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INTRODUCTION AND OBJECTIVES

Atherosclerosis is one of the main causes of mortality in developed countries. Data from
the literature support that atherosclerosis is a multifactorial disease in which inflammation and
dyslipidemia intersect and that regardless of the initiator, both participate from the early stages to
the final fate of the atheromatous plaque. One of the major risk factors in atherosclerosis is
alteration of plasma homeostasis, such as hypercholesterolemia. This initially affects the
endothelial cells, which they activate and as a result, they begin to express new adhesion molecules
and chemotactic factors that lead to the initiation of an inflammatory process. Inflammation
involves the recruitment of circulating immune cells that aggravate and accelerate the development
of atheroma [1].

The initial inflammatory response can be considered as a defense reaction mechanism, but
its subsequent amplification accelerates atherosclerosis [2, 3]. Also, components of plasma

lipoproteins, various microbial structures or heat shock proteins induce an inflammatory process



that, by itself, can generate the formation of atherosclerotic plague. Approximately half of patients
develop atherosclerosis in the absence of systemic hypercholesterolemia [4].

Although the entire vascular system is exposed to risk factors, atherosclerosis preferentially
develops in certain areas such as the branching points, the outer wall of the bifurcations, the inner
wall of the curves or heart valves, areas characterized by variations in flow stress or flow disorders
[5, 6]. Atheroma development is a continuous process. The progressive involvement of vascular
resident and non-resident cells and their secretory products define a sequence of consecutive steps
leading from the formation of lipid striae to fibro-lipid plaque and finally to plaque rupture and
atherothrombosis [2].

Lipoproteins are structures made up mainly of lipids and proteins. They fulfill the function
of transporting cholesterol, triglycerides and phospholipids in the plasma. Lipoproteins have two
components: a hydrophilic outer shell containing apolipoproteins, phospholipids and non-
esterified cholesterol and the hydrophobic central core, made up of esterified cholesterol and
triglycerides. Apolipoproteins ensure the solubility of lipoproteins, but they are also enzyme
cofactors or ligands for specific cell receptors. There are four major classes of apolipoproteins: A,
B, C and E. Apolipoprotein E (apoE) is a component of plasma lipoproteins, which participates in
the removal of atherogenic lipoproteins from circulation. In vitro and in vivo studies have shown
that apoE mutations are associated with elevated cholesterol levels and premature atherosclerosis
in both experimental animals and humans [7]. The physiological level of apoE in plasma is
associated with a decrease in the risk of cardiovascular diseases, by reducing the level of
circulating atherogenic lipoproteins, by cholesterol efflux, but also by inhibiting the expression of
adhesion molecules at the endothelial surface [8].

Recent advances in cardiovascular therapies have led to the development of new agents
that target specific apolipoproteins to reduce the risk of atherosclerosis [9, 10].

Nanoparticle science is rapidly changing the outlook of various scientific fields and
defining new technology platforms. This is probably even more evident in the field of
nanomedicine where nanoparticles have been used as a tool for the treatment and diagnosis of
many diseases [11]. However, despite the immense benefit conferred, there are also restrictions of
this technology aimed at short- and long-term effects on the human body.

The aim of this doctoral thesis was to determine some mechanisms of gene regulation that

lead to the decrease of the expression of some apolipoproteins and to produce fullerenol-based



nanoparticles coupled with apoE-€3 (Full-apoE) that mimic lipoprotein particles and that could be
used to compensate for the low expression of apoE.

Our hypothesis states that fullerenol-based nanoparticles with apoE-e3 (Full-apoE)
molecules bound to the surface mimic lipoproteins rich in apoE, offering significant anti-

atherosclerotic benefits, without side effects.

STRUCTURE OF THE PhD THESIS

In the first part of the thesis, data from the literature targeting the specialized functions of
lipoproteins and associated apolipoproteins are presented, together with their roles in plasma lipid
circulation and the development of atherosclerosis (Chapter 1) as well as new promising therapies
targeting specific apolipoproteins that could ultimately reduces the risk of atherosclerosis.

In Chapter 2, customized nanotechnologies for targeting cells involved in the development
of atherosclerotic plaques and the main classes of nanoparticles used in the diagnosis or treatment
of atherosclerosis are synthesized. We also highlighted the synthesis methods, stability and main
antioxidant characteristics of the fullerenol molecule.

In the second part of the thesis, the original results obtained on the gene regulation of some
important apolipoproteins in the atherogenesis process and the synthesis of nanoparticles with anti-
atherosclerotic potential are presented. Chapter 3 presents the results obtained in vivo and in vitro
on the regulation of some apolipoproteins involved in the development of atherosclerotic plaques
by some aromatic polyhydrocarbons present in the environment: Bisphenol A (BPA) and
Benzo(a)pyrene (BaP). Both BPA and BaP activate transcription factors that bind to specific sites
in the promoters of apolipoproteins apoA-1 and/or apoC-I and contribute to the development of
atherosclerotic lesions, through mechanisms involving NF-xB or AHR activation.

The methods used and presented in chapter 4 aimed to obtain by biotechnology the apoE-
€3 protein marked and secreted by mammalian cells, in order to build nanosystems with the apoE-
€3 isoform.

Chapter 5 presents the methods for obtaining nanoparticles based on fullerenol, coupled
with apoE and testing the anti-atherosclerotic effect in vivo on the line of apoE deficient mice. The
obtained fullerenol-based nanoparticles carrying apoE-e3 combine the anti-hyperlipidemic and
anti-oxidative properties of fullerenol with the anti-atherosclerotic and anti-inflammatory

properties of apoE-&3 and may represent a promising strategy for atherosclerosis.



GENERAL CONCLUSIONS

Although clinical outcomes in coronary heart disease have improved considerably over the
past several decades, the incidence of myocardial infarction and stroke continues to remain high.
Nanotechnology offers a unique approach by developing cell-specific multifunctional
nanoparticles. This will lead to new frontiers in diagnosis and therapy by targeting the molecules
involved in the processes leading to atherosclerosis, thus maintaining the potential for continuous
improvement in cardiovascular outcomes.

In this work, we analyzed the regulation of some important apolipoproteins in the
atherogenesis process by the substances present in the environment: bisphenol A (BPA) and
benzo[a]pyrene (BaP). Starting from the hypothesis that the pro-atherogenic effects of BPA are
mediated, at least in part, by the downregulation of the APOA-I gene, thus leading to a low amount
of anti-atherosclerotic HDL; we investigated whether BPA modulates APOA-I gene expression
and the molecular mechanisms involved in this regulation. The results obtained on LDLR-/- mice
treated with BPA showed that (i) BPA increased the area of atherosclerotic lesions in the aortas of
LDLR-/- mice; (ii) decreased HDL and apoA-I levels and increased plasma cholesterol and
triglyceride concentrations; (iii) the mechanism of this process involves the activation of NF-xB
pathways and consequently, the reduction of apoA-I expression in the liver. Our data demonstrated
that the APOA-I promoter contains functional NF-kB binding sites that are responsible for the
regulation of BPA-induced APOA-I gene expression.

We also investigated the modulatory potential of BaP on the expression of some key
apolipoproteins in lipid metabolism: apoA-1, apoC-I and apoE, and pursued a possible mechanism
by which BaP modulates the expression of these apolipoproteins, through in vitro studies, in
hepatocytes. The results of this study show that BaP induces the upregulation of apoA-1 and apoC-
| in hepatocytes through an AHR-dependent mechanism. AHR binds to the active sites in the apoA-
| and apoC-I promoters and leads to a decrease in apoA-I expression, respectively an increase in
apoC-I expression, in hepatocytes; which determines a potential risk for the development and
support of atherosclerotic plaques. A possible regulation mechanism of these apolipoproteins
based on the results obtained and what is known from the literature could be both directly through
AHR and indirectly through the dimerization of other transcription factors.

At the end of the paper | addressed nanotechnological strategies for the regression of

atherosclerotic plaques. For this, we deepened the genetic engineering techniques for obtaining



plasmids that express recombinant apoE. With these plasmids, we stably transfected mammalian
cells that synthesized apoE in the culture medium, from where we could isolate the protein of
interest, by affinity chromatography. We used this protein in order to obtain nanoparticles with
therapeutic potential in atherosclerosis.

Nanoparticles with apoE have been used to treat apoE deficient mice and we have observed
some significant anti-atherosclerotic benefits. The results obtained following the administration of
derivatized Full-apoE nanoparticles to atherosclerotic apoE-/- mice showed that Full-apoE NPs (i)
were included in the HDL and VLDL fractions; (ii) were distributed mainly in the liver, but also
in other tissues (such as brain, lung and kidney); (iii) caused an increased hepatic expression of
important molecules involved in lipid metabolism (such as apoA-I, ABCA1, SR-B1 and sortilin);
(iv) caused a decrease in plasma cholesterol levels and (v) inhibited the development of
atherosclerotic plaques. Fullerenol-based nanoparticles carrying apoE-e3 combine the anti-
hyperlipidemic and anti-oxidative properties of fullerenol with the anti-atherosclerotic and anti-
inflammatory properties of apoE-¢3 and may represent a promising strategy for atherosclerosis.

The main original contributions of this paper are:

(i) the gene regulation mechanism for APOAL in response to BPA activity, by activating NF-kB
and identifying the sites responsible for binding transcription factors on the APOA1 gene
promoter, resulting in a decrease in APOAL gene expression.

(if) gene regulation of APOA1 and APOCL1 in response to BaP through AHR activation and
translocation to the nucleus, where it binds to the promoters of these genes inducing a decrease in
APOAL and an increase in APOC1, which indicates a pro-atherosclerotic mechanism.

(iii) obtaining plasmid vectors encoding recombinant apoE and stably transfected RAW 293.7 and
bEnd.3 cells expressing the glycosylated apoE protein in the cell growth medium.

(iv) Design and characterization of apoE-coupled fullerene-based nanoparticles and in vivo

validation of the anti-atherosclerotic effects of Full-apoE.
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