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ABSTRACT 

Atherosclerosis is the primary pathophysiologi- 
cal cause of heart disease and cerebrovascu- 
lar disease. It is responsible for more than 20% 
of deaths worldwide each year. Treatments for 
atherosclerosis may include lifestyle changes, 
drugs, and medical procedures or surgery. There 
is a need for a rapid and effective treatment for 
this disease. In 1976, it was hypothesized that a 
multifunctional plasma delipidation process when 
applied to hyperlipidemic patients would lead to 
rapid regression of atherosclerosis. The proce- 
dure has now been applied to a variety of non- 
primates, primates and humans. In all models 
studied, large quantities of antiatherogenic lipo- 
protein particles were generated that led to the 
mechanisms of reverse cholesterol transport. 
Trends to regression and actual regression of 
atherosclerosis have now been reported using a 

specific plasma delipidation process consisting 
of lipid extraction from plasma with mixtures of 
butanol and ethers. 
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1. INTRODUCTION 

1.1. Atherosclerosis 

Atherosclerosis is a slowly progressive disease of ar- 
teries that begins early in life but rarely produces symp- 
toms until middle age. Atherosclerosis is characterized 
by focal fatty thickening in the inner aspects of vessels 
supplying blood to the heart, brain and other vital organs. 
These lesions obstruct the lumen of the vessel and result 
in ischaemia of the tissue supplied by the vessel (Figure 
1) [1]. 

 

 
Figure 1. Atherogenesis: decades of build up to acute coronary event. 
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Prolonged or sudden ischaemia may result in a clinical 

heart attack or stroke from which the patient may or may 
not recover. Atherosclerosis (Figure 2) [2] and its pri- 
mary clinical manifestation coronary heart disease (CHD) 
are the major causes of death in developed countries. 

The association between cholesterol and atherosclero- 
sis has been almost universally accepted and cholesterol 
is a major component of atherosclerotic plaques. Choles- 
terol accumulation within atherosclerotic plaque occurs 
when cellular cholesterol synthesis and/or influx into the 
arterial wall (from ApoB-containing lipoproteins) ex- 
ceeds cholesterol efflux [3]. Parenchymal cells maintain 
cholesterol balance by downregulation of de novo cho- 
lesterol synthesis and low-density lipoprotein (LDL) re- 
ceptor expression whereas macrophages continue to ac- 
quire cholesterol from ApoB-containing lipoproteins via 
pathways that are not subject to sterol-mediated feedback 
control. This results in a continuing cholesterol uptake by 
macrophages and their eventual conversion into lipid- 
laden atherosclerotic foam cells. 

Macrophages have specific receptors to identify nor- 
mal and modified (oxidized, acetylated) lipoprotein par- 
ticles. These include LDL receptors as well as several 
scavenger receptors. Pro-inflammatory macrophages in 
the vascular smooth muscle bind and transduce signals 
from oxLDL and differ from adipose or hepatic tissues. 
Macrophages ingest oxLDL to become lipid-rich foam 
cells. These foam cells differ markedly from normal resi- 

dent macrophages in healthy vessels. Foam cells are less 
mobile and secrete more inflammatory mediators than 
normal macrophages. 

Macrophages differentiation and lipid accumulation 
are not unidirectional. Macrophages can also export cho- 
lesterol, secreting it through ATP-binding cassette trans- 
porters such as ABCA1, donating cholesterol to ApoA1 
to form high-density lipoprotein(HDL). Consequently, if 
there is sufficient ApoA1, macrophages can offset the 
influx of cholesterol from LDL captured by scavenger 
receptors and have a net loss of cellular cholesterol. Pre- 
vention of the accumulation of cellular cholesterol in the 
macrophages reduces the secretion of monocyte chemo- 
attractants resulting in decreased tissue monocyte/macro- 
phage numbers and thus prevents further lipid accumula- 
tion. Increasing ApoA1, consequently, is anti-inflamma- 
tory, reducing lipid accumulation as well as keeping the 
number of lipid-accumulating cells low. 

A combination therapy decreasing the influx and in- 
creasing the efflux of cellular cholesterol would be effec- 
tive in treating patients with atherosclerosis. To reduce 
the cholesterol influx and thus to prevent or retard coro- 
nary artery diseases the current therapeutic modalities are 
aimed at reducing the concentrations of cholesterol-rich 
ApoB-containing lipoproteins by dietary means, hypol- 
ipidemic drugs or extracorporeal removal of plasma lipo- 
proteins. 

Clinical trials of LDL-C lowering drugs have estab- 
 

 
Figure 2. Atherosclerosis. 
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lished that reductions in LDL-C are associated with a 
30% to 45% decrease in clinical cardiovascular disease 
(CVD) events. However, in many subjects with lowered 
LDL-C cardiac events still occur. 

Low high-density lipoprotein cholesterol (HDL-C) is 
often present in high-risk subjects with CVD [4]. Epide- 
miological studies have identified HDL-C as an inde- 
pendent risk factor in CVD and it has been suggested 
that raising HDL-C reduces the risk of atherosclerosis 
[5]. 

This review centres on a procedure that achieves rapid 
regression of atherosclerosis by modulating the LDL and 
HDL particles resulting in decreased influx and increased 
efflux of cellular cholesterol in plaques. 

1.2. Atherogenic Lipoproteins 

Cholesterol is an important biological molecule that 
has roles in membrane structure as well as being a pre- 
cursor for the synthesis of the steroid hormones and bile 
acids. Both dietary cholesterol and that synthesized de 
novo are transported through the circulation in lipopro- 
tein particles. 

Dietary cholesterol is transported from the small intes- 
tine to the liver within chylomicrons. Cholesterol synthe- 
sized by the liver, as well as any dietary cholesterol in 
the liver that exceeds hepatic needs, is transported in the 
serum within LDLs. The liver synthesizes very low-den- 
sity lipoproteins (VLDLs) and these are converted to 
LDLs through the action of endothelial cell-associated 
lipoprotein lipase. LDL transports a major cholesterol 
load from the liver to the peripheral cells of the body. 

Under conditions of impaired LDL catabolism in the 
periphery, LDL particles persist in the circulation, their 
physicochemical characteristics are modified, and the 
physiological pathway of LDL degradation—via LDL 
receptors—fails. The consequence of this sequence of 
events is the formation of an alternative metabolic path- 
way of LDL degradation through scavenger receptors 
and the formation of cholesterol deposits in the suben- 
dothelial space of the arterial wall. In this way, the proc- 
ess of atherogenesis and atherothrombosis begins (Fig- 
ures 1 and 2); and LDL particles play a crucial role in 
the beginning and in the development of this injury pro- 
cess in the vessel walls. 

All lipoproteins that contain ApoB, such as LDL, 
VLDL, and intermediate-density lipoprotein, tend to pro- 
mote atherosclerosis. Each of these lipoprotein fractions 
is heterogeneous regarding their lipid and protein con- 
tents. Even a narrow LDL fraction with a density of 
1.027 - 1.050, initially considered as lipoprotein B con- 
sisting reputedly of only ApoB, was subsequently shown 
to be heterogeneous in its protein contents as shown with 
ultracentrifugation, gel permeation chromatography, poly- 
acrylamide gel electrophoresis and isoelectric focusing- 

studies [6]. 
Several cross-sectional studies have reported differ- 

ences in LDL particle size, density, and composition be- 
tween patients with CHD and healthy controls. The pre- 
sence of small, dense LDL particles is reportedly associ- 
ated with more than 3-fold increase in CHD risk. 

Lipoprotein (a) (Lp(a)) particles contain Apo(a) and 
ApoB in a 1:1 molar ratio and is considered an inde- 
pendent risk factor for CHD. 

1.3. Antiatherogenic Lipoproteins 

Numerous epidemiologic and interventional studies 
have shown that HDL is an important risk factor for 
coronary heart disease. There are several well-docu- 
mented HDL functions that may explain the antiathero- 
genic effects of this lipoprotein. The foremost is the ca- 
pacity of HDL to transport cholesterol from the periph- 
ery to the liver, and therefore prevent cholesterol deposi- 
tion in the arterial wall. Further antiatherogenic proper- 
ties of HDL include its potent antioxidative and anti- 
inflammatory actions. 

Plasma HDL is a heterogeneous group of discoid and 
spherical particles that differ in physicochemical proper- 
ties, intravascular metabolism and biological activity. 
Discoid HDL particles include small, lipid-poor, nascent 
particles made up of apolipoproteins embedded in a lipid 
monolayer of phospholipids and free cholesterol. The 
plasma concentrations of these small lipid-poor HDL 
particles are low and constitute about 5% of total HDL. 
Spherical HDL particles are larger, mature particles that 
additionally contain a hydrophobic core of cholesteryl 
esters and triglycerides. The plasma concentration of 
spherical HDL constitutes approximately 93% of total 
HDL. Spherical HDL particles are generated from lipid- 
free ApoA1 or discoid HDL, which is mainly produced 
by the liver and intestine or can be released as surface 
fragments from triglyceride-rich lipoproteins during li- 
polysis. HDL particles possess multiple antiatherogenic 
activities, which include reverse cholesterol transport 
(RCT) from the arterial wall to the liver for excretion, 
and antioxidative, anti-inflammatory, antiapoptotic, an- 
tithrombotic, anti-infectious and vasodilatory properties. 

Cholesterol efflux from peripheral blood cells, par- 
ticularly macrophages, constitutes the initial step of RCT. 
Lipid-free HDL apolipoproteins, primarily ApoA1, cause 
specific efflux of cellular cholesterol and phospholipids 
via ABCA1 receptor. Decrease in the lipid content of 
HDL increases its capacity to remove cellular cholesterol; 
small, lipid-poor HDL particles thus represent more- 
efficient cholesterol acceptors than their large, lipid-rich 
counterparts. 

1.4. Apolipoproteins 

The importance of apolipoproteins in lipid metabolism 
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has long been recognized [7]. 
LDL and HDL are composed of roughly 22% and 50% 

protein, respectively. The protein components of these 
particles are largely responsible for carrying out the 
various functions. Tremendous advances in the field of 
mass spectrometry have allowed the identification of a 
vast array of proteins, many of which were previously 
not known to be associated with lipoproteins. The pro- 
teomic studies have identified over fifty different pro- 
teins in the HDL particle. Many of these proteins medi- 
ate the atheroprotective functions of HDL. Much more 
work is required to identify the functions of these pro- 
teins in all the lipoprotein classes. 

Nevertheless, at this stage of our understanding it ap- 
pears, at face value, that reducing lipoproteins containing 
ApoB and increasing the concentration of lipid-free or 
lipid deficient HDL particles will be beneficial for the 
treatment of atherosclerosis. 

1.5. Study Aims 

In this report it is shown that plasma or serum delipi- 
dation with organic solvents resulting in reduction of 
lipid components of all, or specific, lipoprotein classes 
results in rapid regression of atherosclerosis. 

2. METHODS 

2.1. Development of the  
Delipidation Process 

It was hypothesized to develop a plasma or serum de- 
lipidation procedure that would result in: 
 removal of lipid from biological fluids without pro-

tein denaturation. 
 simultaneous extraction of different classes of lipids 

but at different rates. 
 extraction of partial or total lipids from lipoprotein 

fractions but at different rates. 
Different classes of lipids associated with different 

apolipoproteins circulate in biological fluid as lipopro- 
teins. These lipids and apolipoproteins differ in their 
binding affinities. For example, the neutral lipids triglyc- 
erides and cholesterylesters are very hydrophobic and are 
associated at hydrophobic cores within the lipoproteins. 
Phospholipids, on the other hand, are amphiphilic lipids 
that possess both hydrophilic and lipophilic (hydropho- 
bic) properties that bind differently than the neutral lipids 
to apolipoproteins. 

In order to obtain delipidation of lipoproteins without 
protein denaturation, molecules were required to com- 
pete and displace the lipids from the apolipoproteins in a 
mild non-denaturing manner. 

The binding affinity of lipids to apolipoproteins is de- 
pendent to some extent on their dielectric constants 
(DEC). DEC gives an idea of the hydrophilic, hydropho- 

bic and amphiphilic nature of the lipids. For example 
triglycerides have a DEC of about 3.1; cholesterylesters 
2.2; cholesterol 2.9 and for phospholipids such as leci- 
thin the DEC is 30 for the head group (hydrophilic) wa- 
ter interface and a DEC of 10 for the ester group (hy- 
drophobic) region. For a reference purpose water has a 
DEC of 80. 

It was considered advantageous to develop a biphasic 
organic/aqueous delipidation system, so that after the 
delipidation procedure the lipid moieties could be con- 
veniently separated from the aqueous phase, which con- 
tain the apolipoproteins. 

Various organic solvents were investigated to deter- 
mine their suitability for delipidation. These organic sol- 
vents had to meet crucial conditions. In particular, they 
should not denature proteins or even inactivate enzymes. 

Eventually, diisopropyl ether (DIPE) or a related halo- 
genated form of this ether (sevoflurane) [8,9] was shown 
to be a good delipidator for neutral lipids. DIPE has a 
DEC of 3.8 and could displace triglycerides (DEC3), 
cholesterol esters (DEC 2.2) and cholesterol (DEC 2.9) 
from the lipoprotein particles. However, the DEC of 
DIPE was too low to compete with the binding of phos- 
pholipids to apolipoproteins. Butanol with a DEC of 17.8 
was shown to be adequate to release phospholipids from 
their lipoproteins. 

It was also crucial to be aware that mixed solvent sys- 
tems, especially in ternary mixtures consisting of a bi- 
phasic system with biological fluids would have an effect 
on the DEC of the individual components. For example 
butanol mixed singly with plasma will result in protein 
denaturation and even precipitation. However, butanol 
present in DIPE then mixed with plasma will not dena- 
ture proteins. These phenomena depend on the ratio of 
butanol and DIPE. 

In 1976 it was first reported that a mixture of butanol 
and DIPE attained removal of triglycerides, cholesterol, 
cholesteryl esters, phospholipid and unesterified fatty 
acids from plasma without protein denaturation. The 
plasma proteins, including the apolipoproteins remained 
in solution in the aqueous phase, while the organic phase 
contained the dissolved lipids. The phases could easily 
be separated by low speed centrifugation. Different lipids 
were simultaneously extracted, but the rate of extraction 
was most rapid for unesterified fatty acids, followed by 
triglycerides, esterified cholesterol, cholesterol and phos- 
pholipids at, respectively, decreasing rates. Selective ex- 
traction of unesterified fatty acids, triglycerides and total 
cholesterol was achieved by DIPE alone. Ionic strength, 
pH, enzyme activities, and other serum constituents were 
not altered by these procedures [8]. 

Delipidation of plasma removes only lipids. After deli- 
pidation the apolipoproteins including ApoB remain in 
solution in the aqueous phase [8-10]. Figure 3 shows an  
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(a)         (b)          (c) 

Figure 3. An example of the appear- 
ance of an undelipidated turbid plas- 
ma sample (a), a delipidated sam- 
ple, the upper organic solvent phase 
contains the lipids, the lower aque- 
ous phase contains all plasma con- 
stituents but no lipids (b), and the re- 
covered lipids extracted from the 
plasma sample (c).  

 
example of the appearance of an undelipidated plasma 
sample, a delipidated sample and the recovered lipids ex- 
tracted from the plasma sample by a butanol-DIPE mix- 
ture. Lipids are extracted from the turbid plasma sample 
(a) into the upper organic phase, resulting in a clear deli- 
pidated plasma (b). When the organic phase containing 
the extracted lipids is evaporated, the lipids originally 
present in the undelipidated plasma are recovered (c). 

The DIPE-butanol delipidation procedure has been 
applied to plasma or lipoprotein fractions for the assay of 
many apolipoproteins [11-22]. 

Other lipid-associated proteins in biological fluids 
were also unaffected when their lipids were removed by 
the delipidation procedure [23-26]. Removal of lipids 
from such proteins did not affect their physicochemical 
roles and in fact this delipidation procedure has been 
used to estimate cholesteryl ester transfer/exchange ac- 
tivity in serum or plasma [27,28].  

It was also shown that delipidation of plasma with bu- 
tanol/DIPE mixtures yielded ordered delipidation of 
HDL, VLDL and LDL in plasma. HDL was more readily 
delipidated than were LDL and VLDL fractions [8-10]. 

2.2. Relipidation of Apolipoproteins 

2.2.1. Extracellular Lipids 
In vitro studies showed that the apolipoproteins in de- 

lipidated plasma could combine with extracellular lipids 
to form lipoprotein complexes in the HDL, LDL and 
VLDL fractions. Reconstitution of the HDL particle with 
extracellular lipids was more complete than with the 
LDL and VLDL fractions [29]. 

2.2.2. Intracellular Lipids—In Vitro Cell  
Culture Studies 

Partial delipidated LDL containing virtually no cho- 
lesterol exhibits a binding activity to cultured human 
fibroblasts identical to that obtained with untreated LDL. 
This very important observation means that receptors on 
cells will recognize LDL even if the LDL contains virtu-
ally no cholesterol. The recognition of ligand by a recep- 
tor is very specific and confirms immunological studies 
that the delipidation procedure does not cause denature- 
tion [8-29]. Delipidated LDL did not stimulate cellular 
cholesteryl ester (ACAT) synthesis indicating that no 
cholesterol was presented to those cells by delipidated 
LDL [30,31]. 

Gangliosides are amphiphilic molecules consisting of 
very polar sialic acid-containing glycosphingolipids and 
have relatively high DEC of approximately 33 to 47. The 
DEC of these lipids are much higher than the DEC of the 
selected organic solvents and accordingly, gangliosides 
are not extracted from plasma with the butanol-DIPE 
mixture under the conditions studied [32]. Gangliosides 
constitute approximately 0.7% of total lipid in plasma 
and they are bound to lipoprotein particles. Lipoprotein 
bound gangliosides in plasma have been implicated with 
the binding of the LDL particle to the specific high affin- 
ity LDL receptor and may have some relevance to the 
binding of delipidated LDL to its specific receptors [33]. 

Partial delipidation of HDL with DIPE-butanol mix- 
tures converted the spherical lipoprotein particles to disc 
and amorphous forms but this did not alter receptor- 
binding activity [31,34,35]. 

Delipidated serum effluxes cholesterol from human 
mononuclear leukocytes. When delipidated serum sub- 
stantially depletes the contents of cellular cholesterol, 
stimulation of intracellular sterol synthesis occurs by a 
factor of eight to eventually meet the needs of cholesterol 
for the survival of the cells. However, the intracellular 
sterol synthesis can be inhibited by the addition of non- 
delipidated LDL. This indicates that cells preferentially 
utilize cholesterol given to them rather than synthesizing 
their own cholesterol [30]. The activity of HMGCoA 
reductase (the rate limiting enzyme for the synthesis of 
cholesterol) in skin and lung fibroblasts increased 5 to 30 
fold in media containing delipidated serum AFTER sub- 
stantial removal of endogenous cellular cholesterol caus- 
ing cellular cholesterol depletion when compared with 
media supplemented with non-delipidated serum [31]. 
Addition of non-delipidated LDL to the cells resulted in 
the inhibition of cholesterol synthesis within the cells 
[34]. It was subsequently established that the component 
in the delipidated serum responsible for the removal of 
cholesterol from cells grown in culture was delipidated 
HDL and that delipidated HDL was a much better (more 
than 6 fold) cholesterol acceptor than non-delipidated 
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plasma cholesterol and triglyceride concentrations in the 
vascular pool of the animals. These changes were highly 
significant when compared with the sham treated groups 
[36]. Two LA treatments resulted in more effective re- 
moval of lipids from the plasma in the animals. Lipid 
was also removed from lipid stores in the liver and aorta 
of hyperlipidemic animals [38]. One LA treatment re- 
sulted in rapid reduction of plasma cholesterol. In the 
normolipidemic animals the reduction of total cholesterol 
was immediate and was sustained for up to 150 minutes. 
Sixteen hours after LA, the concentrations of total cho- 
lesterol in plasma had returned to pretreatment values. In 
contrast, with the hypercholesterolemic animals, LA re- 
duced the plasma level of total cholesterol only very 
transiently. Fifteen minutes after LA, total cholesterol 
was significantly reduced in the plasma of the hypercho- 
lesterolemic animals. Thirty minutes and thereafter, fol- 
lowing LA treatment, the concentration of total choles- 
terol in plasma was generally lower than the pretreatment 
value but were not statistically different from the pre-
treatment value (Figure 4). Sham treatment resulted in 
no statistical changes in plasma total cholesterol. 

HDL [34]. 

3. RESULTS 

3.1. Whole Animal Studies 

3.1.1. LA Procedure 
Plasma delipidation therapy when applied in vivo to 

whole animals was termed lipid apheresis (LA) [36-39]. 
LA, an extracorporeal procedure, when applied to diet 
and drug induced hyperlipidemic roosters resulted in a 
rapid reduction of plasma cholesterol and triglyceride 
concentrations. The LA procedure consisted of the remo- 
val of approximately 25% of the calculated blood vol- 
ume. The blood was collected in heparinized tubes and 
the blood cells were separated from plasma by centrifu- 
gation. The plasma was delipidated with a mixture of 
butanol and DIPE. The delipidated plasma, free of lipids 
and solvents, was remixed with the original blood cells, 
which was then reinfused through a vein back into the 
identical donor animals. Sham treatments served as pla- 
cebos, were also performed, but in this case no delipida- 
tion was applied to the plasma. 

These data strongly suggest that the reason for the dif- 
ferent responses to LA treatment observed in hypercho- 
lesterolemic animals when compared with normocholes- 
terolemic animals is that more of an excessive choles- 
terol pool in the hypercholesterolemic animals exist that 

3.1.2. Effect of Infused Delipidated Autologous 
Plasma (LA) on In Vivo Plasma Lipids over 
a Period of 16 h 

One LA treatment resulted in immediate reduction of 
 

 
(a)                                                   (b) 

Figure 4. Changes of plasma total cholesterol concentrations after lipid apheresis or sham treatment. The 
plasma cholesterol concentrations of roosters on control diet (☐-☐) and hypercholesterolemic diet (-) 
were determined before and at various times after reinfusion of lipid apheresed blood or sham treated 
blood. The results are expressed as percent changes. The data of the two groups of animals were pooled to 
determine statistical differences. The concentrations of plasma cholesterol before lipid apheresis (a) were 
3.25 ± 0.87 (n = 7) and 14.10 ± 4.30 (n = 7) mmol/L for the normocholesterolemic and 
hypercolesterolemic roosters, respectively. The concentrations of plasma cholesterol before sham treatment 
(B) were 3.18 ± 0.66 (n = 3) and 11.60 ± 2.53 (n = 3) mmol/L for the normocholesterolemic and 
hypercholesterolemic roosters, respectivley. Arrows indicate significant differences (P < 0.05) of those 
values compared to the pre-treatment values (100%). 
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is rapidly mobilizable by the LA treatment [36] and this 
supports the observations with cell culture studies. 

3.1.3. In Vitro Effect of the Delipidation  
Procedure on Plasma Components 

Delipidation of plasma in vitro did not affect the con- 
centrations of total protein, albumin, immunoglobulins, 
and other ionic and chemical constituents. The activities 
of AP, LDH, AST, GGT and ALT were also unaffected; 
only lipids were removed from the plasma by the delipi- 
dation procedure [8-10]. 

3.1.4. Effect of Infusion of Delipidated  
Autologous Blood (LA) and Sham Treated 
Blood (Placebo) on In Vivo Haematological 
and Biochemical Parameters 

Biochemical and haematological parameters obtained 
from each animal prior to and after infusion of delipi- 
dated autologous plasma and sham treated plasma re- 
mixed with the original blood cells indicated that these 
parameters remained within the recommended normal 
range. There were no significant changes in these pa- 
rameters as a consequence of LA or sham treatment [36]. 

3.1.5. Effect of LA on the Electrophoretic Pattern 
of In Vivo Plasma Lipoproteins.  
Stimulation of Antiatherogenic  
HDL particles 

Analysis of the lipoprotein particles after LA treatment 
of hypercholesterolemic and normocholesterolemic ani- 
mals resulted in conspicuous changes in electrophoretic 
patterns of plasma lipoproteins. The electrophoretic mo- 
bilites of all the lipoprotein fractions had changed. Lipid 
was present in at least three bands in the α globulin area. 
In particular, changes in the electrophoretic region of 

HDLs were observed. LA markedly induced the anti- 
atherogenic pre-ßHDL. The observed changes induced 
by LA were more pronounced in the hypercholestero- 
lemic animals compared with the normocholesterolemic 
animals. A novel pre-αHDL-lipoprotein band was ob- 
served soon after LA. This lipoprotein band had a density 
larger than 1.21. At approximately 150 minutes after LA 
the electrophoretic pattern had almost returned to the 
original pre-LA treatment pattern (Figure 5). 

LA treatment resulted in immediate reduction in plas- 
ma unesterified cholesterol concentrations, which was 
sustained for 150 minutes. The reduction in unesterified 
cholesterol concentration was higher in the normocho- 
lesterolemic animals than in hypercholesterolemic ani-
mals. LA induced changes in the ratio of plasma uneste- 
rified to total cholesterol in normocholesterolemic ani- 
mals but not in hypercholesterolemic animals. In hyper- 
cholesterolemic animals, lecithin-cholesterol acyltrans- 
ferase (LCAT) activity was not affected by LA, whereas 
in normocholesterolemic animals LCAT activity, but not 
concentration, was acutely reduced for 150 minutes after 
LA. Saturated LCAT kinetics occurred in the hypercho- 
lesterolemic animals but not in the normocholesterolemic 
animals (Figure 6).  

LCAT obeyed Michaelis-Menten kinetics (Figure 7). 
It was shown that after LA, there was a pool of uneste- 

rified cholesterol that was available as substrate for 
LCAT to a greater extent in hypercholesterolemic ani- 
mals than in normolipidemic animals [39]. These obser- 
vations are very important because it shows that LA has 
desirable effects on LCAT activities in hypercholestero- 
lemic and normocholesterolemic animals. In hypercho- 
lesterolemic animals there is a much larger pool of total 
body cholesterol, including intracellular and extracellular 
plaque cholesterol [38], under these conditions LCAT is 

 

 

a     b    c     d    e      f     g     h  

 

a     b     c    d    e      f    g     h  
(a)                                                     (b) 

Figure 5. Representative agarose electropherograms of plasma before and various times after introduction of 
delipidated autologous plasma to the vascular pool in a hypercholesterolemic rooster. Lipid and protein were 
stained with Fat Red 7B (a) and Amido Black 10B (b) respectively: a, before: b-h respective time in minutes. 
15, 30, 45, 60, 90, 120 and 150 after introduction of delipidated autologous plasma (approximately 25% of 
plasma volume) into roosters. These findings are representative of the results obtained from seven experi-
ments. 
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Figure 6. Changes in plasma LCAT activity after lipid 
apheresis. The plasma LCAT activities (μmol L−1 h−1) of 
roosters on control diet (☐) and hypercholesterolemic diet 
() were determined before and at various times after re-
infusion of lipid apheresed blood. The LCAT activities 
before LA were 279.5 ± 152.8 (n = 10) and 327.1 ± 40.5 
(n = 10) mmol L−1 h−1 for the normocholesterolemic and 
hypercholesterolemic animals, respectively. The results 
are expressed as percentage changes. The data from the 
two groups of animals were pooled to determine statisti- 
cal differences. Arrows indicate significant differences (P 
< 0.05) in those values compared with the pre-lipid- 
apheresed values (100%).  

 

 
Figure 7. Double-reciprocal plot of LCAT activity and 
unesterified cholesterol concentration. The plasma LCAT 
activities (μmol·L−1·h−1) of roosters on control diet (☐) 
and hypercholesterolemic diet () were determined be-
fore 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 calculated Km and Vmax are 1.89 
mmol·L−1 and 676 μmol·L−1 h−1 respectively. 

working under Vmax kinetics. Unesterified cholesterol in 
subfractions of plasma HDL is the preferred substrate for 
LCAT [40]. Separate preparations of HDL3 differ mark- 
edly in their reactivity with LCAT. This difference has 
been shown to be inversely related to lipoprotein particle 
size. The activity of LCAT depends on the structure of 
ApoA1 at the interface with lipid [41]. LA induces 
changes in HDL to pre-ß-like HDL particles and these 
particles are regarded as good acceptors of unesterified 
cholesterol of cellular origin and the preferred substrates 
for LCAT [37]. 

Five LA treatments in normolipidemic and hyperlipi- 
demic animals with increased concentration of plasma 
cholesterol, triglycerides and phospholipids resulted in 
the removal of considerably more lipid from hyperlipi- 
demic animals than in normolipidemic animals. LA treat- 
ments of hyperlipidemic animals markedly reduced athe- 
rosclerosis in the arterial wall and also led to dramatic 
reduction of lipid in the adipose tissue [38,42]. Five LA 
treatments also increased the concentrations of ApoA1 in 
both normolipidemic and hyperlipidemic animals [42,43]. 
It is not known whether these increases were due to in- 
creased synthesis or decreased catabolism. Histological 
analyses of the aortic sections of animals fed the control 
diet developed minimal aortic fatty streaks. In the hyper- 
lipidemic animals, it was shown that there was a marked 
atherosclerotic lesion in the aorta with part occlusion. 
The LA treatment of the hyperlipidemic animals resulted 
in a remarkable reduction of the intensity of lipid in the 
arterial wall as well as marked increases in the lumen 
diameter. Figure 8 shows a representative section of a 
lesion with significant narrowing of the lumen of the 
thoracic aorta of a hyperlipidemic animal and a re- 
presentative section of a similar site of the thoracic aorta 
of a hyperlipidemic animal that had undergone five LA 
treatments. 

Higher magnification of the media sections of the ab- 
dominal aorta in hyperlipidemic animals shows the pres- 
ence of intimal accumulation of extracellular lipid, 
whereas LA treatment of hyperlipidemic animals had 
little such lipid accumulation (Figure 9). 

Internal elastic lamina disruption and medial damage 
occurred in the sections of the intima of abdominal aorta 
in the hyperlipidemic animals, which was not seen in 
normolipidemic animals. The intima of the abdominal 
aorta of LA treated hyperlipidemic animals showed much 
less damage (Figure 10). 

The intima-media thickness of the aorta and its lipid 
content in the hyperlipidemic animals were overall greater 
than in the corresponding LA-treated hyperlipidemic 
animals (Figure 11).  

Substantive mesenterical adipose tissue was clearly 
present in the abdomen of hyperlipidemic animals. This 
pool of lipid was drastically diminished when the hyper- 
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Figure 8. Histological sections (magnified ×50) of thoracic aortas stained with Oil Red O. (a) Aorta from 
hyperlipidemic roosters showing lipid-rich atherosclerotic plaque and significant luminal narrowing. (b) 
Aorta from hyperlipidemic rooster after five LA treatments showing no evidence of atherosclerosis. 

 

 
Figure 9. Histological sections (magnified ×800) of abdominal aortas stained with Oil Red O. (a) Aorta 
from hyperlipidemic roosters showing extensive intimal accumulation of extracellular lipid (see arrows). 
(b) Aorta from hyperlipidemic roosters after five LA treatments showing little lipid accumulation (see ar-
rows). 

 

  
Figure 10. Histological sections (magnified ×800) of abdominal aortas. (a) Aorta from hyperlipidemic 
rooster showing internal elastic lamina disruption and medial damage. (b) Aorta from hyperlipidemic 
rooster after five LA treatments showing much less elastic lamina and medial damage. 

 
lipidemic animals were treated by five LA procedures 
(Figure 12). 

3.1.6. LA Treated Monkeys 
Multiple LA treatments of diet-induced hyperlipidemic 

non human primates such as the African Green monkey 
gave similar results to those obtained with the avian 
model. With the study of the monkeys, plasma was de- 
lipidated with butanol-ether to yield selective delipida- 
tion of HDL. As with the previous studies in the avian 
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Figure 11. Histological sections (magnified ×25) of the abdominal aortas. (a) Thick intima 
media aortas from hyperlipidemic roosters showing lipid stainable material. (b) Thinner in-
tima media aortas from hyperlipidemic roosters after five LA treatments showing less lipid 
stainable material. 

 

  
(a)                                       (b) 

Figure 12. Abdominal cavities of (a) hyperlipidemic rooster showing substantive 
mesenterical adipose tissue and (b) hyperlipidemic rooster after five LA treatments 
showing markedly diminished adipose tissue. 

 
model, cholesterol-rich αHDL particles were converted 
to a mixture of cholesterol-poor small α1 and pre-ß-like 
HDLs. Pre-ßHDL had a plasma residence time of 8 ± 6 h 
and was converted entirely to large αHDL, this was 
slightly longer than the residence time of pre-ßHDL ob- 
served in the LA treated avian model. It was shown that 
treatment with delipidated plasma reduced diet-induced 
aortic atherosclerosis in monkeys measured by intravas- 
cular ultrasound (IVUS) [44]. 

3.1.7. LA Treated Humans 
Plasma delipidation studies with the butanol-ether 

mixture, resulting in selective HDL delipidation using 
autologous infusions in man, have shown to be feasible 
and well tolerated in patients with acute coronary syn- 
dromes (ACS). The levels of pre ß-like HDL and αHDL 
in the delipidated plasma transiently converted from 
5.6% to 79.1% and 92.8% to 20.9%, respectively and 
confirms the observation of LA treatment with the avian 

and monkey models. Patients underwent IVUS evalua- 
tion of the target vessel during the catheterization for 
ACS and up to 14 days following the final LA session. 
The IVUS data demonstrated a numeric trend toward 
regression in the total atheroma volume of −12.18 ± 
36.75mm3 in the delipidated group versus an increase of 
total atheroma volume of 2.80 ± 21.25mm3 in the control 
group (p = 0.268, N.S.) [45]. 

4. DISCUSSION 

Reverse cholesterol transport is a multi-step process 
resulting in the net movement of cholesterol from pe- 
ripheral tissues back to the liver via the plasma. Choles- 
terol from non-hepatic peripheral tissues is transferred to 
HDL by the ABCA1 receptor. Different forms of ApoA1 
complexes with different binding affinities for choles- 
terol coexist. The ApoA1 containing HDL particles act as 
sinks for mobilizable cholesterol. The cholesterol is con- 
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verted to cholesteryl esters by the enzyme LCAT. With 
the help of CETP the cholesteryl esters are exchanged for 
triglycerides with other lipoproteins such as LDL and 
VLDL. The LDL cholesteryl esters end up in the liver 
where they are partly excreted as bile salts. 

It is not surprising that ApoA1 containing HDL parti- 
cles with high capacity for cholesterol and high affinity 
for ABCA1 receptors are being sought to obtain opti- 
mum reverse cholesterol transport. Investigational parti- 
cles consist of HDL mimetics. HDL mimetics have been 
constructed from a number of peptides and proteins with 
varying structures, all of which bind lipids found in HDL. 
Reconstituted HDL consisting of normal human ApoA1 
when combined with soybean phosphatidyl choline ini- 
tially showed promise as a RCT agent. However, the 
Erase trial with this recombinant HDL candidate was 
discontinued because of liver function toxicity [46]. 

Although cell culture work may show promise for 
ApoA1 peptide mimetics, it should not be overlooked 
that these peptides when associated with lipid in the vas- 
cular pool may aggregate to a larger new molecule with 
conformational novelties that the body may consider as a 
foreign lipid-protein complex which could result in con- 
sequential rejection of the body and creation of antibody- 
ies which would be disastrous [9]. 

Plasma delipidation studies presented in this review 
show that it is possible to delipidate lipoproteins in plas- 
ma without apolipoprotein denaturation. The versatility 
of this biphasic organic solvent system has tremendous 
possibilities for the delipidation of biological fluids. The 
composition of the specific ether-alcohol mixture and the 
energy applied to the delipidation process can be ad- 
justed to obtain a particular outcome. For example, dif- 
ferent lipids can be extracted simultaneously but the rates 
of extraction differ for the particular lipids and indeed it 
is possible to extract all neutral lipids but no phosphol- 
ipid from plasma. The amount of energy applied to the 
delipidation process determines whether delipidation 
occurs within minutes or seconds. The ratio of organic 
solvents to plasma can be very variable. Ordered delipi- 
dation can be achieved in plasma. HDL is firstly delipi- 
dated by this solvent system, followed by VLDL and 
LDL. Thus by choosing the appropriate organic solvent 
system and the amount of energy applied for delipidation 
it is possible to remove a particular class or classes of 
lipid from plasma. Using these attributes it was shown 
that plasma delipidation resulting in the removal of over 
90% of cholesterols and triglycerides but retaining over 
60% of phospholipids achieved rapid regression of 
atherosclerosis in a hypercholesterolemic avian model, a 
porcine model (in preparation) and a bovine model (in 
preparation). It was shown in a hyperlipidemic avian mo- 
del that adipose tissue could also be mobilized. 

Using this delipidation procedure it is possible to ob- 

tain delipidation of HDL only with little or no altered 
LDL [8-10] and the partially delipidated plasma contains 
modified HDL particles with no cholesterol or other lip- 
ids. These attributes have led to studies with African 
Green monkeys in which selective delipidation of HDL 
in plasma was applied to diet-induced hypercholestero- 
lemic animals. Treatment with delipidated plasma tended 
to reduce atherosclerosis measured by IVUS. A similar 
study in humans with acute coronary syndrome using 
delipidated HDL in plasma confirmed previous studies in 
all the animal models, that the procedure was safe and 
the levels of pre ß-like HDL increased significantly. The 
human studies also showed that the IVUS data demon- 
strated a numeric trend toward regression in the total 
atheroma volume. 

The regression of atherosclerosis, although not signi- 
ficant, in the humans and monkeys which were similar to 
the results reported in ApoA1 Milano studies [47] were 
reported to be encouraging. Regression of atherosclerosis 
was more pronounced in the avian model. This may be 
explained by the different precise conditions of the de- 
lipidation conditions used with the various models. 

In this regard, it is very possible that delipidated 
VLDL and LDL also play roles in RCT. 

Figure 13 [48] depicts a simplistic view of the current 
understanding of the process of reverse cholesterol trans- 
port. In all the in vivo studies it was shown that delipida- 
tion converted spherical HDL to more antiatherogenic 
apolipoprotein complexes such as pre-ßHDL. It was fur- 
ther shown that in hyperlipidemia more of these protein 
complexes were generated compared with normolipi- 
demic animals. These protein complexes had a transitory 
residence time in the plasma after LA and were rapidly 
converted to αHDL. This was dependent on LCAT, 
which showed that in hypercholesterolemic animals this 
enzyme was operating at maximum capacity, thus rapidly 
converting unesterified cholesterol in the pre-ßHDL to 
esterified cholesterol in the αHDL. This did not apply to 
normocholesterolemic animals in which it was shown 
that there were reductions in LCAT activities but for con- 
centrations up to 16 h after LA and this was dependent 
on the availability of the LCAT substrates lecithin and 
unesterified cholesterol. Km and Vmax values of LCAT 
determined that such changes were not due to the protein 
content of LCAT but due to its activity. The cholesteryl 
esters domiciled in the spherical αHDL molecule may be 
transported and delivered to the liver through interaction 
with the Scavenger Receptor class B-type-1 (SR-B1). 
The cholesteryl esters are then hydrolysed by the enzyme 
Cholesterol Ester Hydrolase (CEH) in the liver to uneste- 
rified cholesterol some of which is ultimately converted 
to bile salts and eliminated in the feces. In addition, the 
cholesteryl esters in the spherical αHDL can be trans- 
ferred to VLDL and LDL particles especially if those 
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Figure 13. The Process of Reverse Cholesterol Transport Discoidal pre-beta-high-density 
lipoprotein (HDL) is converted to spherical alpha-HDL as cholesterol ester (CE) accumulates 
and is returned to the liver by scavenger receptor B1 (SR-B1) or transfers the cholesteryl ester 
to apolipoprotein B lipoproteins by the cholesteryl ester transfer protein (CETP). ABCA1 = 
adenosine triphosphate-binding cassette-A1; A-I = apolipoprotein A-I; B = apolipoprotein B; 
FC = free cholesterol; LCAT = lecithin cholesterol acyltransferase; LDL = low-density lipo-
protein; LDLR = low-density lipoprotein receptor; TG = triglycerides; VLDL = very low-den- 
sity lipoprotein. 

 
lipoproteins are cholesterol deficient in the case of deli- 
pidated plasma with the aid of Cholesterol Ester Transfer 
Protein (CETP), which is a plasma component. 

It was shown that the delipidation solvents described 
in this review did not affect cholesteryl ester transfer 
activity (CETA) and this activity was about two-fold 
higher in delipidated plasma of hyperlipidemic subjects 
than in delipidated plasma of normolipidemic controls 
[27,28]. Thus delipidated VLDL and LDL may act as 
cholesterol sinks due to the action of CETP on αHDL. 
Cholesterol enriched LDL and cholesterol depleted LDL 
induced by plasma delipidation both bind to the LDL 
receptors evenly [30,31]. 

OPEN ACCESS 

With the RCT model (Figure 13) the cholesteryl esters 
in VLDL and LDL are transported to the liver where they 
interact with LDL receptors and subsequently contribute 
to the pool of unesterified cholesterol to be excreted in 
the feces or avail themselves for de novo synthesis of 
VLDL for excretion into the plasma compartment. 

Reverse Cholesterol Transport is induced by delipida- 
tion of lipoproteins in plasma as shown in the following 
in vitro and in vivo studies with animals and in human 
subjects.  

Delipidation of plasma introduced into the vascular 
pool results in: 
 Generation of a large number of pre-β HDLs. 
 These pre-β HDLs avidly bind and remove choles- 

terol from macrophages through the ABCA1 pathway 
(direct RCT). 

 LCAT, at maximum capacity with hypercholesterole- 

mia, converts unesterified cholesterol derived from 
the macrophages now in pre-β HDL repleted choles- 
terol, to form esterified cholesterol in a spherecal 
αHDL particle. 

 The CETA from the enzyme CETP is increased and 
transfers cholesteryl esters from α-HDL to delipidated 
VLDL and LDL particles that act as sinks for the 
cholesterol initially present in the macrophages (indi- 
rect RCT). 

 These LDL particles in plasma when presented to the 
liver interact with the LDL receptors (indirect RCT) 

 The unesterified and esterified cholesterol in the 
αHDL also interacts with SR-B1 receptors in the liver 
(direct RCT). 

 Cholesteryl esters presented to the liver by LDL 
through LDL receptors and from αHDL by SR-B1 
receptors are hydrolysed by CEH to unesterified cho- 
lesterol which is subsequently excreted through the 
biliary system into the feces as bile salts and unesteri- 
fied cholesterol. 

 Substantial pools of cholesterols are physically re- 
moved from plasma into the organic phase by plasma 
delipidation (Figure 3). 

These interactions and reactions are stimulated by the 
delipidation of all the lipoproteins in the delipidated 
plasma. Therefore, there is an increased shift in choles- 
terol initially present in the macrophage to the liver for 
excretion from the body, the hallmark of RCT (Figure 
13). 
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Delipidation and the Effects of Forward  
Transport of Lipids (from the Liver and  
Intestine to the Periphery) 

Mechanisms by which LDL causes atherosclerosis are 
multifactorial. It is proposed that delipidation of plasma, 
including the LDL particle, may result in the decrease of 
atherosclerosis formation. 

Cell culture studies have established that delipidated 
LDL particles in plasma containing virtually no choles- 
terol exhibits a binding activity identical to that obtained 
with undelipidated LDL. Thus, LDL receptors recognize 
and bind delipidated LDL particles. Delipidated LDL 
does not stimulate cellular ACAT synthesis or activity 
indicating that no cholesterol is presented to those cells 
by delipidated LDL. Thus less cholesterol is presented to 
the already cholesterol overburden macrophages. It was 
further shown that cells preferentially utilize cholesterol 
given to them rather than synthesizing their own. After 
substantial removal of endogenous cellular cholesterol 
by delipidated serum when compared with media supple- 
mented with non-delipidated serum, HMGCoA reductase 
(the rate limiting enzyme for the synthesis of cholesterol) 
is increased considerably [31]. Addition of non-delipi- 
dated LDL to the cells resulted in the inhibition of cellu- 
lar cholesterol synthesis. These observations suggest the 
delipidated LDL particle presents less cholesterol to cells 
compared with native undelipidated LDL possibly re- 
sulting in reduced rates of atherosclerosis formation. 

These observations for Direct RCT and Indirect RCT 
induced by delipidated plasma with specific solvents, put 
together, would seem to be an attractive method for the 
treatment of atherosclerosis. 

Ultimately “The proof of the pudding is in the eating” 
as exemplified by the observation that LA causes regres- 
sion of atherosclerosis in various in vivo models. 

To the adage “LDL-C is bad and HDL-C is good” it 
maybe added, “during, and for a period after Lipid 
Apheresis, some LDL-C is good and HDL-C is super 
good”. 

With the advent of modern proteomic technologies a 
multitude of proteins have been shown to be present in 
all the lipoprotein fractions. For example, more than 50 
distinct proteins associated with HDL particles have been 
discovered with many of these proteins being involved in 
nonlipid transport processes including complement acti- 
vation, acute phase response and innate immunity. It is 
important that these newly and, yet to be discovered, 
proteins associated with lipoprotein particles are not 
damaged during manipulation of these particles. Already 
it has been shown that the delipidation with specific or- 
ganic solvents described in this review does not ad- 
versely affect these new proteins associated with the 
lipoprotein fractions. In fact, the delipidation procedure 
has been applied to help identify the novel proteins, 

which are associated with the lipoprotein fractions in 
plasma [49-51] whereas, a different solvent system con- 
sisting of diethyl ether:methanol caused denaturation and 
precipitation of the delipidated HDL particles [52]. 

5. CONCLUSIONS 

In conclusion, LA of plasma results in removal of lip- 
ids from lipoprotein particles without denaturing plasma 
constituents. The LA process can be adjusted to obtain 
delipidation of lipid classes, or lipoprotein classes. There 
is compelling evidence to show that the procedure causes 
egress of cholesterol from macrophages with cell culture 
studies. Evidence is also available, when applied in vivo 
to animals that LA causes reversal of atherosclerosis and, 
in humans successful shrinking of atherosclerotic lesions 
in the coronary arteries are observed. 

Optimization of the LA procedure in terms of the com- 
position of the mixture of the butanol-ether and condi- 
tions for plasma delipidation to determine which lipid(s) 
to extract from what lipoprotein particles in the plasma, 
remains to be explored to obtain the most rapid regres- 
sion and safe method for patients with atherosclerosis 
and the prevention of atherosclerosis. 
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