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We have shown that the free cholesterol (FC) and the cholesteryl ester (CE) moieties of a nanoemulsion with lipidic structure resembling
low-density lipoproteins show distinct metabolic fate in subjects and that this may be related to the presence of dyslipidemia and
atherosclerosis. The question was raised whether induction of hyperlipidemia and atherosclerosis in rabbits would affect the metabolic
behavior of the two cholesterol forms. Male New Zealand rabbits aged 4-5 months were allocated to a control group (N = 17) fed regular
chowandto a 1% cholesterol-fed group (N = 13) during a 2-month period. Subsequently, the nanoemulsion labeled with 3H-FC and C-
CE was injected intravenously for the determination of plasma kinetics and tissue uptake of the radioactive labels. In controls, FC and CE
had similar plasma kinetics (fractional clearance rate, FCR=0.234 £ 0.056 and 0.170 £ 0.038 h-*, respectively; P =0.065). In cholesterol-
fed rabbits, the clearance of both labels was delayed and, as a remarkable feature, FC-FCR (0.089 + 0.033 h-') was considerably greater
than CE-FCR (0.046 +0.010h™'; P=0.026). In the liver, the major nanoemulsion uptake site, uptake of the labels was similar in control
animals (FC=0.2256 +0.1475and CE =0.2135 £ 0.1580%/g) but in cholesterol-fed animals FC uptake (0.0890 + 0.0319%/g) was
greater than CE uptake (0.0595 + 0.0207%/g; P < 0.05). Therefore, whereas in controls, FC and CE have similar metabolism, the
induction of dyslipidemia and atherosclerosis resulted in dissociation of the two forms of cholesterol.
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Introduction

Artificial lipid nanoemulsions can be used as probes
to detect genetically inherited alterations or evaluate phar-
macological, nutritional and other interventions on lipo-
protein metabolism (1-4). A single preparation of these
artificial nanoemulsions can be injected into several pa-
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tients for plasma kinetic studies, whereas only the auto-
logous native lipoprotein can be injected into subjects,
due to the risk of infection or immunological reactions
resulting from the use of heterologous lipoproteins. In
addition, natural lipoproteins are difficult to isolate and
label with radioactive or stable isotopes or other means,
difficulties that are easily overcome in the preparation of
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artificial nanoparticles. Nanoparticles can also be engi-
neered to be more rapidly removed from the circulation,
such that the observation time required for the clearance
test is substantially shortened (5).

In previous studies, we showed that the removal from
the plasma of the free cholesterol (FC) label of a nano-
emulsion that probes the low-density lipoprotein (LDL)
metabolism was faster in coronary artery disease (CAD)
patients than in non-CAD control subjects, whereas the
removal of the nanoemulsion cholesteryl esters (CE) was
similar in both groups (6). The dissociation of the plasma
kinetics of the two forms of cholesterol was also docu-
mented in our recent study involving patients with familial
hypercholesterolemia (7). As expected, the removal of
the nanoemulsion CE was delayed in the hypercholeste-
rolemic patients, as occurs with the kinetics of apolipo-
protein (apo) B of native LDL under these conditions. As
to the removal of FC it was equal to that of CE but its
reduction in familial hypercholesterolemic patients was
not as marked as that of CE. On the other hand, whereas
the treatment with simvastatin normalized the removal of
CE, FC was accelerated but at lower rates (7). Those
findings support the view that the two forms of cholesterol
composing the structure of the same lipoprotein particles
may undergo different metabolic fates. The double-la-
beled nanoemulsion was also injected into CAD patients
who were scheduled for coronary artery bypass grafting
and it was shown that whereas in the plasma there were
more CE than FC, in vessel fragments from the radial,
femoral, aorta, and saphenous vein the uptake of FC was
greater than that of CE (8). The results suggest that FC
molecules may dissociate from the nanoemulsion par-
ticles, leading to deposition of FC in the vessel wall. As the
nanoemulsion mimicks LDL, this phenomenon may also
occur with FC of the native lipoprotein.

To further explore these metabolic divergences be-
tween FC and CE, we determined whether induction of
hyperlipidemia and atherosclerosis in animals would give
rise to alterations linked with the dissociation of the me-
tabolism of the two cholesterol forms. Thus, we deter-
mined the plasma kinetics and the uptake by several
tissues of the two forms of cholesterol contained in the
nanoemulsion injected into control rabbits and rabbits
fed a cholesterol-rich diet for 2 months.

Material and Methods

Animals and diets

Thirty male New Zealand white rabbits weighing 2.6 £
0.2 kg (mean + SD) were housed in individual cages in a
temperature-controlled room (20-22°C), on a 12-h light/
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dark cycle. After a 1-week adaptation period, the rabbits
were separated into two groups. The control group was
fed regular laboratory rabbit chow (Nuvital Nutrientes S/A,
Brazil) for 8 weeks. The cholesterol-fed group received
an atherogenic diet consisting of chow enriched with 1%
(w/w) cholesterol (Dolder AG, Switzerland) for the same
period. The amount of daily diet ingested by each animal
was restricted to 150 g and was controlled by weighing
the non-eaten chow every 4 days. Water was available ad
libitum. There were no changes in food intake by the two
groups during the experimental period. The body weight
was recorded every 8 days. After 5-week cholesterol feed-
ing, animal body weight increased 15 + 1%. This study
conformed to the guidelines for the care and use of ani-
mals as approved by the Ethics Committee of the Instituto
do Coragéo, Hospital das Clinicas, Universidade de Sao
Paulo.

Lipid analysis

Blood samples were withdrawn from the marginal ear
vein of the rabbits after overnight fasting before and after
the study period. Serum was obtained by centrifugation at
1200 g for 10 min at 4°C. Total cholesterol, high-density
lipoprotein (HDL) cholesterol, and triglycerides were de-
termined by commercial kits obtained from Labtest Diag-
nostica S.A. (Brazil). Non-HDL cholesterol was calcu-
lated as the difference between total and HDL-choles-
terol. Results are reported as means of duplicate samples.

Preparation of the labeled artificial nanoemulsion

The artificial nanoemulsion was prepared as de-
scribed previously by Maranhao et al. (4), with addition of
[1-14C] cholesteryl oleate and [7(n)-3H] cholesterol (Amer-
sham International, England) and was sterilized by pas-
sage through a 0.22-um filter for use in animal experi-
ments.

Plasma kinetics

The nanoemulsion containing 3H-FC (0.8 pCi) and
14C-CE (0.6 pCi) was injected into the marginal ear vein of
rabbits after 8 weeks of feeding on the regular or athero-
genic diet. Plasma samples were collected from the con-
tralateral ear vein 5 min, 1, 2, 4, 6, 8, and 24 h after the
injection to evaluate the plasma kinetics and the frac-
tional clearance rates (FCR) of the radioactive lipids. Ali-
quots (100 pL) of blood plasma were transferred to count-
ing vials containing 5.0 mL of scintillation solution (Ultima
Gold XR, Perkin Elmer, USA) and the radioactivity was
counted using a Packard 1660 TR (USA) spectrometer.

FCR of the ®H-FC and “C-CE labels were calculated
from biexponential curves obtained from the remaining
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radioactivity found in plasma after injection as described
previously (9), using the ANACOMP software for compart-
mental analysis (10).

Nanoemulsion uptake by body tissues

Rabbits were killed by intravenous injection of a lethal
dose of sodium pentobarbital (5%) 24 h after the injection
of artificial labeled nanoemulsion and their organs (liver,
lungs, heart, spleen, kidney, pancreas, gonads, adrenals,
gallbladder, skin, adipose and skeletal muscle tissues,
and aorta segments) were excised and rinsed in ice-cold
0.9% NaCl. Fragments of organs and tissues were then
chopped and lipids from 150-500 mg tissues were ex-
tracted with chloroform/methanol (2:1, v/v) (11) and the
radioactivity was measured in a scintillation solution (UI-
tima Gold XR, Perkin Elmer).

Statistical analysis

Results are reported as means + SD. Differences in
the FCR of FC and CE and tissue uptake between the
groups were assessed using the Mann-Whitney non-
parametric test. Differences in total cholesterol, HDL cho-
lesterol, non-HDL cholesterol and triglycerides were as-
sessed using the paired nonparametric Wilcoxon test.
Kruskal-Wallis nonparametric ANOVA was used to evalu-
ate the animal’s weight body and food intake in the study
period, and compare the uptake of FC and CE by several
tissues in each group. The correlation between serum
lipid concentration and FCR of FC and CE was assessed
using the Spearman nonparametric test. In all analyses,
two-tailed P < 0.5 was considered to be statistically sig-
nificant. All analyses were performed using the statistical
software GraphPad (USA).

Results

Serum lipids and induction of atherosclerosis

Table 1 shows the concentration of the serum lipids in
the cholesterol-fed group before and at the end of the
two-month period of cholesterol feeding. Cholesterol feed-
ing increased the values of total and non-HDL cholesterol
by roughly 40- and 70-fold, respectively, but did not alter
the HDL cholesterol. The serum triglyceride values were
increased 2-fold by cholesterol feeding. In the group of
cholesterol-fed animals, the atherosclerosis process was
intense, mainly in the aortic arch, as observed by macro-
scopic examination, while in the control animals no le-
sions were observed. Based on microscopic morphom-
etry, the intima/media area ratio was 0.26 £ 0.06 in the
aortic arch, 0.23 * 0.21 in the thoracic aorta and 0.17 *
0.16 in the abdominal aorta of the cholesterol-fed rabbits.
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Plasma kinetics

Figure 1 shows the plasma decay curves of FC and CE
of the artificial nanoemulsion. It is apparent that in the
control animals (Panel A), there was no difference be-
tween the decay curves of the two forms of cholesterol.
After feeding a cholesterol-rich diet, both decay curves
became slower, but FC was removed faster than CE. In
fact, in the control group, the FCR of CE and FC were not
different (0.234 + 0.056 and 0.170 + 0.038 h-', respective-

Table 1. Lipid profile of 13 rabbits with induced atherosclerosis
at baseline and after cholesterol feeding.

Lipid profile Baseline After feeding
Cholesterol (mg/dL)
Total 51+ 14 2267 + 562*
HDL 197 29 + 16
Non-HDL 32+ 2 2310 + 547*
Triglycerides (mg/dL) 88 + 36 214 + 159*

Data are reported as mean + SD. HDL = high-density lipoprotein
cholesterol. *P < 0.01, compared to baseline (Wilcoxon test).
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Figure 1. Plasma decay curves of the artificial nanoemulsion
3H-free cholesterol (FC) and '4C-cholesteryl esters (CE). A,
Control group (N = 8); B, cholesterol-fed group (N = 6). The
artificial labeled nanoemulsion was injected into the marginal ear
vein of rabbits after 8 weeks feeding of a regular or an athero-
genic diet. Plasma samples were obtained at intervals over 24 h
for counting of the radioactivity in a liquid scintillation solution.
Data are reported as mean + SD.
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ly; P = 0.065). Both were reduced after cholesterol feed-
ing (CE-FCR = 0.046 = 0.010, FC-FCR = 0.089  0.033
h-') and FC-FCR became greater than CE-FCR (P = 0.026).

A correlation analysis was carried out on the serum
lipid concentration and FCR data obtained from all ani-
mals, with control and cholesterol-fed groups pooled. A
negative correlation between both FCR of CE and FC and
serum total cholesterol was found. The impact of the
serum total cholesterol concentration was greater on CE-
FCR than on FC-FCR, since both the correlation curve
incline and fitting were greater in the CE-FCR correlation
plot (r =-0.82, P = 0.0019) than in the FC-FCR plot (r =
-0.63, P = 0.0323).

Tissue uptake

Table 2 shows the uptake of FC and CE of the artificial
nanoemulsion by different tissues. In the control group,
the uptake of FC was similar to the CE uptake in most
tissues (liver, kidney, pancreas, gonads, adrenals, gall-
bladder, adipose tissue, muscle, skin, and the aorta seg-
ments). On the other hand, in the lung, heart and spleen,
the uptake of FC was greater than that of CE.

As also shown in Table 2, the tissue uptake of the FC
and CE diminished after the 2-month feeding of the ani-
mals with cholesterol, which produced intense hyperlipi-
demia. In this respect, the uptakes of FC and CE by the
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liver, which is the main organ that removes lipoproteins
from the circulation, were reduced 2.6 and 3.6 times,
respectively (P < 0.01). After cholesterol feeding, the up-
take of FC by the liver and by the kidney became greater
than that of CE. In contrast, FC uptake became smaller
than CE in the aortic arch, whereas in the other tissues
(pancreas, gonads, adrenals, gall bladder, adipose tis-
sue, muscle, skin, and the other aorta segments) there
were no differences between FC and CE uptakes.

Discussion

In this study, the plasma decay curves of the nano-
emulsion FC and CE coincide in control rabbits. When the
animals were fed a cholesterol-rich diet that induces
extreme hyperlipidemia and atherosclerosis, the clear-
ance of the two forms of cholesterol dissociated into two
distinct decay curves, the FC curve becoming faster than
that of the CE curve. This indicates that cholesterol feed-
ing, by slowing down the removal of the nanoparticles
and by other intervening mechanisms, facilitates the leak-
age of the FC form from the nanoparticles and, by ex-
trapolation, we would also expect from the native lipopro-
teins such as LDL. As CE remains in the core, it is the
marker of the particles; thus, CE removal from the plasma
becomes slower compared to FC when the removal of

Table 2. Uptake of 3H-free cholesterol and 14C-cholesteryl esters by organs and tissues of cholesterol-fed and control rabbits 24 h

after injection of the artificial nanoemulsion.

Control group (N =17)

Cholesterol-fed group (N = 13)

3H-FC

14C-CE

3H.FC

4Cc-CE

Liver

Lungs

Heart

Spleen

Kidney
Pancreas
Gonads
Adrenals
Gallbladder
Adipose tissue
Muscle

Skin

Aortic arch
Thoracic aorta
Abdominal aorta

0.2256 + 0.1475
0.2498 + 0.1513*
0.1459 + 0.1340*
0.2943 + 0.1620*
0.1110 £ 0.0742
0.0054 + 0.0027
0.0240 + 0.0130
0.6580 * 0.2174
0.2568 * 0.1547
0.0071 + 0.0042
0.0566 + 0.0527
0.0125 + 0.0026
0.0639 + 0.0581
0.1025 + 0.0789
0.0724 + 0.0461

0.2135 + 0.1580
0.2047 = 0.4415
0.0498 + 0.0574
0.1139 + 0.0843
0.0849 + 0.0692
0.0072 + 0.0036
0.0144 + 0.0032
0.3283 + 0.1650
0.0638 + 0.0183
0.0890 = 0.0051
0.0387 + 0.0391
0.0087 + 0.0021
0.0507 + 0.0441
0.0704 + 0.0927
0.1375 + 0.1509

0.0890 + 0.0319*%

0.0511 + 0.0345%
0.0365 + 0.0391%
0.0453 + 0.0332%

0.0280 + 0.0164%

0.0071 + 0.0067
0.0057 + 0.0031
0.0355 + 0.0870%
0.0435 + 0.0077
0.0137 + 0.0118
0.0132 + 0.0121%
0.0037 = 0.0019
0.0323 + 0.0113*
0.0198 + 0.0067%
0.0195 + 0.0087%

0.0595 + 0.0207%
0.0290 + 0.01588
0.0272 + 0.0317
0.0376 + 0.0247%
0.0138 + 0.00638
0.0176 + 0.0166
0.0076 + 0.0033
0.0483 + 0.0507
0.0470 + 0.0051
0.0016 + 0.0001
0.0186 + 0.0160
0.0065 + 0.0018
0.0707 + 0.0234
0.0290 + 0.0195
0.0287 + 0.0237%

Data are reported as % of the total injected radioactivity recovered per gram of tissue (mean * SD). 3H-FC = 3H-free cholesterol; 14C-
CE = 14C-cholesteryl esters. *P < 0.05 compared with 4C-CE in the control group; *P < 0.05 compared with 14C-CE in the cholesterol-
fed group; ¥P < 0.05 compared with the 3H-FC uptake of the control group; 8P < 0.05 compared with the 14C-CE uptake of the control
group (Mann-Whitney rank sum test).
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the particles is slowed down by induction of hyperlipi-
demia.

Cholesterol esterification is a fundamental process for
the homeostasis of sterol in the organism. In the circula-
tion, this reaction is catalyzed by lecithin cholesterol acyl
transferase (LCAT) using apoA1 as co-factor. It occurs
mostly in the HDL fraction that contains most of the apoA1
present in the plasma and where LCAT is also present
(12-14). In the cytoplasm, esterification of cholesterol is
catalyzed by acyl cholesterol acyl transferase (15-17) and
CE is the intracellular storage form of cholesterol. Choles-
terol esterification is an obligatory step of cholesterol
reverse transport, in which cholesterol is released from
the cells and is transported back to the liver and, thereaf-
ter, excreted to the intestine (18). FC is located in the
surface layer of the lipoprotein particles and, thus, it can
easily diffuse to the surrounding aqueous medium. The
in vitro study by Lundberg and Suominen (19) showed
that FC may detach from LDL particles and deposit in
cellular membranes of fibroblasts. In contrast, the newly
esterified molecules are displaced to the lipoprotein core
where they are sequestered from the plasma (20). There-
after, CE can be dislocated from the lipoprotein particle
only by the action of transfer proteins that may shuttle the
molecules to other lipoprotein particles (21). Esterifica-
tion is therefore crucial for the stabilization of the choles-
terol pool. Defects in this process, such as those resulting
from alterations in the LCAT and apoA1 structures and
expression, may result in premature atherosclerosis and
tissue deposition of FC such as in xanthomatosis (14,
15,22). It is worthwhile to point out that Hoeg et al. (23)
found that overexpression of LCAT in transgenic rabbits
and mice (24) prevented the development of atheroscle-
rosis induced by a cholesterol-rich diet (25,26).

Upon entry into the plasma compartment, the artificial
LDL-like nanoemulsion that is made without protein ac-
quires several exchangeable apolipoproteins that are
bound to the native lipoproteins or are free in the plasma
(27). Among those, apoA1 stimulates LCAT for esterifica-
tion of cholesterol (12) and apoE mediates the binding of
the nanoparticles to cell surface lipoprotein receptors,
mainly the LDL receptor that internalizes the nanopar-
ticles through a receptor-mediated endocytosis pathway
(27) as occurs with the native lipoproteins (28,29).

In the present study, cholesterol feeding led to re-
duced plasma clearance and there was a negative corre-
lation between serum cholesterol and FCR of both free
and esterified cholesterol. The reduction of the clearance
was the result of the diminished liver uptake of the la-
beled nanoemulsion that occurred in cholesterol-fed ani-
mals. Because the LDL-like nanoparticles are removed
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by the LDL receptors (27), it is conceivable that in choles-
terol-fed animals the competition for the receptors of the
artificial nanoparticles with the natural lipoproteins is in-
creased and thus the removal from the plasma, i.e., the
uptake by the tissues, is diminished. Furthermore, cho-
lesterol feeding down-regulates the lipoprotein uptake by
the LDL receptors (30-32), which aggravates the compe-
tition for receptor binding and makes the internalization
of the nanoparticles into the cells more difficult.

In control animals, the plasma decay curves of the
nanoemulsion FC and CE were similar, indicating that FC
does not dissociate from the nanoparticles while in the
plasma. In the liver tissue of the control rabbits, the uptake
rates of the two forms of cholesterol were also similar,
which implies that they were internalized simultaneously
into the cells. In contrast, in animals with induced dyslipi-
demia and atherosclerosis, while the removal of FC from
the plasma became greater than that of CE, the liver
uptake of FC was also greater than that of CE. These
results suggest that the prolonged circulation time of
nanoparticles that facilitated the dissociation of FC from
the nanoparticles also led to greater deposition of the
dissociated FC in the liver compared to CE, the marker of
the removal of the artificial LDL-like nanoemulsion. Upon
induction of dyslipidemia and atherosclerosis, the uptake
of the nanoemulsion was also reduced in most tissues
other than the liver because of the increase in competi-
tion with the native lipoproteins for cell uptake.

In the liver, the main uptake organ for VLDL, LDL and
lipid nanoparticles, the hyperlipidemia effect on uptake
has been well documented (30-32). Nonetheless, it is
interesting to point out that in the aortic arch, the main site
of atherosclerotic plaque installation (33,34), and also in
pancreatic, gonad, gallbladder, skin, and adipose tissue,
the induction of hyperlipidemia did not diminish the up-
take of the nanoparticle labels. This could be a clue for
the existence of a regulatory mechanism for lipoprotein
lipid uptake different from the liver and other tissues.

Current nutritional and drug treatment approaches for
hypercholesterolemia do not distinguish between CE and
FC in LDL. Together with our previous studies (6-8), the
results of the present investigation suggest that the two
cholesterol forms present distinct metabolic behavior in
pathological conditions and under therapeutic or dietary
interventions. CE and FC have also distinct potential for
harm, as shown for macrophage apoptosis, which is
induced by FC but not CE (35).

The induction of hyperlipidemia and atherosclerosis
created a dissociation between the metabolism of the FC
and CE components of an artificial lipoprotein model
regarding plasma kinetics and hepatic uptake.
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