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Abstract
Introduction: Zinc and copper cooperate in the regulation of superoxide dismutase activity (SOD � EC 1.15.1.1) with

copper at the active site and zinc maintaining a secondary enzyme function. Copper deficiency brings about depression
of erythrocyte SOD activity. Numerous data indicated that females are at greater risk of copper deficiency than males.

Aim of the study: This study aimed to evaluate erythrocyte SOD activity, dietary copper and zinc intakes, their
plasma levels and erythrocyte content and plasma ceruloplasmin activity in females with low dietary copper intake.

Methods: A total of 37 females volunteered to participate in the study. Dietary copper and zinc intakes were asses-
sed from 24 h dietary records taken 4 times before blood withdrawal. Plasma and erythrocyte copper and zinc were
determined using atomic absorption spectrometry. Erythrocyte SOD and plasma ceruloplasmin oxidase activities were
assayed colorimetrically at 480 nm and 460 nm, respectively.

Results: In 70.3% of the women daily copper intakes were lower than 2/3 of the safe intake level. In 16.2% of the
participants plasma copper concentrations were lower than the accepted physiological limit. The incidents of low plasma
ceruloplasmin oxidase activity were observed in 56.6 % of the participants. It was found that the best model predicting
erythrocyte SOD activity included zinc/copper ratio in the diet and plasma ceruloplasmin oxidase activity (model adjusted
R2=0.313, F= 9.2, p<0.0006).

Conclusions: Our study indicated that in females with low dietary copper intakes there was no association between
erythrocyte SOD activity and plasma copper and zinc concentrations and the content of both trace metals in the erythro-
cytes. The best predictors of SOD activity were zinc to copper ratio in the diet and plasma ceruloplasmin oxidase activity.
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Introduction
Copper, zinc and other essential trace metals have

a vitamin-like effect on living systems. Practically
all forms of life need copper and zinc to render es-
sential metabolic processes functional. Zinc has been
shown to be essential for the structure and function
of a large number of macromolecules and for over
300 enzymatic reactions. It has both catalytic and
structural roles in enzymes, while in zinc finger mo-
tifs, it provides a scaffold that organizes protein sub-
domains for the interaction with either DNA or other
proteins. Zinc is critical for the function of a number
of metalloproteins, including members of oxido-re-
ductase, hydrolase, ligase and lyase family (1). Ad-
ditionally, it has been demonstrated that in mammals
zinc plays an important role in the maintenance of
immune function and in the regulation of neural trans-
mission and insulin secretion (2-5).

Similarly, copper plays an important role as an
integral part of many enzymes including lysyl oxida-

se essential for collagen synthesis, ferroxidase con-
tributing to iron metabolism and several monooxy-
genases and mitochondrial cytochrome c oxidase (6).
Both zinc and copper cooperate in the regulation of
superoxide dismutase activity (SOD � EC 1.15.1.1)
with copper at the active site and zinc maintaining a
secondary enzyme function (7,8).

There is a wealth of studies indicating that cop-
per deficiency due to low dietary copper intake in
the diet brings about depression of erythrocyte SOD
activity and diminished antioxidant protection
(9,10). On the other hand, inadequate copper inta-
kes are not the only reason for copper deficiency.
It is well established that zinc excess may contri-
bute to copper deficiency due to zinc-induced in-
hibition of copper absorption from the intestine and
zinc to copper ratio in the diet should not to exce-
ed 6.0 to prevent adverse effects of zinc on copper
homeostasis (11-17).
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Low daily copper intakes and marginal zinc defi-
ciency are common throughout the world (18-20). Our
previous study has demonstrated that in young, physi-
cally active male and female physical education stu-
dents copper daily intake covered 71.7% and 45% of
the recommended intake level, respectively, and was
accompanied by unfavorable zinc to copper ratio (8.7
and 10.2 in females and males, respectively) (21). In
addition, in 47% of females participating in the stu-
dy the plasma copper level was lower than the phy-
siological limit of 12.6 mmol.l-1. On the contrary, the
copper level was lower than physiological limit of
11.0 mmol.l-1 in only 6.2% of male subjects. Similar-
ly, Raczyñska et al. (22) have found high zinc to cop-
per ratio in male and female athletes and inadequate
copper dietary intake mostly in junior female subjects,
covering only 59% of the recommended intake level.

Thus, it could be presumed that dietary habits of
females make them more prone to copper deficiency
in comparison with males and a high zinc to copper
ratio may even strengthen unfavorable effects of low
copper intake on erythrocyte SOD activity.

It should be stressed that erythrocyte SOD is of
special importance for red cell protection against su-
peroxide production due to hemoglobin autooxida-
tion (23). On the other hand, erythrocyte SOD has
been recognized as a potent antioxidant for other tis-
sues, since anion channel allows the transport of su-
peroxide and other radicals into red cells (24,25).

However, there is no data concerning the relation-
ship between erythrocyte SOD activity, dietary cop-
per and zinc intakes, their plasma levels, erythrocyte
copper and zinc content and plasma ceruloplasmin
activity in females with low dietary copper intake and
the evaluation of these associations was the aim of
the present study.

Materials and Methods
Subjects

A total of 37 healthy, regularly menstruating fe-
males volunteered to participate in the study. All the
participants were physical education students not
engaged in high-performance sport, but engaged in
different forms of physical activity (swimming, track
and field, games, gymnastics) as a part of the obliga-
tory physical education program. All the subjects were
non-smokers and none of them were taking oral con-
traceptives. The participants were informed about the
procedures and gave their written consent prior to the
participation in the study. The experimental protocol
was approved by the Ethics Commission in the Aca-
demy of Physical Education in Warszawa.

Dietary records
Daily intake of energy, macro- and micronutrients

was briefly assessed from 24 h food records collec-

ted over 4 days preceding blood collection and ana-
lyzed using a computer program. A set of pictures of
meals and foods was shown to the participants by an
experienced interviewer. The household measures of
food intake were converted into gram weights. An
interviewer assigned codes to the foods reported by
the subjects and performed computer analysis using
the Food 2 program purchased from the Institute of
Food and Nutrition in Warsaw.

Blood samples
Fasting venous blood was drawn into lithium he-

parin tubes using disposable needles and syringes un-
der aseptic conditions between 8:30 and 9:00 a.m. To
avoid a possible female hormone effect on SOD acti-
vity and copper and zinc plasma levels blood was col-
lected between days 5-8 of the menstrual cycle (26,27).
Plasma and erythrocytes were separated by centrifu-
gation (15 min/4000 rpm, 40 C). The erythrocytes for
SOD, copper and zinc determination were washed 3
times with cold isotonic (0.9%) saline. Both plasma
and erythrocytes were stored at � 700 C until analysis.

Biochemical analysis
SOD activity and zinc and copper levels were de-

termined in the hemolysates of erythrocytes. SOD
activity was measured colorimetrically at 480 nm
according to Misra et al (28) and one unit of enzyme
activity was defined as the amount of SOD required
to inhibit adrenaline autooxidation by 50% at 250C
and pH 10.2. Zinc and copper content in the erythro-
cytes and their plasma levels were assayed using ato-
mic absorption spectrometry (29). Inter-and intra-as-
say coefficient of variations for zinc and copper de-
termination were lower than 5%. Ceruloplasmin oxi-
dase actitivy was assayed colorimetrically with o-dia-
nisidine dichloride at 460 nm and 300 C (30,31).

Statistical analysis
Data distribution was evaluated using the Shapi-

ro-Wilk test. The only variables which were not nor-
mally distributed was plasma ceruloplasmin oxidase
activity and erythrocyte copper content. To evaluate
associations among SOD activity and other variables
(zinc to copper ratio in the diet, zinc and copper pla-
sma levels and erythrocyte content and plasma ceru-
loplasmin oxidase activity) Pearson product-moment
or non-parametric Spearman rank correlations were
calculated. These variables were then used in multi-
variate analysis, by use of forward stepwise regres-
sion, to determine the model which best predicts ery-
throcyte SOD activity. Plasma ceruloplasmin oxida-
se activity was logarithmically transformed (natural
logarithm) before it was included into the model. All
calculations were made using Statistica 6.0 (Statsoft,
USA). All data are presented as means ± SD.
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Results
The subjects� physical characteristics are presen-

ted in Table 1. The females participating in the pre-
sent study were characterized by inadequate daily
energy intake (1751 kcal) which covered only 83.8%
of the recommended intake level (Table 2). The mean
copper intake covered 62.7 % of the safe intake le-
vel, the mean zinc daily intake covered 79.4% of the
safe intake level. The mean zinc to copper ratio equ-
aled 8.7.

Table 1. Physical characteristics of the subjects

Means ± SD

Age (years) 20.5 ±  1.1

Body mass (kg) 62.8 ± 8.0

Body height (cm) 170.3 ± 7.5

BMI (kg.m-2) 21.6 ± 2.1

Activity (h.wk-1) 7.6 ± 2.7

Table 2. Daily intake of energy, macronutrients, zinc
and copper in female physical education students

Means ± SD

Energy (kcal) 1751 ± 629

Energy (kcal/kg m.c.) 28.8 ± 13.3
(83.8%)

Protein (g) 56.2 ± 16.2
(13.4 ± 2.6)*

Fat (g) 69.1 ± 34.2
(34.4 ± 7.5)*

Carbohydrates (g) 241.3 ±  85.9
(51.9 ± 7.3)*

Zinc (mg) 7.94 ± 2.33
(79.4)#

Copper (mg) 0.94 ± 0.33
(62,7 %)#

Zinc/copper ratio 8.7 ± 1.9

* - percent of energy derived from the respective macronutrient;
# - percent of the safe intake level
(safe intake levels: copper � 1.5 mg.day-1; zinc � 10 mg.day-1)

Table 3. Erythrocyte SOD activity, zinc and copper
content, plasma zinc and copper leves and cerulopla-
smin oxidase activity in female subjects

Means ± SD

SOD (U.l-1)* 1765.8 ± 171.9

Zinc (mg.g-1)* 10.5 ± 1.2

Copper (mg.g-1)* 0.67 ± 0.13

Zinc (mmol.l-1)** 15.0 ± 0.2

Copper (mmol.l-1)** 15.1 ± 2.4

Ceruloplasmin (U.l-1)** 62.4 ± 23.1

* - in erythrocytes, ** - in plasma;

Table 4. Percent of participants with zinc and copper
daily intake less than  2/3 of the safe intake level, and
lower than physiological limit copper and zinc plasma
level and ceruloplasmin oxidase activty

%

Copper (mg.day-1) 70.3

Zinc (mg.day-1) 32.4

Copper (mmol.l-1) 16.2

Zinc (mmol.l-1) 0

Ceruloplasmin (U.l-1) 56.6

Table 5. Pearson product-moment and Spearman rank
correlations between erythrocyte SOD activity and other
variables

a -  p < 0.008; b � p < 0.038; c- p < 0.02

r

Zinc intake (mg.day-1) - 0.16

Copper intake (mg.day-1) 0.11

Zinc/copper ratio (diet) - 0.43a

Zn (erythrocytes) 0.34b

Cu (erythrocytes) 0.031

Zinc/copper ratio (erythrocytes) - 0.04

Plasma Zn - 0.06

Plasma Cu 0.14

Zinc/copper ratio (plasma) - 0.11

Ceruloplasmin 0.39c

Erythrocyte SOD activity, zinc and copper con-
tents, plasma zinc and copper levels and plasma ce-
ruloplasmin oxidase activity are presented in Table
3. In Table 4 the analysis of individual data of trace
metal intakes, zinc and copper plasma levels and ce-
ruloplasmin oxidase activity are presented with re-
spect to reference values. In 70.3% of the women daily
copper intakes were lower than 2/3 of the safe intake
level. Zinc intakes less than 2/3 of the safe intake
level was noted in 32.4% of the participants. In 16.2%
of the participants plasma copper concentrations were
lower than the accepted physiological limit of 12.6

Table 6. The model used to predict erythrocyte SOD
activity in female physical education students (n=37)

Independent variables in order of introduction into the model
* Ceruloplasmin activity was logarithmically transformed (natural

logarithm) before introduction into the model

Independent variables Model adjusted R2 F p

Zn/Cu (diet) 0.163 8.01 0.008

Ceruloplasmin (U.l-1)* 0.313 9.20 0.0006
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mmol.l-1.  However, the incidence of low plasma ce-
ruloplasmin oxidase activity (lower than 62 U.l-1) were
more frequent and was observed in 56.6 % of the
women. Plasma zinc levels were within physiologi-
cal limit in all of the participants.

Pearson product-moment and Spearman rank cor-
relations between erythrocyte SOD activity and other
variables are presented in Table 5. There were signifi-
cant and positive correlations between erythrocyte SOD
activity and erythrocyte zinc content and plasma ceru-
loplasmin oxidase activity (p<0.04 and p<0.02, respec-
tively) and a negative correlation between SOD acti-
vity and zinc/copper ratio in the diet (p<0.008). Ho-
wever, multiple regression analysis has revealed that
the best model predicting erythrocyte SOD activity
included zinc/copper ratio in the diet and plasma ceru-
loplasmin oxidase activity (model adjusted R2=0.313,
F= 9.2, p<0.0006) (Table 6 and 7). It is worth noting
that when copper and zinc intakes were separately in-
cluded into the model instead of zinc to copper ratio,
adjusted R2 equaled 0.264 with F=5.30 (p<0.004).

Discussion
The participants of the present study were charac-

terized by mean copper intakes much lower than the
safe intake level of 1.5 mg/day (10). In addition, the
majority of the participants were at risk of copper
deficiency since their diet provided less than 1.0 mg
copper daily i.e. less than 2/3 of the safe intake level.
However, despite copper inadequacy in the diet pla-
sma copper concentrations lower than physiological
limit of 12.0 mmol.l-1 was observed only in minority
of the participants (32). Zinc plasma concentrations
were within physiological limits (10.1-16.8 mmol.l-1)
(32) in all the women despite mean zinc intake lower
than the safe intake level of 10 mg.day-1 in most of
the participants and the risk of zinc deficiency in sub-
jects with daily zinc intakes lower than 2/3 of the
safe intake level of 6.7 mg (33). These findings con-
firm others� data concerning a minor importance of
copper plasma and zinc levels as an index of their
daily intakes since despite low (10,19).

However, we indicated that the incidence of low
ceruloplasmin oxidase activity were more frequent
(56.7% of all participants) than low plasma copper
levels suggesting greater sensitivity of the former to
low copper intakes and/or to high zinc to copper ra-

tio in the diet. This assumption seems feasible since
it has been demonstrated that copper absorbed from
the diet is primarily taken up by the liver, the main
source of ceruloplasmin synthesis and excretion into
the plasma (34). Thus, the liver is the first target tis-
sue which responds to copper supply in the diet. In-
corporation of copper into ceruloplasmin is constant
at higher intakes but reduced at intakes that results in
copper deficiency and this may be the case in the
current study (35).

In the present study copper and zinc contents in
the erythrocytes was within limits reported by others
in female subjects (36). However, both trace metal
levels in the erythrocytes of our participants were
lower than reported by Singh et al (37) in females
characterized by higher (by 40%) zinc intake and hi-
gher (by 48%) copper intake in comparison with our
subjects. This finding is in agreement with other data
concerning the associations between both trace me-
tal intakes and their erythrocyte contents (38,39).

Multiple regression analysis revealed that the best
model predicting erythrocyte SOD activity included
exclusively zinc to copper ratio in the diet and pla-
sma ceruloplasmin oxidase activity with no effects
of other tested variables.

These findings indicate that the zinc to copper ra-
tio in the diet is more important for erythrocyte SOD
activity than copper and zinc daily intakes per se. As
was mentioned in the Introduction there is a power-
ful effect of zinc on copper intestinal absorption (13).
On the other hand, it is well recognized that copper
intestinal absorption increases with decreased cop-
per content in the diet (17). However, our data indi-
cate that zinc and copper interaction operates even at
low dietary copper intakes.

In addition, our data suggest significant contribu-
tion of plasma ceruloplasmin in the regulation of ery-
throcyte SOD activity. Despite the well-recognized
role of ceruloplasmin in iron intestinal absorption and
antioxidant protection (40-43), its contribution to
copper supply into the tissues is still under debate
(44). However, it should be pointed out that cerulo-
plasmin receptors were identified in the hepatocyte
and erythrocyte membranes (45-47). In addition, in
vitro externally added ceruloplasmin increased both
copper levels and Zn-Cu-SOD activity in K562 ery-
tholeukemia cells (48). The mechanism of this ac-

Independent variables entered Regression coefficient Standard error Partial correlation t p
(B) of B coefficient

Zn/Cu (diet) -38.005 12.609 -0.459 - 3.013 0.0048

Ceruloplasmin (U.l-1)* 193.938 66.008 0.450 2.938 0.0059

Table 7. Regression and partial correlation coefficients of the best model used to determine predictors of erythrocytes
SOD activity in females

*Ceruloplasmin activity was logarithmically transformed (natural logarithm) before introduction into the model
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tion is not fully understood, however, it is postulated
that ceruloplasmin provides copper to intracellular
GSH, which complexes copper ions and provides
them to apo-SOD (49). It could not be excluded that
the same mechanism operates in the erythrocytes.

In conclusion, our study indicated that in females
with low dietary copper intakes there was no asso-
ciation between erythrocyte SOD activity and pla-
sma copper and zinc concentrations and both trace
metal content in the erythrocytes. The best predic-
tors of SOD activity were zinc to copper ratio in the
diet and plasma ceruloplasmin oxidase activity. Thus,
the balance between zinc and copper in the diet se-
ems to be of special importance for erythrocyte SOD
activity and in consequence the whole-body protec-
tion against superoxide action.
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