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Supervisor’s Foreword

Corroles have been the main research topic in my group ever since we discovered
the one-pot synthesis of triarylcorroles in 1999. The immediate focus was on the
synthesis of various derivatives and the application of their transition metal
complexes for oxidation catalysis. Another synthetic discovery paved the way for
the research described in this thesis: the extremely facile preparation of corroles
with hydrophilic sulfonic acid head groups located on one pole of the otherwise
lipophilic molecule. This allowed for the use of the metal complexes of the
amphipolar corroles for biological and medicinal applications. In parallel, we
realized that metallocorroles are much more efficient catalysts for reduction than
for oxidation in both chemical and biomimetic systems. A particularly important
finding was that they serve very well as catalysts for decomposition of reactive
oxygen and nitrogen species (ROS and RNS, respectively) to biologically benign
molecules/ions. Since ROS/RNS are involved in the development and progress of
numerous diseases, we became interested in examining the feasibility of devel-
oping appropriate corrole metal complexes as therapeutic agents.

Adi, whose bachelor’s degree was in Molecular Biochemistry, was the first
graduate student of my (chemistry-only at that time) research group to be assigned
such a project. The first step was to examine the interaction of the amphipolar
corroles with various serum components, as the latter may be responsible for
distribution of the former between the various body tissues and involved in cellular
uptake. These investigations revealed very strong association of bis-sulfonated
triarylcorroles to several serum proteins, but even stronger binding to lipoproteins.
This important observation suggested that metal complexes of this corrole could
display beneficial effects on preventing atherosclerosis, and consequently cardio-
vascular diseases. Adi has examined the effects of three rationally designed cor-
role-metal complexes on the many variables that contribute to the development of
atherosclerosis, with focus on both the ‘‘bad’’ (LDL) and the ‘‘good’’ (HDL)
cholesterol carriers. The main novelty of Adi’s thesis is that she has disclosed that
the iron(III) complex of the bis-sulfonated corrole (1-Fe) prevents HDL from
becoming dysfunctional due to oxidation and consequential loss of anti-athero-
genic properties. 1-Fe also reduced the pro-atherogenicity of the true variant of
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‘‘bad cholesterol’’, oxidatively modified LDL. These and many other biochemical
tests were encouraging enough for justifying the move toward animal-based
models of atherosclerosis. Treatment of genetically engineered mice revealed that
oral administration of 1-Fe is highly beneficial for attenuating atherosclerosis
development, both in young asymptomatic mice and in aged mice with already
advanced signs of the disease.

The discoveries of this work were published in three international journals,
cited in Highlights in Chemical Science 2011, and served as the bases for two
patent applications. What is more, it paved the way for ongoing regulated pre-
clinical studies that are needed for advancing metallocorroles as potential drugs for
diseases where ROS/RNS have pronounced deleterious effects. All these
achievements were made possible due to Adi’s talent of managing to recruit for
her research methods from the disciplines of chemistry, biochemistry, biology, and
medicine.

Prof. Zeev Gross
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Chapter 1
Introduction

1.1 Biologically Relevant ROS/RNS

‘‘Free radicals’’ is the term commonly used for molecules or ions that contain an
odd number of electrons. The unavoidable presence of (at least) one unpaired
electron has an enormous impact on the chemical reactivity of free radicals. They
react very fast with non-radical species by either abstraction of an electron (acting
as an oxidizing agent), donation of an electron (acting as a reducing agent), or by
attachment to the non-radical [1]. The product formed in the latter case (commonly
termed secondary radical) also contains an unpaired electron, and hence may react
with another non-radical and propagate a chain reaction. An example of such a
process is lipid peroxidation, discussed in details in Sect. 4.2.1 (p. 50).

The term reactive oxygen species (ROS) includes not only oxygen-centered free
radicals, but also neutral molecules that are either oxidizing agents or easily
converted into radicals. Oxygen-based radicals include superoxide (O��2 ), peroxyl
radical (RO2�), alkoxyl radical (RO�), and hydroxyl radical (�OH), while hydrogen
peroxide (H2O2), hypochlorous acid (HOCl), and ozone (O3) are non-radical ROS.
Similarly, reactive nitrogen species (RNS) include the radicals nitric oxide (�NO)
and nitric dioxide (�NO2) and the non-radical peroxynitrite (ONOO-).

ROS and RNS are formed within the body due to exposure to radiation and
pollution, and also during normal biological processes. Minute levels of these
molecules fulfill some very important physiological roles, e.g., the radical �NO is
both an important signal transduction molecule and a powerful vasodilator.
Elevation in the amount of ROS/RNS leads to oxidative modifications of lipids,
proteins, sugars, DNA and other vital biomolecules. This eventually results in
serious biological malfunctions and, accordingly, the levels of ROS/RNS need to
be strictly controlled. Natural molecules with antioxidant properties and specific
enzymes that either neutralize the primary oxidizing species or interfere with the
radical chain reactions fulfill this mission [2]. Depletion of antioxidants and/or
overproduction of ROS/RNS leads to a situation called oxidative stress, which is
involved in the development and progression of numerous diseases. Oxidative
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stress increases with age due to decreased activity of antioxidant enzymes and is
hence implicated in aging and in many neurodegenerative diseases typical for
older individuals [3].

The main ROS/RNS formed in the body are depicted in Fig. 1.1. One source for
ROS production within all cells is the respiratory chain, which is responsible for
the four-electron reduction of O2 to water. Uncoupling of the delicate processes
occurring in mitochondria causes leakage of electrons from the electron carriers,
and results in one-electron reduction of oxygen to O��2 [4]. While this is accidental,
much of the O��2 formed in the body is functional. For instance, activated
phagocytes produce this radical for killing the bacteria that they engulf [5]. This is
achieved by NAD(P)H oxidases, which utilize nicotinamide adenine dinucleotide
(NADH) or the nicotinamide adenine dinucleotide phosphate (NADPH) as
electron donors for one-electron reduction of molecular oxygen. Vascular smooth
muscle cells and endothelial cells also contain NAD(P)H oxidases, and these
enzymes are a major source for ROS production in the vasculature [6].

O��2 is a relatively weak oxidant, which is effectively eliminated by the
superfast acting family of enzymes called superoxide dismutases (SOD,
Scheme 1.1) [7]. Note, however, that while this dismutation reaction eliminates a
free radical it leads to the production of a very harmful free radical precursor,
H2O2. The cytotoxicity of H2O2, which may also be formed by the action of
oxidases on molecular oxygen, stems from its Fenton reaction with transition
metal ions. The outcome is formation of the extremely reactive and damaging
hydroxyl radical (�OH). According to the above, complete neutralization of
O��2 requires the coupling of SOD with enzymes that either use or eliminate H2O2.
Enzymes that perform the latter function are catalases, which decomposes H2O2 to
molecular oxygen and water, and glutathione peroxidase, whose function relies on
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Fig. 1.1 The main ROS/
RNS in the body. The mild
oxidant superoxide may
transform to the more toxic
hydrogen peroxide or, in the
presence of nitric oxide, to
peroxynitrite. The two latter
species lead to the formation
of the very strong oxidants,
hydroxyl radical and nitrogen
dioxide radicals

2O2   + 2H+                         H2O2  +  O2
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H2O2                              H2O  +  1/2O2
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Scheme 1.1 The action of
ROS decomposition
enzymes. The reactions
catalyzed by: SOD (a),
catalase (b) and glutathione
peroxidase (c)
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oxidation of reduced glutathione (GSH) by H2O2 (Scheme 1.1) [8]. It is also
important to realize that Fenton chemistry is catalyzed by improperly chelated
transition metal ions (frequently called ‘‘free metals’’), but not by naturally
occurring metal-containing proteins, such as the iron-transporting transferrin and
heme-based proteins/enzymes.

An alternative fate for O��2 is reaction with �NO, formed by nitric oxide
synthases (NOS) that catalyze the oxidation of L-arginine to L-citrulline [9].
Enzymes of the NOS family are expressed in various cells in the cardiovascular
system, and it has been shown that in some cases the enzyme may get uncoupled
and produce not only �NO but also O��2 [10]. The reaction between the two
radicals, which is even faster than the decomposition of O��2 by SOD, creates a new
toxin: ONOO- [11]. Most of the anion is protonated to its acidic form under
physiological pH (pKa = 6.8), and the thus formed peroxynitrous acid (ONOOH)
is partial converted to the highly toxic �OH and �NO2 radicals [12]. There is no
known enzyme for the detoxification of ONOOH, and the reactions of the main
natural antioxidant molecules with this species are relatively inefficient (with rate
constants of 1.5�103 M-1 s-1 for glutathione, the major cellular antioxidant, and
2.3�102 M-1 s-1 for ascorbate, the major antioxidant in plasma) [13].

1.2 Atherosclerosis

Atherosclerosis is a chronic vascular disease, in which the arteries undergo
thickening and lose their elasticity as a result of cholesterol sedimentation in the
artery wall (Fig. 1.2). In the early stages of the disease cholesterol accumulates
within arterial macrophages, transforming them to lipid-loaded foam cells.
Extensive atherosclerosis narrows the artery lumen thus reducing blood flow, and
may develop to complete blockage of the artery. Three arteries are the major sites
of atherosclerosis: the coronary arteries, the cerebral arteries and the aorta.
Complete blood flow obstruction results in myocardial infarction (heart attack) or
stroke.

The pathology of the disease involves interaction between artery wall cells,
blood cells and plasma lipoproteins [14, 15]. Lipoproteins are the vehicles that
carry lipids in the bloodstream (additional data on lipoproteins may be found in
Table 4.1, p. 50). Very low density lipoprotein (VLDL) particles are synthesized
by the liver and their function is to transport fatty acids to adipose tissue and
muscle. After triglyceride removal in peripheral tissues, a portion of the remaining
VLDL is metabolized to low density lipoprotein (LDL) particles by further
removal of core triglycerides and dissociation of apolipoproteins. In humans, the
majority of serum cholesterol is carried by LDL particles, which are responsible
for delivery of lipids to peripheral tissues. LDL particles are cell-internalized by
endocytosis following binding to LDL receptors, and when they arrive to
lysosomes the cholesterol esters of LDL are hydrolysed and released to the cell
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(while the LDL receptors are recycled back to the plasma membrane). Within the
cell free cholesterol may undergo esterification by acyl CoA:cholesterol
acyltransferas (ACAT) for storage in lipid droplets. These cholesterol esters can
later be hydrolyzed by hormone-sensitive lipase, generating free cholesterol for
incorporation into membranes. Several processes regulate normal cholesterol
levels, which may be divided into uptake and removal events. Excess of
intracellular cholesterol inhibits cholesterol biosynthesis within the cell (further
described in Sect. 1.2.3.1, p. 7), as well as the expression of LDL receptor on the
cell membrane [16]. Removal of cholesterol is performed by high density
lipoproteins (HDL) in a process called reverse cholesterol transport, further
described in Sect. 1.2.2 (p. 6).

1.2.1 The Pro-Atherogenic Role of LDL and Macrophages

Circulating LDL is relatively protected against oxidation owing to the high
concentration of antioxidants in the blood. However, the endothelium and smooth
muscle cells of the artery wall produce radical species as part of their normal
function (described in Sect. 1.1, p. 1), thus creating high local concentrations of
ROS/RNS and leading to oxidation of LDL in the sub-endothelium space [17].
Elevation in plasma LDL levels leads to a higher steady state concentration in the
vessel wall. High blood LDL levels are indeed considered a major risk factor of
cardiovascular diseases (CVD). During oxidation, polyunsaturated fatty acids in
the cholesteryl esters, phospholipids and triglycerides present in LDL undergo
radical chain reactions to yield a broad array of fragments. The sole protein present
in LDL, apolipoprotein B100 (apoB100), may also be fragmented or modified by
covalent linkage of the lipid fragments to lysine residues.

Normal arteries do not contain oxidized LDL (oxLDL) [18], but lipoproteins
fractionated from atherosclerotic lesions are highly enriched with oxLDL,
approximately 70 times higher than the level in plasma LDL of the same patient
[19]. The mean concentration of oxLDL in plasma is also elevated in patients with

Vessel lumen

Endothelium cells

Smooth muscle cells
Foam cells

(a) (b)

Fig. 1.2 Normal and atherosclerotic arteries. Illustrations of a normal artery (a) and of an
atherosclerotic artery, in which foam cells have developed in the vessel wall (b)
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CVD relative to normal subjects, 1.5-fold for patients with carotid atherosclerosis
[19], and 3.4-fold for patients with myocardial infarction [20]. Plasma LDL from
patients with high risk to develop atherosclerosis, such as hypercholesterolemic
and diabetic, also demonstrate increased susceptibility to ex vivo oxidation
compared with LDL from normal subjects [21]. Nitrotyrosine-modified LDL, a
specific marker for the presence of RNS, is up to 80-fold elevated in atheroscle-
rotic lesions relative to circulating LDL [22].

Several atherogenic properties are displayed by oxLDL (Fig. 1.3): they cause
the recruitment of monocytes (circulating leukocytes) to the artery wall, promote
the differentiation of these monocytes into macrophages, inhibit the ability of the
macrophages to leave the artery wall, support the transformation of macrophages
to foam cells, and more [17]. The recruited macrophages release large amount of
radicals, consequently leading to increased local oxidative stress and to subsequent
LDL oxidation. While native LDL is taken up by macrophages in a regulated
manner by the LDL receptor, the internalization of oxLDL is mediated by
scavenger receptors that are not controlled by the presence of excess cholesterol.
This causes the accumulation of cholesterol within the macrophages and thus to
their transformation to foam cells, the first step in the development of an
atherosclerotic plaque. So while the recruitment of monocytes and their
differentiation into macrophages may initially serve a protective function by
removing cytotoxic oxLDL particles, progressive accumulation of macrophages
ultimately leads to development of atherosclerotic lesions.

Fig. 1.3 The pro-atherogenic activities of oxLDL. LDL is oxidized in the arterial wall. The
resultant oxLDL recruits monocytes to the artery wall (a), promotes their differentiation into
macrophages (b), reduces macrophages escape from the artery wall (c), and supports
transformation of macrophages to foam cells (d)
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1.2.2 The Anti-Atheroginicity of HDL

HDL exhibits several anti-atherogenic properties, and accordingly low plasma
levels of HDL are considered a risk factor of CVD. Reverse cholesterol transport is
considered a major cardioprotective property of HDL, since it commences with the
efflux of free cholesterol from cell membranes to lipid-poor nascent HDL. This
process is largely dependent on apolipoprotein A-I (apoAI), the most abundant
apolipoprotein in HDL [23]. Subsequent esterification of cholesterol by lecithin-
cholesterol acyltransferase (LCAT) generates small spherical HDL (subfraction 3,
HDL3) and, in turn, large spherical HDL (subfraction 2, HDL2). These spherical
HDL contain a lipid core of mainly cholesterol ester, which can then be exchanged
for triglycerides with other lipoproteins by the action of cholesterol ester transfer
protein (CETP) or be cleared from the body by specific uptake to the liver. Another
important role of HDL is its antioxidant activity. HDL serves as a ‘‘sink’’ for lipid
hydroperoxides, which it extracts from oxidized membranes and from oxLDL and
transports to the liver for detoxification. ApoAI is a major component of this
activity, as it is responsible for extraction of the oxidized lipids [24]. Several HDL-
associated enzymes, mainly paraoxonase 1 (PON1), also contribute to the anti-
oxidative activity of HDL by hydrolysis of oxidized phospholipids that accumulate
in HDL [25].

It is important to realize that HDL is even more prone to oxidation than LDL
because of its lower antioxidant content and its higher concentration in the artery
wall. The latter is due to its smaller size and its greater serum concentration.1

Plasma of diabetes and coronary artery disease patients show a 1.5-fold increase in
oxidized HDL (oxHDL) concentrations indeed [26]. Nitrotyrosine-modified HDL
levels are also increased in subjects with cardiovascular disease [27]. Oxidation of
HDL alters both its lipid and its protein composition, and impairs its beneficial
activities [28]. This includes reduced LCAT activity even under subtle oxidation,
decreased PON1 activity in correlation with increased HDL oxidation, and more.
The awareness to dysfunctional HDL is steadily increasing during the last decade.

1.2.3 Common Treatments for Atherosclerosis

Risk factors for development of atherosclerosis include obesity, hypertension,
smoking, lack of exercise and more. Therapeutic means can be designed against
many steps in the atherogenic process, including those affecting LDL levels and

1 When conducting blood tests the value measured is the amount of cholesterol in LDL and HDL
(LDL-C and HDL-C, respectively), and so higher values are related to the cholesterol rich LDL
(typically two to threefold more than for HDL), although on a molar basis the concentration of
HDL is much higher (see Table 4.1, p. 50).
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oxidation, reverse cholesterol transport, and others. Two main methods are statin
treatment and antioxidant consumption.

1.2.3.1 Statins

The main dogma for prevention of CVD is to control plasma cholesterol levels by
an appropriate diet, and if necessary by pharmaceuticals [29]. The leading drugs
for lowering serum LDL are statins (Scheme 1.2), which have increased the
lifespan of humans by up to 4 years, more than all other drugs developed during
the last 30 years [30]. However, statin treatment still reduces cardiovascular events
by only 30% [31], as this multi-factorial disease requires more than just balancing
of serum cholesterol levels. Treatment with high doses of statins (80 mg) is
recently turning out to be highly problematic due to severe side effects, including
muscle pain and a negative impact on diabetes development [32, 33].

Statins act mainly by affecting the de novo biosynthesis of cholesterol. The
biosynthetic pathway is a multistep process, with one of the earliest steps being the
transformation of 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA,
Scheme 1.2) to mevalonate. This committing step of the synthesis is catalyzed by
the enzyme HMG-CoA reductase (HMGCR). The natural control of the enzyme is
achieved by feedback inhibition, with cholesterol reducing HMGCR gene
expression by reducing mRNA transcription and protein translation and increasing
protein degradation. A second level of control, which balances the active pool of
the enzyme, is deactivation of the protein caused by its phosphorylation. Statins
act by competitive inhibition of the HMGCR enzyme, with the main target being
the liver. Reduced cellular cholesterol biosynthesis increases cellular intake of
cholesterol, thus removing LDL from the plasma and lowering its chance to
become oxidized.

1.2.3.2 Dietary Antioxidants

Vitamin E (a-tocopherol, Scheme 1.3) is the most important lipophilic antioxidant
in biological systems. It is situated within lipoproteins and rapidly reacts with lipid
peroxides, thus interfering with the propagation of lipid peroxidation, the first step
in lipoprotein oxidation (for more details see Sect. 4.2.1, p. 50). This reaction
yields a tocopheryl radical, which may then react with an additional lipid peroxide
to terminate the radical reaction. However, at low radical fluxes the tocopheryl
radical may react with a poly-unsaturated fatty acid before it encounters a second
lipid peroxide, thus serving as a pro-oxidant [34]. Alternatively, a-tocopherol may
be regenerated from its radical by ascorbic acid (vitamin C, Scheme 1.3), the main
water soluble antioxidant. As a-tocopherol is present within lipoproteins in very
low amount (only 8-12 molecules per each LDL particle and less than 1 molecule
per each HDL particle) [28], this recycling by ascorbate is very important, and is
responsible for the efficient protection of lipoproteins against oxidation within the
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circulation. However, ascorbic acid may also act as a pro-oxidant as it reduces
transition metal ions to a low valence state (Cu(I), Fe(II), etc.) in which they
catalyze the transformation of lipidic hydroperoxides (or hydrogen peroxide) into
radicals [34].
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Scheme 1.3 The chemical structure of main antioxidants in the body. Reduced and oxidized
tocopherol (a), and reduced and oxidized ascorbate (b)
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Concentrations of a-tocopherol and ascorbic acid are mainly influenced by
dietary intake. The involvement of oxidative stress in the development of
atherosclerosis thus implicates an antioxidant rich diet as a means for reducing
plaque formation. Indeed, consumption of food rich with these and other dietary
antioxidants (such as pomegranate juice and red wine) have been shown to
reduce the risk of atherosclerosis [21, 35], though vitamin supplements were
highly disappointing [36, 37]. While bioavailability is one concern regarding the
inefficiency of dietary antioxidants, the main problem is their sacrificial mode of
action—one antioxidant molecule detoxifies only one (or maximum two)
radical(s).

1.3 Corroles

Corroles are tetrapyrolic macrocycles of structural skeletal resemblance to the
cobalt-chelating corrin molecule of vitamin B12. In contrast with the corrin, the
corrole molecule is fully unsaturated and of aromatic conjugation, and hence more
closely related to porphyrins, the iron-chelating prosthetic groups present in
numerous heme enzymes and proteins (e.g., hemoglobin and cytochromes). The
basic skeleton of the corrole contains one carbon atom less than that of the
porphyrin, making its core smaller than that of the porphyrin (scheme 1.4). In
addition, while porphyrins are di-anionic ligands, the corroles are tri-anionic.
Porphyrins have been extensively utilized for many years in various applications,
however the field of corroles (first discovered at 1964) remained almost futile up to
1999, when a very simple and efficient methodology for the synthesis of
triarylcorroles was discovered [38]. Later, water soluble derivatives of these
corrole were developed [39, 40], allowing for their employment in biological
applications [41–47]. The lower symmetry of the corrole relative to the porphyrin
allowed for easy access to derivatives that have polar substituents on only one side
of the corrole molecule, thus forming an amphipolar condition.

The meso positions (the carbon atoms bringing between the pyrol rings) of
corroles and porphyrins are very reactive and easily oxidized, and hence
meso-substituted derivatives of both macrocycles, such as those depicted in
scheme 1.5, are more stable and suitable for various applications [48]. Despite of
this ease of oxidation, corroles still stabilize high oxidation states of their chelated
metal ions more effectively than most ligands. This is due to their small core
together with the high anionic charge, thus turning them to strong r donors that
considerably raise the energy of the metal d orbitals and reduce the metal’s
oxidation power [49]. In contrast with ‘‘free iron’’, and most other iron complexes,
which mainly increase oxidative stress, iron corrole complexes are actually
reducing agents, and they do not release the metal even under extreme conditions.
These characteristics paved the way for using transition metal complexes of
corroles for the detoxification of ROS/RNS, as described in Sect. 1.3.1 (p. 10).
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The structures of the compounds relevant for this research, the bis-sulfonated
corrole metal complexes (1-Fe, 1-Mn and 1-Ga) and the natural (hemin) and
synthetic iron porphyrin complexes (2-Fe and 3-Fe), are outlined in Scheme 1.5.

1.3.1 Catalytic Antioxidants

Dietary (sacrificial) antioxidants are rapidly and irreversibly consumed in the
body, and thus display limited effectiveness against oxidative stress (Sect. 1.2.3.2,
p. 7). The use of antioxidant enzymes as therapeutic agents to attenuate ROS-
induced damage has also had mixed success, as due to their large size they display
low cell permeability, short circulating half-life, and antigenicity [50]. One
problem shared by both antioxidant groups is their non-efficiency against
peroxynitrite, a reactive species that damages lipoproteins and the arterial wall. To
overcome many of these limitations, an increasing number of low molecular-
weight synthetic catalytic antioxidants have been developed, which serve as SOD
and catalase mimetics, and may also decompose peroxynitrite in a catalytic
manner [51, 52]. Transition metal complexes of corroles and porphyrins are such
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Scheme 1.5 The chemical structure of the compound discussed in this research. Bis-sulfonated
corrole complexes (a), synthetic iron-porphyrins (b) and the natural iron porphyrin (c)
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catalytic antioxidants. The catalytic rates for decomposition of O��2 , H2O2 and
ONOOH by the corroles 1-Fe and 1-Mn are given in Table 1.1.

Several important features should be mentioned regarding the two corrole
complexes. First, 1-Fe is more efficient than 1-Mn for the decomposition of all
three main physiologically relevant ROS/RNS. Secondly, while 1-Fe decomposes
peroxynitrite by an isomerization mechanism to nitrite (NO3

-), 1-Mn acts by
disproportionation to form nitrate (NO2

-). Third, 1-Mn is the first manganese
complex to display true catalytic activity, without the need for supplementation
with reducing agents [56]. Fourth, although the most optimized porphyrin-based
catalytic antioxidants display higher catalytic rates regarding O��2 decomposition
and similar rates regarding ONOOH detoxification, they are very poor catalase
mimetics and their synthesis is a long and tedious task.

1.3.2 Electronic Spectra

Corroles display rich absorbance spectra at the visible range, which serve as an
important tool for their detection and characterization, and will hence be exten-
sively discussed throughout this text. The electronic spectra of corroles are typi-
cally composed of strong (e = 105–106 M-1�cm-1) near-UV absorption(s), termed
Soret band(s), and of weaker (e = 103–104 M-1�cm-1) visible range absorptions,
termed Q bands. The UV–vis absorbance spectra of buffered solutions of the
corroles relevant for this research are depicted in Fig. 1.4.

Table 1.1 Catalytic rates for ROS/RNS decomposition by 1-Fe and 1-Mn

Compound O��2 decomposition
[M-1 s-1] [53]

H2O2 decomposition
[M-1 s-1] [54]

ONOOH decomposition
[M-1 s-1] [55]

1-Fe 3 9 106 6400 3 9 106

1-Mn 5 9 105 None 9 9 104
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Chapter 2
Research Goals

1 To characterize the interactions between corroles and lipoproteins.

2 To explore the effect of corroles on oxidative and nitrosative damage to
lipoproteins.

3 To characterize the interactions between corroles and macrophages.

4 To explore the effect of corroles on macrophage atherogenicity.

5 To investigate the effect of corroles on atherosclerosis development in mice.
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Chapter 3
Results

3.1 Interactions of Corroles with Lipoproteins

3.1.1 Corrole-Lipoproteins Binding

LDL or HDL were incubated with 10 lM 1-Fe, 1-Mn or 1-Ga, and the absorbance
spectra were measured. The solutions were extensively dialyzed, and their
absorbance spectra measured again. Final corrole concentrations in the solutions
were calculated from the percent reduction in absorbance before and after dialysis,
leading to the conclusion that the maximal binding capacity of the lipoproteins is
35–45 corrole molecules to each LDL particle and 10–12 to each HDL particle
(Table 3.1).

3.1.2 Corrole Distribution in Serum

3.1.2.1 Qualitative Analyses

Human serum was incubated with or without 40 lM 1-Fe, 1-Mn or 2-Fe and then
subjected to KBr density gradient separation (Fig. 3.1). This procedure caused
fractionation of the serum, with the VLDL floating at the top of the tube, LDL
forming a distinct yellow ring about a third tube length from the top, HDL
providing a light yellow smear a third tube length from the bottom, and the
lipoprotein-deficient serum (LPDS) residing at the bottom of the tube. For serum
pre-treated with 1-Fe or 1-Mn (or 1-Ga) the green color of the corrole was seen in
the HDL fraction while the red 2-Fe was located in the LPDS fraction.

A. Haber, Metallocorroles for Attenuation of Atherosclerosis, Springer Theses,
DOI: 10.1007/978-3-642-30328-9_3, � Springer-Verlag Berlin Heidelberg 2012

17



3.1.2.2 Quantitative Analyses

Human serum containing 100 lM 1-Fe (Fig. 3.2), 1-Mn (Fig. 3.3) or 1-Ga
(Fig. 3.4) was subjected to size exclusion HPLC separation. Protein-containing
fractions were detected by recording chromatograms at 280 nm, indicating elution
of VLDL at 15 min, LDL at 23 min, HDL2 at 31 min, HDL3 at 34 min and non-
lipoprotein associated proteins at more than 45 min. The presence of corrole in the
various fractions was identified by 420 nm chromatograms together with full
electronic spectra of the eluting fractions. Measurements of peak area from the
420 nm chromatograms revealed that 85 % of 1-Fe was bound to HDL2, none was
bound to HDL3, and the remaining 15 % was bound to LDL (the peak observed at
the retention time of VLDL was due to other colored material, as it did not display
the characteristic spectrum of 1-Fe). 1-Mn and 1-Ga displayed lower binding
selectivity, with the corrole residing in all lipoprotein fractions. About 60 % of
these corroles was bound to HDL2, approximately 30 % to LDL and the remaining
distributed both to HDL3 and to VLDL. The distribution of the aluminium and
cobalt complexes of the bis-sulfonated corrole were also examined, but their
binding was even less selective than that of 1-Mn and 1-Ga, and hence they were
not further investigated. Similar HPLC experiments with the analogous sulfonated
porphyrin 2-Fe revealed that this compound did not elute with any of the serum
constitutes under the very diluting conditions of the HPLC experiments, whereas
the natural porphyrin hemin eluted almost exclusively within the HDL fraction
(but in this case HDL3).

Fig. 3.1 The serum
distribution of 1-Fe, 1-Mn
and 2-Fe in a KBr density
gradient. KBr fractionation of
serum without or with 40 lM
of 1-Fe, 1-Mn or 2-Fe

Table 3.1 The stoichiometry of corrole binding to isolated lipoproteins

Lipoprotein
type

Lipoprotein
concentration
(lM)

Initial corrole
concentration
(lM)

Absorbance
reduction (%)

Final corrole
concentration
(lM)

Corrole
molecules per
lipoprotein

LDL 0.2 10 10–30 7–9 35–45
HDL 0.6 10 25–35 6.5–7.5 10–12
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Examination of 1-Fe distribution under high corrole concentrations was
achieved by incubation of serum with 500 lM of 1-Fe (while diluting the serum
two fold, thus increasing the amount of corrole relative to serum ten folds relative
to above mentioned experiments), its dialysis to remove any free or loosely bound
corrole, and then its fractionation by the same HPLC method described above
(Fig. 3.5). In this serum, containing its maximal load of 1-Fe, the corrole was still
bound only to lipoproteins, but with lower binding selectivity: 75 % to HDL2,
20 % to LDL, and the rest to VLDL and HDL3. The spectra of HPLC-eluted 1-Fe/
HDL2 conjugates for 100 lM (Fig. 3.2) relative to excess (Fig. 3.5) 1-Fe were
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Fig. 3.2 The serum distribution of 1-Fe determined by HPLC. The chromatograms at 280 nm
(light line, relative to the left y-axis) and 420 nm (dark line, relative to the right y-axis), obtained
by HPLC separation of serum containing 100 lM 1-Fe (a) and the absorbance spectra of the
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Fig. 3.3 The serum distribution of 1-Mn determined by HPLC. The chromatograms at 280 nm
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somewhat different: (a) the Soret band differed by 6 nm in the two cases—424 nm
relative to 418 nm for low and high corrole concentrations, respectively, and (b)
the relative intensities of the two Q bands were dissimilar, with the 620 nm band
[that does not appear in buffer solutions (Fig. 1.4, p. 11)] more intense for low
corrole concentration and the 550 nm absorbance stronger for the high concen-
tration. However, the characteristics of the 1-Fe/LDL spectrum were not affected
by the amount of corrole added to the serum. Examining the 280 nm/420 nm
absorption ratio at 31 min (corresponding to the HDL2 peak maxima) and com-
paring it to the ratio measured for solutions in which known amounts of 1-Fe were
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Fig. 3.4 The serum distribution of 1-Ga determined by HPLC. The chromatograms at 280 nm
(light line, relative to the left y-axis) and 420 nm (dark line, relative to the right y-axis), obtained
by HPLC separation of serum containing 20 lM 1-Ga (a) and the absorbance spectra of the
eluted 1-Ga/HDL2, 1-Ga/LDL and 1-Ga/VLDL conjugates (b)

20 3 Results

http://dx.doi.org/10.1007/978-3-642-30328-9_1


added to purified HDL2 allowed for determination of the molar ratio between 1-Fe
and HDL2 within the conjugates. For the low 1-Fe concentration, one corrole
molecule per two HDL2 particles was calculated, whereas two corrole molecules
per one HDL2 particle were identified when using the high 1-Fe concentration.

The effect of different LDL and HDL concentrations in serum on the distribution
of 1-Fe and 1-Mn was examined by adding 100 lM of corroles to sera with different
lipid profiles, and conducting the above HPLC separation. Three very different sera
were used, displaying normal lipoprotein values (LDL-C * 100 mg/dL,
HDL-C * 50 mg/dL), high LDL and normal HDL values (LDL-C * 200 mg/dL,
HDL-C * 50 mg/dL), and extremely low LDL but high HDL values (LDL-
C * 50 mg/dL, HDL-C * 80 mg/dL). However, no significant differences in
corrole distribution were displayed within the various serum samples.

3.1.2.3 Corrole Distribution in Serum of Treated Mice

Control C57Bl/6 mice were IP injected with 200 lL of 1 mM 1-Fe or 1-Ga, blood
was taken from the mice 40 min later, and the serum was subjected to the HPLC
separation (Figs. 3.6 and 3.7). The 420 nm chromatograph indicated the presence
of colored species only within the HDL fraction, but the absorbance spectrum at
the relevant time point was not precisely as expected for the corroles. In the case of
1-Fe the characteristic 620 nm peak was observed, and for 1-Ga the 610 nm peak
was seen, indicating the presence of these compounds in the HDL fraction of the
serum. In both cases additional long wavelength peaks appeared at 543 and
576 nm. Serum from non-treated mice also displayed the elution of a colored
species at the same time point, that contained these two peaks but no peaks at a
wavelength higher than 600 nm. A strong peak at 413 nm was also observed,
indicating that this species was hemin, apparently liberated from red blood cells
upon blood collection.

3.1.3 Spectral Changes in the Presence of Lipoprotein
Components

3.1.3.1 Electronic Spectra with Lipoproteins

The spectra of the HPLC-eluted conjugates of 1-Fe with HDL2 or LDL (Fig. 3.2,
p. 19) and that in buffer (Fig. 1.4, p. 11) differed by the following aspects: (a) the
Soret band of 1-Fe/HDL2 was 10 nm red-shifted relative to that of 1-Fe/LDL,
which in turn was 10 nm red-shifted relative to the 404 nm band of 1-Fe in buffer
alone; and (b) only the former had a new distinct Q band at 620 nm, that also did
not exist for 1-Fe in buffer, which was stronger than the 550 nm band. These
spectral differences were also reflected by the 1-Fe buffer solutions turning from

3.1 Interactions of Corroles with Lipoproteins 21

http://dx.doi.org/10.1007/978-3-642-30328-9_1


red to green when mixed with either whole serum or with isolated HDL2, but not
when mixed with isolated LDL. 1-Mn conjugates with both HDL and LDL dis-
played practically identical absorbance spectra (Fig. 3.3, p. 19), which differed
from that in buffered solutions (Fig. 1.4, p. 11) by one main aspect: Upon addition
of lipoproteins, the 480 nm band shifted to 476 nm and became the most intense
absorbance peak. For 1-Ga, no significant spectral changes were detected fol-
lowing lipoprotein binding (Fig. 3.4, p. 20; Fig. 1.4, p. 11).

3.1.3.2 CD Spectra with Lipoproteins

Circular dichroism (CD) spectra of corrole conjugates with HDL2 and LDL were
measured. While 1-Fe/LDL solutions provided no CD signals at the visible range, the
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Fig. 3.6 The in vivo serum distribution of 1-Fe in mice. The chromatograms at 280 nm (light
line, relative to the left y-axis) and 420 nm (dark line, relative to the right y-axis), obtained by
HPLC separation of serum from C57Bl/6 mice IP injected with 1-Fe (a) and the absorbance
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CD spectrum of 1-Fe/HDL2 was very rich (Fig. 3.8). On the contrary, 1-Mn/HDL2
and 1-Ga/HDL2 solutions, as well as 1-Mn/LDL and 1-Ga/LDL solutions, displayed
no CD signals.

3.1.3.3 Electronic Spectra with Amino Acids

The electronic spectra of 1-Fe in buffer following the addition of various basic
amino acid esters were measured. The only amino acid that induced the formation
of the 1-Fe/HDL2 characteristic 620 nm band was histidine (Fig. 3.9). Titration of
1-Fe with increasing amounts of the histidine ester displayed isosbestic points
(at 410 and 590 nm) only at relatively low excess of histidine (up to ten fold
excess), whereas the characteristic 620 nm band became more pronounced than
that at 550 nm only under higher histidine concentrations (C40-fold excess).
A spectrum very similar to that of the HPLC-eluted 1-Fe/HDL2 conjugates
(Fig. 3.2) was displayed only at very high histidine excess ([100 fold excess).
Titration of 1-Mn solutions with histidine displayed only very minor spectral
changes and only at very high histidine excess ([100-fold).

3.1.3.4 Electronic Spectra with Liposomes

Liposomes (containing oleic acid phosphatidylcholine, cholesterol and cholesterol
oleate) were reconstituted without proteins or with apolipoprotein E (apoE) or
PON1, and their effect on the electronic spectra of 1-Fe or 1-Mn was examined.
For 1-Fe only minor changes were evident upon liposome addition (Fig. 3.10): the
Soret band red-shifted by about 10 nm (relative to 404 nm in buffer alone) but
without any change in the Q bands region (no 620 nm band). This change was
similar to that obtained following LDL but not HDL2 addition to 1-Fe (Fig. 3.2, p.
19). The spectrum of 1-Mn was affected by either liposome solution at the same
way it was affected by both LDL and HDL—a blue-shift and enhancement of the
480 nm band (Fig. 3.11; Fig. 3.3, p. 19).
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Fig. 3.10 The absorbance spectra of 1-Fe with liposomes. The absorbance spectra of 1-Fe in the
presence of liposomes containing only lipids (a) or also apoE (b) or PON1 (c)
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Fig. 3.11 The absorbance spectra of 1-Mn with liposomes. The absorbance spectra of 1-Mn in
the presence of liposomes containing only lipids (a) or also apoE (b) or PON1 (c)
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Fig. 3.9 The effect of histidine on the absorbance spectrum of 1-Fe. Changes in the absorbance
spectrum of 1-Fe upon its titration with histidine methyl ester: (a) 0, 2.5, 5.0 7.5, and 10.0
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3.1.3.5 Electronic Spectra in Serum from PON1-KO and E0 Mice

Serum was drawn from apoAI knock-out (apoAI-KO) mice apoE-deficient (E0)
mice, from PON1 knock-out (PON1-KO) mice, and from control mice (C57Bl/6),
incubated with 100 lM 1-Fe, and separated by HPLC. The corrole eluted within
the HDL fraction for all mice types examined, and the eluted 1-Fe/HDL displayed
the 620 nm characteristic absorbance band in all cases (Fig. 3.12). In the case of
the E0-mice the spectrum was more complicated than expected for 1-Fe as hemin
co-eluted in this fraction (as also seen in the in vivo experiments, Fig. 3.7, p. 21).

3.1.3.6 Electronic Spectrum with PON1-Treated HDL2

HDL2, presumed to be free of PON1, was incubated with PON1 at a concentration
approximately that of apoAI, and the absorbance spectrum of 1-Fe in such solu-
tions was recorded. Three differences were displayed relative to non-PON1 treated
solutions: the peak at 620 nm decreased very much, the 550 nm peak was
enhanced, and the Soret band blue shifted by 5 nm (Fig. 3.13).

3.2 The Effect of Corroles on Oxidative-Stress-Induced
Lipoprotein Damage

3.2.1 Copper-Ions-Induced Oxidation

LDL or HDL were incubated with or without increasing concentrations of 1-Fe, 1-Mn
or 1-Ga, and oxidation was initiated by the addition of copper sulfate (Fig. 3.14). For
both lipoproteins, concentrations of C2.5 lM 1-Fe completely eliminated
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Fig. 3.12 The spectra of 1-Fe/HDL conjugates formed in the serum of various KO mice strains.
The absorbance spectra of the fraction eluted at 31 min for the HPLC separation of serum from
apoAI-KO (a), E0 (b), and PON1-KO (c) mice treated with 100 lM 1-Fe
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hydroperoxides formation and reduced aldehydes formation by C80 %. While 1-Mn
decreased hydroperoxides formation under all examined concentrations, a major dose-
dependent increase in aldehydes formation was nevertheless observed. 1-Ga had no
effect on any of the examined parameters of lipoprotein oxidation.

Oxidation kinetics was measured for either LDL or HDL incubated with
2.5 lM of either 1-Fe or 1-Mn, followed by addition of copper sulfate (Fig. 3.15).
In non-corrole treated LDL the appearance of oxidation products commenced after
approximately 30 min from initiation, while HDL oxidation had virtually no delay
time. When pre-treated with 1-Fe, both LDL and HDL displayed no lipoprotein
damage following addition of copper ions. However, in the presence of 1-Mn
oxidation was actually enhanced: (a) all examined oxidation products began to
appear earlier than in control (with a delay time of only about 15 min for LDL);
(b) conjugated dienes formation leveled off after only 50 min relative to 90 min in
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Fig. 3.14 The dose-dependent effect of corroles on copper-ions-induced lipoprotein oxidation.
The effect of various concentrations of 1-Fe (m), 1-Mn (r) or 1-Ga (d) on LDL hydroperoxides
(a); and aldehydes (b); formation 2 h after the addition of copper sulfate and on HDL aldehydes
formation (c) 5 h after the addition of copper sulfate
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the control; (c) the peak of hydroperoxides formation, which was not observed
within the time scale of the experiment for the control, appeared after only 45 min;
and (d) the amount of aldehydes formed was greatly increased relative to control.

3.2.2 Peroxynitrite-Induced Oxidation

3.2.2.1 Establishing SIN-1 Working Concentration

HDL was incubated overnight with various concentrations of SIN-1, and then the
amount of lipoprotein oxidation and nitration was examined. Lipid oxidation highly
increased in correlation with the concentration of added SIN-1 (Fig. 3.16), as seen
from the elevation in conjugated dienes and hydroperoxides levels. Only relatively
low amounts of aldehydes were formed, reaching saturation at 250 lM of SIN-1.
Protein oxidation was also highly dependent on SIN-1 concentrations (Fig. 3.17),
with tryptophan fluorescence decreasing by 80 % with the highest examined con-
centration of SIN-1. Protein analysis by denaturating gel electrophoresis revealed
several distinct differences between native and SIN-1-treated HDL associated
proteins. For native HDL three main bands were observed: (a) near 72 kDa, cor-
responding to HSA (Mw = 66 kDa, identity confirmed by MS–MS); (b) near
26 kDa, corresponding to apoAI (Mw = 28 kDa, identity confirmed by MS–MS);
and (c) at the front of the run (B17 kDa), apparently corresponding to a variety of
low molecular weight apolipoproteins. Following treatment with SIN-1 three dose-
dependent changes were seen: (a) a new very high molecular weight band appeared,
corresponding to apoAI oligomers (identified by MS–MS); (b) the migration dis-
tance of the monomeric apoAI band was shorter (reduced from Rf = 0.69 to
Rf = 0.66); and (c) the intensity of the monomeric apoAI band was reduced.
Another new band that was formed following SIN-1 treatment at about 43 kDa did
not show a dependency on oxidant concentration. This band was found to contain
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Fig. 3.15 The effect of corroles on the kinetics of copper-ions-induced lipoprotein oxidation.
Kinetics of conjugated dienes (a), hydroperoxides (b) and aldehydes (c) formation for LDL and
conjugated dienes formation (d) for HDL following oxidation by copper sulfate without (j) or
with 2.5 lM of 1-Fe (m) or 1-Mn (r)
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apoAI (identified by MS–MS), and may thus be expected by its molecular weight to
be a heterodimer of apoAI and some low molecular weight apolipoproteins, but
supporting evidence for the presence of a second protein in the band were scarce.

A characteristic protein oxidative modification induced by RNS is nitration of
tyrosine residues, a feature that was measured both by a competitive ELISA assay
and by WB analysis (Fig. 3.18). While both methods revealed a large increase in
total protein nitration in treatment with C500 lM of SIN-1, the former was not
sensitive enough to detect such modifications at lower concentrations (the absor-
bance of those samples was out of the range of the calibration curve, and so the
negative values). Analysis of the specific bands on the WB membrane reveals that
HDL-associated HSA was the first protein to be nitrated, a phenomenon which
proceeds in a dose-dependent manner. Nitration of both monomeric and
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Fig. 3.17 The dose-dependent effect of SIN-1 on lipoprotein protein oxidation. The effect of
overnight treatment of HDL with various concentrations of SIN-1 on the oxidation of tryptophan
residues (a) and on the electrophoretic pattern of HDL proteins (b)
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Fig. 3.16 The dose-dependent effect of SIN-1 on lipoprotein lipid peroxidation. The effect of
overnight treatment of HDL with various concentrations of SIN-1 on formation of fatty acid
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oligomeric apoAI was only observed at SIN-1 concentration of 500 lM, and the
nitro group was identified (by MS–MS) to be on the tyrosine at position 29 (while
the new 43 kDa band was doubly nitrated at positions 29 and 18). At the highest
SIN-1 concentration, specific nitrated bands were hard to identify, as a smear was
seen thoroughout the whole lane.

3.2.2.2 The Effect of Corroles on Lipoprotein Oxidation

HDL was incubated with or without increasing concentrations of either 1-Fe or 1-
Mn, and then SIN-1 was added and lipoprotein oxidation (Fig. 3.19) and nitration
(Fig. 3.20) were measured. Inspection of conjugated dienes formation indi-
cated C25 lM 1-Fe to partially prevent lipid oxidation, while 1-Mn had appar-
ently no effect. Kinetic measurements at 50 lM corrole validated the results for
1-Fe, with a 70 % decrease in the level of conjugated dienes, but elucidated that 1-
Mn actually affected oxidation in a negative sense—it reduced the oxidation delay
time (without a major change in the total amount of conjugated dienes, as also seen
in the copper ions case). Quenching of tryptophan fluorescence could not be
measured in the presence of the corrole, as their presence significantly reduced the
emission. Examination of the electrophoretic pattern of HDL-associated proteins
showed that at low 1-Fe concentrations the intensity of the oligomeric apoAI band
has increased and the migration distance of the monomeric apoAI was reduced,
corresponding to higher oxidation levels. Both phenomena gradually decreased by
increasing the concentration of the corrole to 50 lM (and completely disappeared
at a concentration of 100 lM). On the other hand, 1-Mn dose-dependently ele-
vated the intensity of the apoAI oligomers band and decreased the intensity and the
migration distance of the apoAI monomers band. 1-Fe also reduced protein
nitration levels already at the lowest applied concentration, and completely pre-
vented it from a concentration of C25 lM (giving a nitration level identical to that
seen for native HDL). On the other hand, 1-Mn caused a pronounced increase in
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Fig. 3.18 The dose-dependent effect of SIN-1 on lipoprotein protein nitration. The effect of
overnight treatment of HDL with various concentrations of SIN-1 on nitration of tyrosine
residues, measured by ELISA (a) and western blot analysis [densitometry (b) and membrane (c)]
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the amount of nitration of both monomeric and oligomeric apoAI under all
investigated concentrations.

3.2.3 Lipoprotein Function

3.2.3.1 Anti-Atherogenic Functions of HDL

HDL was treated with or without 50 lM of 1-Fe, and then exposed to vehicle,
copper ions or SIN-1. After overnight incubation the variously treated samples
were examined for three important anti-atherogenic functions of HDL (Fig. 3.21):
cholesterol efflux capacity, antioxidant activity and anti-apoptotic capability.
Treatment by either SIN-1 or copper ions reduced HDL-mediated cholesterol
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Fig. 3.20 The effect of corroles on SIN-1-induced HDL nitration. The effect of various
concentrations of 1-Fe (m) or 1-Mn (r) on nitration of HDL tyrosine residues, measured by WB
analysis [densitometry (a) and membrane (b)]
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Fig. 3.19 The effect of corroles on SIN-1-induced HDL oxidation. The effect of various
concentrations of 1-Fe (m) or 1-Mn (r) on HDL conjugated dienes formation (a) and on the
electrophoretic pattern of HDL proteins (b) after 2 h from the addition of SIN-1, and the effect of
50 lM of the corroles on the kinetics of HDL conjugated dienes formation (c)
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efflux from macrophage cells by 14 and 20 % relative to native HDL, but only by 3
and 8 % for oxHDL pre-treated with 1-Fe, respectively. Oxidative-stress induction
in macrophages by oxLDL treatment was inhibited by: 60 % in the presence of
native HDL, 25–30 % with SIN-1 or copper ions oxidized HDL, and 85 % or more
for each sample containing 1-Fe/HDL conjugates (with or without subsequent
oxidation). Tunicamycin-induced apoptosis of macrophages was inhibited by
75 % with native HDL, by only 15–30 % for oxHDL, but 70–90 % by all 1-Fe/
HDL conjugates.

3.2.3.2 Pro-Oxidative Activity of oxLDL

LDL was heavily oxidized by exposure to copper ions, and only then incubated
overnight with 50 lM 1-Fe. The samples were then added to macrophages, and the
resulting increase in the oxidative status of the cells was measured. Cell oxidation
for oxLDL treated with 1-Fe was 55 % lower than that in cells exposed to non-
corrole-treated oxLDL (Fig. 3.22).
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Fig. 3.21 The effect of 1-Fe on oxidative-stress induced loss of anti-atherogenic HDL functions.
The effect of 50 lM of 1-Fe on HDL loss of function that follows overnight oxidation with SIN-1
or copper ions: cholesterol efflux capacity (a), inhibition of oxLDL-induced oxidative-stress (b),
and inhibition of tunicamycine-induced apoptosis (c) in macrophage cells. *p \ 0.005,
**p \ 0.05 (vs. control). #p \ 0.005, ##p \ 0.05 (vs. w/o corrole)
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3.3 Interactions of Corroles with Macrophages

3.3.1 Fluorescence-Based Detection Of 1-Ga

3.3.1.1 Detection by Various Methods

J774.A1 macrophage cells were incubated with or without 20 lM of 1-Ga for
30 min, washed, fixed, stained with DAPI, and examined by fluorescence
microscopy. In treated cells the red emission of the corrole was clearly seen, and
together with the blue nuclear staining 1-Ga was identified to reside in the cyto-
plasm and not in the nucleus (Fig. 3.23). These experiments also confirmed that
the corrole was not decomposed following its uptake into the cells, as 1-Ga
fragments are not fluorescent.

J774.A1 macrophage cells were incubated with 0, 5 or 20 lM of 1-Ga for
30 min, washed and analyzed by flow cytometry (Fig. 3.24). While control cells
displayed a unified population of cells, 1-Ga-treated cells showed two distinct
populations, with the mean fluorescence intensity of each population increasing in
correlation with increased 1-Ga concentration. However, the high intensity
population of cells was characterized by small size and low granularity, indicative
that these were actually dead cells.

The fluorescence of various concentrations of 1-Ga under different conditions
was measured for creating calibration curves. The fluorescence intensity was found
to be very much dependant on the contents of the media in which it was measured,
with the presence of proteins increasing the fluorescence very much (Fig. 3.25). To
allow for measurement of cellular-derived corrole, calibration curves were
measured in the presence of cellular debris (which was achieved by culturing
J774.A1 macrophage cells in the examination plate, suspending them in distilled
water and then treating them with a freeze–thaw cycle). Basal fluorescence was

0

40

80

120

oxLDL

o
xL

D
L

-i
n

d
u

ce
d

 o
xi

d
at

iv
e-

st
re

ss
 

[M
F

I, 
A

rb
it

ra
ry

 U
n

it
s]

w/o

1-Fe

##

Fig. 3.22 The effect of 1-Fe
on the pro-oxidative activity
of oxLDL. Oxidative status of
macrophages treated by
oxLDL that was pre-treated
overnight with or without
50 lM of 1-Fe. ##p \ 0.05
(vs. w/o corrole)

32 3 Results



displayed by the cells, and addition of 1-Ga increased fluorescence in a dose-
dependent and linear fashion. This calibration curve allowed for the quantification
of intracellular 1-Ga.

Fig. 3.24 Flow cytometry detection of 1-Ga in macrophage cells. Cellular fluorescence
distribution following treatment of the cells with 0 lM (dotted line), 5 lM (dashed line) and
20 lM (full line) of 1-Ga

Fig. 3.23 Microscopic detection of 1-Ga in macrophage cells. The cellular localization of 1-Ga
in macrophages: nuclear staining (a), corrole fluorescence (b) and the merge of the two (c)
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Fig. 3.25 Calibration curves for quantification of cellular-derived 1-Ga. Calibration curves of
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containing cellular debris
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3.3.1.2 Time-Dependent Intracellular Accumulation of 1-Ga

J774.A1 macrophages were incubated with 20 lM of 1-Ga for various times,
washed to remove non-internalized corrole, and analyzed for viability or for
intracellular concentrations of 1-Ga (Fig. 3.26). The latter was achieved by
rupture of the cells, fluorescence measurement, and concentration determination
relative to the standard curve (reaction volume was 100 lL, so 100 nM indicated
from the calibration curve was translated to 10 pmol/well). Cellular accumulation
of 1-Ga was very rapid in the first hour of incubation, and continued even up to
24 h of incubation, but in a more moderate fashion. However, this accumulation
was accompanied by reduction in cell viability, with only 65 % of the cells
surviving 3 h of incubation, and complete cell death after 24 h. At 1-Ga
concentration of 2 lM the compound displayed much lower intracellular levels
(an order of magnitude less) and cellular viability was not decreased. This was in
line with IC50 values, found to be in the range of 10–50 lM, depending on the
incubation time (4 to 48 h).

3.3.2 Chemiluminescence-Based Detection of 1-Fe

3.3.2.1 A New Detection Method

1-Fe, luminol and H2O2 were mixed, and emission at 430 nm was continuously
measured for 6 min. Intense chemiluminescence was displayed down to 10 nM of
1-Fe at pH = 13 (Fig. 3.27) and pH = 9 (Fig. 3.28), whereas 1,000 nM corrole
were needed for obtaining curves with a good signal to noise ratio at pH = 7
(Fig. 3.29). The characteristics of all examined reactions depend on the amount of
added H2O2 relative to that of luminol (1 mM): for equimolar ratios the initial
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Fig. 3.26 Time-dependent cellular accumulation of 1-Ga. (a) The amount of 1-Ga accumulating
in macrophages (dark line, relative to the left y-axis) and its effect on cellular viability (light line,
relative to the right y-axis). (b) The wells of the viability test—the yellow dye used in the assay
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Fig. 3.28 1-Fe catalyzed luminol emission in cell-free systems at pH = 9. Emission kinetics of
solutions containing luminol, various H2O2 concentrations (see legend) and 100 nM (a) or 10 nM
(b) 1-Fe at pH = 9
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Fig. 3.27 1-Fe catalyzed luminol emission in cell-free systems at pH = 13. Emission kinetics of
solutions containing luminol, various H2O2 concentrations (see legend) and 100 nM (a) or 10 nM
(b) 1-Fe at pH = 13
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luminescence was lower and the kinetics was slower than when using a ten-fold
excess of H2O2. No emission was recorded for addition of 1-Fe and luminol in the
absence of H2O2. The same procedure was applied for 1-Mn, however even in
basic solutions (pH = 13) and corrole concentration of 100 nM, only very low
chemiluminescence was induced by this compound (Fig. 3.30).

1-Fe, luminol and H2O2 were added to ruptured J774.A1 macrophages, and
emission at 430 nm was continuously measured for 12 min (Fig. 3.31). In non-
treated cell debris, addition of luminol and H2O2 (1 mM and 10 mM respectively,
pH = 13) produced weak chemiluminescence. Upon addition of nanomolar con-
centrations of 1-Fe to the ruptured cells, the emission was strongly enhanced in a
dose-dependent manner. Integration of the kinetic curves allowed for the con-
struction of a calibration curve, enabling the detection and quantification of cel-
lular-derived 1-Fe down to a concentration of 30 nM.

J774.A1 macrophage cells were incubated with or without 20 lM of 1-Fe,
washed and then ruptured or fixed. Next, luminol and H2O2 were added under
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basic conditions (1 and 10 mM respectively, pH = 13), and chemiluminescence
was measured. The two main observations that were: (a) chemiluminescence was
displayed by both ruptured and fixed cells (with high standard deviation values in
the latter case), indicating that fixation does not interfere with the chemilumi-
nescent reaction; and (b) when fixed the cells remained intact (as visualized by
microscopic examination) even though they were exposed to alkaline conditions.
These results indicated that the new method may be applied for identifying the
location of 1-Fe in whole cells by microscopy. Accordingly, J774.A1 macrophage
cells were incubated with or without 20 lM of 1-Fe, washed and fixed, and then
emission following the addition of luminol and H2O2 was examined by fluorescent
microscopy (without excitation). However, no emission was detected, probably
because more sensitive equipment and more sophisticated software were needed.

3.3.2.2 Time- and Dose-Dependent Intracellular Accumulation Of 1-Fe

J774.A1 macrophages were incubated with 20 lM of 1-Fe for various times,
washed to remove non-internalized corrole, and analyzed for viability or for
intracellular amounts of 1-Fe (Fig. 3.32). The latter was achieved by rupture of the
cells, chemiluminescence measurement, and concentration determination relative
to the standard curve (reaction volume was 100 lL, so 100 nM indicated from the
calibration curve is translated to 10 pmol/well). Cellular accumulation of 1-Fe was
rapid in the first 4 h of incubation, and increased even after 24 h of incubation, but
in a more moderate fashion. This accumulation was actually accompanied by an
increase in cell viability of up to 120 % after 24 h. 1-Fe was found to display a
negative effect on cell survival only for prolonged incubation of high concentra-
tions (a reduction to 80 % viability after 48 h with 100 lM).

J774.A1 macrophages were incubated with 20 lM of 1-Fe for 24 h, washed to
remove non-internalized corrole, further incubated without corrole in the culture
media, and analyzed for intracellular amounts of 1-Fe (Fig. 3.32). Intracellular
levels of the corrole were reduced in correlation with the time of incubation in its
absence, showing clearance of the corrole from the cells; however 1-Fe was still
detected in the cells after 24 h. Cell survival was high and did not significantly
changed throughout the incubation time.

Increasing concentrations of 1-Fe were incubated with J774.A1 macrophage
cells for 2 h, followed by cell rupture and chemiluminescence detection
(Fig. 3.33). The chemiluminescence intensity increased as a function of the added
concentration of 1-Fe, thus signaling an increase in the level of intracellular
corrole, and reached saturation at 100 lM extracellular corrole. Quantification of
the luminescence kinetics relative to a standard curve showed that intracellular
1-Fe concentration started to level off at about 100 pmol/well.

Attempts were made to identify factors affecting accumulation of 1-Fe in
macrophages. Comparing cellular uptake with or without serum in the medium
(all the above experiments were conducted in the presence of serum) revealed
higher corrole uptake in the absence of serum; however, this was accompanied by
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reduction of cell survival. The higher cell accumulation can thus be attributed to
increased membrane permeability that accompanies cell death. The effect of
individual serum components was examined by supplementing the culture medium
with only HDL, only LDL or only BSA (without serum). In all cases 1-Fe was
taken up by the cells, but the experiments did not allow for determining which
serum component was the most effective in mediating corrole uptake to the cells.

3.3.3 Cellular Accumulation of 1-Fe Versus
Iron(III) Porphyrins

2-Fe, 3-Fe or hemin together with luminol and H2O2 were added to ruptured
J774.A1 macrophages, and emission at 430 nm was continuously measured for
12 min (Fig. 3.34). Integration of the kinetic curves allowed for the construction of
calibration curves, as was previously described for 1-Fe. The chemiluminescence
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was more intense when the reactions were catalyzed by these complexes rather
than by 1-Fe, with 2-Fe being extremely efficient, as even 7 nM were easily
detected (and the curve slope was more than ten fold higher for 2-Fe).

J774.A1 macrophage cells were incubated with 20 lM of 1-Fe, 2-Fe, 3-Fe or
hemin in serum-containing medium for 24 h, followed by removal of medium, cell
rupture and determination of intracellular concentrations relative to standard
curves; and cellular viability was analyzed in parallel (Fig. 3.35). 2-Fe accumu-
lated to only about 8 pmol/well, 40–50 pmol/well were obtained for 1-Fe and
3-Fe, and 140 pmol/well for hemin. However, major differences in cellular
viabilities were seen: 1-Fe elevated cell viability to 145 %, 2-Fe had no significant
effect, and 3-Fe and hemin reduced cell survival to 45–60 %.
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Fig. 3.34 Calibration curve for quantification of cellular-derived 2-Fe, 3-Fe, and hemin. The
calibration curve obtained from the integration of the kinetic curves for the chemiluminescence
reaction in the presence of 2-Fe (a), 3-Fe (b), and hemin (c)
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3.4 The Effect of Corroles on Macrophage Atherogenicity

3.4.1 Effect on Oxidative-Stress-Induced Cell Death

J774.A1 macrophages were incubated without (w/o) or with 20 lM of 1-Fe or 2-
Fe for 24 h. Then cells were washed and treated without (control) or with: H2O2,
SIN-1, oxLDL or LPS ? INF-c, followed by determination of cellular viability
(Figs. 3.36 and 3.37). 2-Fe had no significant effect in any of the examined cases,
but the 40 pmol/105 cells intracellular 1-Fe increased cell survival for all applied
toxins: from 25 to 55 % for H2O2, from 35 to 50 % for SIN-1, from 55 to 90 % for
oxLDL, and from 40 to 80 % for LPS ? INF-c. Interestingly, 1-Mn was almost as
efficient as 1-Fe in protecting the cells against all examined toxins.

To gain additional insight, the effect on cellular oxidation and nitration were
analyzed as well. While cellular oxidation was largely increased following the

0

20

40

60

80

100

w/o 1-Fe 2-Fe

C
el

l v
ia

b
ili

ty
 (

%
 o

f 
co

n
tr

o
l)

#

*

0

20

40

60

80

100

w/o 1-Fe 2-Fe

C
el

l v
ia

b
ili

ty
 (

%
 o

f c
o

n
tr

o
l)

#

*

(a) (b)

Fig. 3.36 The effect of 1-Fe and 2-Fe against cellular death induced by primary oxidants. The
effect of 1-Fe and 2-Fe on H2O2 (a) and SIN-1 (b) induced cellular death

0

20

40

60

80

100

w/o 1-Fe 2-Fe

C
el

l v
ia

b
ili

ty
 (

%
 o

f 
co

n
tr

o
l)

#
*

0

20

40

60

80

100

w/o 1-Fe 2-Fe

C
el

l v
ia

b
ili

ty
 (

%
 o

f 
co

nt
ro

l)

#

*

(a) (b)

Fig. 3.37 The effect of 1-Fe and 2-Fe against cellular death induced by indirect oxidants. The
effect of 1-Fe and 2-Fe on oxLDL (a) and LPS ? INF-c (b) induced cellular death

40 3 Results



various treatments (as determined by flow cytometry following addition of
DCFH), the effect of the corroles could not be examined, as they act as catalysts of
the detection reaction (See Appendix). Regarding cellular nitration, the basal
levels in the macrophages (as determined by WB analysis) was so high, that no
significant effect was displayed by the various toxins.

3.4.2 Effect on Macrophages Cholesterol Metabolism

J774.A1 macrophages were incubated with 20 lM of 1-Fe for 24 h, washed to
remove non-internalized corrole, and analyzed for LDL and oxLDL uptake by the
cells, as well as for HDL-mediated cholesterol efflux from the cells (Fig. 3.38).
Cellular loading with 1-Fe did not affect any of these cholesterol trafficking
pathways.

J774.A1 macrophages were incubated with increasing concentrations of 1-Fe
for 24 h, washed to remove non-internalized corrole, and analyzed for cellular
cholesterol biosynthesis and for intracellular amounts of 1-Fe (Fig. 3.39).
Cholesterol biosynthesis was assayed by measuring incorporation of radiolabelled
acetate into cholesterol following overnight starvation of the cells as to up-regulate
the levels of HMGCR and increase cholesterol formation; and 1-Fe intracellular
concentration was determined by the new chemiluminescent method. While only
about 1 % of the originally added 1-Fe remained within the cells at the time of the
biochemical assay (when adding 20 lM of 1-Fe, 20 pmol corrole per 105 cells
were measured in 100 lL, which equals 200 nM of corrole), this was enough to
significantly reduced cholesterol biosynthesis by the cells. The amounts of newly
synthesized cholesterol by the macrophages decreased as the dosage of 1-Fe
increased, in parallel with an increase in 1-Fe cellular uptake, indicating a dose
dependent effect of the corrole on inhibition of cholesterol biosynthesis.
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J774.A1 macrophages were incubated for 24 h with or without: 20 lM 1-Fe,
200 lM pravastatin (PS), 20 lM fluvastatin (FS), or a combination of corrole and
statin. Cholesterol biosynthesis was determined after removal of the non-inter-
nalized fraction of the tested compounds and overnight starvation (Fig. 3.39). The
reduction in biosynthesis of cholesterol was determined to be 35 % for 1-Fe alone,
10 % for pravastatin alone, 45 % for 1-Fe with pravastatin, 25 % for fluvastatin
alone and 70 % for 1-Fe in combination with fluvastatin.

Young (12 weeks of age, divided to male and female groups) and aged (male,
30 weeks of aged) E0-mice were orally treated with 10 mg/kg/day 1-Fe for
12 weeks, and then macrophages were harvested from their peritoneum and
examined for cholesterol biosynthesis ability (Fig. 3.40). 1-Fe inhibited choles-
terol biosynthesis by 50 % in male and 60 % in female young mice and by 30 % in
aged mice relative to respective controls. In all cases the reduction in cholesterol
biosynthesis following 1-Fe administration was accompanied by a decrease in the
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Fig. 3.40 The effect of 1-Fe administration to mice on macrophage cholesterol biosynthesis rate.
The effect of 1-Fe on cholesterol biosynthesis in macrophages harvested from young male (a) and
female (b) and aged male (c) mice treated with the corrole. *p \ 0.01 relative to control.
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total amount of cholesterol within the cells, with the most significant decline of
25 % exhibited by the aged mice (Fig. 3.41).

The effect of 1-Fe on cholesterol biosynthesis from mevalonate, a substrate
downstream to the rate determining enzyme HMGCR, was examined. 1-Fe dis-
played no effect, indicating that it performed its action on an earlier stage. This
may point toward the HMGCR catalyzed reaction as the point at which 1-Fe may
act. However, 1-Fe did not affect RNA or protein expression of HMGCR, nor did
it affect the phosphorylation level of the enzyme, a factor that controls enzyme
activity (Fig. 3.42). Examination of the HMGCR reaction in a cell-free system
showed, that while pravastatin effectively inhibited the reaction, 1-Fe seemed to
catalyse it, as the consumption of NADPH was enhanced (Fig. 3.43).
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Fig. 3.42 The effect of 1-Fe on HMGCR expression. The effect of 1-Fe on HMGCR mRNA
expression (a), protein expression (b) and protein phosphorylation (c) levels
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3.5 The Effect of Corroles on the Development
of Atherosclerosis

Young (12 weeks of age) and aged (30 weeks of aged) E0-mice were orally treated
with 10 mg/kg/day corrole, sacrificed and then the area of the lesion in their aortic
arch was measured (Fig. 3.44). 1-Fe significantly reduced plaque area by 60 and
30 % for young and aged mice, respectively. 1-Mn displayed only a 16 %
decrease in lesion area in the young mice, while 1-Ga had no effect.
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Chapter 4
Discussion

4.1 Interaction of Corroles with Lipoproteins

4.1.1 Corrole Distribution in Serum

Biodistribution of medications is a major factor dictating therapy efficacy, as
demonstrated by many very excellent in vitro performing drugs displaying limited in
vivo efficiency [1–5]. Every therapeutic first encounters the serum components,
which may bind it and serve as carriers for its delivery within the body. Accordingly,
serum distribution of potential drugs is a main issue of their activity, and the first step
disclosed in this research. Earlier studies have focused on the interaction of the bis-
sulfonated corrole metal complexes with isolated serum proteins. These investiga-
tions revealed very strong binding of the corroles to the most abundant serum
proteins transferrin and albumin (with dissociation constants of 10-7–10-9 and
[10-9 M, respectively) [6, 7]. Examinations of corrole interaction with isolated
lipoproteins revealed high affinity binding in this case as well, and a binding stoi-
chiometry of about 40 corrole molecules to isolated LDL and 10 to isolated HDL1

(Table 3.1, p. 18). Together these results underline the need to directly explore the
distribution of the corroles in whole serum, as strong binding may be outcompeted
by stronger binding, and because the equilibrium between the various serum com-
ponents depends also on their relative concentrations.

Examination of the distribution of 1-Fe, 1-Mn and 1-Ga in serum, both by
density gradient and by HPLC, revealed that these compound bind only to lipo-
proteins and not to ‘‘free’’ proteins. The highest percentage of corrole was found in
HDL2 (Fig. 4.1): 85 % for 1-Fe and 60 % for the other two corroles. 30 % of
1-Mn and 1-Ga were bound to LDL and the remaining 10 % to VLDL and HDL3,
but only 15 % of 1-Fe was bound to LDL and none of it to the two other lipo-
protein subclasses. Lipoproteins are constructed of a hydrophobic core, in which
triglycerides and cholesterol esters are found, surrounded by an amphipolar coat,

1 HDL contains albumin (even when isolated), as may be seen from the SDS-PAGE experiments.

A. Haber, Metallocorroles for Attenuation of Atherosclerosis, Springer Theses,
DOI: 10.1007/978-3-642-30328-9_4, � Springer-Verlag Berlin Heidelberg 2012
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made of phospholipids and unesterified cholesterol. The bis-sulfonated corrole is
also amphipolar, with negative charges on only one side of the otherwise hydro-
phobic molecule, which explains its high binding affinity to lipoproteins (Fig. 3.1,
p. 18). This spontaneous association—strong enough to withstand the very diluting
chromatographic experiments—is apparently sufficient to outcompete the previ-
ously revealed very strong binding of this class of corroles to isolated serum
proteins [46, 47]. This was not the case for the iron complex 2-Fe, a porphyrin
with symmetrically distributed sulfonic acid head groups, which we have con-
firmed not to bind to any of the lipoproteins classes [8]. On the other hand, the
amphipolar hemin, with its two carboxylic acids located in a non-symmetric
fashion on the porphyrin ring, did bind to lipoproteins on the expense of other
serum components. Together the results indicate that the charge distribution on the
macrocycle is the main determinant of its association with serum components.

The very selective serum distribution pattern of 1-Fe, compared with those of
1-Mn and 1-Ga, points towards distinctive binding modes/motifs of the former in
its interaction with lipoproteins. As these corroles differ only in the identity of the
central metal, the chelated iron(III) ion is apparently responsible for the charac-
teristics of 1-Fe association (vide infra). Regarding the other two corroles, simi-
larity of spectral changes with both HDL2 and LDL points toward similar binding
modes of each compound to both lipoprotein classes (Figs. 3.3, p. 19 and 3.4, p.
20). The lack of CD signals for 1-Mn- and 1-Ga-lipoprotein conjugates indicates
that they associate to non-chiral components therein. Further support for this
conclusion comes from the fact that liposomes induce the same spectral changes as
do lipoproteins (Fig. 3.11, p. 24) and added amino acids do not affect the absor-
bance. It may hence be concluded that these two corroles are imbedded within the
amphipolar phospholipid layer present in all lipoproteins. Indeed, the higher
corrole percentage in HDL2 relative to LDL and in LDL relative to VLDL may be
easily explained on the basis of the relative molar concentrations of these particles
within serum (Table 4.1 and Fig. 4.1) [9]. Nevertheless, HDL3 molar

0

25

50

75

100

VLDL LDL HDL2 HDL3

%
 c

o
rr

o
le

 b
in

d
in

g
 t

o
 li

p
o

p
ro

te
in

 
fr

ac
ti

o
n

 in
 w

h
o

le
 s

er
u

m

1-Fe

1-Mn

1-Ga

% in serum: 3% 12% 45% 45%

Fig. 4.1 Serum distribution
of 1-Fe, 1-Mn and 1-Ga.
Percentage of corroles in each
lipoprotein fraction, as
determined from the HPLC
experiments, and percentage
of the lipoprotein fractions in
serum

46 4 Discussion

http://dx.doi.org/10.1007/978-3-642-30328-9_3
http://dx.doi.org/10.1007/978-3-642-30328-9_3
http://dx.doi.org/10.1007/978-3-642-30328-9_3
http://dx.doi.org/10.1007/978-3-642-30328-9_3


concentration is at least as high as that of HDL2 [10], and yet the lowest 1-Mn and
1-Ga binding percentage recorded was for HDL3. This may be attributed to the
very low lipid content and surface area of the smaller and denser HDL3, which are
the lowest among all four lipoprotein subclasses, so that HDL3 probably cannot
physically bind many corrole molecules. The importance of lipid content and
surface area for corrole binding may be appreciated by examining the previously
mentioned maximal corrole-binding capacity of purified lipoproteins, which in
LDL was fourfold higher than in HDL (Table 3.1, p. 18).

4.1.2 Mode of 1-Fe Binding to Lipoproteins

The first clue for understanding the highly selective binding of the iron(III) corrole to
particular lipoproteins was provided by the differences in the absorbance spectra of
1-Fe/HDL2 versus 1-Fe/LDL, thus pointing towards different binding modes therein
(Fig. 3.2, p. 19). While the absorbance spectrum of 1-Fe/LDL was very similar to
that of 1-Fe in buffer (the only difference was a 10 nm red-shift of the Soret band in
LDL relative to buffer), the spectrum of 1-Fe/HDL2 contained a new band at
620 nm, that was more intense than the 550 nm band (and a 20 nm red-shift relative
to buffer of the Soret band). What is more, serum saturated with 1-Fe displayed
lower selectivity for HDL2 binding, with a distribution pattern more like that dis-
played by 1-Mn and 1-Ga—only 75 % bound to HDL2, 20 % to LDL and 5 % to
VLDL and HDL3. The spectrum of the 1-Fe/HDL2 conjugates in this case was not
identical to that obtained under limited corrole concentrations (Fig. 3.5, p. 20).
In fact, the spectrum of 1-Fe/HDL2 from serum overloaded with corrole may be
considered as a superposition of the spectra of 1-Fe/HDL2 conjugates under low
corrole concentrations and of 1-Fe/LDL conjugates. The Soret band was 14 nm red
shifted relative to buffer solutions, and while the 620 nm band was still clearly seen,
it was less intense than the 550 nm band. This leads to the conclusion that HDL2
binds 1-Fe by different binding modes (Fig. 4.2), of which the highest affinity one is
specific to HDL2 (protein binding, vide infra) and the weaker one is general for
lipoproteins (binding to the lipidic phase in the same manner as 1-Mn and 1-Ga).
The second binding mode becomes apparent already at a 1-Fe/HDL2 ratio of 2,
indicative that there is only one super-strong binding site per HDL2 particle.

Table 4.1 Properties of lipoproteins

Lipoprotein
type

Concentration in serum
(lM)

Density
(g L-1)

Diameter
(nm)

Mean Mw
(Da)

Protein (%
weight)

VLDL *0.2 0.940–1.006 30–70 7.5 9 106 5–10
LDL *0.9 1.006–1.063 15–25 2.5 9 106 20–25
HDL2 *3.5 1.063–1.115 *10.5 4.0 9 105 35–40
HDL3 *3.5 1.115–1.210 7.5–10 2.8 9 105 45–65
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Confirmation of the two different binding modes hypothesis, as well as additional
insight regarding the nature of binding, was obtained by CD spectroscopy. This
approach was adopted because of the significant differences between HDL and LDL
in terms of their lipid versus protein contents (Table 4.1). In addition, the proteins
present in each of these lipoproteins are very much different. While LDL contains
only one very big protein, apoB100 (Mw = 500 kDa) [9], HDL particles possess a
large variety of much smaller apolipoproteins (A’s, E’s, C’s; Mw B40 kDa), as well
as various enzymes (PON1, LCAT, and more) [10, 11]. Native LDL and HDL
provide CD spectra with bands in the UV range due to their protein(s), but not in the
visible. On the other hand, the visible light absorbing non-chiral corrole may display
a CD spectrum only when located within a chiral environment. A very rich CD
spectrum in the visible range was obtained for 1-Fe/HDL2 solution, while no visi-
ble-range CD signals were displayed by 1-Fe/LDL solutions (Fig. 3.8, p. 23), clearly
pointing towards specific interactions of the corrole with proteins of HDL2, but not
with apoB100 of LDL. The lack of CD signals for 1-Fe/LDL, as well as the analogous
absorbance spectra observed for 1-Fe with LDL and with liposomes, further indi-
cates that corroles bind to the lipid phase of LDL.

Independent evidence for 1-Fe binding to HDL-associated protein-derived
moieties was obtained by examining the effect of basic amino acid esters, which
may coordinate to the metal center of the corrole, on the electronic spectrum of
1-Fe in buffer. These experiments revealed that histidine, with its strongly coor-
dinating imidazole side chain, induced spectral changes similar to those seen with
HDL2 (Fig. 3.9, p. 24), while all other amino acids examined (Met, Tyr, Cys, Arg
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and Lys) did not affect the spectrum. Titration of 1-Fe with a histidine ester
displayed isosbestic points only at low excess of the latter, consistent with the
presence of three absorbing species at higher histidine excess: 1-Fe coordinated to
water only, to one histidine, and to two histidine molecules. The absorbance
spectrum (especially concerning the 620 nm band) was similar to that of 1-Fe/
HDL2 conjugates only under conditions favoring the formation of bis-histidine-
coordinated 1-Fe. Accordingly, it may be concluded that 1-Fe binds to HDL2 by
interaction of the metal center with two closely positioned histidine residues from
either one or two HDL2-associated apolipoproteins/enzymes. This may explain the
high binding affinity and selectivity of 1-Fe to HDL2 on the expense of all other
serum components. The much lower affinity of 1-Mn for histidine binding,
demonstrated by the much higher histidine excess needed to induce spectral
changes, may explain the lack of HDL2-selectivity for this corrole.

The quite low affinity of 1-Fe for bis-histidine coordination in the homogenous
buffer solution versus the high one in HDL2 is quite illuminating. It clearly sug-
gests supramolecular arrangement of proteins in HDL2 that is perfectly suited for
the interaction, a situation that apparently does not exist in HDL3. The excellent
catalytic activity of HDL-conjugated corrole (vide infra), despite of the dominancy
of the hexa-coordination of the metal therein, may be explained by fast equilibrium
between the mono- and bis-histidine coordinated 1-Fe. A more detailed expla-
nation for the discrimination between HDL2 and HDL3 by 1-Fe requires the
identification of the specific protein(s) involved in the binding of the corrole,
which is quite a formidable task because HDL contains numerous proteins and
enzymes. The effect of two proteins on 1-Fe binding was nevertheless examined
because of their quite different abundance in HDL subclasses. Liposomes con-
taining either apoE (resides mostly in HDL2) [12] or PON1 (found mainly in
HDL3) [13] did however not induce the formation of the 620 nm band that is
characteristic of 1-Fe/HDL2 conjugates (Fig. 3.10, p. 24). Furthermore, the
620 nm band did not disappear in serum of knockout mice for neither of these
proteins (Fig. 3.12, p. 26). Together these results suggest that neither apoE nor
PON1 are responsible for 1-Fe binding to HDL. Another possibility is that PON1
may disturb 1-Fe binding to HDL3, and this was examined by incubating HDL2
with PON1 prior to corrole addition. Indeed, this practice resulted in an absorbance
spectrum more similar to that obtained for 1-Fe/LDL conjugates (Fig. 3.13, p. 26),
a less red-shifted Soret band and a larger intensity of the 550 relative to the
620 nm bands, indicating a shift from protein to lipid binding. PON1 has been
shown to interact with HDL through apoAI binding [14], suggesting that binding
of 1-Fe to HDL was through apoAI. However, experiments with serum from
apoAI knockout mice dismissed this hypothesis, as the 620 nm peak was still seen
in the absence of apoAI (Fig. 3.12, p. 26). Further attempts to elucidate the pro-
tein(s) assembly responsible for 1-Fe binding to HDL were postponed to future
investigations.
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4.2 The Effect of Corroles on Oxidative-Stress Induced
Lipoprotein Damage

4.2.1 Lipoprotein Oxidation Products

Lipoproteins contain many substrates that may be oxidized—fatty acids, proteins
and cholesterol—and a variety of methods exist for determining the amount of
lipoprotein oxidation [9, 15]. Polyunsaturated fatty acids are the initial oxidation
targets of LDL (Scheme 4.1), as they contain bis-allylic hydrogen atoms that may
easily be abstracted by an oxidant. The resulting carbon-centered radical rapidly
reacts with dioxygen, leading to double bond conjugation and production of a lipid
peroxide. This peroxide may then abstract a bis-allylic hydrogen from a neigh-
boring fatty acid to form a hydroperoxide while propagating the radical chain
reaction. In the presence of transition metals hydroperoxides do not accumulate as
they are rapidly cleaved to form aldehydes.

Similar to the majority of studies, our early investigations focused on LDL
oxidation, as oxLDL is the main contributor to the development of atherosclerosis
[16–18]. However, the elucidation of highly preferred corrole binding to serum
HDL, together with the lately discovered major role of dysfunctional HDL in the
atherosclerotic process [10, 19], shifted our attention to HDL oxidation and its
consequences. Since lipid damage to HDL is much less pronounced than in the
case of LDL (due to the lower lipid content of the former, 55 vs. 75 %, Table 4.1),
attention was given in this case also to protein oxidation.

Initiation of lipoprotein oxidation by copper ions is considered a facile route for
obtaining in vitro oxidized lipoproteins with features similar to those of in vivo
sources [20]. The copper(II) ions added to the lipoproteins are first reduced by
hydroperoxides and other reducing agents naturally occurring in lipoproteins [21],
and the thus formed copper(I) may react with dioxygen to generate O��2 and con-
sequently H2O2 [22]. The metallocorroles were shown to catalytically decompose
these two species [23, 24], and so the effect of corroles on copper ions induced
lipoprotein oxidation was examined by measuring the formation of hydroperoxides
and aldehydes after a few hours from initiation. Both measurements indicated 1-Fe
as an inhibitor of lipoprotein oxidation from a concentration of C2.5 lM, almost
completely preventing the formation of the two oxidation products. However,
contradicting results were displayed by 1-Mn, as it reduced formation of hydro-
peroxides but largely increased formation of aldehydes. The non-redox active
1-Ga, which does not serve as an ROS/RNS decomposition catalyst, expectedly
showed no effect on lipoprotein oxidation under all examined concentrations
(Fig. 3.14, p. 26). To gain deeper understanding, the kinetics of copper ions induced
lipoprotein oxidation at the presence of 2.5 lM of 1-Fe or 1-Mn was examined
(Fig. 3.15, p. 27). In the absence of corrole, a delay time was seen between the
addition of oxidant and the formation of oxidation product. This was due to dietary
(sacrificial) antioxidants naturally present within the lipoproteins, that are the first
to be modified by the ROS/RNS [9]. This delay time is longer for LDL relative to
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HDL, as the former contains a higher amount of such intrinsic antioxidants
(an average of 10 vs. \1, respectively) [25, 26]. Enrichment of lipoproteins with
sacrificial antioxidants elongates the oxidation delay time, but only by several
minutes per each antioxidant molecule. Pre-treatment with the corroles showed
again that 1-Fe was an excellent catalytic antioxidant, completely avoiding the
formation of lipid oxidation products (even after 24 h from initiation). The same
kind of experiments revealed that 1-Mn is actually a pro-oxidant, since it shortened
the time for initiation and increased the amount of oxidation. The kinetic exami-
nation thus settled the conflict regarding the action of 1-Mn: the lower amount of
hydroperoxides recorded in the presence of this compound in the dose-dependence
experiments was because measurements were performed after their maximal levels
were reached, and they were already transformed into aldehydes.

Peroxynitrite is a RNS considered to be involved in the development of many
diseases, including atherosclerosis [4, 9]. As the corroles have been shown to
efficiently detoxify peroxynitrite in a catalytic fashion [27], their ability to inhibit
peroxynitrite induced lipoprotein oxidation was examined. The half-life of perox-
ynitrite under physiological relevant conditions is only about 1 s [28], and so very
large quantities of the oxidant need to be added in vitro to get significant lipoprotein
damage. This is considered not a good model for in vivo occurring damage, as
peroxynitrite forms in the body in low but continuous fluxes. Accordingly, oxi-
dation was triggered by the addition of SIN-1, a reagents that slowly and sponta-
neously decomposes at neutral pH to produce O��2 and NO, consequently forming
peroxynitrite in a fashion that mimics its in vivo formation [29]. As we found no
routine protocol for SIN-1 induced lipoprotein oxidation, the first step was to
determine the appropriate working concentration. All lipid and protein oxidation
parameters measured (conjugated dienes, hydroperoxides, tryptophan fluorescence,
and electrophoretic pattern), were largely increased with increasing SIN-1 con-
centrations, and started to level off at about 500 lM (Figs. 3.16, p. 28 and 3.17, p.
28). An exception was the amount of aldehydes, which remained very low under all
SIN-1 concentrations, as transition metal ions are needed to catalyze hydroperox-
ides breakdown to aldehydes. Protein tyrosine nitration is considered a fingerprint
of peroxynitrite, and indeed increasing SIN-1 concentrations elevated the amount
of nitro-tyrosine; however meaningful increase was seen only at 500 lM or higher
(Fig. 3.18, p. 29). ApoAI nitration was observed only from 500 lM of SIN-1, while
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Scheme 4.1 The process of lipid peroxidation. Lipid peroxidation of linoleic acid, the most
abundant poly-unsaturated fatty acid in LDL. Only one possible hydroperoxide product is shown
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1,000 lM gave a very high amount of protein nitration, not allowing for
identification of specific protein bands. Taken together, 500 lM of SIN-1 was
selected as an appropriate concentration to induce significant but reasonable lipo-
protein damage. Pre-treatment of lipoproteins with 1-Fe provided the former with
protection against oxidation from a 50 lM concentration2; and nitration was effi-
ciently prevented already at 10 lM of 1-Fe. 1-Mn not only increased oxidative
damage, but also highly elevated protein nitration.

The effects of 50 lM of 1-Fe on both SIN-1 and copper ions-induced oxidation of
HDL are summarized in Fig. 4.3. For treatment with SIN-1, 1-Fe brought about a
decrease of 70 and 95 % in conjugated dienes and hydroperoxide formation,
respectively, and a 90 % reduction in tyrosine nitration. For copper-induced oxi-
dation, 1-Fe completely eliminated the formation of both conjugated dienes and
aldehydes.

4.2.2 Lipoproteins Biological Activities

It is well known that oxidative modifications of HDL and LDL turns the former
less anti-atherogenic and the latter more pro-atherogenic than their native coun-
terparts [30, 31]. As 1-Fe is highly beneficial for preventing formation of lipo-
protein oxidation products and as it binds in serum with high preference to HDL,
its ability to prevent oxidative stress induced HDL loss of functions was examined
(Figs. 3.21 on p. 31 and 4.4).

The cholesterol efflux capacity of HDL was somewhat reduced by oxidation, an
effect that was alleviated when 1-Fe was added to HDL prior to the oxidant.
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Fig. 4.3 The effect of 1-Fe on HDL oxidative damage by SIN-1 or CuSO4. The effect of 50 lM
of 1-Fe on overnight oxidation of HDL with SIN-1 or copper ions: conjugated dienes (a),
hydroperoxides (b), aldehydes (c), and tyrosine nitration (d). #p \ 0.005, ##p \ 0.05 (vs. w/o
corrole)

2 The effective concentration of 1-Fe for the SIN-1 induced oxidation was tenfold higher than in
the copper ions induced oxidation. However, lipoprotein concentration was also increased tenfold
in the former relative to the latter. See experimental section for further details.
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The anti-apoptotic activity of HDL was greatly reduced by oxidative damage, from
75 % inhibition of apoptosis for native HDL to only 15–30 % for oxHDL, but pre-
treatment with the corrole provided full protection against this function impairment.
Most impressive was the effect of 1-Fe on the anti-oxidative capacity of HDL—the
corrole not only prevented the reduction of activity, but even improved the
functionality relative to native HDL. Native HDL displayed 60 % inhibition of
oxLDL-induced cellular oxidative stress, oxHDL showed only 25–30 % inhibition,
and 1-Fe/HDL conjugates were highly efficient displaying 85 % inhibition.
A plausible explanation for this phenomenon is that 1-Fe present within the 1-Fe/
HDL conjugate contributes to the anti-oxidative activity by directly eliminates the
secondary oxidants formed by the cells following oxLDL treatment. Support of this
hypothesis was provided by examination of the direct effect of 1-Fe on oxLDL.
When oxLDL was incubated with 1-Fe prior to its addition to the cells, its ability to
induce oxidative stress was lower than for non-treated oxLDL (Fig. 3.22, p. 32). An
alternative role for 1-Fe in reducing the pro-oxidativity of oxLDL may be catalysis
of hydroperoxides decomposition, a property that was previously demonstrated for
porphyrins [32], leading to a reduced oxidative status of the oxLDL.

4.2.3 Mechanistic Analysis

The anti- versus pro-oxidant activity of 1-Fe versus 1-Mn may be rationalized
based on their different catalytic mechanisms, as specifically depicted for perox-
ynitrite decomposition (Fig. 4.5). 1-Mn acts by a disproportionation mechanism,
forming an (oxo)manganese(V) intermediate via its reaction with one HOONO
molecule. This intermediate is a strong oxidizing agent that reacts with a second
HOONO molecule as to complete the catalytic cycle. However, in a biological
surrounding the (oxo)manganese(V) intermediate apparently reacts with the highly
available biomolecules (rather than with HOONO), thus acting as a pro-oxidant.
Unlike porphyrins, the (oxo)manganese(V) corrole intermediate, with an oxidation
potential of 0.6–0.7 V (vs. Ag/AgCl) [33], is not a redox couple of the nitrite
formed in this first step of the catalytic cycle. Accordingly, NO2 radical is not
formed, and the increased nitration displayed in the presence of 1-Mn seems to be

% Cholesterol Efflux
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oxHDL 30-32

1-Fe/HDL 34-36
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% Apoptosis Inhibition
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Fig. 4.4 The effects of oxidation and of 1-Fe on HDL activities. The cholesterol efflux, oxidative
stress inhibition and apoptosis inhibition abilities of native HDL, oxHDL and 1-Fe/HDL
conjugates
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an indirect effect that results from its pro-oxidant activity (by reaction of the
oxidized biomolecule with the nitrite). While NO2 radical is however formed in
the catalytic cycle of HOONO decomposition by 1-Fe, the very high catalytic rates
of this catalyst imply that the radical rapidly reacts with the (hydroxyl)iron(IV)
intermediate, before the two diffuse from one another and cause any damage. This
prevents any oxidizing and nitrating agents from being released to the bulk and
harming the biological molecules.

In conclusion, the potent catalytic properties of 1-Fe are preserved upon its
conjugation to HDL, despite of the hexa-coordination state of the iron(III) atom.
The conjugated 1-Fe serves as a shield for HDL against ROS/RNS, preventing
oxidative stress induced loss of HDL anti-atherogenic functions, and even
improving its anti-oxidative capability relative to native HDL. 1-Fe also reduced
the pro-oxidative activity of already oxidized LDL. On the other hand, 1-Mn
served as a pro-oxidant and the non-redox active 1-Ga was inert regarding lipo-
protein oxidation.

4.3 Interactions of Corroles with Macrophages

When examining cellular effects of an applied compound it is important to know
its level of accumulation within the cells. Intracellular therapeutic agents are
commonly identified by fluorescence measurements of an appropriate drug-dye
conjugate. This approach is problematic, as quite often the dye is larger than the
drug itself, and hence may affect the interaction of the drug with the cells. In the
case of transition-metal complexes this practice may not be exploited at all due to
fluorescence quenching by the metal. In the case of corroles, these two problems
may be solved by using an analogous non-transition metal complex, which results
in a fluorescent compound almost identical to the investigated agent. Accordingly,
the fluorescent 1-Ga was used for estimating cellular accumulation of amphipolar
corroles in all cases reported so far [16, 19], and was the starting point in the
current study as well. Fluorescence microscopy follow up of 1-Ga revealed to two
important observations: the compound did not break down upon its entrance to
cells (as corrole fragments are not fluorescent), and it resided in the cytoplasm and
not in the cell nucleus. However, using 1-Ga for characterizing cell accumulation
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Fig. 4.5 The catalytic mechanism for HOONO decomposition by 1-Fe and 1-Mn. The suggested
decomposition mechanism of HOONO by disproportionation (a) and isomerization (b) for 1-Mn
and 1-Fe, respectively
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of 1-Fe suffers from several drawbacks. First, 1-Ga is commonly used in cancer
models for killing cells rather than protecting them [34]; and indeed macrophage
survival was found to be heavily reduced following incubation with 1-Ga
(Fig. 3.26, p. 34). Second, cellular trafficking of negatively charged molecules is
highly dependent on the molecules interaction with serum components
(Sect. 4.3.2, p. 53); and we found that serum interactions of 1-Fe and 1-Ga are
different (Sect. 4.1.1, p. 45). This called for the development of a direct method for
measuring 1-Fe at nanomolar concentrations.

4.3.1 Chemiluminescence-Based Detection of 1-Fe
Accumulation in Macrophages

Two methods have been introduced for quantification of transition metal por-
phyrins at sub-micromolar concentrations: measurement of iron(III) porphyrin by
atomic absorption and ex vivo replacement of the porphyrin-chelated manga-
nese(III) by zinc(II) and quantification of the zinc(II) porphyrin by fluorescence
[35, 36]. The first method requires a very large quantity of porphyrin-containing
cells, which in many cases is not practical. The second method is non-trivial and
limited to cases in which the metal may be substituted [not the case for iron(III)
complexes of both porphyrins and corroles] [37]. We now introduce a new method
for the direct quantification of iron complexes of corroles and porphyrins at
nanomolar concentrations, based on a catalytic rather than photophysical property.
In biochemical research, utilization of catalytic properties of enzymes for detection
purposes is a routinely employed method, serving as the basis of commonly used
applications such as Western Blot analyses and ELISA assays. The most fre-
quently used enzyme for such detection reactions is HRP, which contains an iron-
chelated porphyrin as its prosthetic group. HRP catalyzes the oxidation of luminol,
a reaction that may also be catalyzed by free iron(III) porphyrin complexes [38],
leading to the emission of blue light, that serves as the detection reaction. This
reaction is also used for forensic investigations to detect blood traces in a crime
scene, as the iron(III) porphyrin-containing hemoglobin present in the blood also
catalyzes the luminal chemiluminscent reaction.

1-Fe was highly potent for catalyzing luminol oxidation even at concentrations as
low as 10 nM in cell-free systems, while 1-Mn was relatively inefficient even at a
concentration of 100 nM. The 1-Fe-catalyzed reaction was most efficient at basic
pH, with initial luminescence intensity reducing twofolds when changing the pH
from 11 to 9, and another tenfold decrease in neutral pH. The reaction profile also
depended on the relative amounts of luminol and H2O2: when using a tenfold excess
of H2O2 relative to luminol the initial luminescence intensity was very high but the
kinetics was very fast, whereas equimolar concentrations of the two gave lower
emission but much more easy to follow kinetics. Applying equimolar concentrations
of H2O2 and luminol provided very low emission in the presence of cell debris, but
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excess H2O2 displayed kinetic curves that could be integrated to give reproducible
results. Integration of the kinetic curves resulted in a linear calibration curve,
allowing for the quantification of cellular-derived 1-Fe down to a concentration of
30 nM (Fig. 3.31, p. 36), much below the micromolar concentrations needed to
detect this compound by absorption measurement. This discovery was used for the
appreciation of intracellular levels of the corrole by incubation of 1-Fe with
macrophages, removing the non-internalized fraction, rupture of cells, and mea-
surement of emission kinetics following addition of luminol and H2O2 to the
macrocycle-containing cell debris (Fig. 4.6). Using the new method, 1-Fe uptake
and clearance from J774.A1 macrophage cells was followed (Fig. 3.32, p. 38).
Interestingly, the presence of 1-Fe caused elevation of cellular viability, an issue that
is discussed in the following section.

The level of intracellular 1-Fe was increased as the amount of the compound
added to the culture medium was raised, approaching saturation at about 100 lM
of applied corrole (Fig. 3.33, p. 38). Under these conditions only 1 % of the
corrole added to the medium was found intracellularly, indicating that 1-Fe uptake
proceeds via a specific mechanism that reaches saturation even when excess
corrole is still present in the medium. It is customary to normalize results obtained
from experiment with cells relative to the amount of cell protein levels, which are
assumed to be proportional to the amount of cells. Unfortunately, determination of
protein concentrations could not be conducted after the chemiluminescent mea-
surement, and so the number of cells in each well was evaluated based on previous
experience with the J774.A1 cell line to be 105 cells well-1. Accordingly, the
amount of intracellular 1-Fe under saturation was 100 pmol 10-5 cells, which may
be translated to 1 fmol cell-1 or 6 9 108 molecules cell-1 (or 250 lM assuming a
cell volume of 4 9 10-9 mL). This is a meaningful number, as it is 2–3 orders of
magnitude larger than the cellular concentration of the most important and
extremely fast acting (kcat = 2 9 109 M-1 s-1) enzymatic antioxidant, SOD:
2.5 9 105 molecules cell-1 in erythrocytes and 1 9 106 molecules cell-1 in
lymphocytes (translated from 1.4 and 5.6 ng cell-1, respectively) [39]. It is also
only one order of magnitude lower than the about 15 fmol cell-1 of glutathione,
the major (but slowly acting and non-catalytic) antioxidant present in cells, shown
to reside within macrophages [40, 41].

1. Incubate cells 
with catalyst

2. Wash extra-
cellular catalyst

3. Homogenize 
by rapture of cells

4. Measure emission 
following luminol and 

H2O2 addition
Catalyst cells Cell debrisLegend:

Fig. 4.6 The experimental steps for measuring intracellular 1-Fe and iron(III) porphyrins. The
chemiluminescent method for determining intracellular amount of 1-Fe, 2-Fe, 3-Fe, and hemin
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4.3.2 Comparison of Accumulation in Macrophages
of 1-Fe and Related Iron(III) Porphyrins

The new chemiluminescence detection method was also applied for three iron(III)
porphyrin complexes (Scheme 1.3): two synthetic symmetric porphyrins, one with
negative and one with positive charges (2-Fe and 3-Fe, respectively), and the natural
porphyrin hemin. 2-Fe was an extremely efficient catalyst, displaying very strong
emission even at 7 nM. 3-Fe and hemin were moderately efficient, providing cali-
bration curves with a slope that was an order of magnitude lower than that for 2-Fe.
1-Fe was the poorest catalyst for luminol oxidation, an observation consistent with
its unmatched potency (relative to other synthetic antioxidants) regarding the cat-
alytic decomposition of hydrogen peroxide [23], the reaction that competes with the
oxidation of luminol. Using the new detection method, the cellular accumulation of
the corrole and the three porphyrins could be directly compared (Table 4.2;
Fig. 3.35, p. 39). 1-Fe, 2-Fe and hemin are all negatively charged and may hence be
predicted not to be able to cross the cell membrane spontaneously. They nevertheless
did accumulate within cells, but the intracellular concentration of 2-Fe was C5 times
smaller than that of 1-Fe, 8 versus 40 pmol cell-1. This may be attributed to
structural differences between the two compounds which lead to differences in their
interactions with potentially cell-internalizing serum proteins. 2-Fe has four charges
distributed symmetrically relative to its macrocyclic skeleton, while the two charged
groups of 1-Fe are located on only one side of the molecule, turning it amphipolar
(Scheme 1.3, p. 8). Indeed, 1-Fe (as well as amphipolar hemin) conjugated spon-
taneously and extremely strong to serum lipoproteins, while this was not the case for
2-Fe (Sect. 3.1.2.2, p. 18) [42]. Taken together, the significantly larger intracellular
concentrations of 1-Fe relative to 2-Fe clearly point towards serum proteins as cell
internalization vehicles for the negatively charged complexes.

Based on the above, intracellular accumulation of hemin was expected to be
comparable to that of 1-Fe, but turned out to be much higher (140 pmol cell-1).
The intracellular concentration displayed by 3-Fe (50 pmol cell-1) was however
not surprising and well in the range previously reported for iron(III) complexes of
pyridinium-substituted porphyrin derivatives [35, 43], as positively charged
compounds may easily cross the cell membranes. However, parallel analysis of
cell viability (Table 4.2; Fig. 3.35, p. 39) showed that the results obtained for 3-Fe
and hemin were misleading, as these compounds significantly reduce cell survival
to as low as 45–60 % relative to control cells, a process that is accompanied by
increased membrane permeability. These findings are actually consistent with
hemin being a well established pro-oxidant [44], and with the DNA-cleaving
ability [45, 46] associated to the quite efficient antioxidant 3-Fe [47, 48]. On the
other hand, 1-Fe increased cell viability up to 145 %, which could reflect the effect
of this catalytic antioxidant on the attenuation of damage induced by the quite
significant oxidative stress that is naturally present in cell-cultured macrophages,
whereas 2-Fe had no significant effect on cell survival. This issue is further
discussed in the following section.
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4.4 The Effect of Corroles on Macrophage Atherogenicity

4.4.1 Oxidative-Stress Induced Damage

Macrophages are main contributors to increased oxidative burden in the artery
wall, and as their oxidative status increases so does their ability to mediate
lipoprotein oxidation [49]. It is hence important to prevent arterial macrophage
oxidation. 1-Fe and 2-Fe, the two complexes that did not reduce basal cell viability
in macrophages, were hence examined for their capability to protect the cells
against oxidative stress. This was done by deliberately exposing cells loaded with
these compounds to various agents that initiate oxidative stress-induced cell death.
The toxins used for that purpose may be divided to two groups: (a) primary
oxidants, including H2O2 and peroxynitrite (progressively formed from the applied
SIN-1) [29], which the antioxidants may directly neutralize in a catalytic fashion;
and (b) indirect oxidants, including oxLDL [50] and a combination of LPS and
INF-c [51–53], which cause immuno-activation of the cells for the production of
ROS. NADPH oxidase is involved in both methods of cellular activation, which
leads to the formation of a high flux of O��2 (that may dismutate to H2O2). In the
latter system nitric oxide synthase (NOS) is also activated, leading to production of
NO, which together with the O��2 may form peroxynitrite.

The results revealed that 1-Fe was beneficial for preventing cell death in all the
applied systems, with a twofold increase in cell viability in most cases, while 2-Fe
had no significant effect on cell survival relative to cells not treated with any
catalytic antioxidant (Table 4.3; Figs. 3.36 and 3.37, p. 41). 1-Fe dismutates O��2
and neutralizes H2O2 extremely rapidly [23], thus avoiding the formation of any
toxic species by this route, explaining its efficiency in systems which these toxins
are involved (addition of H2O2 or oxLDL). Even in cases that O��2 may still react
with nitric oxide to form peroxynitrite (addition of SIN-1 or LPS ? INF-c), the
latter may also be efficiently detoxified by 1-Fe [27]. Of particular relevance is the
effectiveness of 1-Fe against oxidants formed in cellulo following cellular acti-
vation, since this confirms that the iron corrole identified by the chemilumines-
cence method (Sects. 4.3.1 p. 55 and 4.3.2, p. 57) was in fact intracellular and not
just cell-associated. The superiority of 1-Fe relative to 2-Fe is in line with both its
higher intracellular concentration and the larger catalytic rates displayed by it for
decomposition of all major ROS/RNS (Table 4.4).

While many metalloporphyrins have been shown to be very efficient catalysts
for dismutation of O��2 [55], most are very poor catalysts for H2O2 decomposition
due to extensive catalyst bleaching [56]. Selected porphyrins have been shown

Table 4.2 Cellular accumulation of 1-Fe, 2-Fe, 3-Fe and hemin and consequential cell survival

1-Fe 2-Fe 3-Fe Hemin

Cellular concentration (pmol 10-5 cells) 40 8 50 140
Cellular viability (% of control) 145 115 45 60
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beneficial against both O��2 and H2O2 toxicity to cultured cell [57–59], but other
metalloporphyrins have in fact been employed for inducing cell death by trans-
forming the less toxic O��2 to the more harmful H2O2 [35, 60]. Metalloporphyrins
also serve well for eliminating peroxynitrite [true for iron(III) complexes [61] and,
in the presence of reducing agents, for manganese(III) complexes as well] [62],
and they have been employed for salvage of cells both from authentic and from
immuno-stimulated peroxynitrite. The investigated complexes were highly potent
against bolus addition of peroxynitrite (though in most cases a minimal concen-
tration of 100 lM metalloporphyrin was needed), but only very limited activity
was demonstrated against LPS ? INFc cellular activation [51, 63–67]. Most
importantly, the vast majority of cell culture investigations was performed by
adding the ROS/RNS decomposition catalysts directly to the medium, i.e., without
distinguishing between extracellular and intracellular effects as done in the current
study. This may be responsible for the high efficiency of the compounds against
oxidants added to the culture media relative to their very low efficiency against
oxidants formed in cellulo, with the latter case reflecting their low intracellular
concentrations.

1-Mn was as efficient as 1-Fe for prevention of oxidative-stress induced cellular
death, which was surprising in light of the pro-oxidative character this compound
displayed regarding lipoproteins (Sect. 4.2.3, p. 53). However, one must consider
that cells and purified lipoproteins pose very different environments to the thera-
peutic compound: while lipoprotein-associated antioxidants are rapidly consumed,
cellular antioxidants may be recycled, e.g. via the glutathione/glutathione perox-
idase system. In a cellular environment the manganese(V) oxo intermediate
formed during catalysis may hence readily react with the cellular antioxidants, thus
preventing the reaction of the intermediate with vital biomolecules and recycling
1-Mn for further ROS/RNS elimination.

Table 4.4 Catalytic rates for ROS/RNS decomposition and cellular concentrations of 1-Fe and
2-Fe

Compound SOD activity
(M-1 s-1)

CAT activity
(M-1 s-1)

ONOOH
decomposition
(M-1 s-1)

Cellular concentrationa

(fmol cell-1)

1-Fe 3 9 106 [24] 6,400 [23] 3 9 106 [27] 0.4
2-Fe 6 9 105 [48] None [54] 9 9 105 [47] 0.08

a Concentration following 24 h incubation with 20 lM of the compound

Table 4.3 The effect of 1-Fe and 2-Fe against oxidative-stress induced cellular death

H2O2 SIN-1 oxLDL LPS ? INF-c

w/o 20 28 56 40
1-Fe 54 48 88 80
2-Fe 21 27 58 47

The numbers represent % cell survival (relative to control) following exposure of cells loaded
with the iron complexes to various toxins
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4.4.2 Effect on Cholesterol Metabolism

Cholesterol accumulation in macrophages turns them into foam cells, the first step
in the development of atherosclerotic plaques, and so the effects of 1-Fe on the
three pathways governing cholesterol homeostasis were measured. While intra-
cellular 1-Fe did not affect cholesterol uptake or removal, it significantly reduced
de novo cholesterol biosynthesis by the cells. The percent of inhibition increased
up to 35 % in correlation with the enhancement in the intracellular level of the
corrole up to 30 pmol cell-1 (Fig. 3.39, p. 42). Reduced cholesterol biosynthesis
was also displayed in vivo by macrophage cells harvested from the peritoneum of
mice treated with 1-Fe relative to cells from non-corrole-treated mice, which was
50–60 % for young mice and 30 % for aged mice (Fig. 3.40, p. 42).

Preliminary investigations for gaining clues about the mechanism of action of
1-Fe showed that this compound does not affect cholesterol biosynthesis when
supplying the cells with mevalonate instead of acetate, a downstream substrate.
This clearly suggests that 1-Fe affects the biosynthetic pathway at its early stages,
similar to statins. However, the structural differences between 1-Fe and statins
argue against an identical mechanism of competitive inhibition of HMGCR [68],
the rate determining step of cholesterol biosynthesis; and additional investigations
displayed that 1-Fe also does not affect this enzyme’s mRNA expression, protein
expression, and protein phosphorylation level. A plausible explanation for the effect
displayed by 1-Fe is that the redox-active complex interferes with the NADPH-
dependant process catalyzes by HMGCR (Scheme 4.2). This was tested in a cell-
free system, an experiment that indicated that 1-Fe actually catalyzed rather than
inhibited the reaction. However, the applied assay followed only the disappearance
of NADPH and not the formation of mevalonate, and thus the results may be
misleading: 1-Fe may react directly with NADPH thus depleting the pool available
for the HMGCR catalyzed reaction. More in-depth investigations are needed for
understanding the effect of 1-Fe on cellular cholesterol biosynthesis.

The last point to emphasize is that under identical conditions, 1-Fe reduced
cholesterol biosynthesis more efficiently than pravastatin and fluvastatin (35, 10, and
25 % respectively), with a combined effect of the corrole with either statin higher
than the effect of each component alone (Fig. 3.39, p. 42). The lower efficiency
displayed here by the statins relative to publications in the literature [69, 70] results
from the different procedure applied in this study, in which the cells were incubated
overnight in the absence of the examined agent, and only then assayed for choles-
terol biosynthesis. The outcome of this procedure was that the actual concentrations
of the therapeutic compounds at the assay time were much lower than what was
originally added, as specifically showen for 1-Fe to be only 1 %. The option of using
1-Fe/statin combination therapy is particularly appealing, as it may allow for lower
statin doses and thus to less side effects [71–74]. In contrast to our results with the
catalytic antioxidant 1-Fe, natural antioxidants have been shown to interfere with
the activity of statins [75, 76].

60 4 Discussion

http://dx.doi.org/10.1007/978-3-642-30328-9_3
http://dx.doi.org/10.1007/978-3-642-30328-9_3
http://dx.doi.org/10.1007/978-3-642-30328-9_3


4.5 The Effect of Corroles on Atherosclerosis
Development in Mice

The in vivo effects of corroles were examined by their oral administration to E0

mice, that are genetically engendered to develop atherosclerosis. 12-week old mice
were treated with 1-Fe, 1-Mn or 1-Ga for 12 weeks at a dose of
10 mg kg-1 day-1 (Fig. 3.44, p. 44). 1-Ga was used as a negative control, as it is
not a catalytic antioxidant, and hence not expected to affect atherosclerosis
development; and indeed it did not inhibit lesion growth. Although 1-Mn served as
a pro-oxidant toward isolated lipoproteins, its in vivo activity was somewhat
positive (16 % reduction in lesion area) as was also displayed in cell cultures. 1-Fe
was highly beneficial for reducing plaque formation (60 % reduction in lesion
area) in accordance with its in vitro potent activities. This may be easily appre-
ciated from lipid staining photos of the aortic arch of control and treated mice
(Fig. 4.7). In a second mice experiment a high-risk high-gain approach was
adopted, selecting for the experiment mice that were already 30 weeks old, an age
at which signs of lesion development are already evident and lesion growth
continues rapidly [77]. This experiment differs significantly from the previous one,
in which the compounds were supplied to asymptomatic young mice (according to
well accepted procedures) [78]. We believe this model represents a more plausible
potential patient, which will start drug treatment only after ample evidence that he
is indeed developing CVD. The aged mice were treated for 12 weeks at a dose of
10 mg kg-1 day-1 within their drinking water; and 1-Fe still reduced plaque
formation to a significant extent (30 % reduction in lesion area). A comparison
with similar experiment performed with pomegranate juice (PJ), one of the most
potent dietary antioxidants, may serve to illustrate the novelty of the iron corrole

O S
CoA

O O
H3C OH

O

O OH
H3C OH

2H+ + 2NADPH

CoA + 2NADP+

HMGCR

MevalonateHMG-CoA

Scheme 4.2 The rate determining step of cholesterol biosynthesis. The enzyme HMGCR
reduces HMG-CoA to mevalonate by using two equivalents of NADPH

Fig. 4.7 Atherosclerotic
lesions from control and 1-
Fe-treated mice. Photos of
the aortic arch from control
(a) and 1-Fe-treated
(b) young mice. The lipidic
matter is stained with a black
dye
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regarding attenuation of lesion formation: 44 % reduction for young mice treated
with PJ [79] relative to 60 % with 1-Fe, and only 17 % decrease for aged mice
treated with PJ [80] relative to 30 % with 1-Fe.
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Chapter 5
Conclusions

This thesis uncovered three major phenomena characteristic of amphiphilic
corroles that are of prime importance for their utilization as potential drugs for
prevention or treatment of CVD.

The effects on lipoproteins (Fig. 5.1):

1. The bis-sulfonated corroles bind with high affinity to lipoproteins, with 1-Fe
displaying high selectivity for HDL2 binding. Binding of 1-Fe is through
interactions of the metal ion with two histidine moieties from yet to be
determined HDL-associated protein(s), while 1-Mn and 1-Ga associate with
the lipids of the lipoproteins due to the amphipolar structure of the corrole.

2. Conjugation of 1-Fe to HDL and LDL efficiently protects the lipoproteins
against oxidative damage and consequential function impairment, with 1-Fe/
HDL conjugates displaying improved anti-atherogenic properties relative to
native HDL. Moreover, 1-Fe reduces the pro-oxidative capacity of already
oxidized LDL. On the other hand, 1-Mn serves as a pro-oxidant under identical
in vitro conditions.

3. The extremely strong binding of 1-Fe to HDL and LDL suggests that this
catalytic ROS/RNS decomposition catalyst will be carried all the way to the
arterial wall, where the need for its protective action against the atherogenicity-
inducing damage to oxidized lipoproteins is most crucial.

4. The highly dissimilar serum distribution of the bis-sulfonated corroles and the
analogous porphyrin (does not bind to any lipoprotein) may indicate a very
different biological effect of the compounds despite of similar catalytic
activities.

The effects on macrophages:

1. The saturation cellular concentration of 1-Fe (as determined by a new detection
method disclosed in this research) is significant, as it is higher than the con-
centration of the very important cellular antioxidant enzyme SOD. On the other
hand, the analogous porphyrin accumulates to very low concentrations.
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2. Cellular uptake of corroles is mediated by serum components via a specific
mechanism, without causing breakdown of the corrole. Additional research is
needed to further characterize the uptake mechanism.

3. 1-Fe and 1-Mn are non-toxic to macrophage cells, even at high concentrations,
while 1-Ga is highly toxic. The intracellular fraction of either 1-Fe or 1-Mn
protects the cells against primary oxidants and even from toxins that induce
expression of ROS/RNS by the cells. In contrast, the intracellular fraction of the
analogous porphyrin is inefficient for cellular protection against oxidative
damage.

4. 1-Fe inhibits cholesterol biosynthesis in cultured macrophages in a dose
dependant manner that correlates with its intracellular levels. Co-treatment of
macrophages with statins and 1-Fe results in a combined effect, higher than the
effect of each component alone. The mechanism by which 1-Fe inhibits cellular
cholesterol biosynthesis remains to be elucidated.

5. Macrophages harvested from mice treated with 1-Fe show reduced accumu-
lation of cholesterol and decreased cholesterol biosynthesis relative to macro-
phages from control mice.

The effects on atherosclerotic mice:

1. 1-Fe-treated mice display lower atherosclerosis lesion formation relative to
control mice, both in young asymptomatic mice and in an experimental design
where early signs of the disease are evident before starting the treatment, a
more realistic profile for a potential patient.
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oxLDL oxHDL
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Foam Cell
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Fig. 5.1 Summary of the effect of 1-Fe on lipoproteins. 1-Fe binds to HDL and LDL, protects
them against modifications by ROS/RNS and saves them from oxidative-stress induced function
impairment
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2. 1-Mn showed limited attenuation of lesion development in the young mice
model, while 1-Ga has no effect.

These pre-clinical discoveries formed the foundation for regulated investiga-
tions that are currently in progress, required for advancing these compounds from
the bench to the bedside.

5 Conclusions 69



Chapter 6
Materials and Methods

6.1 General Methods

6.1.1 Materials

• Corrole complexes were prepared according to previously described procedures
[1, 2].

• Porphyrin complexes were purchased from Frontier Scientific (Logan, Utah).
• SIN-1 (Sigma) was prepared in water, saved as aliquots in -70 �C and thawed

immediately before use (as it is unstable at non-basic pH).

6.1.1.1 Lipoprotein Preparation

Lipoproteins were separated from serum of normal healthy volunteers by sequential
ultracentrifugation [3] and dialyzed against saline with EDTA (1 mM) for
removing excess salt. Protein concentration of the separated fraction was deter-
mined by the lowry method [4]. Translation to molar concentrations was calculated
using a protein weight of 500 kDa for LDL. For HDL an average particle weight of
360 kDa and 45 % protein content was assumed for calculations. Fraction purity
was verified by HPLC as described in Sect. 8.2.2. Lipoproteins were diluted in PBS
to 1 mg protein/mL and dialyzed against PBS at 4 �C to remove the EDTA prior to
oxidation experiments. OxLDL was prepared by adding 40 lM CuSO4 for several
hours to 1 mg protein/mL LDL until the yellow solution turned white.

6.1.1.2 Protein Determination (Lowry) Assay

Samples (20 lL) were incubated with 200 lL of a color reagent for 20 min at
room temperature. The color reagent was prepared by mixing 100 equivalents of
2 % Na2CO3 in 0.1 M NaOH with one equivalent of 1 % CuSO4 and one
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equivalent of 2 % Na,K tartrate. Then 20 lL of folin reagent (diluted 1:1 in water)
was added, followed by additional incubation for 20 min at room temperature.
Absorption at 650 nm was measured on a PowerWavex Microplate Scanning
Spectrophotometer (Bio-Tek Instruments Inc.). Protein concentrations were
determined relative to a BSA standard curve (ranging up to 40 mg) [4].

6.1.1.3 HPLC Separation of Serum

Samples were filtered through a 0.22 lm filter and injected to a LaChrom Elite
HPLC system fitted with a superose 6 10/300 GL (GE healthcare) gel filtration
column and a photodiode array detector. The sample was eluted with PBS
(pH = 7.4) at a flow rate of 0.5 ml/min. Chromatograms at 280 and 420 nm and
the full spectrum of the run were recorded [5].

6.1.2 Measurement of Lipoprotein Oxidation Products

6.1.2.1 Conjugated Dienes

Lipoprotein samples (20 lL) were diluted with 200 lL PBS, and absorption of the
samples was measured at 234 nm on a PowerWavex Microplate Scanning Spec-
trophotometer (Bio-Tek Instruments Inc.). Results were displayed as absorbance
units or as the amount of conjugated dienes per mg of LDL or HDL protein using
an extinction coefficient of 29500 M-1 cm-1 [6].

6.1.2.2 Lipid Hydroperoxides

Lipoprotein samples (20 lL) were incubated with 200 lL of a color reagent for
30 min at room temperature in the dark. The color reagent was prepared by dis-
solving 27.2 gr/L potassium dihydrogenphosphate, 20 gr/L potassium iodide, 0.01
gr/L sodium azide, 2 gr/L igepal, 0.1 gr/L alkylbenzyldimethyl amonium chloride,
and 0.012 gr/L amonium molybdate at a final volume of 1 L, and adjusted to
pH = 6.2. Then the absorption of the samples was measured at 365 nm on a
PowerWavex Microplate Scanning Spectrophotometer (Bio-Tek Instruments Inc.).
Results were determined using an extinction coefficient of 24600 M-1 cm-1 and
expressed per mg of LDL or HDL protein [7].

6.1.2.3 Aldehydes

Lipoprotein samples (120 lL diluted with 40 lL water) were incubated with
240 lL of 0.026 M thiobarbituric acid (TBA) for 20 min at 80 �C. The TBA
solution was prepared by dissolving with heating 0.375 gr TBA in 2.5 mL conc.
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HCL and 15 mL trichloroacetic acid at a final volume of 100 mL. Then the
samples were centrifuged at 2000 rpm for 10 min, and 200 lL of the supernatant
was collected. Absorption at 532 nm was measured on a PowerWavex Microplate
Scanning Spectrophotometer (Bio-Tek Instruments Inc.). Results were determined
relative to a malondialdehyde standard curve (ranging up to 50 mM) and
expressed per mg of LDL or HDL protein [8].

6.1.2.4 Tryptophan Fluorescent

Lipoprotein samples (20 lL) were diluted with 200 lL PBS, and fluorescence of
the samples was measured with excitation at 280 nm and emission at 370 nm on a
Spectramax M2 Microplate Reader (Molecular Devices). Results were displayed
as fluorescence units.

6.1.2.5 Proteins Electrophoretic Analysis

Lipoprotein samples (20 lL) were reduced and denaturated, and then subjected to
SDS-PAGE on a 12 % acrylamide gel according to standard protocols. The gel
was stained with coomassie blue staining, and protein bands were identified rel-
ative to a molecular weight marker, as well as by LC–MS-MS of selected bands
(by The Smoler Proteomics Center, Biology Faculty, Technion).

6.1.2.6 Western Blot Analysis of Protein Nitration

Lipoprotein samples (20 lL) were reduced and denaturated, and then subjected to
SDS-PAGE on a 12 % acrylamide gel according to standard protocols. The protein
bands were transferred to a nitrocellulose membrane that was then blocked with
2 % BSA overnight at 4 �C, treated with biotinylated anti-nitrotyrosine mono-
clonal antibody (1:200, Cayman Chemicals) in 1 % BSA for 2 h at room tem-
perature, and then with peroxidase-streptavidine conjugate (1:10000, Jackson
ImmunoResearch Laboratories Inc.) in 1 % BSA for 1 h at room temperature. The
membrane was developed using an EZ-ECL kit.

6.1.2.7 ELISA Detection of Protein Nitration

ELISA wells were coated by 2 h incubation at 37 �C with 100 lL of 0.4 mg/mL
solution of nitrated BSA (Jackson ImmunoResearch Laboratories Inc.) in car-
bonate buffer (pH = 9.6). The wells were further incubated with 150 lL of 2 %
BSA solution for 1 h at 37 �C. Then 50 lL of non-diluted lipoprotein samples
together with 50 lL of biotinylated anti-nitrotyrosine monoclonal antibody
(1:10000, Cayman Chemicals) in 2 % BSA were added for 1 h incubation at
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37 �C, followed by 100 lL of peroxidase-streptavidine conjugate (1:1000, Jackson
ImmunoResearch Laboratories Inc.) in 1 % BSA for 30 min at 37 �C. Finally
color was developed by addition of 100 lL of 3,30,5,50-tetramethylbenzidine
(TMB) solution for 10 min at room temperature and then 100 lL of 0.5 M H2SO4.
Absorbance was measured at 450 nm on a PowerWavex Microplate Scanning
Spectrophotometer (Bio-Tek Instruments Inc.). Results were determined relative
to a nitrated BSA standard curve (ranging up to 100 lg/mL) and the amount of
nitration per mg of HDL protein calculated under the assumption that the nitrated
BSA contained 3 NO2 groups per protein.

6.1.3 Cell Cultures

Murine J774.A1 macrophages were cultured in DMEM containing 5 % FCS in a
humidified incubator. Mouse peritoneal macrophages (MPM) were harvested
4 days after intra-peritoneal injection of 3 mL thioglycolate (40 g/L) to mice. The
MPM cells were washed with PBS, diluted to 106 cells/mL in DMEM supple-
mented with 5 % FCS, plated and stored in a humidified incubator until assays
measurements (no more than 5 days).

6.1.4 Cellular Assays

6.1.4.1 Cell Survival (MTT) Assay

Cells (1 9 105 cells/well in 96-well plates) were incubated with 100 lL of
0.5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) in RPMI without phenol red for 1 h at 37 �C. Next, 100 lL of 10 % SDS
in 0.1 M HCl were added for an overnight incubation at 37 �C. Absorption at
570 nm was measured on a PowerWavex Microplate Scanning Spectrophotometer
(Bio-Tek Instruments Inc.). Results were expressed as percentage relative to
values from non-treated control cells.

6.1.4.2 Cell Oxidation (DCFH) Assay

Cells (1 9 106 cells/well in 12-well plates) were incubated with 10 lM 20,70-
dichlorofluorescein diacetate (DCFH-DA) in PBS for 1 h at 37 �C, and then the
cells were washed, scraped into PBS and analysed on a FACSCalibur two lasers
flow cytometer with excitation at 488 nm and measurement of emission at
510–540 nm [9]. Results were expressed as mean MFI.
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6.1.4.3 Cell Apoptosis (DiOC6) Assay

Cells (1 9 106 cells/well in 12-well plates) were incubated with 50 lM 3,30-
dihexyloxacarbocyanine iodide (DiCO6) in PBS for 1 h at 37 �C, and then the cells
were washed, scraped into PBS and analysed on a FACSCalibur two lasers flow
cytometer with excitation at 488 nm and measurement of emission at 510–540 nm
[10]. Results were expressed as MFI.

6.1.4.4 Cellular Cholesterol Efflux

Cells (1 9 106 cells/well in 24-well plates) were incubated for 1 h in serum-free
DMEM that contained 3H-cholesterol (2 lCi/mL) and BSA (0.2 %) and then washed
and incubated in 1 mL of DMEM containing 100 lg HDL protein. After 4 h incu-
bation at 37 �C, 500 lL of the medium was collected, the cells were washed with
PBS, 1 mL of 0.1 N NaOH was added and 500 lL was collected the next day.
Medium and cellular 3H-cholesterol were determined by liquid scintillation count-
ing. The percentage of cholesterol efflux was calculated as the ratio of total counts per
minute in the medium divided by the total counts per minute in the medium and in the
cells. HDL-mediated cholesterol efflux was calculated after subtraction of the non-
specific efflux obtained in cells incubated in the absence of HDL.

6.1.4.5 Cellular Cholesterol Uptake

Cells (1 9 106 cells/well in 12-well plates) were incubated overnight with DMEM
containing 0.2 % BSA, followed by incubation with fluorescein isothiocyanate
(FITC)-labelled LDL or oxLDL (approx. 25 lg protein/mL) for 3 h at 37 �C. Then
the cells were washed, scraped into PBS and analysed on a FACSCalibur two
lasers flow cytometer with excitation at 488 nm and measurement of emission at
510–540 nm. Results were expressed as MFI.

6.1.4.6 Cellular Cholesterol Biosynthesis

Cells (2 9 106 cells/well in 6-well plates) were incubated overnight with DMEM
containing 0.2 % BSA, followed by incubation with 3H-acetate (1 lCi/mL) or
14C-mevalonolactone (1 lCi/mL) (Amersham International, Bucks, UK) in
DMEM containing 0.2 % BSA for 3 h at 37 �C. Cellular lipids were then extracted
in hexane:isopropanol (3:2, v:v), and the upper phase separated by thin layer
chromatography (TLC) on silica gel plates with hexane:ether:acetic acid
(80:20:1.5, v:v:v). Unesterified cholesterol spots were visualized by iodine vapor
(using appropriate standard), scraped into scintillation vials and counted in a b-
counter [11]. 0.1 M NaOH were added to the remains of the cells, and cellular
proteins were measured the following day by the Lowry method [4]. Results were
expressed per mg of cell protein.
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6.1.4.7 Cellular Cholesterol Content

Cells (2 9 106 cells/well in 6-well plates) were treated with hexane:isopropanol
(3:2, v:v) for extraction of cellular lipids [12], and the upper phase was then
analyzed for cholesterol content by commercially available kits (Roche
Diagnostics). Results were expressed per mg of cell protein.

6.1.4.8 Chemiluminescent Detection of Intracellular Iron Chelates

Cells (1 9 105 cells/well in 96-well plates) were suspended in distilled water and
frozen until measurement. Emission at 430 nm was followed in a kinetic detection
mode on a Spectramax M2 Microplate Reader (Molecular Devices) after the
addition of 1 mM luminol and 10 mM H2O2 (pH = 13) to the ruptured cells. The
plots were then integrated from t = 0 to t = 12 and intracellular concentration
determined relative to a standard curve.

6.1.5 Histopathological Development of Atherosclerotic Lesions
in Mice

Heart and entire aorta were rapidly dissected out from each mouse and immersion-
fixed in 3 % glutaraldehyde in 0.1 M sodium cacodylate buffer with 0.01 % cal-
cium chloride, pH 7.4, at room temperature. The first 4 mm of the aortic arch was
stained with osmium tetroxide, which colors all the lipid components a dark
brown–black color thus enabling delineation of the lesion with greater accuracy.
The blocks were embedded in epon resin and thin transverse sections were cut to
allow greater resolution of the lesion details. The area covered by the lesion was
determined by image analysis [13].

6.2 Experimental Procedures

6.2.1 Corrole-Lipoproteins Binding

10 lM of 1-Fe, 1-Mn or 1-Ga were supplemented with 0.1 mg protein/mL of LDL
(0.2 lM) or HDL (0.6 lM) and the absorbance spectrum measured. Then the
solutions were extensively dialyzed to remove non-bound (and loosely bound)
corrole, and the absorbance measured again. The reduction in absorbance allowed
for calculating corrole concentration after dialysis, and thus for calculating the
corrole/lipoprotein ratio.
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6.2.2 Corrole Distribution in Serum

6.2.2.1 KBr-Density Gradient Distribution

40 lM of 1-Fe, 1-Mn, 1-Ga or 2-Fe were added to 4 mL of normal human serum and
co-incubated for at least 30 min. Then the density of the solution was raised to 1.25
gr/mL by the addition of KBr and placed in the centrifugation tube. A 4 mL NaCl
solution adjusted by KBr addition to a density of 1.084 gr/mL was placed above the
serum, and an additional 4 mL of 1.006 gr/mL NaCl solution placed at the top. Then
the tubes were treated for 48 h at 4 �C by ultracentrifugation at 40,000 rpm [3].

6.2.2.2 HPLC Distribution at Low Corrole Concentrations

100 lM of 1-Fe, 1-Mn, 1-Ga, 1-Al, 1-Co, 2-Fe or hemin were added to normal
human serum and co-incubated for at least 30 min, and then 50 lM samples were
separated by HPLC as described in Sect. 8.1.4.

6.2.2.3 HPLC Distribution for Serum Overloaded with Corrole

1-Fe was added to the human serum in 1:1 volume ratio, giving a final corrole
concentration of 500 lM and two-fold diluted serum. These solutions were dia-
lyzed against three replacements of saline-EDTA for removing all non-tightly
bound corrole, and then 50 lM samples were separated by HPLC as described in
Sect. 8.1.4.

6.2.2.4 HPLC Distribution in Serum of Mice Treated with Corrole

Two 10-weeks old male C57Bl/6 mice were intraperitoneally injected with 200 lL
solution of 1 mM 1-Fe or 1-Ga, and blood was collected 40 min later. After
30 min the blood was centrifuged at 3000 rpm for 10 min, the serum was collected
and 50 lM samples were separated by HPLC as described in Sect. 8.1.4.

6.2.3 Spectral Changes in the Presence of Lipoprotein
Components

6.2.3.1 CD Spectra with Lipoproteins

60 lM of 1-Fe or 1-Mn or 15 lM of 1-Ga were incubated for 10 min with 2.5 mg
protein/mL HDL2 (*15 lM) or 2.5 mg/mL LDL (*5 lM), and then CD spectra
at the visible range were measured on a JASCO J-810 CD spectropolarimeter
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using a data pitch of 1 nm, a bandwidth of 1 nm, a detector response of 1 s and a
scan speed of 100 nm/min.

6.2.3.2 Electronic Spectra with Amino Acids

Concentrated solutions of MeHis, MeMet, MeTyr, EtCys, MeArg and MeLys (all
containing hydrochloride in their formulation) were prepared and brought to
neutral pH by the addition of NaOH. Microliters of these solutions were added to a
50 lM solution of 1-Fe or 1-Mn, and the electronic spectrum was measured.

6.2.3.3 Electronic Spectra with Liposomes

Di-oleoyl-phosphatidylcholine, unesterified cholesterol and cholesterol oleate ester
were each dissolved in a methamol:chloroform (1:2) solution, and mixed to a final
concentration of 2.6 mM, 90 and 90 lM (in 1 ml), respectively [14]. The solvent
was evaporated under N2, and 100 lL of tris-buffered saline (TBS: 20 mM tris,
150 mM NaCl, pH = 8) was added. A 1 min vortex followed by 2 min sonication
and another 1 min vortex were applied, followed by 30 min shaking at 37 �C. For
constructing lipidic liposomes, another 900 lL of TBS were added for 2 h incu-
bation at 37 �C under shaking. PON1 or apoE were then added to a concentration
of 0.2 lM, and another 2 h shaking at 37 �C was applied. Microliters of these
solutions were added to a 30 lM solution of 1-Fe or 1-Mn, and the electronic
spectrum was measured.

6.2.3.4 Electronic Spectra in the Serum of Knockout Mice

Blood was collected from C57Bl/6 mice and from apoE, PON1, and apoAI defi-
cient mice (on a background of C57Bl/6). After 30 min the blood was centrifuged
at 3000 rpm for 10 min, and the serum collected. 1-Fe was added to the mice
serum to a final concentration of 100 lM, and 30 lM samples were separated by
HPLC as described in Sect. 8.1.4.

6.2.3.5 Electronic Spectra with PON1-Treated HDL2

500 lg protein/mL HDL2 (3 lM of HDL2, 12 lM of apoAI) were incubated
while shaking for 2 h at 37 �C with or without 12 lM of PON1. To these solutions
12 lM of 1-Fe was added, and the absorbance spectrum measured.
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6.2.4 Lipoprotein Oxidation

6.2.4.1 Dose-Dependent Effect of Corroles on Copper-Ions-Induced
Oxidation

LDL or HDL (0.1 mg protein/mL) solutions in PBS were incubated for 30 min at
room temperature without any additive or with 1-Mn, 1-Fe or 1-Ga at concen-
trations of 0.5, 2.5 and 5 lM. Oxidation was initiated by addition of a freshly
prepared CuSO4 solution to a concentration of 5 lM and the solutions were
incubated at 37 �C, 2 h for LDL and 5 h for HDL. Lipoprotein oxidation was
determined by measuring the amount of lipid hydroperoxides and aldehydes for-
mation (Sect. 8.1.4, page 61).

6.2.4.2 Effect of Corroles on Kinetics of Copper-Ions-Induced Oxidation

LDL or HDL (0.1 mg protein/mL) solutions in PBS were incubated for 30 min at
room temperature without any additive or with 2.5 lM 1-Mn or 1-Fe. Oxidation
was initiated by addition of a freshly prepared CuSO4 solution to a concentration
of 5 lM and conjugated dienes formation was continuous monitored for 120 min
while formation of lipid hydroperoxides and aldehydes was measured every
15 min (Sect. 8.1.4, page 61).

6.2.4.3 Dose-Dependent Effect of SIN-1

HDL (1 mg protein/mL) in PBS containing 100 lM DTPA was incubated over-
night without or with SIN-1 at concentrations of 100, 200, 300, 500 or 1000 lM
SIN-1 at 37 �C. Lipoprotein oxidation was determined by measuring the formation
of conjugated dienes, lipid hydroperoxides, aldehydes, tryptophan fluorescence,
protein electophoretic pattern, and protein nitration by western blot and ELISA
(Sect. 8.1.4, page 61).

6.2.4.4 Dose-Dependent Effect of Corroles on SIN-1-Induced Oxidation

HDL (1 mg protein/mL) solutions in PBS containing 100 lM DTPA were
incubated for 30 min at room temperature without any additive or with 1-Mn or
1-Fe at concentrations of 10, 25 and 50 lM. Oxidation was initiated by addition
of SIN-1 to a concentration of 500 lM and incubation 2 h at 37 �C. Lipoprotein
oxidation was determined by measuring the formation of conjugated dienes,
protein electophoretic pattern, and protein nitration by western blot (Sect. 8.1.4,
page 61).
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6.2.4.5 Effect of Corroles on Kinetics of SIN-1-Induced Oxidation

HDL (1 mg protein/mL) solutions in PBS containing 100 lM DTPA were incu-
bated for 30 min at room temperature without any additive or with 50 lM 1-Mn or
1-Fe. Oxidation was initiated by addition of SIN-1 to a concentration of 500 lM,
and conjugated dienes formation was continuous monitored for 120 min
(Sect. 8.1.4, page 61).

6.2.5 Lipoprotein Functions

6.2.5.1 Anti-Atherogenic Functions of HDL

HDL (1 mg protein/mL) in PBS was incubated with or without 50 lM of 1-Fe for
10 min (until 1-Fe containing solutions turned green), and then 500 lM SIN-1 or
40 lM CuSO4 were added for overnight incubation at 37 �C. At the end of oxi-
dation solutions were analyzed for the following biological activities:

• HDL-mediated cholesterol efflux: Cholesterol efflux from J774.A1 cells
(1 9 106 cells/well in 24-well plates) was conducted as described in the general
procedures (Sect. 8.1.7, page 64) by using the various HDL samples.

• Protection against oxLDL-induced oxidation: J774.A1 cells (1 9 106 cells/well
in 12-well plates) were treated with 50 lg protein/mL of the various HDL
samples in serum free media. After 30 min incubation at 37 �C, oxLDL was
added at a 25 lg protein/mL concentration for 4 h, after which cells were
washed and cellular oxidative stress was measured by the DCFH assay
(Sect. 8.1.7, page 64). oxLDL-induced oxidative stress was calculated by sub-
tracting the basal cellular oxidative stress (without oxLDL and without HDL)
from each recorded value.

• Protection against tunicamycin-induced apoptosis: J774.A1 cells (1 9 106

cells/well in 12-well plates) were treated with 100 lg protein/mL of the various
HDL samples in serum free media. After 30 min incubation at 37 �C, tunica-
mycin was added at a 1 lg/mL concentration for overnight incubation, after
which cells were washed and cellular viability was measured by the DiCO6

assay (Sect. 8.1.7, page 64). Tunicamycin-induced apoptosis was calculated by
subtracting recorded values from the value of untreated cells (without tunica-
mycin and without HDL).

6.2.5.2 Pro-Oxidative Activity of oxLDL

oxLDL (1 mg protein/mL) was incubated overnight at 37 �C in the absence or
presence of 50 lM 1-Fe. These oxLDL solutions were added at a 25 lg protein/
mL concentration for 4 h to J774A.1 cells (1 9 106 cells/well in 12-well plates) in
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serum free media. Then the cells were washed and cellular oxidative stress was
measured using the DCFH assay (Sect. 8.1.7, page 64). oxLDL-induced oxidative
stress was calculated by subtracting the basal cellular oxidative stress (without
oxLDL) from the recorded values.

6.2.6 Interactions of Corrole and Porphyrin Complexes with Cells

6.2.6.1 Detection of 1-Ga by Fluorescent Microscopy

J774.A1 cells were seeded on cover slips and incubated in DMEM containing 5 %
FCS with or without 20 lM 1-Ga at 37 �C for 30 min. Then the cells were washed,
fixed with 4 % paraformaldehyde for 30 min, suspended in DAPI-containing
mounting media, and examined by fluorescence microscopy using a LSM 510 Meta
laser scanning confocl system (Carl Zeiss). DAPI was detected by excitation at
405 nm, and corrole by excitation at 561 nm with a 600 nm long pass emission filter.

6.2.6.2 Detection of 1-Ga by Flow Cytometry

J774.A1 cells (1 9 106 cells/well in 12-well plates) were incubated in DMEM
containing 5 % FCS without or with 5 or 20 lM 1-Ga at 37 �C for 30 min. Then
the cells were washed, scraped into PBS and analysed on a FACSCalibur two
lasers flow cytometer with excitation at 635 nm and emission at 653–669 nm.

6.2.6.3 Standard Curve for Analysis of 1-Ga in Cellular Debris

J774.A1 cells (1 9 105 cells/well in 96-well plates) were washed, suspended in
distilled water and frozen until detection. Cells were then thawed and increasing
concentrations of 1-Ga were added. Fluorescence measurement (kex = 430 nm,
kem = 615 nm) allowed for the construction of a calibration curve.

6.2.6.4 Time-Dependent Cellular Accumulation of 1-Ga

J774.A1 cells (1 9 105 cells/well in 96-well plates) were incubated in DMEM
containing 5 % FCS with or without 20 lM of 1-Ga at 37 �C for 1, 3 or 24 h.
Then the cells were washed, suspended in distilled water and frozen until detec-
tion. Intracellular corrole was detected and quantified relative to a standard curve
(in the presence of cellular debris) by measurement of fluorescence
(kex = 430 nm, kem = 615 nm). Cell survival was determined in parallel by the
MTT assay (Sect. 8.1.7, page 64).
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6.2.6.5 Detection of 1-Fe and 1-Mn in Cell-Free Systems

1 mM luminol was added to solutions containing 1000 nM, 100 nM or 10 nM of 1-
Fe or 1-Mn under various pH conditions: 0.1 M NaOH (pH = 13), 50 mM gly-
cine buffer at pH = 9, or 50 mM phosphate buffer at pH = 7. Next, 1 mM or
10 mM of H2O2 were added, and kinetics of emission at 430 nm was immediately
measured.

6.2.6.6 Standard Curve for Analysis of 1-Fe in Cellular Debris

J774.A1 cells (1 9 105 cells/well in 96-well plates) were washed, suspended in
distilled water and frozen until detection. Cells were then thawed and increasing
concentrations of 1-Fe were added. Next, 1 mM luminol were added at pH = 13.
Finally, 10 mM H2O2 were added, and kinetics of emission at 430 nm was
immediately measured. Integration of the 12 min kinetic plots allowed for the
construction of a calibration curve.

6.2.6.7 Time-Dependent Cellular Accumulation of 1-Fe

J774.A1 cells (1 9 105 cells/well in 96-well plates) were incubated in DMEM
containing 5 % FCS with or without 20 lM of 1-Fe at 37 �C for 1, 3 or 24 h. Then
the cells were washed, suspended in distilled water and frozen until detection.
Intracellular corrole was detected and quantified relative to a standard curve (in the
presence of cellular debris) by chemiluminescence (Sect. 8.1.7, page 64). Cell
survival was determined in parallel by the MTT assay (Sect. 8.1.7, page 64).

6.2.6.8 Time-Dependent Removal of 1-Fe from Cells

J774.A1 cells (1 9 105 cells/well in 96-well plates) were incubated in DMEM
containing 5 % FCS with or without 20 lM of 1-Fe at 37 �C for 24 h, washed
and further incubated in corrole-free and serum-free medium at 37 �C for 3 or
24 h. Then the cells were washed, suspended in distilled water and frozen until
detection. Intracellular corrole was detected and quantified relative to a standard
curve (in the presence of cellular debris) by chemiluminescence (Sect. 8.1.7,
page 64). Cell survival was determined in parallel by the MTT assay
(Sect. 8.1.7, page 64).

6.2.6.9 Dose-Dependent Cellular Accumulation of 1-Fe

J774.A1 cells (1 9 105 cells/well in 96-well plates) were incubated in DMEM
containing 5 % FCS with increasing concentrations of 1-Fe for 2 h at 37 �C. Then
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the cells were washed, suspended in distilled water and frozen until detection.
Intracellular corrole was detected and quantified relative to a standard curve (in the
presence of cellular debris) by chemiluminescence (Sect. 8.1.7, page 64).

6.2.6.10 Standard Curve for Analysis of Iron Porphyrins in Cellular Debris

J774.A1 cells (1 9 105 cells/well in 96-well plates) were washed, suspended in
distilled water and frozen until detection. Cells were then thawed and increasing
concentrations of 2-Fe, 3-Fe or hemin were added. Next, 1 mM luminol were
added at pH = 13. Finally, 10 mM H2O2 were added, and kinetics of emission at
430 nm was immediately measured. Integration of the 12 min kinetic plots
allowed for the construction of a calibration curve.

6.2.6.11 Relative Cell Accumulation of 1-Fe and Related Porphyrins

J774.A1 cells (1 9 105 cells/well in 96-well plates) were incubated in DMEM
containing 5 % FCS with or without 20 lM of 1-Fe, 2-Fe, 3-Fe or hemin at 37 �C
for 24 h. Then the cells were washed, suspended in distilled water and frozen until
detection. Intracellular corrole/porphyrin was detected and quantified relative to a
standard curve (in the presence of cellular debris) by chemiluminescence
(Sect. 8.1.7, page 64). Cell survival was determined in parallel by the MTT assay
(Sect. 8.1.7, page 64).

6.2.7 Effect of Corrole and Porphyrin Complexes on Cells

6.2.7.1 Effect of 1-Fe and 2-Fe Against Oxidative-Stress Induced Death

J774.A1 cells (1 9 105 cells/well in 96-well plates) were incubated in DMEM
containing 5 % FCS with: medium free of additives or with medium containing
20 lM of 1-Fe or 2-Fe at 37 �C for 24 h. Then cells were washed and treated with
medium alone or with medium containing: 500 lM H2O2, 1000 lM SIN-1 or
25 lg/mL oxLDL for 24 h or with a combination of 100 ng/mL LPS and 20 ng/
mL INFc for 48 h at 37 �C. Cell survival was determined by the MTT assay
(Sect. 8.1.7, page 64).

6.2.7.2 Effect of 1-Fe on Cellular Cholesterol Flux

J774.A1 cells (1 9 106 cells/well in 12-well plates for uptake and 24-well plates
for efflux) were incubated in DMEM containing 5 % FCS with or without 20 lM
of 1-Fe at 37 �C for 24 h. Then the cells were washed and analyzed for cholesterol
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uptake and efflux (Sect. 8.1.7, page 64). The lipoproteins used for the examination
were not previously treated with corrole.

6.2.7.3 Dose-Dependent Effect of 1-Fe on Cholesterol Biosynthesis

J774.A1 cells (2 9 106 cells/well in 6-well plates) were incubated for 24 h with or
without 5, 20 or 50 lM of 1-Fe. After washing the cells, cholesterol biosynthesis from
acetate was determined (Sect. 8.1.7, page 64). Intracellular corrole concentration was
determined in parallel following the same treatment (Sect. 8.1.7, page 64).

6.2.7.4 Compared and Combined Effects of 1-Fe and Statins on Cholesterol
Biosynthesis

J774.A1 cells (2 9 106 cells/well in 6-well plates) were incubated for 24 h with or
without 20 lM 1-Fe, 200 lM pravastatin (PS), 20 lM fluvastatin (FS), or a
combination of corrole and statin. After washing the cells, cholesterol biosynthesis
from acetate was determined (Sect. 8.1.7, page 64).

6.2.7.5 Effects of 1-Fe Administration to Mice on MPM Cholesterol
Biosynthesis

12-weeks old male E0 mice, 12-weeks old female E0 mice, or 30-weeks old male
E0 mice (6 in each group) received tap water with no additive or containing 1-Fe
(at a dosage of 10 mg/kg/day). After 12 weeks MPM cells were harvested
(Sect. 8.1.6), and analyzed for cholesterol biosynthesis and cholesterol content
(Sect. 8.1.7, page 64).

6.2.7.6 Mechanism Behind 1-Fe Effect on Cholesterol Biosynthesis

J774.A1cells (2 9 106 cells/well in 6-well plates for cholesterol biosynthesis and
1 9 106 cells/well in 12-well plates for the other assays) were incubated for 24 h
with or without 20 lM of 1-Fe. After washing the cells, cholesterol biosynthesis
from mevalone (Sect. 8.1.7, page 64), HMGCR mRNA expression, HMGCR
protein expression or HMGCR protein phosphorylation were determined.

• HMGCR mRNA expression: Total RNA was extracted with TRI-reagent
(Molecular Research Center, Inc.). Final total RNA concentration was determined
spectrophotometrically by measuring the absorbency at 260 nm. cDNA was
generated from 1 lg of total RNA using M-MLV reverse transcriptase (Promega)
and random primers (Promega). The reaction was carried out at 37 �C for 60 min
followed by 5 min at 95 �C. The products of the reaction were subjected to PCR
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amplification: first step at 94 �C for 1 min, second step at 95 �C for 1 min, third
step at 55 �C for 1 min, fourth step at 72 �C for 1.5 min (steps 2, 3 and 4 were
cycled for 35 times), and the last step was performed at 72 �C for 8 min. The
amplified transcripts were separated on a 1 % (w/vol.) agarose gel containing
ethidium bromide and visualized with ultraviolet transillumination.

Primer for the HMGCR:
Forward: 50-GGGACGGTGACACTTACCATCTGTATGATG-30

Reverse: 50-ATCATCTTGGAGAGATAAAACTGCCA-30.
Primers for the house keeping gene glyceraldehyde 3-phosphate dehydrogenase

(GAPDH):
Forward: 50-CTGCCATTTGCAGTGGCAAAGTGG-30

Reverse: 50-TTGTCATGGATGACCTTGGCCAGG-30.

• HMGCR protein expression and phosphorylation: HMGCR protein expression
and phosphorylation and protein expression of the house keeping gene b-actin
were detected by western blot analysis using cell lysates containing 20 lg
protein on a 10 % SDS-PAGE. The membrane was blocked with 2 % BSA in
TBST for 1.5 h, followed by treatment with a primary antibody (in TBST
containing 1 % BSA) for 2 h and a secondary antibody (in TBST containing
1 % BSA) for 1 h, all at room temperature. The membrane was then developed
using an EZ-ECL kit. The antibodies used were as followed:

Protein Primary antibody Secondary antibody

HMGCR Goat anti HMGCR (1:300)
Santa cruz

Rabbit anti goat (1:5000)
Jackson Laboratories

Phospho-HMGCR Rabbit anti Phospho-HMGCR (1:1000)
Upstate

Goat anti rabbit (1:5000)
Jackson Laboratories

b-actin Mouse anti b-actin (1:5000)
Sigma

Rabbit anti goat (1:10000)
Jackson Laboratories

• HMGCR activity in cell free systems: The activity of HMGCR without an
inhibitor, in the presence of pravastatin or following addition of 0.1 lM of 1-Fe
was examined by the HMG-CoA reductase activity kit (Sigma).

6.2.8 The Effect of Corroles on the Development of Atherosclerosis

6.2.8.1 Effect of Corrole Treatment on Young Mice

At an age of 12 weeks, 24 male E0 mice were divided randomly to 4 groups of 6
mice each. The groups differed only in the type of drinking water: no additive, and
water containing 0.04 mM of either 1-Mn, 1-Fe or 1-Ga. Fluid consumption by
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the groups receiving 1-Mn and 1-Ga was *5 mL/mouse/day, which equals to
0.2 mg per mouse per day (or 10 mg/kg/day). The group receiving 1-Fe was found
to drink somewhat larger amounts (*6 mL/mouse/day). After 10 weeks the mice
were sacrificed and blood samples, heart with attached aorta and MPM were
collected from all mice.

6.2.8.2 Effect of Corrole Treatment on Aged Mice

At an age of 30 weeks, 10 male E0 mice were divided randomly to 2 groups of 5
mice each. Treated mice received 10 mg/kg/day of 1-Fe within their drinking
water. After 12 weeks the mice were sacrificed and blood samples, heart with
attached aorta and MPM were collected from all mice.
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Appendix
1-Fe Catalyses DCFH Oxidation to Its
Fluorescent Derivative

Measurements of cellular oxidative stress are achieved by using DCFH, a non-
fluorescent molecule that becomes fluorescent following its oxidation by
intracellular peroxides to DCF. Cells are then examined by flow cytometry, with
an excitation wavelength of 485 nm and emission detection at 515–545 nm.
Because 1-Fe contains absorbance bands throughout the visible range, it may
cause quenching of DCF fluorescence, and thus interfere with the measurement,
incorrectly indicating reduced cellular oxidativity. To examine this possibility,
DCFH was incubated with tert-butyl hydroperoxide in a cell free system, followed
by addition of 1-Fe, and fluorescence measurement. Not only that the fluorescence
was not reduced, it was actually dramatically enhanced due to the addition of the
corrole, indicating that 1-Fe apparently catalyses the oxidation of DCFH by
peroxides. Two important conclusions may be drawn from here. First, the reduced
cellular oxidative stress displayed by 1-Fe/HDL conjugates relative to non-
conjugated HDL (Fig. 3.25, p. 33) was not an artifact. Second, the increased
DCFH signal for cells containing intracellular corrole may serve as additional
evidence for the presence of the corrole within the cells rather than signal
increased cellular oxidative stress (Sect. 3.4, p. 41).
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