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Aim: To investigate the content of essential elements (EE): copper, zinc, magnesium, iron and calcium and the evaluation of the activity 
of metal-containing enzymes — ceruloplasmin (CP), myeloperoxidase (MPO) and the content of transferrin (TF) in blood plasma (BP) 
and tumor tissue (TT) of animals with Walker-256 carcinosarcoma treated with lactoferrin (LF). Materials and Methods: The study of the 
EE content and the activity of the abovementioned enzymes was carried out on rats with Walker-256 carcinosarcoma treated with LF at the 
doses of 1 and 10 mg/kg of body weight. The quantitative content of EE in BP and TT of animals was determined using the inductively 
coupled plasma atomic emission spectroscopy (ICP-AES). Determination of CP activity, content of TF and hemochromes was performed 
using the method of electron paramagnetic resonance (EPR), and MPO — by unified biochemical method. Results: The introduction 
of LF at the doses of 1 and 10 mg/kg resulted in a decrease in the ratio of Cu/Zn in BP and even more expressed decrease of Ca/Mg ratio 
in TT. Administration of LF, especially at a dose of 10 mg/kg, affected the increase in CP and MPO activity in BP. It has been shown that 
administration of LF at a dose of 10 mg/kg led to an increase in oxidative products of destruction of the hemoglobin-hemochrom system 
in the TT, against the background of lowering the TF content. Conclusions: The administration of LF, especially at a dose of 10 mg/kg, 
led to metabolic alterations associated with inhibition of the tumor process. The detected modulating effect of LF on the content of the 
EE and the activity of the CP and MPO may be a basis for correction of the elemental balance in carcinogenesis.
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Today the priority direction of modern oncology 
is the search for ways to improve the diagnosis, monitor-
ing and individualization of the tactics of treatment for 
patients with malignant neoplasms. For this purpose, 
the whole complex of metabolic processes in the body 
of the tumor carrier which occur at the initial stages of the 
formation of the tumor process and the deve lopment 
of the tumor, is thoroughly investigated [1, 2]. Accord-
ing to some authors, the violation of the homeostasis 
of essential elements (EE) in carcinogenesis is one 
of the primary components, which coordinates the work 
of most physiological systems involved in the develop-
ment of the tumor [3, 4]. It is well-known that the ionic 
mechanism of biological processes regulation is ge-
netically determined, and plays a significant role in the 
processes of cell growth, differentiation, reparation, 
apoptosis and necrosis, both in normal and in different 
pathological conditions [4–7]. It has been shown in vari-
ous experimental models that magnesium, calcium, 
copper, zinc and iron ions play an important role in the 
regulation of metabolism and the repair of mitochon-
drial DNA, in the reprogramming of the catalytic activity 
of a number of enzymes, immune cells, hormones, and 
growth factors [8–13]. In addition, it has been found that 

iron is an important EE, which supports cell prolifera-
tion and is a key factor in cell survival in the microen-
vironment of the primary tumor and meta stases [10]. 
It is also known that the imbalance of the EE can affect 
the changes in the antioxidant-prooxidant status in the 
body, which in turn can act as an impetus for the ini-
tiation and development of malignant transformation. 
In modern studies, for the estimation of antagonistic 
and synergistic interaction between macro- and trace 
elements (TE) in carcinogenesis, there is a determination 
of not only their content, but also the ratio, the violation 
of which can serve as an initiating factor for the activa-
tion of the epithelial-mesenchymal transition, matrix 
metalloproteinases, a number of enzymes of antioxidant 
system (AOS) [14–18]. Attention is drawn to the fact 
that in the in vitro system the possibility of correction 
of TE content due to chelating agents has been proved, 
which in turn affects the change in the activity of metal-
containing proteins [19, 20]. The above facts evidence 
that affecting ionic homeostasis could reload most 
regulatory systems. It is known that tumor progression 
is accompanied by activation of oxidative processes, 
which affects the change in the functioning of AOS en-
zymes [21–23]. In our previous studies in the in vitro sys-
tem, the possibility of correction of pathophysiological 
processes through the use of an exo genous form of the 
iron binding protein lactoferrin (LF) was shown [24].

In our view, the correction of EE and metal-containing 
protein metabolism violations should be carried out 
by non-toxic factors of natural origin, which at the same 
time are characterized by antitumor and immunomodula-
tory properties, and this is confirmed by the data of own 
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research [24, 25]. Unfortunately, today there is virtually 
no research on the possible simultaneous effects of fac-
tors with the above mentioned properties on EE ho-
meostasis and the activity of AOS enzymes in patients 
with breast cancer. That is why we have chosen a poly-
functional protein — LF, which exerts antitumor activity, 
participates in the regulation of the immune response and 
at the same time is able to affect the balance of the TE, 
which in turn may affect the activity of metal enzymes — 
ceruloplasmin (CP), myeloperoxidase (MPO), and 
transporter of iron — transferrin (TF) [26–29]. It is shown 
that LF has a high affinity to the CP and MPO and is able 
to create complexes with them, which can also lead 
to changes in their functions [28].

Thus, due to the ability of the LF to affect the 
elemental homeostasis, different conditions for the 
functioning of the CP and MPO can be created [16, 
18, 28]. All this became the basis for studying the ef-
fect of LF on the content of the EE and activity of the 
above-mentioned proteins in the in vivo system.

The aim of our work was to investigate the changes 
in the EE content: copper, zinc, magnesium, iron, 
and calcium ions in blood plasma (BP) and tumor tis-
sue (TT) of animals with Walker-256 carcinosarcoma 
under the influence of LF with simultaneous evaluation 
of the activity of CP and MPO, and TF content.

MATERIALS AND METHODS
In the experiment, female inbred rats weighting 

150–200 g bred in the vivarium of R.E. Kavetsky Institute 
of Experimental Pathology, Oncology and Radiobiology, 
NAS of Ukraine (Kyiv), were used. Animals were kept under 
standard conditions. All studies were carried out in accor-
dance with the norms established by the Law of Ukraine 
“On the Protection of Animals from Cruel Treatment” and 
the requirements of the European Convention on the Pro-
tection of Vertebrate Animals (Strasbourg, 1986).

Experimental animals are divided into three 
groups. The 1st group included intact animals, the 
2nd (experimental group 1) — rats with transplanted 
Walker-256 carcinosarcoma, the 3rd (experimental 
group 2) — animals with transplanted Walker-256 car-
cinosarcoma, which were intraperitoneally injected with 
LF at a dose of 1 and 10 mg/kg body weight. The first 
administration of the LF was performed on the 3rd day 
after tumor transplantation, and the next 8 injections 
were performed daily. One day after the last injection 
(end of the exponential phase of tumor growth), the 
animals were withdrawn from the experiment.

The doses of LF were selected due to the results 
of previous studies of the antitumor effect of this pro-
tein analyzed on the models of Ehrlich’s carcinoma 
and hepatoma 22a [30, 31].

All animals were withdrawn from the experiment by de-
capitation after the administration of the sedative agent.

Determination of the EE content. The content 
of chemical elements in BP and TT of animals was de-
termined using the method of the inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) 
on the Ortima 2100 DV device from Perkin-Elmer 

(USA) [32]. To determine the elemental composition: 
magnesium (Mg), calcium (Ca), zinc (Zn), iron (Fe), 
and copper (Cu) in the BP, we took 0.5 ml of sample, 
to which 4.5 ml of 10% HNO3 solution (Merck) was 
added and centrifuged for 20 min at 5000 rpm. To de-
termine the EE composition in the TT, 0.1 g of sample 
were mixed with 3.0 ml of concentrated HNO3 (Merck) 
and mineralization was carried out in the Bergwoff 
MWS-2 microwave oven.

Determination of iron content in BP of animals 
was performed using the automatic biochemical and 
immuno-enzyme analyzer Chem Well 2900 (USA).

Determination of the content of CP, TF and 
hemochromes. The study of CP and TF content 
was performed in BP, while TP and hemohromes — 
in TT of animals using the electron paramagnetic 
resonance (EPR) at a temperature of liquid nitrogen 
of 77 °K (–198.8 °C). Trilon B was used as an antico-
agulant [33].

For this, 0.25 ml of serum or whole blood was 
frozen in special molds in liquid nitrogen. The EPR 
spectra for the CP are g = 2.05, for TF g = 4.25, and the 
hemochromes are g = 2.62. The level of active forms 
of CP and TF was determined by the intensity of EPR 
spectra of these proteins. The TF content was also 
determined in the TT of Walker-256 carcinosarcoma. 
To do this, 0.5 g of TT were placed in special molds 
and frozen in liquid nitrogen.

All samples were examined using a computerized 
spectrometer R-1307 with H011 resonator (Russia). The 
power of the source of ultrahigh-frequency radiation was 
40 mW, the modulation frequency was 100 kHz and the 
amplitude 10 Gs, the receiver’s constant time τ = 0.3 s. 
The activities and content of metal-containing proteins 
are given in standard units (USD) according to the inter-
nal standard of EPR (single crystal of ruby (Al2O3) with 
low content of Cr3+ ions). Error of the method of integrat-
ing the spectra of one sample was not more than 3%.

According to EPR data, the LF used in the experi-
ment did not contain bound (paramagnetic) iron ions.

The study of the MPO activity of the BP was made 
according to the method [34]. 100 μl of BP samples 
were mixed with 50 μl of potassium phosphate (K2HPO4) 
buffer, pH 7.4 and centrifuged at 15,000 × G for 15 min 
at 4 °C. Then, 10 volumes of 50 mM K2HPO4 buffer, 
pH 6.0, containing 0.5% hexadecyltrimethylammo-
nium bromide (Fluka Chemie Buchs, Switzerland) were 
added and incubated at 60 °C for 2 h. Next, the samples 
were subjected to ultrasound treatment for 10 s, a three-
fold freeze-thaw cycle, and a centrifugation procedure. 
To 100 μl aliquots of supernatant, 100 μl of o-dianisidine 
dihydrochloride (10 mg/ml in K2HPO4 buffer, Sigma-
Aldrich Co.) and 0.3% Н2О2 were added. The optical 
density was measured at 405 nm for 1 min and norma-
lized to the total protein content.

Statistical analysis  was performed using 
STATISTICA 6.0 software and the MS Excel 2010 appli-
cation package. The significance of differences between 
the indices of different groups was estimated using 
Student’s t-criterion. The Pearson correlation coeffi-
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cient was calculated. The differences were considered 
to be significant at p < 0.05.

RESULTS AND DISCUSSION
The main task of the first stage of the research was 

to determine the character of EE changes in the BP and 
TT of animals with Walker-256 carcinosarcoma due 
to the effect of exogenous LF at the doses of 1 and 
10 mg/kg of body weight. Recent studies have found 
that the LF molecule has binding sites for a wide vari-
ety of cations (iron, copper, zinc) and anionic groups 
(sulfate, hydroxyl, nitrate, carboxyl). According to other 
data, this protein, depending on the structural spatial 
configuration and the degree of saturation with the trace 
elements, can bind these cations or be their donor [27, 
35]. That is why, in our opinion, it was expedient to inves-
tigate changes in the EE content — iron, copper, zinc, 
magnesium and calcium in BP and TT of animals after 
the introduction of LF. First of all, the changes in iron 
content in BP and TT were analyzed, since LF has the 
highest affinity to Fe (Fig. 1).

The results of our previous studies indicated that 
the iron content in the BP of animals with Guerin 
carcinoma was 1.5 times higher than that of intact 
animals [36]. This is consistent with the literature data 
that iron deficiency in carcinogenesis may trigger the 
development of malignant neoplasms [7].

It was shown that when LF was administered at the 
doses of 1 and 10 mg/kg there was a decrease in the iron 
content in BP and TT of animals with Walker-256 carcino-
sarcoma. It should be noted that its maximum reduction 
in the BP occurred at the LF dose of 10 mg/kg, while in TT, 
the content of this EE decreased by 1.7 times (p < 0.05) 
already at the LF dose of 1 mg/kg. These data allowed 
to conclude that a decrease in the iron content in TT due 

to LF action is the result of a natural correction of the bal-
ance of this TE in the tumor process.

At the next stage, studies have also shown the 
changes in the content of copper, zinc, magnesium and 
calcium in TT and BP of experimental animals after the in-
troduction of LF (Table). The data obtained indicated that 
the EE content in the BP of tumor carriers significantly dif-
fered from that in intact rats. Thus, the most pronounced 
changes were observed in the content of copper and 
zinc (an increase by 2 times, and decrease by 1.4 times, 
respectively, compared with intact animals (p < 0.05)). 
This fact may be due to the fact that the tumor during its 
development selectively requires an increase in the flow 
of copper for the activation of growth factors and AOS, 
while zinc reduction can be explained by its involvement 
in regulating the immune response [12, 18].

It should be noted that the introduction of LF at a dose 
of 1 mg/kg did not affect the EE content in the BP of rats 
with Walker-256 carcinosarcoma compared with the 
experimental group 1. At the same time, administration 
of this dose of LF resulted in a significant decrease in cal-
cium content in TT (p < 0.05). More pronounced chang-
es in EE content in TT and BP of these animals were 
detected after LF administration at a dose of 10 mg/kg: 
in the BP the content of copper decreased by 2.2 times 
against the background of simultaneous 1.5-fold in-
crease of zinc (p < 0.05). Along with this, in TT, a 2-fold 
decrease (compared with the experimental group 1) 
of calcium and magnesium was observed (p < 0.05). 
The obtained data demonstrated that LF at a dose 
of 10 mg/kg exerted a more pronounced effect on the 
homeostasis of EE than at a lower dose (Table).

It is proved that in order to assess the balance 
of macro- and microelements and their interaction 
in an organism it is necessary to determine not only their 
content, but also the correlation between them, as it en-
ables to reveal certain links of molecular-biological and 
metabolic disorders in the system “tumor-organism”. 
Thus, it has been shown that an increase in Cu/Zn ratio 
in TT and serum of patients with hormone-dependent 
tumors evidenced on activation of matrix metallopro-
teinases that are involved in the processes of invasion 
and metastasis [18, 21]. Along with this, it was found that 
the change in Cu/Zn ratio may be due to the disruption 
of the activity of some enzymes of the AOS [21, 37, 38]. 
It is also noteworthy that the formation of an invasive 
phenotype of tumor cells in breast cancer is accom-
panied by an increase of Cu/Mg ratio in the serum 
of these patients. These changes evidence on activation 
of the calcium-dependent pathway of the epithelial-

Table. Quantitative changes in the content of EE in TT and BP of animals with carcinosarcoma Walker-256 after the introduction of LF

ЕЕ
content

Intact group Experimental group 1 Experimental group 2

Plasma, mg/l Plasma, mg/l Tumor, µg/g LF, 1 mg/kg LF, 10 mg/kg
Plasma, mg/l Tumor, µg/g Plasma, mg/l Tumor, µg/g

Cu 0.85±0.11 1.78 ± 0.11** 1.56 ± 0.33 1.31 ± 0.01 1.27 ± 0.21 0.69 ± 0.11* 1.09 ± 0.27
Zn 1.21 ± 0.16 0.87 ± 0.01** 10.98 ± 1.83 0.89 ± 0.02 7.64 ± 1.47 1.32 ± 0.02* 6.50 ± 1.90
Ca 80.12 ± 2.31 95.15 ± 9.41 131.16 ± 19.31 85.40 ± 5. 35 85.25 ± 12.75* 74.15 ± 4.18 60.25 ± 9.42*

Mg 20.01 ± 0.90 16.41 ± 2.11 349.62 ± 32.64 15.27 ± 1.94 234.02 ± 45.84 14.25 ± 2.04 187.18 ± 34.59*

Note: *p < 0.05 — changes are significant compared to intact group and experimental group 1 values; **p < 0.05 — changes are significant compared to the 
values of the experimental group 1 and experimental group 2.
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mesenchymal transition through transient receptor 
potential-melastatin-like (TRPM7) [39].

Therefore, we have analyzed the ratio of Cu/Zn and 
Ca/Mg in BP and TT of animals with Walker-256 carci-
nosarcoma after treatment with LF (Fig. 2, 3).

It was found that in the presence of LF at both 
doses, in the BP of animals from experimental group 2, 
the ratio of Cu/Zn and Ca/Mg decreased compared 
to experimental group 1. It was shown that in BP, 
LF at a dose of 10 mg/kg affected the Cu/Zn imba-
lance more significantly than on Ca/Mg ratio (Fig. 2).

Similar changes in Cu/Zn and Ca/Mg ratios 
were detected in Walker-256 carcinosarcoma cells 
after LF exposure in the above-mentioned doses 
(Fig. 3). In addition, it was found that the effect 
of LF in a dose of 10 mg/kg was accompanied 
by a decrease in the Cu/Zn ratio by 1.1 times, and 
Ca/Mg ratio — by 1.3 times in TT in comparison with 
these at lower LF dose (Fig. 3).

Attention is drawn to the fact that the LF at a dose 
of 10 mg/kg changed the Cu/Zn ratio in the BP to a great-
er extent, whereas in the TT the effect was more pro-
nounced for the Cu/Mg ratio. These data do not contra-
dict the results of studies by other authors who believe 
that changes in Cu/Mg ratios in TT can be associated 

with blockages of the epithelial-mesenchymal transition, 
while Cu/Zn ratio in the BP indicates a change in the activ-
ity of some metal-containing antioxidant enzymes [39].

Taking into account the above, it was reasonable 
to analyze not only the regulatory effect of LF on the 
balance of the EE in the tumor-organism system, but 
also to investigate the change in the activity of the pro-
oxidant and antioxidant enzymes that have the highest 
affinity for it, namely, CP and MPO [28].

There are numerous reports about the changes 
in the activity of these enzymes in various pathological 
conditions, but unfortunately, the mechanisms of their 
violations in carcinogenesis are not finally clarified.

It has been established that the development of ma-
lignant neoplasms is associated with a decrease in the 
activity of the CP in the blood, which may well be due 
to a change in the exchange of copper in the body of the 
tumor-bearing organism. Change of the functioning 
of the CP in the tumor process, in turn, promotes the ele-
vation of the content of free iron in the tissues, which initi-
ates oxidative stress and promotes tumor progression.

Despite the fact that the researchers’ opinions 
regarding the role of MPO in the pathogenesis of ma-
lignant neoplasms have been conflicting, also there 
have recently been publications about the increased 
risk of myeloproliferative neoplasia in patients with 
hereditary deficiency of MPO. It is known that products 
that are catalyzed by this endogenous peroxidase are 
strong oxidizing agents, among which, in particular, 
hypochlorite ions, reactive nitrogen derivatives and free 
radicals. The latter initiate lipid peroxidation and cause 
modification of proteins, including halogenation, nitra-
tion, oxidation and cross-linking, which ultimately can 
initiate tumor progression [40, 41].

Thus, the question about the role of CP and MPO in the 
emergence and development of neoplasia remains open, 
since these enzymes, on the one hand, are considered 
as active participants in the antioxidant defense of the 
organism from the destructive effects of free radical com-
pounds, and on the other hand, they are able to initiate it. 
Therefore, there is no doubt that the correction of the func-
tions of these enzymes can become a priority area in the 
development of therapeutic tactics for cancer patients.

It is reasonable to carry out such studies in conjunc-
tion with the assessment of changes in the TF content, 
since along with the transport of iron in the body, 
it affects the activity of the CP and MPO [29]. That 
was the impetus for determining the changes in the 
activity of these proteins, and TF in the BP under the 
conditions of exogenous LF administration.

It should be emphasized that in the study of the 
activity of CP, MPO and TF in the BP under the influ-
ence of LF, the latter caused significant changes only 
at a high dose, the similar effect was observed regard-
ing the ratio of the EE (Fig. 4).

We believe that the introduction of LF may affect 
the activity of the CP and MPO due to complex altera-
tions in the functions of these enzymes. So, it is po-
ssible that LF, which is an alkaline protein (pH = 8.7), 
is capable of initiating peroxidase activity of MPO 
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and, at the same time, not catalyzing the formation 
of hypochlorite anion. It is believed that the change 
in the activity of the MPO due to its interaction with the 
LF is important, since in the body of a tumor carrier 
there could be created conditions that counteract the 
additional halogenating stress [28, 42, 43]. In parallel 
with the changes in the activity of the CP and MPO, 
a decrease in the content of iron ions and TF in the 
BP of these animals was revealed, indicating the sy-
nergy of interactions between them (Fig. 4).

As shown in our previous studies, the effect 
of LF may influence the change in the content of total 
iron in the BP without affecting the level of hemoglo-
bin [44, 45]. It should be added that LF, which partially 
or completely did not contain iron ions, could not bind 
to erythrocyte receptors and does not destruct hemo-
globin. On the contrary, LF with a high degree of iron 
saturation initiated the destruction of hemoglobin.

Unfortunately, there are no reports regarding possible 
changes in iron metabolism and oxidative damage of he-
moglobin in TT under conditions of exogenous LF admin-
istration. To this end, we analyzed the content of end prod-
ucts of oxidative damage of hemoglobin — hemochromes, 
and TF content in Walker-256 carcinosarcoma under the 
action of LF at the doses of 1 and 10 mg/kg (Fig. 5).

According to the obtained data, it was found that 
in the experimental animals treated with LF, especially 
at high dose, there was a tendency for decreased TF con-
tent against the background of simultaneous increase 
of hemochromes. We have made the assumption about 
activation of the generation of free radicals in carcinosar-
coma cells with high content of iron and copper, which 
is a favorable condition for the action of LF as a damaging 
factor for the integrity of membranes of red blood cells. 
In turn, such conditions trigger an increase in products 
of oxidative damage of hemoglobin.

Thus, the testing of different doses of exogenous 
LF in relation to its effects on the content of TE and 
the activity of enzymes in TT and BP, showed that the 
most effective dose of this metal-containing protein 
is 10 mg/kg. The obtained results evidence that the 
introduction of exogenous LF leads to reorganization 
in various links of metabolic processes, which are asso-
ciated with inhibition of the growth of malignant tumors, 
reduction of the effects of oxidative stress, and activa-
tion of autooxidation processes. The detected modulat-
ing effect of LF on mineral homeostasis and the activity 
of the above-mentioned enzymes may be a grounded 
basis for correction of the prooxidant-antioxidant ba-
lance in the development of the tumor process.
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