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Abstract

Quantitative mapping of trace elements Ca, Fe, Zn and Cu can be achieved in biological tissue using a nuclear microprobe. Presented
here is a brief review of the work we have carried out in the last decade using the nuclear microscope to try and elucidate the role of trace
elements Fe, Zn, Cu and Ca in induced atherosclerosis in New Zealand White rabbits fed on a 1% cholesterol diet. The lesions were
studied using nuclear microscopy, incorporating a combination of ion beam techniques: particle induced X-ray emission (PIXE), Ruth-
erford backscattering spectrometry (RBS) and scanning transmission ion microscopy (STIM).

Iron is present in early lesions at concentrations around seven times higher than the artery wall. Measurements of localized lesion iron
concentrations were observed to be highly correlated with the depth of the lesion in the artery wall for each individual animal, implying
that local elevated concentrations may provide an accelerated process of atherosclerosis in specific regions of the artery. When the rabbits
were kept mildly anaemic, thereby reducing iron levels in the lesion, the progression of the disease was significantly slowed. Iron chelation
using desferal showed that early treatment (three weeks into the high fat diet) for relatively long periods (nine weeks) significantly
retarded the progression of the disease. Zinc is depleted in the lesion and is also observed to be anti-correlated with local lesion devel-
opment and feeding the rabbits on a high fat diet with zinc supplements inhibited lesion development, although since no significant
increase in lesion zinc levels was measured, this anti-atherosclerotic effect may be indirect. Copper, measured at low levels (~3 ppm)
in the early lesion, is also depleted compared to the artery wall, suggesting that it is not a major factor in atherogenesis. Calcium is also
depleted in early lesions, although at a later stage mineral deposition (hydroxyapatite) is observed to take place in the lesion/artery wall
interface (intima), and subsequently in the lesion.

These results are consistent with the hypotheses that iron plays a role in atherosclerosis probably through the production of free rad-
icals and that zinc has an indirect protective effect. Copper appears to have a minor role due to its low lesion concentrations and hydroxy-
apatite deposition is a relatively late event.
© 2006 Published by Elsevier B.V.
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1. Introduction

Atherosclerosis is a disease of large and medium-sized
arteries and is characterized by endothelial dysfunction (a
malfunction of the cells lining the inside artery wall), vascu-
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lar inflammation, the migration of smooth muscle cells to
the inner lining of the artery (intima) and the buildup of
lipids, cholesterol and cellular debris within the intima of
the vessel wall. Oxidized low-density lipoproteins (oxLDL)
produced by oxidative modifications of LDL in the suben-
dothelial space have been demonstrated to be critically
involved in atherogenesis through their intensive pro-
inflammatory activity. Circulating monocytes infiltrate
the intima of the vessel wall and the tissue macrophages
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act as scavenger cells, taking up oxLDL and forming the
characteristic foam cell of early atherosclerosis. These acti-
vated macrophages produce numerous factors that are
injurious to the endothelium, leading to plaque formation.
In later stages, calcification in the damaged region leads to
hardening of the artery wall, coupled with acute and
chronic arterial obstruction (see e.g., the review article
[1]. The mechanisms of atherogenesis are not yet fully
understood despite the intense study in this area over the
last few decades.

The role of trace elements in the progression of athero-
sclerosis has in general not been widely studied because of
the lack of analytical techniques that can both map and
accurately quantify these trace elements in atherosclerotic
tissue down to the cellular level. Iron has been implicated
in the oxidative modification of LDL through the catalysis
of free radical reactions [2,3] and copper has similarly been
implicated through a similar pro-oxidant role [4]. Calcium
is now considered a relatively late event in the progression
of the disease [5—7] with the calcification process resembling
the formation of bone (hydroxyapatite) appearing in the
region between the atherosclerotic lesion and the smooth
muscle wall of the artery. Zinc may play a role in slowing
down the progression of the disease, perhaps through its
anti-inflammatory properties and its ability to suppress
the proliferation of the smooth muscle cells adding to inti-
mal thickening. Zinc is also believed to have specific
anti-atherogenic properties by inhibiting oxidative stress-
responsive transcription factors that are activated during
an inflammatory response in atherosclerosis [8,9].

Nuclear microscopy [10], a technique based on a focused
beam of MeV nuclear particles (usually protons), has the
ability to image the morphology of the tissue and map
the trace elements Fe, Ca, Zn and Cu using a combination
of three simultaneously applied ion beam techniques. Scan-
ning transmission ion microscopy (STIM) is a technique
used to investigate samples which are thin enough for
transmission of a MeV proton beam. For relatively thin
organic samples (30 um or less), essentially all incident pro-
tons that have not suffered nuclear backscattering colli-
sions will pass through the sample. Measurement of the
energy loss of the transmitted proton provides a morpho-
logical image (through density variations) of the sample.
Particle induced X-ray emission (PIXE) is now a well
established technique for trace elemental analysis offering
non-destructive multi-elemental capability and low detec-
tion limits. It allows simultaneous detection of multiple ele-
ments, with high quantitative accuracy coupled with an
analytical sensitivity down to 1 ppm in biological material
such as tissue sections and cells. Rutherford backscattering
spectrometry (RBS) relies on the energy measurement of
protons that have backscattered from atomic nuclei in
the sample and provides information on the accumulated
proton charge for each analysis, matrix composition and
thickness of the tissue (i.e. carbon, oxygen, etc.). The com-
bination of PIXE and RBS therefore allows quantitative
measurements of elemental concentration.

This paper is a review of the work on the role of trace
elements in atherosclerosis carried out over the last decade
at the Centre for Ion Beam Applications (formerly the
Research Centre for Nuclear Microscopy), Department
of Physics, National University of Singapore.

2. Materials and Methods
2.1. Nuclear microscopy

The nuclear microscopy measurements were carried out
at the NUS Centre for Ion Beam Applications (CIBA)
using a 2.1 MeV proton beam focused to a 1-pm spot size
[11]. A HVEE ‘Singletron’ accelerator provided the proton
beam and the beam was focused to typical operating pro-
ton beam sizes of 1 pum at beam currents of around 300-
400 pA using an Oxford Microbeams OM2000 focusing
system. PIXE data, backscattered protons (RBS) and pro-
tons scattered forward at 15° to the incoming beam (off-
axis STIM) were recorded simultaneously using the
OMDAQ data acquisition system [12], both on-line and
in list-mode. List mode files were later replayed off-line
and elemental concentrations from selected areas of the
target were calculated using the computer code GUPIX
[13] by normalizing PIXE data to the irradiated mass and
charge obtained from the corresponding RBS spectra.
The energy of the proton beam, at 2.1 MeV, was chosen
to avoid a strong carbon nuclear elastic resonance at
1.7 MeV which would otherwise have distorted the RBS
spectrum. The setup was optimized for the analysis of iron,
copper, calcium and zinc in biological samples, with a
300 um perspex ‘“‘magic” filter with a central 1 mm hole
[11] coupled with a Gresham 80 mm? Si(Li) X-ray detector.
The target was orientated at 45° to the incoming beam and
the Si(Li) detector orientated 90° to the beam axis. In this
geometry the detector crystal can be positioned as close as
16 mm from the target, thereby maximising X-ray detec-
tion efficiency for trace elements.

2.2. Atherosclerosis samples

The atherosclerosis models used were New Zealand
white male rabbits obtained from the Laboratory Animal
Centre (Sembawang, Singapore). Normal control rabbits
were rabbits fed on a normal chow diet. HFD control rab-
bits were fed on a normal chow supplemented with a high
fat diet HFD SF00-221 (Modified GPR + 1% Cholesterol).
Both these diets were supplied by Glen Forrest Stockfee-
ders, Western Australia. Test rabbits were fed the high fat
diet but also subjected to a series of tests from iron chela-
tion to zinc supplements (further details given below). The
animals were sacrificed with i/v injection of Hypnorm
(0.3 ml/kg) in accordance with guidelines approved by the
NUS local Animal Care and Use committee. The aortic
arch was removed and cut into three segments A, B and
C. Each segment was quickly flushed (inside and out) with
de-ionized water to remove blood residuals and quickly
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embedded with “Thermo Shandon” (M-1 embedding
matrix for frozen sectioning), making sure that the lumen
was filled with matrix to maintain the physical integrity
of the artery section during subsequent cryo-sectioning.
The samples were quickly flash frozen in liquid nitrogen
and stored at —85°C for later sectioning and analysis.
From the frozen blocks, sections of 15 pm were cut using
a Leica CM3050S cryostat and picked up on freshly made
0.5 pm pioloform film supported on nuclear microscopy
holders. The pioloform film is self supporting and strong
enough to support the tissue, free from trace metals and
can withstand focused proton beams. Serial sections of
25 um thickness were also cut and picked up on gelatin
coated slides for H and E (Hematoxylin and Eosin) stain-
ing. These sections were used for lesion area analysis, car-
ried out using a Carl Zeiss Axiophot 2 image analyzer
utilizing the KS400 (version 3.18) analysis software.
Stained sections were not used for nuclear microscopy
analysis, since the use of stains and fixative agents under-
mine the integrity of the sample elemental composition.
In our work, Student -tests were used in order to ascertain
the significance of test and control comparisons, with
p = 0.05 considered as the boundary between significance
and non-significance.

3. Results and discussion
3.1. Elemental composition of early lesions

Normal control rabbits fed on a normal diet did not exhi-
bit atherosclerotic lesions, whereas HFD control rabbits
(high fat diet — 1% cholesterol) animals exhibited athero-
sclerotic lesion formation starting at around 4-6 weeks.
Fig. 1 shows the results from a typical nuclear microscopy
scan taken from a rabbit eight weeks on the high fat diet.
The STIM image indicates that the density and morphol-
ogy of the lesion is very different compared with the
smooth muscle cells in the artery wall and in this particular
sample it is noticeable that the lesion is not uniformly
developed around the artery wall. The phosphorus results
show that P is elevated in the lesion from around 3200 to
5600 ppm (parts per million dry weight) presumably due
to the increased presence of phospholipids. The phospho-
rus map therefore also acts as an indicator for the spatial
extent of the lesion and can be used together with the
STIM image as an confirmation of the lesion boundary.
The iron map indicates that iron levels are elevated in the
lesion and previous results [14] have shown that iron con-
centrations in the lesion (90 ppm) on average are higher
compared with the artery wall (12 ppm). Copper levels in
general are much lower and nearer the levels of detection
for PIXE, but longer scans (up to 4 h with a beam current
of 1 nA) showed a depletion in the lesion (~3 ppm) com-
pared with the smooth muscle cells in the artery walls
(~6 ppm) (see Fig. 2(c)). Zinc also showed a depletion in
the lesion (~50 ppm) compared with the artery walls
(~100 ppm). The lesion in Fig. 1 indicates a high level of

calcium mineralisation within the lesion and interface.
Interestingly, we have also observed that in some devel-
oped lesions, where calcification had not yet taken place
(see Fig. 2(b) and (d)), calcium concentrations were
depleted (~450 ppm) compared with the adjacent healthy
wall (~575 ppm).

3.2. Iron

In 1981, Sullivan [15] suggested that premenopausal
women suffered a lower incidence of coronary heart disease
compared with men of the same age because of their lower
body iron storage. Any unregulated iron (Fe’>") has the
potential to catalyze and generate hydroxyl radicals (OH)
from superoxide and hydrogen peroxide via the Fenton
reaction [16]. The highly reactive hydroxyl radicals subse-
quently cause lipid peroxidation, degradation of other
macromolecules, leading to cell damage or death. Several
epidemiologic studies have investigated the role of iron as
a potential risk factor in coronary heart disease [17-23],
although many of these types of studies have conflicting
conclusions.

Our nuclear microscopy investigations on early lesions
(see Fig. 1) show that iron is substantially increased in
the lesion. Although nuclear microscopy cannot give infor-
mation on the chemical nature or state of the Fe, experi-
ments by us have indicated that inducing mild anaemia
decreases the progression of atherosclerosis in choles-
terol-fed rabbits, in conjunction with decreased lesion iron
content [24]. In a similar study using apo E-deficient mice,
vascular iron deposition was shown to be closely related to
progression of atherosclerosis and LDL oxidation [25]. In
this study, the extent of atherosclerosis in the mice were
found to be significantly lower in mice fed a low-iron diet
compared to control animals.

We have also investigated the use of the iron chelator,
desferal, which forms a stable complex with ferric iron
thereby decreasing its availability for the production of
reactive oxygen species and resultant free radical damage.
Desferal has been found to protect against tissue damage
in vivo, in several model systems, probably through its abil-
ity to inhibit iron-dependent free radical reactions [26]. We
have observed that for rabbits fed with a high fat diet, des-
feral induced iron chelation applied six weeks into the
cholesterol diet for a period of two weeks does not slow
the lesion development, but when applied for a longer per-
iod of four weeks indicates a possible trend (p = 0.07) to
the reduction of lesion progression [27]. In a more recent
follow-up study [28], rabbits were fed with the high fat diet
for either eight weeks (with the last five weeks injected daily
with desferal), or for 12 weeks (with the last nine weeks
injected with desferal). A significant reduction in average
lesion area (p = 0.038) was observed in the 12-week treated
test animals as compared with 12-week HFD controls. The
average lesion iron level of the 12 week treated animals
(58 ppm dry weight) was significantly lower (p = 0.030)
than in 12-week control animals (95 ppm dry weight). Dur-
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Fig. 1. STIM image and elemental maps of an early lesion (New Zealand white rabbit fed for eight weeks on a high fat diet (1% cholesterol)). In this
example, the lesion is not uniform around the artery wall, but protrudes from the artery wall. The lesion is delineated by the STIM images (higher density)

and P maps (enhanced P). The scan size is 1200 x 1200 pm.

ing our investigations we have also noticed that the extent
(depth) of the atherosclerotic lesions varied both along the
length of the artery and also around the artery cross-sec-
tion for each individual rabbit. Measurements of localized
iron concentrations were highly correlated with the depth
of the lesion in the artery wall for each individual animal,
implying that local elevated concentrations of iron present
in early lesions may provide an accelerated process of ath-
erogenesis in specific regions of the artery wall [27].

3.3. Zinc

Zinc is a cofactor of many enzymes and has been shown
to have anti-inflammatory and anti-proliferatory proper-
ties. Recent work has shown that zinc can reduce the effects
of carotid artery injury induced in rats by balloon dilata-
tion, by reducing smooth muscle cell proliferation and inti-
mal thickening [9]. Studies also indicate that zinc is vital to

vascular endothelial cell integrity and zinc deficiency causes
severe impairment of the endothelial barrier function [8,29—
32]. Zinc is believed to have specific anti-atherogenic prop-
erties by inhibiting oxidative stress-responsive transcription
factors that are activated during an inflammatory response
in atherosclerosis.

Our nuclear microscopy investigations on early lesions
(see Fig. 1) show that zinc is substantially depleted in the
lesion compared with the adjacent artery wall. Our investi-
gations have also shown that localized lesion zinc concen-
trations are inversely correlated with lesion depth [27]. In
more recent work [33] we investigated the effect of zinc sup-
plements on the progression of atherosclerotic lesion
growth. Test rabbits received a high cholesterol diet with
Zn supplements (diet SF03-017-modified GPR + 1% Cho-
lesterol + 1000 ppm (1 g/kg) zinc as zinc carbonate) for
eight weeks and control rabbits were fed only with a high
cholesterol diet for the same period of time. Lesion area
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Fig. 2. (a) STIM image and (b) calcium elemental map of an early lesion (New Zealand white rabbit fed for eight weeks on a high fat diet (1%
cholesterol)). In this example, the lesion has developed relatively uniformly around the artery wall and shows minimal calcification. The scan size is
1100 x 1100 microns. (c) A line scan of the copper concentrations and (d) the calcium concentrations, across the lesion + artery, depicted in (a) showing a

depletion in both Ca and Cu in the lesion.

analyses using light microscopy showed that the average
lesion area was significantly reduced (P = 0.0045) for the
rabbits on the zinc supplement diet (with average lesion
areas of 1.0 mm? for the zinc test models compared with
3.0 mm? for the HFD control group models). However,
elemental analysis of the lesion and adjacent artery wall
showed that the average zinc level remained the same for
both the lesion and the artery wall for both test and control
models, whilst the iron levels are reduced from 43 ppm to
31 ppm (in the lesion) and from 17 ppm to 6 ppm (in the
artery wall). This raises the possibility that zinc may act
as an endogenous protective factor against atherosclerosis
by reducing iron levels.

3.4. Copper

Unregulated copper is highly pro-oxidative, since it can
catalyse free radical formation. However, it also can be
anti-oxidative through its role in copper/zinc superoxide
dismutase [34]. Stadler [35] using ICPMS (inductively cou-
pled plasma mass spectrometry), has recently reported that
statistically elevated levels of iron and copper were detected
in the intima of lesions compared with healthy controls
(ex vivo). The work of Lamb et al. [36] has shown that die-
tary copper supplementation significantly decreased aortic
atherosclerosis in cholesterol-fed rabbits. The lesions from
animals that received the copper supplement contained
fewer smooth muscle cells and fewer apoptotic cells. Their
data suggests that copper supplements inhibit the progres-
sion of atherogenesis, perhaps by reducing the migration of
smooth muscle cells from the media to the intima. Alissa

et al. [37] have recently found that when New Zealand
white rabbits are fed dietary supplements of copper or zinc
separately in conjunction with a high fat diet, aortic athero-
genesis was inhibited, although there was no significant
additional effect when zinc and copper were given in com-
bination. A recent study involving four European centers
shows that dietary Cu supplements (up to 7 mg/day — at
the extreme end of normal dietary intake) for humans have
no adverse effects on LDL susceptibility to in vitro induced
oxidation [38].

Our results using nuclear microscopy in the rabbit
model (see for example Fig. 2(c)) show that copper is
depleted in the early lesion, at an average level of
~3 ppm compared with ~6 ppm of adjacent artery wall.
Compared with iron, which is enhanced in the lesion com-
pared with artery wall at levels around 90 ppm, copper
concentrations in the early lesion are a factor of 30 lower
and therefore are unlikely to have the same impact as
unregulated iron in catalysing free radicals or promoting
copper medicated LDL oxidation. Our work therefore is
consistent with the hypothesis that in the rabbit model,
copper does not play an adverse role in the progression
of the disease.

3.5. Calcium

Arterial calcification is a relatively late event in athero-
genesis. However, because it can decrease elasticity and
lead to rupture of the artery wall, a great deal of work
has been carried out recently to try and elucidate the mech-
anisms of mineralization. Far from the mineralization pro-
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cess being a passive deposition process, it is now recognised
that arterial mineralisation is an active process involving
complex bio-molecular mechanisms. There are two major
types of calcification in arteries: calcification of the mid
layer of the artery (media tunica) and calcification within
subdomains of atherosclerotic plaque. Of particular inter-
est are increasing parallels between cellular and molecular
features of arterial calcification and bone biology [6]. By
analogy with known bone biology, Doherty [5] has pro-
posed a homeostatic mechanism wherein the two main cel-
lular mediators are osteoblast-like cells and osteoclast-like
cells (OLCs). He proposes that arterial mineral metabolism
is normally in balance, but in pro-inflammatory plaque
microenvironments, immune-modulating cytokines facili-
tate recruitment and development of osteoblast-like cells
and OLCs, uncouple their activities and produce a net min-
eral deposition. In a study with New Zealand White rabbits
fed on a high fat diet (1% cholesterol) for 3 and 6 months,
Hsu et al. [39] investigated the calcification process using
histochemical staining and revealed that after 6 months
on the high fat diet, calcification appeared to occur pre-
dominantly in the intimal areas immediately adjacent to
the media. Fourier transform imaging analysis demon-
strated that the mineral deposited in atherosclerotic rabbit
aortas was a hydroxyapatite-like phase and that produc-
tion of calcifiable cavities (vesicles) preceded substantial
calcification.

In the nuclear microscopy elemental maps presented in
Fig. 1 the mineralisation process is relatively advanced,
with large and fragmented co-localised deposits of Ca
and P in both the lesion and the lesion artery interface.
Individual measurements of the calcium and phospho-
rus content of the mineral deposits yielded values of
the Ca/P ratios from 1.5 to 2.1, consistent with the
mature deposits being composed of either calcium carbon-
ate (Ca/P=194) or hydroxyapatite (Ca/P=2.15).
However, in other results on early lesions where the calci-
fication is not yet apparent, we have observed a slight
depletion in calcium in the lesion compared with artery
wall (450 ppm compared with 575 ppm) (see e.g., Fig. 2(d)).

4. Conclusion

In a series of investigations spanning over a decade we
have used the nuclear microscope to try and elucidate the
role of trace elements Fe, Zn, Cu and Ca in induced athero-
sclerosis in the rabbit model and the results to date can be
summarized as follows: (A) Iron: Iron is present in early
lesions at concentrations around seven times higher than
the artery wall (~90 ppm compared with ~12 ppm). The
extent (depth) of the atherosclerotic lesions varies both
along the length of the artery and also around the artery
cross-section for each individual rabbit. Measurements of
localized lesion iron concentrations were highly correlated
with the depth of the lesion in the artery wall for each indi-
vidual animal, implying that local elevated concentrations
may provide an accelerated process of atherogenesis in spe-

cific regions of the artery wall. When the rabbits were kept
mildly anaemic, thereby reducing iron levels in the lesion,
the progression of the disease was significantly slowed. Iron
chelation using desferal yielded mixed results: Delayed des-
feral treatment over short periods (two weeks treatment
after six weeks into the high fat diet) appeared to have little
effect, but a significant effect was noticed when the treat-
ment was both earlier (three weeks into the high fat diet)
and longer (for nine weeks). These results are consistent
with the theory that iron plays a role in angiogenesis, prob-
ably through the production of free radicals, and that by
removing iron from the lesion the rate of progression of
the disease is slowed. (B) Zinc: Unlike iron, zinc is depleted
in the early lesion compared to the artery wall (~50 ppm
compared with ~100 ppm) and has a concentration which
is anti-correlated with localised lesion depth. Feeding the
rabbits on a high fat diet with zinc supplements inhibited
lesion development. However, this appears to be an indi-
rect effect since no significant increase in lesion zinc levels
were measured, raising the possibility that zinc may act
as an endogenous protective factor against atherosclerosis,
perhaps by reducing lesion iron levels. (C) Copper: Copper
is observed in the lesions and the artery wall at the few
parts per million level and is therefore at the limits of sen-
sitivity of PIXE. Nevertheless, it is apparent from our stud-
ies that copper is depleted in the lesion compared to the
artery wall (~3 ppm compared with ~6 ppm). Copper, like
iron, can catalyse free radicals through the Fenton reac-
tion, although because of its low lesion levels compared
with iron (~30 times lower) we believe it unlikely to play
a major role in atherogenesis. (D) Calcium: We have
observed lesions (from rabbits fed for eight weeks on a high
fat diet) where calcification is not apparent, in which there
is a depletion of calcium in the lesion compared with the
adjacent artery wall (450 ppm compared with 575 ppm).
However, the mineralisation process is not consistent from
rabbit to rabbit, with some lesions exhibiting calcification
much later than others. We have also observed calcification
in lesions (also from rabbits fed for eight weeks on a high
fat diet) as co-localised calcium and phosphorus deposition
(consistent with the elemental profile of hydroxyapatite).
Our observations are that calcification is a relatively late
event, where in general, mineral deposits occur first in the
interface between the artery and the lesion, followed by
deposition in the lesion.

The nuclear microscope has the unique capability of
quantitative trace element mapping down to the parts per
million level at spatial resolutions down to the sub-cellular
level and these features make the technique ideally suited to
the simultaneous measurements of trace elements in biolog-
ical tissues.
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