
Abstract. Background/Aim: The aim of the study was to
determine the effect of various diets with zinc or zinc in
combination with resveratrol or genistein on mineral contents
of the serum, urine, liver, kidney and heart in rats with
chemically-induced mammary carcinoma. Materials and
Methods: The manuscript presents the tissues and body fluids
content of iron, calcium, zinc, magnesium and copper in
control rats or rats treated with 7,12-dimethyl-1,2-
benz[a]anthracene to induce mammary carcinogenesis, under
four dietary conditions: standard feed, Zn supplemented feed
(6.9 mg Zn/ml), Zn and resveratrol (0.2 mg/kg body)
supplemented feed, or Zn and genistein (0.2 mg/kg body)
supplemented feed. Results: The content of calcium and
copper highly varied depending on the tissue and the type of
dietary supplement (no change for zinc and magnesium).
Irrespective of the diet used, the chemical induction of
mammary cancer caused a decrease in iron concentration in
most samples analysed. Only supplementation of the rats’ diet
with zinc and genistein induced no changes in iron
distribution in the serum, urine, liver, kidney and heart.
Conclusion: Further research using various levels of zinc and
genistein in the diet should be conducted to determine how the
development and progression of cancer is linked to iron
content in cells and its ability to accumulate in tumour tissue.

Breast cancer is the most commonly occurring cancer in
women and the second most common cancer overall. There
were over 2 million new cases in 2018 (1). Patients facing
cancer, in addition to various forms of treatment recommended

by their doctors, use a variety of dietary supplements to help
their body fight the disease. Among minerals, these will
undoubtedly include zinc (2-4) and selenium (5, 6) and among
biologically active substances, polyphenolic compounds
(including resveratrol and genistein) (7-9). Both in vitro studies
on human cancer cells and in vivo studies on rodents have
shown that zinc can inhibit the proliferation of certain types of
tumour cells, while zinc deficiency increases cell proliferation
and promotes inflammation (10, 11). Decreasing the serum
levels of Se and Zn may be the risk factors for breast cancer
(12). The role of zinc in the prevention of cancer is the result
of antioxidant activity, which protects against DNA damage,
and the complex effect of zinc on the immune system
(induction of IL-1, IL-6, TNF-alpha, and monocytes, T cell
differentiation; and others) (10, 11). Polyphenolic compounds
exert an anti-carcinogenic effect not only through the immune
system, but also by influencing the cell cycle, apoptosis,
angiogenesis and metastasis (7-9, 13). Numerous studies have
shown them to be promising agents in chemotherapy and other
cancer treatments, alone (14, 15) or in combination with
existing chemotherapeutics (16, 17). On the other hand,
numerous studies have confirmed that tumour cells, due to their
uncontrolled growth and chaotic division, require increased
amounts of certain elements, which is manifested as changes
in their content in the blood and as imbalances and altered
proportions of the other elements in other tissues (18-20).
Particular emphasis is placed on the effect of the tumour,
exerted through various mechanisms, on iron metabolism
(changes in gene expression, e.g. of ceruloplasmin, ferroportin,
hepcidin, transferrin receptor proteins 1 and 2 (TfR1, TfR2),
and iron regulatory proteins (IRP) (21, 22). Because macro-
and micronutrients play an important role in the proper
functioning of the body, their imbalance may have a deeper
effect in metabolic dysfunctions and tumour progression.
Analysis of biochemical changes in the content of elements in
the blood and organs could be a starting point in cancer
epidemiology, first in early diagnosis and then in prognosis and
in the support of treatment of cancer patients.

The study investigated the effect of dietary supplementation
with zinc or zinc in combination with resveratrol or genistein
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on the content of iron and other elements (Zn, Ca, Mg and Cu)
in the serum, 24 h total urine, liver, kidney and heart of rats
with chemically-induced mammary carcinoma. 

Materials and Methods
Animals. Female Spraque-Dawley rats (30 days old) with a body
weight of 100±20 g underwent a 10-day adaptation period. Then the
study was conducted for 14 weeks (from 40 days to 20 weeks of
age). The rats were individually housed in polypropylene cages and
kept in a temperature and light-controlled environment. The rats
were given free access to food (Labofeed H; produced by
Morawski, Kcynia, Poland) (23) and tap water. The rats were
obtained from the Laboratory of Experimental Animals, Department
of General and Experimental Pathology, Medical University of
Warsaw (Warsaw, Poland). The animal experiments were approved
by the Ethics Committee of the Medical University of Warsaw.

Animal groups and diets. The rats were initially divided into a
cancer group (n=32) and a control group (n=24). To induce
mammary tumorigenesis, the rats from the cancer group were
administered DMBA (7,12-dimethyl-1,2-benz[a]anthracene; Sigma-
Aldrich, St. Louis, MO, USA) by gavage in rapeseed oil at a dose
of 80 mg/kg body weight at 50 and 80 days of age.
Histopathological evaluation of the tumors was performed to
confirm their malignancy and verify that they were
adenocarcinomas (grades 2 and 3). The control group comprised rats
kept in the same conditions and fed the same diet as the rats from
the cancer group, but not treated with DMBA. Spontaneous cancers
were not found in the non-DMBA groups (24).

Each group (except the animals receiving no supplements, i.e. –
the Standard group) received intragastrically one of three Zn
compounds, so that the following groups were distinguished: 

Zinc group (Zn): animals received a daily supplement of 0.4 ml of
Zn (6.9 mg/ml; i.e. 231 mg Zn/kg diet) (as ZnSO4· 7H2O in aqueous
suspension, POCH S.A. Gliwice, Poland) (both cancer group and
control group).

Zinc and resveratrol group (ZnR): animalsreceived a daily supplement
of 0.4 ml of Zn (6.9 mg/ml) and resveratrol (3,4’,5-Trihydroxy-trans-
stilbene, Sigma-Aldrich) (0.1 mg/ml; i.e. 0.2 mg/kg.bw) in aqueous
suspension (both cancer group and control group). 

Zinc and genistein group (ZnG): animals received a daily supplement
of 0.4 ml of Zn (6.9 mg/ml) and genistein (4’5,7-Trihydro-
xyisoflavone) (Sigma-Aldrich) (0.1mg/ml; i.e. 0.2 mg/kg.bw) in
aqueous suspension (both cancer group and control group).

Standard group (S): animals received a daily of 0.4 ml of water with
no supplements (both cancer group and control group).

The dose of Zn was based on the value used in the standard diet,
i.e. the Labofeed H diet (Kcynia, Poland) (23), which contained 77
mg Zn/kg diet. The Zn dose was three times higher than the amount
of Zn in the feed. The polyphenols dose was based on average
human daily intake (extrapolated to the rats’ body weight). The
cancer and control group each comprised 6-8 rats. This report is a
supplementary analysis of a study whose results have previously
been published (24, 25).

Sample collection and preparation. At 20 weeks of age, the rats
were weighed and housed (24 h) in metabolic cages for urine
collection. Animals were sacrificed by decapitation at week 20 after
an overnight fast in the metabolic cages. The liver, kidney and heart
were removed from the adhering connective tissue and precisely
weighed. The tissues and 24 h urine were stored at –80˚C until
testing. The mineral content was determined following wet
microwave mineralization of the samples (heart, kidney and 0.5 g
of liver). Samples of tissues and urine (3 ml) were placed in a
Teflon vessel with 3.5 ml of 65% nitric acid (Suprapur®, Merck,
Germany). The vessels were placed in a microwave system
(Plazmatronica, Wroclaw, Poland) and their contents were
mineralized. After decomposition, the samples were transferred to
a 10ml volumetric flask and filled to volume with double-distilled
water. The flame atomic absorption spectrometry (FAAS) technique
(PUnicam, 9100, Cambridge, UK) was used to analyze the
following elements: zinc (Zn), calcium (Ca), magnesium (Mg), iron
(Fe) and copper (Cu). The analysis was carried out using a PUnicam
9100 atomic absorption spectrometer, in an oxidizing air-acetylene
flame at wavelengths of 213.9 for Zn, 324.7 for Cu, 248.3 for Fe,
422.7 for Ca and 285.3 nm for Mg. Hollow-cathode lamps (Perkin-
Elmer) were used as radiation source. For the determination of
minerals (Fe, Ca and Mg), 0.5 ml samples of tissues and urine were
diluted with deionized water at 1:10 for Fe and 1:25 for Ca and Mg.
Standard solutions of Ca, Mg, Fe, Zn and Cu were prepared from
their standard solutions (1000 mg/l in water) from the Central Office
of Measures, Warsaw, Poland). 

Blood collection and preparation. The serum samples were stored
in a deep freezer at –80˚C until analysis. Before the determinations
the serum was thawed and then centrifuged at 3000 rpm for 10 min
Zn, Ca, Mg, Fe and Cu were determined in serum samples by air-
acetylene flame atomic absorption spectrometry (PU-9100). For
determination of minerals, 0.5 ml serum samples were diluted with
deionized water at 1:10 for Zn, Fe, Cu and 1:70 for Ca and Mg.
Standard solutions of Zn, Ca, Mg, Fe and Cu were prepared from
their standard solutions (1,000 mg/l in water) from Central Office
of Measures, Warsaw, Poland). 

Recovery and detection limit. The intralaboratory quality control of
determination was done using the following certified Reference
Materials (percent of recovery for a given element).

NCS ZC 71001 Beef Liver recoveries: Zn: 110%; Ca: 90%; Mg:
103%; Fe: 106%; Cu: 95%. 

Seronorm Trace Elements Serum -1 (SERO201405) recoveries:
Zn: 101%; Ca: 90%; Mg: 96%; Fe: 100%; Cu: 106%.

The limits of detection, calculated as concentrations
corresponding with an absorption value equal to a three-fold
standard deviation of the signal for the lowest standard 

Limits of detection (LOD) for: Zn: 0.1 mg/l; Ca: 0.2 mg/l; Mg:
0.03 mg/l; Fe: 0.3 mg/l; Cu: 0.1 mg/l.

Statistical analysis. Results were expressed as mean and standard
deviation. The Statistica 12.0 software (StatSoft, Tulsa, OK, USA)
was used for statistical analysis. The normal distribution of the data
was tested using the Shapiro-Wilk method. For the normal data, the
Student’s test and ANOVA, followed by Tukey’s test with unequal
sample size were used for analysis. The non-normal data was
analyzed with Mann-Whitney U non-parametric test. The results
were considered statistically significant when p≤0.05.
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Results

Basic statistical distribution parameters (means, standard
deviation) of the trace elements in the serum, 24-h urine,
heart, liver and kidney of the cancer and control rats
receiving the diets are depicted in Table I. 

Table II presents the weight of the hearts, livers and
kidneys of rats from the cancer and control groups fed a
standard diet and after 100-day supplementation with zinc
and zinc in combination with resveratrol or genistein. A
significant increase in liver weight was noted in the groups
receiving zinc and zinc with resveratrol (by 42% and 18%,
respectively) compared to the control groups receiving the
same supplements. No changes were noted in the weight of
the organs (liver, heart and kidney) in the groups whose diet
was supplemented with zinc and genistein (Table II). 

Table III shows direction and percentage of changes in the
content of Zn, Ca, Mg, Fe and Cu in the fluids and tissues of
rats with cancer receiving a standard diet (without supplements);
diet supplemented with zinc; diet supplemented with zinc and

resveratrol and diet supplemented with zinc and genistein
compared to the control group on the same diet. In the rats fed
only the standard diet, the neoplastic process significantly
reduced the iron content in most of the tissues tested. It is also
worth noting the significant reduction in urinary excretion of
zinc, calcium, magnesium and iron in comparison to the control
(Table III). Dietary supplementation with zinc produced no
statistically significant changes in the excretion of the elements
in the urine compared to the control. In this case as well, the
level of iron in the serum and liver was reduced in the rats with
mammary cancer. The content of calcium in the liver and of
copper in the kidneys also significantly increased (Table III). 

Zinc and resveratrol supplementation of the diet of rats
with induced mammary carcinoma caused the most changes
in the content of the elements in the tissues. As in the case
of the diets discussed above, there was a significant
reduction in the content of iron, but also of copper and
calcium (apart from the serum). For the first time, a small
but significant decrease in magnesium content was noted in
the heart, as well as strong inhibition of zinc and copper
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Table I. Statistical distribution parameters for trace element concentrations in the serum, 24 h urine, heart, liver and kidney of breast cancer and
control rats received the standard diet and the supplemented diets.

Diets →      Element                Standard (S)                                  Zinc (Zn)                     Zinc and resveratrol (ZnR)            Zinc and genistein (ZnG)
Tissues              ↓
↓                                     Cancer              Control              Cancer              Control              Cancer               Control                Cancer               Control
                                    mean±SD           mean±SD          mean±SD          mean±SD         mean±SD           mean±SD           mean±SD          mean±SD

Serum              Zn        1.25±0.10          1.40±0.15          1.20±0.07          1.23±0.23         1.32±0.22           1.40±0.15           1.16±0.10          1.16±0.40
(μg/ml)            Ca      92.17±11.13      87.63±1.74*      101.6±11.61       92.01±8.39       102.8±6.57        87.63±1.74*       104.9±15.26       89.73±6.91
                      Mg      19.22±1.29        18.60±1.09        17.66±1.44       18.06±1.57       18.99±1.50         18.60±1.09         17.59±1.53        18.62±1.59

                        Fe        2.86±0.53         4.31±0.57*         3.12±1.02        5.47±0.81*        2.39±0.71          4.31±0.57*          3.16±0.75          3.64±0.57
                        Cu        0.80±0.24          1.74±0.43          1.38±0.23          1.79±0.57         1.47±0.21           1.74±0.43           1.27±0.21          1.17±0.11
24h urine         Zn       15.42±6.70       33.13±17.3*       18.96±7.02      15.42±5.932      11.03±7.32        33.13±17.3*       19.55±8.624      25.34±6.481
(μg)                  Ca       103.1±60.3       338.4±219.5       328.5±60.2       344.0±60.7      159.6±146.0       338.4±219.5       247.6±213.9      261.2±153.9
                       Mg     219.3±148.7      285.6±196.5      785.3±215.3     668.7±330.1     246.9±106.9       285.6±196.5       265.0±138.2      256.0±159.8
                        Fe      3.908±2.378      9.984±4.822      5.849±3.228      12.89±8.96      6.393±3.066       9.984±4.822        9.671±4.81       8.249±1.922
                        Cu      2.226±1.674     3.497±1.332*     2.422±1.311     2.123±0.847     1.264±0.689      3.497±1.332*      1.858±1.043      3.296±1.466
Heart                Zn      21.38±0.587      20.12±0.412       21.14±1.61      19.82±0.616     20.59±0.884       20.12±0.412       19.56±0.521      20.55±0.732
(μg/g)              Ca      34.92±11.67       40.10±9.52        42.23±7.24       33.16±8.49       41.64±9.90         40.10±9.52        48.04±12.24       37.75±5.09
                       Mg      146.6±8.30      143.6±4.673*      141.6±7.80       143.9±3.53       138.5±5.75       143.6±4.673*      138.1±6.395      152.6±6.89*
                        Fe      63.93±8.214     73.36±7.486*     67.59±11.77       69.39±6.96       58.89±7.12       73.36±7.486*      66.97±7.352      70.98±3.349
                        Cu       4.486±0.10       4.387±0.205      4.423±0.262     3.941±0.962     4.489±0.206       4.387±0.205       4.085±0.127     4.354±0.165*
Liver                Zn        41.0±4.85        38.89±3.204       39.04±0.61      41.26±3.062      35.84±4.02        38.89±3.204        40.22±3.67       39.50±4.861
(μg/g)              Ca       35.54±7.04       27.53±5.03*       31.25±2.15      23.71±8.33*     20.86±5.311       27.53±5.03*       40.38±12.25      17.71±4.65*
                       Mg      223.4±15.1        223.7±10.3        218.8±6.22       225.4±8.71       221.1±10.0         223.7±10.3         237.6±10.6        228.9±8.62
                        Fe       384.2±57.8      565.6±47.92*      445.0±88.4      545.3±21.5*     343.4±140.0      565.6±47.92*       482.6±87.1        532.1±65.5
                        Cu      4.923±0.462     5.726±0.952*     4.851±0.408     5.239±0.529     4.453±0.743      5.726±0.952*      5.348±0.853     4.483±0.453*
Kidney             Zn       32.33±2.79        30.96±0.79        31.78±2.56       30.33±2.01       32.68±2.78         30.96±0.79         31.72±1.47        30.38±1.26
(μg/g)              Ca       100.0±62.6       161.1±81.1*       49.8±15,88      73.29±24.66     35.03±11,49       161.1±81.1*       370.7±214,9       198.4±61.1
                       Mg      167.8±5.63        173.3±4.71       164.3±10.54     164.9±3.788     169.3±13.51        173.3±4.71        176.4±4.183     169.8±6.047*
                        Fe       82.37±12.6        88.98±8.39       80.87±13.93      84.37±8.99      95.16±17.86        88.98±8.39        91.78±15.99       92.86±9.79
                        Cu      6.079±0.928      7.164±0.903       7.82±1.709     6.133±0.829*    7.932±1.401       7.164±0.903       5.717±1.753      6.172±1.262

S: Standard diet, Zn: zinc diet, ZnR: zinc and resveratrol diet, ZnG: zinc and genistein diet; SD: Standard deviation. *differences in the minerals
between the cancer group and the control group, fed the same diet, for the significance level p≤0.05.



excretion in the urine. A more than 20% reduction in calcium
and copper concentrations in the liver was observed
compared to the control (Table III). In contrast to the other
diets, supplementation with zinc and genistein did not alter
the iron content in any of the tissues tested. In the heart of
the rats with cancer a slight decrease was noted in the level
of magnesium (as in the case of the zinc and resveratrol diet)
and copper compared to the control. It is interesting to note
that the mineral concentrations in the serum and urine were
similar (p>0.05) in the cancer and control rats. 

Multivariate analysis of variance (Table IV) showed that the
effect of chemically-induced mammary carcinoma on the
content of elements was found mainly for iron and calcium. The
iron concentration decreased in nearly all tissues (in the heart,
liver, serum and 24 h urine) of the rats with mammary
carcinoma as compared to the control rats. The calcium
concentration increased in the heart, liver and serum (Table IV).

Analysis of the second factor, i.e. the diet used (Table IV),
on the content of minerals in the tissues revealed a slight
effect on the concentrations of iron and zinc and a strong
effect on the content of magnesium (in the 24 h urine and
liver), calcium (in the kidneys) and copper in the serum.

Discussion
Zinc, is often considered to be relatively nontoxic, however,
dietary zinc concentrations in excess of 250 mg/kg can induce
a copper deficiency if dietary copper is low or marginal (26).
Zinc at a dose of over 5,000 mg/kg of diet induces inhibition
of growth in rats, anorexia, anaemia, and even death,

irrespective of the level of copper in the diet. In our in vivo
study, the dosage of zinc applied (237 mg/kg of diet) was three
times higher than the amount normally found in feed (77
mg/kg). Despite this, no changes in the content of this element
were observed in the organs tested, i.e. the heart, liver or in the
serum. However, multivariate analysis revealed significant
differences in zinc content in the urine and kidneys of the rats
depending on the presence of mammary carcinoma, while there
were no differences at all in the level of this element depending
on the diet. Furthermore, no significant interactions were noted
when the effect of cancer and that of diet on the zinc
concentration in the tissues (kidney and serum) were compared
simultaneously. The main route of zinc removal from the body
is excretion in the faeces, while the level of urinary excretion
is very low. The amount of zinc administered was probably
effectively eliminated as a result of adaptation processes. On
the other hand, an excess of absorbed zinc is mainly deposited
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Table II. A comparison of the differences between the mass of heart,
liver and kidney of the rats from the cancer group and the control group
received the same diet.

Diets                                         Mass of           Mass of           Mass of 
↓                                                  heart                 liver               kidney
                                                 (Χ  – ±SD)          (Χ  – ±SD)          (Χ  – ±SD) 

Standard diet
  Cancer (n=8)                       0.83±0.08      6.992±0.782    1.633±0.14*
  Control (n=6)                      0.923±0.09     6.468±0.891     1.965±0.13
Zinc diet
  Cancer (n=8)                      0.937±0.16    7.686±1.209*    1.698±0.11
  Control (n=6)                      0.827±0.13     5.408±0.869     1.677±0.18
Zinc and resveratrol diet
  Cancer (n=8)                      0.878±0.1*    7.633±0.758*    1.688±0.30
  Control (n=6)                      0.686±0.06      6.484±0.50      1.713±0.08
Zinc and genistein diet
  Cancer (n=8)                      0.798±0.13      5.991±1.04      1.587±0.24
  Control (n=6)                      0.895±0.11     6.033±0.579      1.74±0.29

*Differences in the mass of organs between the cancer group and the
control group, fed the same diet, for the significance level p≤0.05. n:
Number of rats; : arithmetic mean; SD: standard deviation.

Table III. Direction and percentage of changes in the content of zinc
(Zn), calcium (Ca), magnesium (Mg), iron (Fe) and copper (Cu) in the
fluids and tissues of rats with cancer receiving various diets as
compared to the control group on the same diet (based on data from
Table I). 

                                 Zn             Ca             Mg                 Fe              Cu

Standard diet
  Serum                       -            ↑18%            -                ↓41%            -
  24h urine             ↓49%        ↓61%        ↓56%            ↓70%             
  Heart                        -                -                 -                    -              ↓5%
  Liver                         -                -                 -                ↓28%            -
  Kidney                     -                -                 -                    -                 -

Zn diet                                                                                                   
  Serum                       -                -                 -                ↓43%            -
  24h urine                  -                -                 -                    -                 -
  Heart                        -                -                 -                    -                 -
  Liver                         -            ↑32%            -                ↓18%            -
  Kidney                     -                -                 -                    -             ↑28%

Zn and reswe-
ratrol diet                                                      

Serum                         -            ↑17%            -                ↓45%            -
24h urine               ↓67%            -                 -                    -             ↓64%
Heart                          -                -              ↓4%             ↓20%            -
Liver                           -            ↓24%            -                ↓39%        ↓22%
Kidney                       -            ↓78%            -                    -                 -

Zn and 
genistein diet                                                                                        

  Serum                       -                -                 -                    -                 -
  24h urine                  -                -                 -                    -                 -
  Heart                        -                -              ↓9%                 -              ↓6%
  Liver                         -            ↑28%            -                    -             ↑19%
  Kidney                     -                -              ↑4%                 -                 -

↓: Statistically significant decrease; ↑: statistically significant increase;
‘–‘: non-statistically significant.



in the bones (27, 28). Moreover, the mineral excretion in urine
was not correlated with dietary intake in this study. It should
be stressed that the dosage of zinc applied was not toxic to the
rats but could have had an immunosuppressive effect. The
degree to which zinc and polyphenol supplementation in the
research model influenced the neoplastic process was described
in detail in our previous work (24). In that study, DMBA
induced tumours in all rats irrespective of the diet used, but the
tumours appeared at different times and in different numbers.
The group supplemented with zinc and resveratrol was
characterized by a maximal number of 10 tumors per rat. In
this group the first tumors appeared at 13 weeks of age, i.e. two
weeks earlier than in the groups receiving zinc or zinc with
genistein or only the standard diet (24). It can, thus, be
concluded that the dietary supplementation with zinc or a
combination of zinc and polyphenols did not have a protective
effect, and the combination of zinc and resveratrol even
accelerated the appearance of tumours.

Zhang et al. (29) studied the effect of the interaction
between zinc and resveratrol on normal human prostate
epithelial cells (NHPrE) cells, which physiologically
accumulate 10 times more zinc than other organs, such as the

liver or kidneys. They found that inhibition of proliferation
of NHPrE cells treated with resveratrol may be linked to an
increase in the total cellular zinc concentration. Under
normal conditions, zinc uptake and transport to and from the
cell is carried out by its transporters (30). However, in
conditions of additional supply of resveratrol, other channels
may be activated by resveratrol, allowing extracellular zinc
to be introduced by this route. Resveratrol is known to form
complexes with Cu (II), which is followed by reduction of
copper ions and formation of ROS. The similarity between
the atomic structures of zinc and copper suggests that
resveratrol can chelate zinc, which passes through cell
membranes via channels specific for resveratrol (29).

According to the results obtained by Zhang et al. (29),
resveratrol can therefore increase both the total zinc content
and the biologically active pool in the cell, but this
favourable phenomenon affects prostate cells, for which zinc
is extremely important. In our research model, in conditions
of chronic mammary carcinoma with multiple tumours, the
administration of zinc with resveratrol led to substantial
changes in the distribution of the other elements tested and
also stimulated carcinogenesis (24). This seems to be linked
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Table IV. Results of multivariate analysis of variance and post hoc tests: effect of factors ‘cancer’ and ‘diet’ on the content of elements in tissues.

Tissues          Elements          Main factor                                                                                     Main factor diets
                                                   cancer                            
                                                      (p)                    Standard:Zn         Standard:ZnR         Standard:ZnG           Zn:ZnR               Zn:ZnG            ZnR:ZnG

Serum                 Zn                         -                                -                             -                              -                            -                          -                         -
(μg/ml)               Ca                  0.000245                         -                             -                        0.021245                     -                          -                         -
                          Mg                        -                                -                             -                              -                            -                          -                         -
                           Fe                  0.001170                         -                             -                              -                     0.004785            0.015648                  -
                           Cu                        -                         0.000171               0.000171                0.001453                     -                   0.037990           0.037915
24h Urine          Zn                  0.000418                         -                             -                              -                            -                          -                         -
(μg/)                    Ca                         -                         0.044742                      -                              -                            -                          -                         -
                          Mg                        -                         0.000420                      -                              -                     0.000172            0.000168                  -
                           Fe                  0.001185                         -                             -                              -                            -                          -                         -
                           Cu                  0.023342                         -                             -                              -                            -                          -                         -
Heart                   Zn                         -                                -                             -                        0.002223                     -                          -                         -
(μg/g)                 Ca                  0.039559                         -                             -                              -                            -                          -                         -
                          Mg                 0.000718                         -                      0.016991                       -                            -                          -                         -
                           Fe                  0.005597                         -                             -                              -                            -                          -                         -
                           Cu                        -                                -                             -                        0.030933                     -                          -                         -
Liver                   Zn                         -                                -                      0.004335                       -                            -                          -                         -
(μg/g)                 Ca                  0.000825                         -                      0.001686                       -                            -                          -                  0.030142
                          Mg                        -                                -                             -                        0.018979                     -                   0.006844           0.010857
                           Fe                  0.000116                         -                             -                              -                            -                          -                         -
                           Cu                        -                                -                             -                              -                            -                          -                         -
Kidney                Zn                  0.009779                         -                             -                              -                            -                          -                         -
(μg/g)                 Ca                         -                                -                             -                        0.002519                     -                   0.000202           0.001280
                          Mg                        -                                -                             -                              -                            -                          -                         -
                           Fe                         -                                -                             -                              -                            -                          -                         -
                           Cu                        -                                -                             -                              -                            -                          -                  0.007636

‘–’: Non-significant; Zn: zinc diet, ZnR: zinc and resveratrol diet, ZnG: zinc and genistein diet, p≤0.05.



to an excess of intracellular ROS and an immunosuppressive
effect induced by an excess of zinc. 

The chronic neoplastic process in the mammary gland had
little effect on the weight of the heart and kidney. However, in
the groups whose diet was supplemented with zinc or with zinc
and resveratrol, increased liver weight was observed in the rats
with cancer. Our previous research (25) showed an enormous
increase, of 80% on average, in the weight of the spleen,
together with a strong reduction in its iron concentration (29-
58%), in all groups except the group receiving zinc and
genistein, which we believe is mainly indicative of the effect
of iron deficiency on the immune system (31).

In the present study, characteristic changes in the
distribution of elements were most frequently observed in the
case of iron. Three of the four diets used (all but the diet
supplemented with zinc and genistein) were shown to
significantly reduce the concentration of this element in the
body fluids and tissues. The iron concentration decreased
significantly by more than 40% in the serum as compared to
the rats without chemically-induced mammary cancer
(although only about 0.1% of the total iron in the body is
found in the plasma together with transferrin, which transfers
it to the cells) (32, 33). Single statistically significant
changes were also noted in the heart and kidneys (Zn plus
resveratrol group and Standard group). Excessive zinc
consumption is known to affect iron metabolism as a result
of interaction with ligands in the intestinal lumen. However,
in our research model, the iron concentration also decreased
in the case of correct zinc intake (Standard group). 

In our previous studies (24) we found that mammary tumor
cells were characterized by an increase in iron content by 28%-
55% as compared with the amount of iron in healthy breast
tissue (irrespectively of the diet applied). The present study
demonstrated a reduction in iron content in another storage site
of this element, i.e. the liver of the rats with induced mammary
cancer (18-39%). Iron accumulates in various tissues, but its
main storage sites are the bone marrow, liver and spleen
(primarily bound with ferritin and hemosiderin) (32, 33). 

Hence the study confirms the occurrence of severe
disturbances of iron metabolism and distribution, which
appear to be independent of the diet in terms of competition
between elements in intestinal absorption, as the
phenomenon also affected rats receiving the standard,
unsupplemented diet. The primary factor initiating or
modifying iron metabolism and distribution appears to be
cancer. This is confirmed not only by the analysis performed
within individual groups) (control vs. cancer on a given diet)
but also by the comparison of cancer groups with control
groups, independently of the diet used (Table IV). Why is
this, and what mechanisms are involved? Iron plays a very
important role in the body, transporting oxygen and
influencing cell growth, proliferation, and replication, as it
is a component of the beta subunit of the enzyme

ribonucleotide reductase (32, 33). However, this element,
due to its incomplete electronic structure, can catalyse
numerous electron transfer reactions, such as the Fenton
reaction, which results in a hydroxyl radical, one of the most
reactive oxidants. Iron can exacerbate oxidative stress and
lead to the generation of reactive oxygen species (ROS) (32). 

The hydroxyl radicals produced lead to the formation of
8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxo-dG), which
can cause point mutations in DNA and is regarded as an
indicator of oxidative stress and a biomarker of cancer risk
(33, 34). Another possible model of the dependence of
carcinogenesis on iron is the effect of oxidative stress
induced by this element on the activity of signalling
pathways affecting apoptosis (21, 22, 35).

However, the role of iron in the context of oxidative stress
is not alone in the pathogenesis of cancer. Although normal and
cancer cells have similar Fe requirements, uncontrolled
proliferation of the latter increases the demand for this element
(18-20). It has been demonstrated that the more aggressive a
tumour is, the more transferrin receptors it has on the surface
of its cells. Breast cancer cells have been shown to have 5 to
15 times more of these receptors than healthy cells (36, 37). 

Another possibility is interaction of iron with metabolism
of oestrogen, a known risk factor for breast cancer. An
intermediate product of the redox reaction in oestrogen
metabolism is semiquinone, a free radical that can react with
O2 and form superoxide radicals. They can reduce Fe3+ ions
bound to ferritin to Fe2+, resulting in the release of stored
iron reserves (38, 39). Iron can also exert a carcinogenic
effect through unfavourable replacement of zinc in zinc
finger proteins, i.e. with the protein domain stabilized by
Zn2+ ions. These play a crucial role in DNA replication and
transcription. Replacement of the antioxidant zinc with an
iron atom may result in free radical generation and damage
to the genetic material (40). In our study, it should be
emphasized that characteristic changes in the distribution of
elements were frequently observed in the case of iron. 

It seems very likely that the development and progression
of cancer is linked to iron content in cells and its increased
accumulation in tumour tissue (at the expense of other iron
storage tissues). In this context, it seems reasonable to search
for compounds chelating iron and potentially reducing the
reserves of this element available to cancer tissue (35, 36).
Iron chelators are natural or synthetic small molecules that
bind iron with a high affinity. 

Many in vivo and in vitro studies have shown that iron-
chelating compounds have an antineoplastic effect and are
even being considered for use in oncological treatment (41-
43). Synthetic iron chelators taken into account as potential
antineoplastic agents include deferasirox (41), ciclopirox
(42). It is worth noting that natural plant-derived compounds
are also under consideration, such as curcumin (and its
synthetic derivatives) (43). 
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In the present study, supplementation of rat diets with a
combination of two antioxidants, zinc and genistein, was the
only treatment that produced no changes in iron distribution in
the tissues and fluids (in contrast with combined
supplementation with zinc and the other polyphenol, i.e.
resveratrol). Unfortunately, this did not translate into a
chemopreventive effect (27, 30), but the dosage of genistein (0.2
mg/kg body) may have been too small, as it was extrapolated
for rats from the average (low) dietary intake of genistein in
humans in western countries. Hsieh et al. (44) observed that
genistein had different effects depending on the dosage in an in
vitro study on the effect of this compound on proliferation of
MCF-7 breast cancer cells with ESR expression (dose >10 μM
- antiproliferative effect, doses up to 1.0 μM – stimulation of
proliferation). Research on animals has also shown the
proliferative activity of this isoflavone to be dependent on the
dose of genistein and on the oestradiol concentration in the body
(45). Genistein administered to rats before sexual maturity has
been shown to protect against tumour development, whereas in
analyses involving older animals this effect is less evident (45). 

In summary, several reports have given evidence that
alterations in the import, export and storage of cellular iron may
contribute to breast cancer development, behavior and
recurrence. In light of the presented investigations it seems
particularly reasonable to look for ways of blocking access of
neoplastic cells to the body iron stores. In the present study,
irrespective of the diet used (except for the diet supplemented
with zinc and genistein), chemical induction of mammary
carcinoma induced changes in iron distribution, probably to the
growing tumour. This effect was not observed in the case of the
diet supplemented with zinc in combination with genistein,
which may indicate that this polyphenol affects iron metabolism
and may reduce the availability of this element to cancer tissue.
However, this idea requires further research, particularly
involving the application of other doses of these compounds.
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