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Promotion of atherogenesis by copper or iron—Which is more likely?
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Abstract

Iron levels increase in atherosclerotic lesions in cholesterol fed-rabbits and play a role in atherosclerosis. We investigated whether
copper also rises. Male New Zealand White rabbits were fed high-cholesterol diets for 8 weeks. After sacrifice, lesion sizes were deter-
mined, and elemental analyses of the lesion and unaffected artery wall performed using nuclear microscopy. Unlike iron, lesion copper is
decreased by about half compared with the unaffected artery wall, and much less copper than iron is present. Our data suggest that iron
may be more likely to play a role in the promotion of atherosclerosis than copper.
� 2006 Elsevier Inc. All rights reserved.
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Atherosclerosis is a progressive disease characterized by
the accumulation of lipids and fibrous elements in arteries
[1]. The development of atherosclerosis depends on a balance
between proinflammatory stimuli and anti-inflammatory
and antioxidant defence mechanisms [2–4]. Iron and copper
have both been implicated in their ability to induce free rad-
ical-mediated damage by catalyzing hydroxyl radical forma-
tion and lipid peroxidation [4]. Our previous work has
implicated iron in the development of atherosclerosis in cho-
lesterol-fed rabbits. When New Zealand white rabbits are fed
a 1% cholesterol diet to induce atherosclerosis, the lesions
contain much more iron than the unaffected vessel wall [5–
8]. If iron accumulation is prevented by weekly venesection,
atherosclerosis slows down [6]. Similarly, prolonged admin-
istration of the iron chelator, Desferrioxamine mesylate
(Desferal�), decreases atherosclerosis development [8].

One of the early events in the pathogenesis of atheroscle-
rosis is the oxidation of low density lipoproteins (LDL). Oxi-
dation results in a modified form of LDL that is recognized
and taken up by macrophage scavenger receptors resulting
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in the formation of lipid-laden foam cells that contribute
to atherosclerotic lesions [2–4,9]. Oxidation of LDL can be
brought about by a variety of reactive species. Gruel samples
from human atherosclerotic lesions have been shown to con-
tain both iron and copper in forms that can catalyze free rad-
ical formation [10]. Copper is a powerful catalyst of LDL
oxidation in vitro, often more effective than iron [9]. When
copper ions are added to LDL, they can react with the lipid
hydroperoxides (LOOH) within the LDL to generate perox-
yl (LOOÆ) and alkoxyl (LOÆ) radicals that continue LDL oxi-
dation. Some of the copper within caeruloplasmin may also
be able to catalyse LDL oxidation [11].

The purpose of the present paper was to assess the rela-
tive amounts of iron and copper in atherosclerotic lesions
in order to gain an insight into their possible relative con-
tributions to the development of atherosclerosis in choles-
terol-fed rabbits.
Materials and methods

Sample preparation. Seven male New Zealand White rabbits, weighing
approximately 2.5 kg, were used for the study. The rabbits were fed a high-
cholesterol diet (standard Guinea Pig and Rabbit diet + 1% cholesterol)
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for 8 weeks to induce atherosclerosis. Such a diet raises plasma cholesterol
levels from about 1 mM to about 40 mM [7,8]. After sacrifice at 8 weeks,
the aortic arch was removed and cut into three segments as previously
described [7]. Segments were flushed with deionised water to remove
residual blood from the inner artery wall, and the blocks of tissue were
then flash frozen in liquid nitrogen. The tissues were stored at �80 �C, and
transported on dry ice whenever necessary. Special care was taken to
prevent thawing and refreezing and subsequent ice crystal damage. Serial
Fig. 1. Atherosclerosis in the cholesterol-fed rabbit. (a) STIM image of p
(b) representative copper map, of the area, and (c) copper X-ray (PIXE) coun
and lesion. Elemental data extracted from (b and c) show that in this sample th
healthy artery wall.

Fig. 2. Atherosclerosis in the cholesterol-fed rabbit. Copp
sections of 14 lm thickness were cut using a Leica CM3050S cryostat set
at �22 �C with the knife at �17 �C. Sections were picked up on gelatin-
coated glass sides for staining. Hematoxylin and Eosin staining was car-
ried out to identify the lesion and artery. To quantify the lesion area, a
Carl Zeiss Axiophot 2 image analyzer with KS400 (version 3.18) software,
was used. Adjacent unstained sections were picked up on freshly made
pioloform film mounted on nuclear microscopy target holders for nuclear
microscopy analysis.
art of an artery cross section, showing unaffected artery wall + lesion,
ts represented as a line scan from right to left across the unaffected wall

e average copper concentration is 2.7 ppm in the lesion and 7.4 ppm in the

er concentrations in lesion and unaffected artery wall.
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Nuclear microscopy analysis. The nuclear microscopy experiments were
carried out at the Centre for Ion Beam Applications at the National
University of Singapore [12]. A 2.1 MeV proton beam focused to a 1 lm
spot size was used. Data from the three techniques of Particle-Induced
X-Ray Emission (PIXE) for trace elemental analysis, Rutherford Back-
scattering Spectrometry (RBS) to measure the concentration of matrix
constituents of the sample, and Scanning Transmission Ion Microscopy
(STIM) to identify regions of interest in the specimen, were simultaneously
collected.

Scanning Transmission Ion Microscopy is a technique used to inves-
tigate samples which are thin enough for transmission of a 2–3 MeV
proton beam. For relatively thin organic samples (30 lm or less), essen-
tially all incident protons that have not suffered nuclear backscattering will
pass through the sample. Measurement of the energy or the energy loss of
the transmitted proton gives information on the density structure of the
sample. PIXE is a well-established technique for trace elemental analysis
offering non-destructive multi-elemental capability and low detection
limits. It allows simultaneous detection of several elements, with a sensi-
tivity of about 1 ppm in biological material. For analysis of copper, the
areas chosen were those with average-sized lesions. As far as possible, care
was taken to identify areas with minimum calcification to decrease
background and the possibility of errors due to a possible misinterpreta-
tion of the PIXE spectra as a Ca pile-up peak.

Statistical analysis. This was carried out using Student’s t-test, using
p < 0.05 as a significant difference.
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Results

Administration of cholesterol in the diet of rabbits pro-
duces a highly reproducible development of atherosclero-
sis; full details of lesion sizes and elemental distributions
can be found in [6–8]. In the present study, measurements
were carried out at the lesion/artery wall interface so as
to include both the lesion and the unaffected artery wall
for comparative analysis (see Fig. 1a).
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Copper level: lesion and unaffected artery wall

Area elemental concentration analyses were carried out
for both the lesion and artery wall. Because copper is a
trace element occurring at concentrations approaching
the limit of the PIXE technique, a line scan was also carried
out across the lesion and the unaffected artery wall
(Fig. 1c). This ensured increased data collection and
improved statistics. The line scan across the artery revealed
the same trend as the area mapping (Fig. 1b). If copper is
involved in atherosclerosis development, we might expect
to find higher levels of copper in the lesion compared to
the healthy artery wall. However, this was not the case.
The average copper levels in the unaffected artery wall were
almost double those found in the lesion (4.1 ppm compared
with 1.9 ppm—Fig. 2). There was a significant difference
(p = 0.008) between copper in the lesion and the unaffected
artery wall (Fig. 2).
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Iron and copper: a comparison

When the levels of copper and iron in the lesion were
compared, it was found that the concentration of iron in
the lesion was much higher than the quantity of copper.



Fig. 3. Atherosclerosis in the cholesterol-fed rabbit. Zn/Cu ratio in lesion and unaffected artery wall.
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The mean level of copper in the lesion was 1.9 ppm while
the level of iron was 70.1 ppm (Table 1).

Zinc and copper: a comparison

Studies by us and others on New Zealand White rabbits
have shown that increased dietary zinc intakes can decrease
atherosclerosis [13,14]. However, the exact relationship
between the quantities of zinc and copper in blood vessel
walls are not known. To understand this better, copper
and zinc concentrations were compared. The amounts of
copper and zinc appear to be correlated in both the lesion
and the healthy artery wall. There seems to be, on average,
16 times more zinc than copper in the lesion and 31 times
more zinc than copper in the healthy artery wall (Table 1).
The zinc to copper ratio was also significantly different when
the lesion was compared with the unaffected artery wall
(p = 0.0063) (Fig. 3).

Discussion

Previous studies showed that atherosclerotic lesions in
cholesterol-fed rabbits contain markedly increased iron
concentrations compared with the adjacent unaffected
artery wall, implying increased iron-dependent free radical
production and possible involvement in the atherosclerotic
process. Indeed, the effects of iron chelators and venesec-
tion are consistent with this [6–8]. By contrast, our present
studies show that copper is decreased in the lesions com-
pared to the healthy artery wall, with a mean value of
1.9 ppm compared with 4.1 ppm. It was also found that
the amount of iron in the same lesion was much greater
compared to copper (Table 1). This implies that if athero-
sclerosis involves metals, iron is more likely to play a role
than copper because of the greatly increased quantities
present.

These results support other studies which suggest that
extra dietary copper reduces atherosclerosis in the rabbit
[15] and that the probability of iron oxidizing LDL in vivo
is much more than that of copper [16]. Atherosclerotic
lesions may have an acidic extracellular pH, particularly
within clusters of macrophages. At acidic pH, LDL oxida-
tion by cells in the presence of iron is increased [16],
whereas acidity slows down the initial oxidation in the
presence of copper [16,17].

A comparison was also made between the amounts of
copper and zinc in the lesions and it was found that, on
average, there was 16.5 times more zinc in the lesion than
copper (Table 1). Our results show that the relationship
between the zinc to copper ratios in both the lesion and
the unaffected artery wall (16.5 ± 1.6 and 31.5 ± 2.6)
appears closely correlated (Table 1), perhaps implying a
chemical link between zinc and copper. A consistent
Zn/Cu ratio does not give us any indication of the type
of compounds present or the underlying molecular mecha-
nism. It has been reported that CuZnSOD, a known anti-
oxidant, might act as an antioxidant in atherosclerotic
lesions [18]. Our studies on Zn/Cu ratios indicate that the
measured ratio of 16.5 is greatly different from the approx-
imately 1:1 ratio which would be expected if zinc and cop-
per existed only as CuZnSOD. Thus, while a significant
part of the copper might possibly exist in CuZnSOD, most
of the zinc must be elsewhere.

Of course, the total levels of metals in a vessel wall are
not necessarily equivalent to the levels of redox-active met-
al ions [4]. When rabbits were administered iron dextran to
induce iron overload, atherosclerosis was not accelerated,
but the iron contents of the lesion or, healthy vessel wall
did not increase (our unpublished data). Thus for example,
it might be possible that a greater percentage of the copper
present is redox active as compared with iron. However,
most studies on the pro-oxidancy of Cu2+ towards LDL
are done in simple in vitro systems. In vivo, copper ions
can bind actively to many proteins (such as albumin),
which can decrease their ability to promote LDL oxidation
[4,19]. The large difference in iron and copper levels sug-
gests that iron may be more important, at least in this ani-
mal model of atherosclerosis. Indeed copper deficiency has
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been linked to increased coronary risk [20], suggesting an
antioxidant role of copper in vivo. This has been supported
by other studies which state that copper deficiency in ani-
mals leads to increased lipid peroxidation [21–23], copper
deficiency in rats leads to decrease in resistance to oxida-
tion [24], and copper supplementation leads to increased
oxidative resistance in a human subgroup [25].

To conclude, we have established that in this animal
model, iron in the lesion is pro-atherosclerotic and zinc is
anti-atherosclerotic [6–8,14]. Our data in the present paper
suggest that copper is more likely to be the latter than the
former. The mechanism of copper depletion in the lesions
remains to be established. The study was approved by
the Institutional Animal Care and Use Committee, NUS.
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