 0.786 0.18* 2.766 0.77 0.346 0.19* 3.656 0.78* 9.806 2.71 0.396 0.10
120 0.656 0.34* 2.636 0.85 0.286 0.19* 3.516 0.61* 9.966 2.31 0.366 0.07
150 0.536 0.26* 2.506 0.28 0.226 0.13* 3.826 0.96* 9.766 1.71 0.396 0.07

*P< 0.05 when compared with the zero time point (pre-LA). Data represent means6 SD.



correlation between such parameters in the hypercholester-
olaemic animals (r = 0.12).

Figure 4 illustrates a double-reciprocal plot of LCAT
activity and unesterified cholesterol concentration in
both the normolipidaemic and hypercholesterolaemic
animals before and at various times after LA. From this
Lineweaver–Burk plot, aVmaxof 676mmol L–1h–1 and a
Km of 1.89 mmol L–1 were obtained. The highly signifi-
cant linear correlation (P< 0.0001) and the high linear
correlation coefficient (r = 0.95) of the plotted parameters
indicate that LCAT obeyed Michaelis–Menten kinetics.
In determiningKm and Vmax from Fig. 4 a number of
assumptions were made. Firstly, the concentration of
LCAT protein present in plasma samples obtained from
the same animal before and after LA treatment is con-
stant. This assumption is reasonable given that new
synthesis of LCAT protein is unlikely to occur immedi-
ately after LA. LCAT is not known to be an acute phase
reactant. Secondly, as the specific activities of LCAT
(substrate-saturating conditions) in pre-LA plasma sam-
ples from the normocholesterolaemic and hypercholes-
terolaemic groups were not statistically different
(Table 1), it can be assumed that the amount of LCAT
protein is similar in both groups. Thirdly, the LCAT
activity returned to pre-LA values 16 h after LA treat-
ment (Fig. 3). Furthermore, if we assume that the amount
of LCAT protein is not similar in both groups and
recalculate theKm andVmax excluding the hypercholes-
terolaemic results, values ofKm and Vmax are obtained
that are similar to those in which all values are included

(i.e. Km = 1.54 mmol L–1; Vmax = 613 mmol L–1h–1;
r = 0.85).

Discussion

The present study has investigated the effect of a recently
described novel LA procedure [6] on LCAT activity, an
important enzyme involved in reverse cholesterol trans-
port. LCAT activities in pre-LA treated roosters are
approximately 3.5-fold and 2.7-fold that of human and
monkey respectively [15], and the plasma levels of total
and unesterified cholesterol of rooster are remarkably
similar to human [15]. The rooster is known to develop
spontaneously a human-like atherosclerotic plaque when
fed a cholesterol diet [10] and is among the species that
are susceptible to atherosclerosis based on the substrate
specifity of LCAT [18]. Taken together, these findings
confirm that the rooster is a suitable model for studies of
LCAT activity and its involvement in the pathogenesis
and treatment of atherosclerosis.

LA resulted in a marked decrease in plasma unester-
ified cholesterol in both the normocholesterolaemic and
hypercholesterolaemic groups, with a greater reduction
in normocholesterolaemic than in the hypercholestero-
laemic animals (Fig. 1), confirming previous studies by
our group [6]. The greater decreases in unesterified
cholesterol in the normocholesterolaemic group after
LA suggest that the unesterified cholesterol pool was
affected by other event(s). Theoretically, one would have
expected a decrease in plasma unesterified cholesterol of
25%, the amount that was removed by extracorporeal
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Figure 3. Changes in plasma LCAT activity after lipid apheresis. The
plasma LCAT activities (mmol L–1h–1) of roosters on control diet (A)
and hypercholesterolaemic diet (B) were determined before and at
various times after reinfusion of lipid apheresed blood. The results are
expressed as percentage changes. The data from the two groups of
animals were pooled to determine statistical differences. Arrows
indicate significant differences (P< 0.05) in those values compared
with the prelipid apheresis values (100%).

Figure 4. Double-reciprocal plot of LCAT activity and unesterified
cholesterol concentration. The plasma LCAT activities (mmol L–1h–1)
of roosters on control diet (A) and hypercholesterolaemic diet (B) were
determined before and seven times after reinfusion of lipid apheresed
blood. Results are the mean values at each time point. For the plot
(r = 0.95) the calculatedKm and Vmax are 1.89 mmol L–1 and 676
mmol L–1h–1 respectively. In calculatingKm and Vmax, a number of
assumptions were made (see Results).



LA. In practice, a reduction in plasma unesterified
cholesterol of 62% was observed (Fig. 1 and Table 2).
The significant decreases in unesterified cholesterol after
LA were not reflected in changes in the ratios of
unesterified to total cholesterol for both groups. Ratios
were significantly decreased for normocholesterolaemic
animals but not for hypercholesterolaemic animals
(Table 2).

These alterations in plasma unesterified and total
cholesterol concentrations may be explained by the
action of LCAT. There was a linear correlation between
LCAT activity and unesterified cholesterol concentration
in the plasma of the normocholesterolaemic animals,
whereas there was no such correlation between these
parameters in the hypercholesterolaemic animals. In both
groups of animals the concentration of lecithin was
similar and not markedly affected by LA, indicating
that this substrate was not rate-limiting for LCAT. It
would appear that, in the case of the hypercholestero-
laemic animals, in which the plasma unesterified choles-
terol concentrations were up to several-fold higher than
in normocholesterolaemic animals, LCAT was saturated
by both substrates, lecithin and unesterified cholesterol
(Vmaxconditions). In contrast, theVmaxof LCAT was not
evident for the LA-treated normocholesterolaemic ani-
mals (Fig. 4). Therefore, under these conditions theKm

and Vmax were calculated for LCAT in LA-treated
animals and found to be 1.89 mmol L–1 and 676
mmol L–1h–1 respectively.

Currently there are four identifiable steps in reverse
cholesterol transport [19,20].
1 Efflux of cholesterol from cell membranes to HDL in
the extracellular space. The rate of efflux may depend on
the intracellular concentration of total cholesterol, the
activity of cytosolic cholesterol ester hydrolase, the
properties of the plasma membrane and the binding of
HDL-related lipoproteins or isolated apolipoproteins to
the cell membrane, and the affinity of membranous
cholesterol for these (apo) lipoproteins.
2 Esterification of HDL-cholesterol by LCAT. The
extent of esterification may depend on LCAT concentra-
tion and LCAT activity and the conformation of HDL
particles.
3 Transfer of cholesteryl esters from HDL to other
plasma lipoproteins by cholesterol ester transfer protein
(CETP).
4 Delivery of the cholesteryl esters to the liver in which
a proportion of this cholesterol is eventually excreted
through the biliary system as unesterified cholesterol or
bile acids.

To date, it has been shown that LA may modulate
reverse cholesterol transport by increasing cholesterol
efflux. This is achieved because LA results in the
formation of apolipoprotein A-1 [12,21], discoidal
HDL [22] and pre-beta HDL particles [7]. These HDL
particles are regarded as good cholesterol acceptors from
cellular cholesterol and may be important components of
reverse cholesterol transport [19,20,23–25].

LA may also increase reverse cholesterol transport by
removing cholesterol from the body by way of extracting

cholesterol directly from plasma which is the essence of
the LA procedure [6,7,12,21].

Cholesterol is stored intracellularly in the form of
cholesterol ester. These esters can be hydrolysed by the
action of cytosolic cholesterol ester hydrolase to form
unesterified cholesterol, which is thought to be in equili-
brium with cell membrane unesterified cholesterol. Thus,
it would be interesting to know how intracellular cho-
lesterol ester hydrolase responds to LA in hypercholes-
terolaemic animalsin vivo. In previousin vitro studies
using this delipidation procedure it was shown that
cholesterol ester hydrolase activity increased [22].

In this communication we present evidence that LA
has desirable effects on LCAT activities in hypercholes-
terolaemic and normocholesterolaemic animals. In the
hypercholesterolaemic animals there is a much larger
pool of total body cholesterol, including intracellular and
extracellular plaque cholesterol [26]. In this situation
LCAT is working underVmax conditions. Under normo-
cholesterolaemic conditions LA does not result in LCAT
Vmax kinetics (Figs 3 and 4). Thus, it may be concluded
that, in hypercholesterolaemic animals, LA resulted in a
pool of unesterified cholesterol that was available as
substrate for LCAT to a greater extent than in normo-
cholesterolaemic animals. The observations in this com-
munication are supported by the following reports.

Unesterified cholesterol from cellular origin can inter-
act with plasma HDL particles [27] and these particles
are regarded as good cholesterol acceptors. Unesterified
cholesterol in subfractions of plasma HDL are the pre-
ferred substrates for LCAT [27]. Different preparations
of HDL3 differ markedly in their reactivity with LCAT.
This difference has been shown to be inversely related to
lipoprotein particle size [27]. The activity of LCAT
depends on the structure apo A-1 at the interface with
lipid [28]. Most recent studies have shown that LA
induces changes in HDL to pre-beta-like HDL particles
[7], and the latter particles are regarded as good acceptors
of unesterified cholesterol of cellular origin and the
preferred substrates for LCAT. This cascade of events
may be of considerable importance in the overall regula-
tion of cholesterol transport from peripheral tissues to the
plasma. These events are triggered by LA but not by the
conventional LDL apheresis systems whereby whole
lipoproteins are removed from the plasma. Thus, LA
may have important effects on the reverse cholesterol
transport system and implications for the management of
atherosclerosis. Indeed, LA has been shown to be a safe
and effective procedure in three animal models (roosters,
calves and pigs) for the regression of atherosclerosis
(manuscripts in preparation). The significance of these
observations has encouraged us to proceed to the next
stage, this being the application of LA to humans in a
clinical setting for possible treatment of atherosclerosis
by extracorporeal cholesterol elimination.
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