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Summary. There has been considerable debate about how copper status may
affect the biochemical and cellular processes associated with atherogenesis.
We have investigated the effects of graded dietary copper supplementation on
processes likely to contribute to atherogenesis, using the cholesterol-fed New
Zealand White rabbit model. Rabbits (n = 40) were fed a 0.25—1% cholesterol
diet deficient in copper. Animals received either 0, 1, 3 or 20 mg copper/day
and were killed after 13 weeks. Plasma cholesterol levels were similar in each
dietary group. Aortic concentrations of copper were higher in the 20 mg copper/
day animals compared to those receiving 0 mg copper/day (3.70 = 0.78 vs.
1.33 = 0.46 pg/g wet tissue; P < 0.05). Aortic superoxide dismutase activity
was higher in animals receiving 20 mg copper/day (323 + 21 1U/mg tissue)
compared to the other groups (187 = 21; 239 = 53; 201 *= 33 IU/mg tissue)
(P> 0.05). En face staining of aortae with oil red O showed that both high
copper supplementation (20 mg/day) (67.1 + 5.5%) and a deficient diet (0 mg/
day) (63.1 = 4.8%) was associated with significantly larger lesions (P < 0.05)
compared to moderately supplemented animals (1 mg/day and 3 mg/day)
(51.3 = 6.3 and 42.8 = 7.9%). These data indicate that in the cholesterol-fed
rabbit, there is an optimal dietary copper intake and that dietary copper
deficiency or excess are associated with an increased susceptibility to aortic
atherosclerosis. Many Western diets contain insufficient copper and these
findings indicate that a moderate dietary copper content may confer a degree of
cardiac protection to the human population.
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Introduction

Copper is an essential nutrient in the human diet (Linder
1991), and abnormalities in its body levels have been
linked to a number of risk factors for coronary heart
disease (CHD). Many Western diets, including those
provided in hospitals and other establishments, are
reported to be deficient in copper and typically provided
0.3—1.5 mg copper per day. The World Health Organi-
zation (WHO) Expert Committee on Trace Elements
recommend a daily intake of 33 png copper/kg body
weight, or approximately 2—4 mg copper/day for an
adult male (Ferns et al. 1997).

Copper deficiency has been proposed as a risk factor
for coronary heart disease because of its association
with elevated plasma cholesterol levels (Klevay 1997).
There is considerable evidence supporting this hypoth-
esis, which we have recently reviewed (Ferns et al.
1997). However, epidemiological studies also show that
elevated plasma copper levels are associated with
coronary risk. Prospective studies have shown high
serum copper levels are associated with an increased
future risk of CHD in Finnish (Salonen et al. 1991;
Nyyssénen et al. 1997) and Dutch men (Kok et al. 1998).
However the majority of copper is transported in plasma
as caeruloplasmin, and serum copper levels are strongly
related to levels of caeruloplasmin (Goode et al. 1998).
Previous studies have shown that high plasma caer-
uloplasmin levels are associated with CHD risk in
prospective studies in both men and women (Reunanen
et al. 1992; Nyyss6nen et al. 1997). Caeruloplasmin,
however, is an acute phase reactant, and its plasma
levels are elevated in infectious and inflammatory states
and following traumatic injury (Gutteridge & Stocks
1981). It is therefore unclear whether these epidemio-
logical data reflect a positive association between CHD
and copper status per se, or whether raised serum
copper levels are an indication of an underlying
inflammatory process.

We have recently demonstrated that moderate dietary
copper supplementation inhibits atherogenesis in the
cholesterol-fed rabbit (Lamb et al. 1999). In the present
study, we have examined these apparent discrepancies
by investigating the effect of dietary copper deficiency
and graded supplementation on atherosclerosis in
cholesterol-fed rabbits.

Materials and methods
Materials

Formulated rabbit diets (< 0.5 mg copper/kg) were
supplied by Special Diet Services (Witham, Essex,

UK). All reagents were analytical grade and supplied
by Fisher Scientific (Loughborough, Leicester, UK)
unless otherwise stated.

Rabbit colonies

Juvenile New Zealand White rabbits (10-week-old)
weighing approximately 2.0 kg were housed in the
Experimental Biology Unit at the University of Surrey,
Guildford in accordance with Home Office regulations.
Food and water were allowed ad libitum.

Dietary groups

Each experimental group consisted of 10 rabbits. All
rabbits were fed a copper-deficient food containing
0.25-1% (w/w) cholesterol. Rabbits received either 0,
5, 20 or 140 mg copper acetate monohydrate/L in their
drinking water. Water consumption was measured and
each rabbit drank between 400 and 500 ml per day
throughout the experimental period. This approximates
to receiving 0, 1, 3 or 20 mg copper/day. The plasma
cholesterol levels were measured at fortnightly intervals.
This enabled the modification of the cholesterol content
of cholesterol-containing diets to maintain the plasma
cholesterol at approximately 20 mmol/L. This was
achieved by mixing the copper-deficient 1% cholesterol
diets with the corresponding copper-deficient food diets
to produce individually tailored diets with different
cholesterol content.

Blood sampling

Blood was drawn from the ear vein before the start of the
experimental diet and at fortnightly intervals thereafter
into heparinized containers and plasma obtained by
centrifugation at 4° C. Plasma was stored at —70° C
prior to analysis.

Cholesterol measurement

Plasma cholesterol levels were determined using a
cholesterol oxidase colourimetric kit (Boehringer
Mannheim, Lewes, East Sussex), and measured on a
Cobas Bio analyser (Roche, Lewes, East Sussex).

Plasma ferrioxidase activity

Caeruloplasmin levels were measured by assaying
freshly drawn plasma for ferrioxidase activity (Scho-
sinsky et al. 1974). Briefly, 0.05 mL plasma was added
in duplicate to 0.75 mL 0.1 m acetate buffer pH 5.0. The
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substrate, 0.2 mL 7.88 mm o-dianisidine 2HCI (Sigma,
Poole, Dorset, UK) was added and the reaction
terminated in the first tube after 5 min and after 15 min
in the second tube with 2 mL 9 m sulphuric acid. The
absorbance after 5 min was measured at 540 nm and
subtracted from that after 15 min. The activity was
calculated using the molar absorption coefficient of the
oxidized substrate (9.6 mL/umol/cm) and expressed as
IU/L.

Animal killing

Thirteen weeks after initiation of the formulated diets, the
animals were anaesthetized with xylazine (3.5 mg/kg
intramuscularly) (Bayer Plc, Bury St Edmunds, Suffolk,
UK) and ketamine (18 mg/kg intramuscularly) (Willows
Francis Veterinary, Crawley, West Sussex, UK), hepar-
inized (300IU/kg intravenously) (Sigma, Poole, Dorset,
UK) and the abdominal aorta cannulated. Rabbits were
then killed with an overdose of pentobarbitone (Rhone
Merieux, Harlow, Essex, UK) and the jugular veins
transected for perfusion run-off. Rabbits were perfused
with isotonic saline and 5 rabbits from each dietary group
were perfusion-fixed in situ with 4% paraformaldehyde in
isotonic saline as described previously (Rutherford et al.
1997). Following perfusion, the entire thoracic aortae
were isolated, cleaned of fascia and divided longitudin-
ally. One half was placed into fresh 4% paraformaldehyde
in isotonic saline prior to staining with oil red O for
morphometric analysis as previously described (Ruther-
ford et al. 1997). The remaining half was divided into
defined segments using the intercostal branches as
markers. Segments from perfusion fixed aorta were
frozen for measurement of copper content whilst, seg-
ments from unfixed aortae were frozen for measurement
of superoxide dismutase activities.

Quantification of lesional area

Longitudinal halves of aortae were rinsed in 80% propan-
2-ol and stained for 90 secs in 80% propan-2-ol contain-
ing 2% (w/v) oil red O (Sigma, Poole, Dorset, UK). Aortae
were rinsed in 80% propan-2-ol, restained for a further 90
secs in 80% propan-2-ol containing 2% (w/v) oil red O
followed by destaining in 80% propan-2-ol and phosphate
buffered saline as described previously (Rutherford et al.
1997). The sections were pinned out on a cork board and
en face images acquired using a JVC CCD camera. The
area staining positively with oil red O was quantified using
QWin 550C image analysis software (Leica Microsys-
tems, Cambridge, Cambridgeshire, UK) and expressed
as a percentage of the total area analysed.

Effects of dietary copper on atherogenesis

Tissue and plasma copper content

All reagents were treated with chelex-100 prior to use.
Aortic samples (0.5 g) between the second and third
intercostal branches were dissolved in 7 mL 3.5 m nitric
acid by heating to 150 C for 30 min in a Techator
digester (Perstop Analytical Ltd, Bristol, UK). When
cool, 1 mL 11.6 m perchloric acid was added and tubes
heated to 150 C for 30 min, 200 C for 15 min and
250 C for 15 min and then allowed to cool. The volume
was made up to 10 mL with 1% nitric acid. The copper
content was measured by flame atomic absorption
spectroscopy in an SP9 atomic absorption spectro-
photometer (Pye Unicam, Cambridge, UK) against
0.05-5 ng copper/mL standards (Puchades et al.
1989).

Aortic superoxide dismutase (SOD) activity

Small frozen sections of aorta (5—15 mg) from between
the third and fourth intercostal branches were carefully
cleaned of adherent fascia, weighed, dipped in liquid
nitrogen and crushed in a liquid nitrogen-cooled Mikro-
Dismembrator 1l (B. Braun, Melsungen, Germany).
Powdered tissue was dissolved in phosphate buffered
saline containing 0.3 m potassium bromide and 3% (v/v)
protease inhibitor cocktail (Sigma, Poole, Dorset, UK),
sonicated for 5 min at full power in an Ultrawave
sonicating water bath (Philip Harris Scientific, London,
UK) and the supernatant retained following centrifuga-
tion at 6500 x g for 10 min. The protein content of the
soluble fraction was determined using a modification of
the method of Lowry et al. (1951). The soluble aortic
extract was analysed for SOD activity using a Ransod kit
(Randox Laboratories, Crumlin, Co. Antrim, N Ireland)
according to manufacturers’ instructions and a Cobas
Mira analyser (Roche, Lewes, East Sussex, UK).

Statistical analysis

Comparisons were performed using the Mann Whitney
test for non-parametric data. Statistical significance was
assumed with a P-value <0.05. All analyses were
performed using Instat 2 (GraphPad Software Inc, San
Diego, CA, USA) software.

Results
Blood chemistry

In the two groups of animals fed cholesterol-enriched
diets, plasma cholesterol levels increased to approxi-
mately 20 mmol/L approximately 4 weeks after
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Table 1. Blood samples were drawn every week and plasma levels of cholesterol, total copper and ferrioxidase activities were
determined. Each value represents the mean = SEM of 10 rabbits. Statistical analysis was performed using the Mann Whitney test.

*P < 0.05 (20 mg/day vs. 0, 1 and 3 mg/day).

Daily copper intake

0 mg 1mg 3 mg 20 mg
Plasma cholesterol(mmol/L/week) 21.3 1.9 202 =23 20.7 £ 2.2 209 1.9
Plasma copper(umol/L/week) 11.6 = 1.1 14 £13 12.6 £ 0.7 179 = 2.1*
Plasma ferrioxidase (IU/l/week) 38.2 = 5.1 424 =54 35.0 = 3.8 57.6 = 11.8*
Plasma copper: Ferrioxidase ratio 0.30 = 0.15 0.33 = 0.17 0.36 = 0.18 0.31 = 0.21

commencing the diets containing 1% cholesterol. The
cholesterol composition of the diets was altered as
necessary to maintain plasma cholesterol at a level of
approximately 20 mmol/L. The mean plasma cholesterol
levels over the 13 week experiment were similar in all
groups of rabbits (20.9 = 1.9 mmol/L/week (0 mg/day),
20.7 = 2.2 mmol/L/week (1 mg/day), 20.2 = 2.3 mmol/
L/week (3 mg/day) and 21.2 £ 1.9 mmol/L/week
(20 mg/day)) and shown in Table 1.

The mean plasma copper concentration from rabbits
supplemented with 20 mg/day copper (17.9 * 2.1 pmol/
L/week) was significantly higher (P < 0.05) than those
supplemented with either 3, 1 or 0 mg copper/day
(12.6 £ 0.7, 14 = 1.3 and 11.6 = 1.1 pmol/L/week,
respectively) (Table 1). The mean plasma copper
concentrations from rabbits supplemented with 3, 1 or
0 mg copper/day did not differ significantly.

The mean plasma caeruloplasmin concentration,
assayed as plasma ferrioxidase activity, was signifi-
cantly higher (P < 0.05) in rabbits supplemented with
20 mg/day copper (57.6 = 11.8 IU/l/'week) than those
supplemented with either 3, 1 or 0 mg copper/day
(35.0 £ 3.8, 424 £54 and 382 *= 5.1 IU/l/lweek,
respectively) (Table 1). The mean plasma copper
concentrations from rabbits supplemented with 3, 1 or
0 mg copper/day did not differ significantly. The ratio of
plasma copper to plasma ferrioxidase activity was
similar in each group.

Aortic copper
(ug copper/g wet tissue)
w
*
_|
_—i

Effect of dietary copper on aortic copper concentration

The mean copper content of the thoracic aorta at the
level of the second and third intercostal branches was
measured by atomic absorption spectroscopy. There
was a significant positive association between aortic
copper content and the dietary copper intake (1.33 +
0.46 g copper/g wet tissue (0 mg/day), 2.42 = 0.57 pg
copper/g wet tissue (1 mg/day), 2.36 = 0.61 g copper/
g wet tissue (3 mg/day) and 3.70 = 0.78 pg copper/g
wet tissue (20 mg/day)) (P < 0.05, Fig. 1).

Effect of dietary copper on aortic superoxide dismutase
in cholesterol-fed rabbits

There was a positive association between aortic super-
oxide dismutase activity and the dietary intake of copper
(187 = 21 1U/mg wet tissue (0 mg/day), 239 = 53 1U/
mg wet tissue (1 mg/day), 201 = 33 IU/mg wet tissue
(3 mg/day) and 323 = 21 IU/mg wet tissue (20 mg/day))
(Fig. 2). The SOD activity in the animals fed 0 mg
copper/day was found to be significantly lower than the
group fed 20 mg copper/day (P < 0.05).

Effect of copper supplementation on atherosclerosis in
thoracic aorta of cholesterol-fed rabbits

Longitudinal halves of aortae were stained with oil red O

*

Figure 1. The copper content of the the
aortae at the level of the 4th intercostal
branch were determined by flame
atomic absorption spectroscopy. The
values are mean pg copper/g wet

1mg 3mg
Daily copper intake

Omg

weight tissue = SEM of 10 rabbits.
Statistical analysis was performed using
the Mann Whitney test. *P < 0.05

(0 mg/day vs. 20 mg/day).

20mg
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Figure 2. The superoxide dismutase
activity of the cytosolic fraction from
cells within the aorta was measured.
The values are mean IU/mg protein

+ SEM of 5 rabbits. Statistical analysis
was performed using the Mann Whitney
test. *P < 0.05 (0 mg/day vs. 20 mg/
day).

Figure 3. (a) Oil red O stained sections
of aortae from rabbits fed a copper-
deficient cholesterol-containing diet
supplemented with O (i), 1 (ii), 3 (iii) or
20 (iv) mg copper/day are shown. (b)
The percentage of the aorta stained
positively for oil red O was calculated.
Each bar represents the mean = SEM
from 10 rabbits. Statistical analysis was

performed using the Mann Whitney test.

*P < 0.05 (0 mg/day vs. 1 mg/day).
**P < 0.05 (3 mg/day vs. 20 mg/day).

SOD activity

(b)

% Lesional area

Effects of dietary copper on atherogenesis
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for quantification of the area of the aortae that contained
macroscopic lesions. Figure 3a shows typical aortae
from rabbits fed a copper-deficient cholesterol diet
supplemented with 0, 1, 3 or 20 mg copper/day
(Fig. 3a(i) (ii) (iii) and (iv), respectively). The percentage
of the aorta staining positively for lipid using oil red O
was significantly greater in aorta from cholesterol-fed
rabbits supplemented with 0 and 20 mg copper/day
(63.1 = 4.8 and 67.1 = 5.5%, respectively) than those
supplemented with 1 and 3 mg copper/day (51.3 += 6.3
and 42.8 + 7.9%, respectively) (P < 0.05) (Fig. 3b).

Discussion

Copper deficiency has been proposed as a risk factor for
coronary heart disease because of its association with
elevated plasma cholesterol levels (Klevay 1997). Epide-
miological evidence suggests that elevated plasma copper
levels may correlate positively with cardiac risk (reviewed
by Ferns et al. 1997). However, we have previously
demonstrated that moderate dietary copper supplementa-
tion inhibits atherogenesis in the cholesterol-fed rabbit
(Lamb et al. 1999). We therefore investigated the effects of
graded dietary copper supplementation in the cholesterol-
fed rabbit in order to assess the effects of differing copper
status on atherogenesis in this model.

Choice of dietary copper supplement levels

Many Western diets are reported to be deficient in copper
and typically provide 0.3—1.5 mg copper per day com-
pared to a recommended daily intake of 2—4 mg copper/
day. Rabbit food diet typically contains 3 mg copper/kg
providing approximately 0.5 mg copper/day. Therefore
whilst human and rabbit dietary copper requirements are
likely to be different, a rabbit on a standard diet is provided
with a similar level of daily copper to that contained within
the most deficient Western diets. The diet used in this
experiment was formulated to contain 0.5 mg copper/kg,
which provides < 0.1 mg copper/day. Copper supple-
ments in the drinking water provided each group with
approximately 0, 1, 3, and 20 mg copper/day. These diets
therefore model several human diets: (1) a severely
copper deficient diet (2) an average Western diet (3) a diet
containing the WHO recommended copper intake and (4)
an excessive intake of dietary copper.

The effect of dietary copper supplementation on plasma
copper levels, plasma ferrioxidase activities and tissue
copper levels

Aortic tissue copper concentration was significantly higher

in rabbits receiving the highest copper supplement and was
associated with both an increase in plasma copper levels
and caeruloplasmin concentrations in these animals. It is
therefore possible that the copper that accumulates within
peripheral tissue is derived from caeruloplasmin plasma
copper pool. Increased aortic copper concentrations may
impact on several processes relevant to atherogenesis. For
example it is possible that increasing tissue copper may
increase local production of free radicals and result in
oxidation of low density lipoprotein (LDL) within the arterial
wall. The oxidation of LDL may be of critical importance in
atherosclerosis (Steinberg ef al. 1989) and can be
catalysed in vitro by copper ions (Lynch & Frei 1993) and
caeruloplasmin (Ehrenwald et al. 1994). Indeed, significant
quantities of catalytically active copper (0.01-1.8 pg/mL)
have been found in human atherosclerotic lesions (Smith
et al. 1992). In comparison, aortae from rabbits receiving
the highest copper supplement contained 0.8—6.6 pg
copper/g tissue. However, it is unknown what proportion
of this may be catalytically active.

Dietary copper supplementation increases aortic
superoxide dismutase activity

We found increased superoxide dismutase activity in
the soluble fraction from aortae of cholesterol-fed
rabbits supplemented with 20 mg copper/day com-
pared to both copper deficient rabbits and those
receiving moderate copper supplements. It is unclear
whether this increased SOD activity is due to de novo
protein synthesis or increased activity of existing
protein. The expression of Cu/Zn SOD is regulated in
part by the CCAAT enhancer binding protein (C/EBP)
family of transcription factors. C/EBP are induced in
response to oxidative stress (Kishimoto et al. 1994),
which can subsequently upregulate the expression of
Cu/Zn superoxide dismutase (CuZnSOD) (Seo et al.
1996).

Aortic atherosclerosis is modulated in a biphasic manner
by dietary copper content in the cholesterol-fed rabbit

In the present study we have found that a moderate dietary
copper intake is associated with a reduced extent of
atherosclerosis in the thoracic aorta of the cholesterol-fed
rabbit compared to animals receiving a copper deficient
diet. This is consistent with our previous findings (Lamb
et al. 1999). However, at higher levels of dietary copper
content this effect appears to be reversed. Moreover, the
effects of dietary copper on atherosclerosis appear to be
dependent on the arterial copper concentrations.

Copper may therefore be exerting both protective and
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detrimental effects in these animals. We have demon-
strated that aortic SOD activity increases in association with
increasing copper supplementation. This may be induced
by local oxidative stress, but may still confer an overall
antioxidant protection on the arterial tissue, at least in the
groups receiving moderate copper supplements. Copper
may also increase the bioavailability of nitric oxide (NO) by
accelerating the decomposition of S-nitrosoglutathione
(Dicks & Williams 1996), elaborating NO and thereby
increasing vasodilatation and reducing blood pressure and
shear stress. There is also some evidence that copper
activates endothelial NOS (Ohnishi etal. 1997). Exogenous
copper ions have been shown to potentiate both NO- and
calcium ionophore-mediated relaxation of pre-constricted
arteries in organ bath experiments (Plane et al. 1997).
Although a local increase in oxidative stress, mediated
by moderately elevated copper levels, may cause the
induction of superoxide dismutase and increase nitric
oxide bioavailability, further increases in oxidative stress
associated with higher aortic copper levels may reverse
these potentially beneficial effects. This may then result
in an increase in the oxidation of LDL causing an
increase in foam cell formation and lesion progression.

Conclusion

Copper is an essential nutrient in the human diet and low
body levels have been linked to a number of risk factors
for coronary heart disease (CHD). There is currently no
recommended daily copper allowance for humans, but
the WHO has suggested that 2—-3 mg copper per day
may be beneficial. However, many Western diets
contain considerably less than this. The findings from
this study indicate that 1-3 mg dietary copper per day in
the cholesterol-fed rabbit is associated with a reduced
susceptibility to aortic atherosclerosis. We also find that
a copper deficient diet and an excessive daily copper
supplement (20 mg copper per day) are associated with
increased atherogenesis in the cholesterol-fed rabbit.
Despite the caveat that human and rabbit dietary
requirements are different, these data indicate that a
moderate dietary copper content may confer a degree of
cardiac protection to the human population.
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