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of metabolism in the muscular tissue, productive parameters, and release of the elements with feces.
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Introduction

Copper (Cu), manganese (Mn), zinc (Zn), and iron (Fe) are vital-
ly essential (biogenic) trace elements. They play an important role in
the organism of animals, affect the hematopoiesis functions, endocri-
ne glands, defensive reactions of the organism, microflora of the di-
gestive tract, and partake in metabolism and other processes
(Levchenko & Vlizlo, 2019; Shannon, & Hill, 2019; Corbett, 2023).
The optimal contents and ratio of biogenic trace elements in the orga-
nism are the basis for the physiological course of metabolism and
health of animals. In particular, copper and zinc are present in enzy-
mes and proteins. Being components of antioxidant defense and im-
munity, they affect the growth and development of animals and en-
hance the organism’s resistance to diseases (Maywald et al., 2017;
Curnock, & Cullen, 2020). Manganese is important for bone growth
and functioning of the reproductive organs. It is present in enzymes,
in particular antioxidant-status enzymes, and is involved in metabo-
lism of carbohydrates, lipids, and proteins (Broom et al., 2021). Iron
is an important mineral compound necessary for synthesis of hemo-
globin and myoglobin. Deficiency of this element in animals leads to
iron deficiency anemia (Gozzelino, & Arosio, 2016). The animals’
need in trace elements depends on age, growth and development
intensity, productivity, metabolic state, and health (Goff, 2018; Palo-
mares, 2022). Deficiency of several or even one of them can impair
organ and system functions, leading to disease in animals (Silva et al.,
2022; Daniel et al., 2023; Gul et al., 2024).

The main source of trace elements for animals is feeds. However,
providing productive animals with trace elements using only fodders
is insufficient. Therefore, additionally with the diets, they age given
premixes, or feed supplements that contain various trace elements.

The biological availability of mineral compounds for animal orga-
nism varies because their absorption is closely associated with the
chemical structure of the premixes and technological processes of
their preparation. In animal farming, mineral feed additives are predo-
minantly inorganic salts of macro- and microelements. Studies have
confirmed a number of their disadvantages during storage and use,
problems with their metabolism, and toxicity risks (Wang et al., 2019;
Sun et al., 2020). Due to poor metabolism of inorganic trace element
salts in animals, they are excreted in large amounts with feces and
used as organic fertilizer, thereby contributing to environmental pollu-
tion (Liu et al., 2016; Qian et al., 2018; Ma et al., 2020).

As of now, various compounds that are able to form complexes
with medical agents and biologically active compounds are created
synthetically to improve the transport and biocompatibility in the ani-
mal organism (Iskra et al., 2017; Vlizlo et al., 2023; Kozak et al.,
2025). In particular, there is a search for new forms and compounds
of trace elements of organic origin, which can fulfill the animals’
needs in small amounts (Shannon & Hill, 2019; Zhang et al., 2021).
Organic forms of trace elements are more effective and are recom-
mended as replacements of inorganic salts of trace elements. Organic
compounds of minerals are created by binding them to amino acids,
peptides, polysaccharides, and organic acids (Byrne, & Murphy, 2022;
Xu et al., 2024). In particular, synthesized pseudo amino acids are
non-toxic and bind effectively to the organism's biological transport
systems as they reach cells in various organs (Varvarenko et al., 2015;
Chekh et al., 2017; Stasiuk et al., 2022). Polymers created based on
pseudo amino acids (polyoxyethylene derivatives of glutamic acid) can
be successfully used as carriers for medical agents (Numata, 2015;
Boddu et al., 2021; Fihurka et al., 2024), including mineral compo-
unds. However, novel synthesized forms of organic compounds of
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mineral elements require deep and multifaceted research of their che-
mical and physical properties, bioavailability for the organism, and
also the effectiveness for animals in doses lower than those of inorga-
nic salts of trace elements.

The objective of our study was to determine the peculiarities of
the influence of organic compounds of trace elements (copper, man-
ganese, zinc, and iron) in the feed supplement on hematopoiesis and
biochemical and antioxidant parameters of blood of pigs during fee-
ding by comparing them with inorganic salts of trace elements.

Materials and methods

Maintenance, feeding, monitoring, and all the procedures with the
animals were carried out according to the European Convention for
the Protection of Vertebrate Animals used for Experimental and other
Scientific Purposes (Strasbourg, 1986) and the General Ethical Prin-
ciples of Experiments on Animals, adopted by the First National Con-
gress of Bioethics (Kyiv, 2001). The experiments were conducted ad-
hering to the principles of humanity established in the Directive of the
European community.

At the Lviv Polytechnic National University, we synthesized a
transporter polymer using N-PEGylated glutamic acid (Glu), dextrin,
and polyethylene glycol 400 (PEG400) — mPEGA400GlIu (Varvarenko
et al., 2013). To hind the transporter polymer to mineral compounds,
we prepared an aqueous solution of salts of trace elements (MEs) —
CuSO4 x 2H,0, MnSO4 % 5H20, ZnSO4 x 7TH20, and Fe(NH4)2(SO4)2
x 6H20. The concentration of solutions of trace elements was achie-
ved within a range of 1-2% by adding a solution of sodium hydroxide
ina 1:1.05 ratio. As a result, we obtained a sediment of metal hydrox-
ides. This sediment was isolated by centrifuging, and the solution was
decanted and rinsed in distilled water until pH of 7.

Then, we mixed a 15-25% solution of transporter polymer with
aqueous solution of metal hydroxides at a molar ratio of 0.9 to 1 mol
and mixed it for 1 hour at room temperature (Oleksa et al., 2018).
Thus, we obtained a new complex preparation of organic forms of
trace elements (Cu?*, Mn%, Zn%, Fe?*) with transporter polymer
based on N-PEGylated glutamic acid (MEmPEG400Glu). Using
atomic absorption spectrophotometer, we determined that one gram
of the new preparation contained 0.0222 mmol of copper (Cu?),
0.0359 mmol of manganese (Mn?*), 0.0319 mmol of zinc (Zn?*), and
0.03 + 0.05 mmol of iron (Fe?**). To prepare the microelement feed
supplement, the MEmPEG400Glu preparation was applied to mixed
feed.

To conduct the experiment at the farm, we formed three groups
of hybrid F-4 pigs according to the analogue principle, one control
and two experimental, each containing 10 animals. The pigs were
being fattened and were 75 days old. The control and experimental
animals received complete feed from a mixed-feed factory with addi-
tion of BMD (4542) Premix Maxcare Fattening X(Trouw Nutrition
Ltd., Ukraine). Control Group was fed a diet supplemented with a
mineral feed containing inorganic sulfate forms of trace elements The
contents of salts of trace elements in the diet of Control Group were
as follows: Cu? — 17.6, Mn*" — 47.1, Zn** — 100.1, and FeZ"3* —
148.0 mg/kg. The pigs of the experimental groups received the same
diet, but the mixed feed had been deprived of inorganic salts of trace
elements (Cu, Mn, Zn, and Fe). In their stead, the diet was supple-
mented with the newly developed feed additive containing the com-
plex of trace elements (Cu*?, Mn*2, Zn*2, Fe*?*3) hond to N-PEGyla-
ted glutamic acid. The diet of Group 1 was supplemented with the
trace elements in the following amounts: Cu?* — 8.7, Mn?" — 27.3,
Zn?* —79.8, and Fe?*®* — 95.4 mg/kg. The concentrations of the trace
elements given to Group 1 were reduced compared with Control, in
particular: Cu*? to 49%, Mn*? to 58%, Zn*? to 80%, and Fe*?* to
64%. Group 2 received the trace elements in the following concentra-
tions: Cu?* — 9.1, Mn® — 28.7, Zn* — 83.6, and Fe?"** — 99.0 mg/kg
of the new premix, or 52%, 61%, 83%, and 67%, respectively, of the
amounts given to control group.

Blood samples for the laboratory studies were collected from the
cranial vena cava of the pigs in the morning prior to feeding. These

samples were gathered prior to the experiment (pigs at 75 days of
age), on day 30 (105 days of age), and day 90 (165 days of age) of in-
take of the trace-element feed supplements. To obtain whole blood
and plasma, the blood was gathered into special test tubes with antico-
agulant, and to obtain blood serum it was collected into test tubes
without anticoagulant. The concentrations of red blood cells and he-
moglobin in whole blood were determined on a Mindray BC-30 Vet
hematological analyzer (Japan, 2020). The biochemical studies were
conducted on a BS-120 analyzer (Shenzhen Mindray Bio-Medical
Electronics Co., Ltd., China, 2017) using the PZ Cormay S.A. (Po-
land) reagents. In the blood serum, we measured the concentrations of
total protein, glucose, total cholesterol, the activities of aspartate trans-
aminase (AST, EC 2.6.1.1), alanine transaminase (ALT, EC 2.6.1.2),
and gamma-glutamyltransferase (GGT; EC 2.3.2.2). Using electro-
phoresis in polyacrylic gel, we examined fractions of proteins in
blood serum (albumin and a-globulins, B-globulins, and y-globulin).

In the pigs’ blood plasma, we measured the concentrations of
malondialdehyde (TBA-active products) using reaction with thiobar-
bituric acid. In whole blood, we determined the activity of superoxide
dismutase (SOD; EC 1.15.1.1) using the method based on the reduc-
tion of nitrotetrazolium by superoxide radicals; the activity of catalase
(CAT; EC 1.11.1.6) was measured based on the reduction of color
intensity of the complex formed between H202 and molybdenum
salts; and the activity of glutathione peroxidase (GPx; EC 1.11.1.9)
was identified according to the rate of GSH oxidation prior and after
incubation with tert-butyl hydroperoxide (Vlizlo et al., 2012).

The blood parameters were statistically analyzed using Statistica
7 (StatSoft Inc., USA). The article presents the mean arithmetic valu-
es and standard deviation x £ SD (mean + standard deviation), pre-
sented in the figures. To compare the differences between the mean
parameters of the clinically healthy and sick animals, we used the Tu-
key Test, where the differences were considered statistically signifi-
cant at P <0.05.

Results

According to the analyses of the pigs’ blood before the experi-
ment, the red blood cell count and hemoglobin content exhibited no
significant variations across the control and experimental groups
(Table 1). On days 30 and 90 of intake of the traditional feed additive
with inorganic forms of trace elements by Control Group and the
newly prepared supplement with organic trace elements by the exper-
imental groups, the RBC count in blood was increased. This was
more pronounced in the experimental groups. In particular, in Group
1, the increase in the RBC count was 23.2% on day 30 and 46.4%
(P < 0.05) on day 90, whereas in group 2 it was 27.1% (P < 0.01) on
day 30 and 38.6% (P < 0.01) on day 90, compared with the values at
the beginning of the experiment. Compared with control group, the
RBC count in both experimental groups did not vary significantly.

Changes similar to those in the RBC count were observed in the
hemoglobin content of the pigs’ blood (Table 1). Thus, on days 30
and 90 of intake of the trace-element feed supplements, we observed
increases in all the groups, measuring 9.2% and 13.2% in control gro-
up, 2.9% and 23.3% in Group 1, and 8.8% and 16.6% (P < 0.05) in
Group 2, respectively. The differences in hemoglobin content in
blood of the pigs between the control and experimental groups on day
30 showed only an upward tendency in the experimental animals, and
on day 90 the changes were significant, with the increases measuring
19.6% (P < 0.05) in Group 1 and 13.8% (P <0.01) in Group 2.

At the beginning of the studies, and also on days 30 and 90 of in-
take of the feed supplements, the concentrations of total protein in
blood of the pigs of the control and experimental groups did not differ
significantly (Table 2). Increases in the concentration of total protein
in blood serum of the animals of Control and Group 1 and a decrease
in Group 2, which we observed on day 30 of the experiment, were in-
significant. On day 90, the concentration of total protein insignificant-
ly increased in all the groups and was largely consistent across the
control and experimental pigs.
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Table 1

Number of red blood cells and concentration of hemoglobin in blood of the pigs of the control and experimental groups (x + SD, n = 10)

Groups of animals

BIOO? Periods of study control group (inorganic salts  group 1 (organic salts of trace  group 2 (organic salts of trace
parameters of trace elements) elements in lower doses) elements in higher doses)
Red blood before the experiment 7.50 £1.282 6.91 +0.68° 7.04£0.33?
cells, day 30 of intake of trace-element feed supplements 8.62 +£0.38? 8.58 £ 0412 8.93+017°
x102/L  day 90 of intake of trace-element feed supplements 9.95+0.122 10.13+0.31° 9.75 £ 0.40°
Hemo- before the experiment 124.7 +6.02 136.8 +16.02 1376 +4.32
globin, day 30 of intake of trace-element feed supplements 136.2 +6.42 140.7 £10.92 149.7 +8.72
g/L day 90 of intake of trace-element feed supplements 1412 +2.52 168.8 +6.7¢ 160.6 + 2.8

Note: different letters indicate values which reliably differ one from another within one line of the table according to the results of comparison using the Tukey Test

with Bonferroni correction.

Table 2

Concentrations of total protein and protein fractions in blood serum of the pigs of the control and experimental groups (x £ SD, n = 10)

Blood

Groups of animals

parameters Periods of study control group (inorganic salts  group 1 (organic salts of trace  group 2 (organic salts of trace
of trace elements) elements in lower doses) elements in higher doses)
Total before the experiment 63.1+1.32 62,1+282 68.6 £ 7.6
protein, day 30 of intake of trace-element feed supplements 704+4.12 64.6+2.32 64.1+212
gL day 90 of intake of trace-element feed supplements 753+142 780+1.22 76.1+£2.72
Globulin before the experiment 259+112 273+0.3? 272+18°
:,{/0 ' day 30 of intake of trace-element feed supplements 215+542 255+4.82 314+322
day 90 of intake of trace-element feed supplements 295+4.]12 312+242 332+06°
8-Globulin before the_experiment 10.33+1.912 7.78 £0.592 8.07 £1.832
% ' day 30 of intake of trace-element feed supplements 10.02 +1.842 8.67 £1.282 8.77 £1.822
day 90 of intake of trace-element feed supplements 1412 +1.032 1356 +1.252 10.29 +1.462
-Globulin before the_experiment 5.23+0.722 4.66 +0.872 3.568 £0.592
% " day 30 of intake of trace-element feed supplements 6.57 £1.212 4.26 +£0.402 4.68+1.132
day 90 of intake of trace-element feed supplements 5.04 £0.732 4.88 +0.612 5.33+0.872
Albumin before the_experiment 585+20? 603+1.32 613342
% ' day 30 of !ntake of trace-element feed supplements 61.6 +5.12 61.7+2.32 553+232
day 90 of intake of trace-element feed supplements 515+4.12 505+ 242 512+132

Note: see Table 1.

Prior to the studies, we determined that the concentration of y-
globulins in blood serum of the pigs of all groups was at the same
level (Table 2). On day 30, the concentration of this fraction in blood
of control and group 1 slightly declined, whereas in group 2 it insig-
nificantly increased relative to the initial values. At the end of the
experiment, the concentration of y-globulins in blood serum of the
pigs increased in all the groups, being the highest in group 2.

Before the experiment, the concentration of B-globulins in blood
serum of the control pigs was somewhat higher than that in the exper-
imental groups. During the intake of the microelement feed supple-
ments, the parameters of B-globulins in blood serum of the control
and experimental groups insignificantly increased, with the highest
concentration observed in Control Group.

The concentration of a-globulins in blood serum at the beginning
of the experiment was the highest in control group, whereas at the end
of the experiment it was higher in the experimental groups. In particu-
lar, on day 90 of intake of organic trace elements, the increase in
group 2 accounted for 53.4%.

At the beginning of the experiment, the concentration of albumin
in blood serum did not vary significantly among the pigs of the con-
trol and experimental groups (Table 2) and no significant changes
were observed on day 30. On day 90, i.e. at the end of the experiment,
the concentration of albumin tended to decrease in all the groups, with
no differences observed among the experimental and control pigs.

In blood of the pigs of the three groups, the glucose concentration
at the beginning of the experiment also did not vary significantly
(Table 3). During the experiment, we determined an insignificant in-
crease in the glucose concentration in blood of the animals of all the
groups. At the end of the experiment, the increase was 26.8% in con-
trol, 10.9% in Group 1, and 24.4% in Group 2. At the same time,
during the studies, we found no differences between the values in
blood of the pigs of the control and experimental groups.

The cholesterol concentration in blood serum of the pigs of the
control and experimental group during the experiment exhibited no
significant changes both according to the study periods and among

the groups. At the beginning of the experiment, the activity of AST in
blood serum of the pigs of all groups was at the same level (Table 3).
On days 30 and 90, we determined an insignificant increase in the
enzyme activity, measuring 4.4 and 40.2% in Control, 2.9 and 29.1%
in Group 1, and 15.6 and 46.7% in Group 2, respectively.

During the experiment, the activity of ALT in blood serum also
showed no significant differences among the animals of the control
and experimental groups. However, we found an insignificant incre-
ase inthe ALT activity on day 30 of the experiment, measuring 4.3%
in Control, 29.1% in Group 1, and 23.9% in Group 2. On day 90 of
the experiment, the enzyme parameters in blood of the control ani-
mals unchanged from the initial values, while in the experimental gro-
ups they were elevated, by 39.3% in group 1 and 19.2% in group 2.

The activity of GGT at the beginning of the experiment in blood
serum of the control pigs was the highest, but significantly did not
differ from the experimental animals (Table 3). During the experi-
ment, we determined an insignificant increase in the GGT activity in
blood of all animals, with the differences among the groups being
insignificant.

Prior to intake of the trace-element feed supplements, the content
of malondialdehyde in blood plasma was somewhat higher in the
control pigs. This tendency also persisted at 30 and 90 days of con-
sumption of the trace elements. During the studies, the differences
among the pig groups were insignificant, but the lowest values of ma-
londialdehyde were determined in the experimental group that recei-
ved higher doses of organic trace elements (Table 4).

Before the experiment, the SOD activity in blood of the pigs vari-
ed insignificantly among the groups. Thirty days later, the SOD acti-
vity in blood of the control and experimental groups was observed to
be somewhat declined. On day 90 of intake of the trace-element sup-
plements, compared with the previous analysis, we determined an in-
crease in the SOD activity in blood of Control Group (by 39.2%) and
a significant increase in group 2 (by 60.3%, P < 0.01), while, relative
to the initial values, the parameter remained at the same level.
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Table 3

Concentrations of glucose and cholesterol and the activities of AST, ALT, and GGT
in blood of the pigs of the control and experimental groups (x £ SD, n =10)

Groups of animals

Blood parame-

8 Periods of study control group (inorganic salts group 1 (organic salts of trace group 2 (organic salts of trace
ers ’ 2
of trace elements) elements in lower doses) elements in higher doses)

Glucose before the_experiment 417 £ 0492 4.65+0.312 413 +£048
mmol /L’ day 30 of intake of trace-element feed supplements 5.12 +0.35? 5.08 £0.282 459+0.172

day 90 of intake of trace-element feed supplements 5.23+0.33? 5.17 +£0.35? 5.18 £0.272
Cholesterol before the_experiment 3.71£048° 2.87£0.372 2.28£0.33?
mmol/L ' day 30 of intake of trace-element feed supplements 2.80 £0.622 2.38+£0.29° 2.29+0.18°

day 90 of intake of trace-element feed supplements 2.05+0.172 2.54+£0.19° 2.47+£013?
Aspartate before the experiment 458 £ 502 474 £812 462 £ 872
aminotransferas day 30 of intake of trace-element feed supplements 478 + 852 492 + 612 534 + 682
e, nkat/L day 90 of intake of trace-element feed supplements 642 + 682 612 + 682 678 + 45
Alanine before the experiment 644 + 922 432 +80° 510 £ 532
aminotransferas day 30 of intake of trace-element feed supplements 672 + 562 558 + 662 632 £ 472
e, nkat/L day 90 of intake of trace-element feed supplements 644 + 742 602 + 572 608 + 542
Gamma-gluta-  before the experiment 162 +19? 142 + 172 154 + 192
myltransferase, day 30 of intake of trace-element feed supplements 166 + 172 150 + 202 162 +212
nkat/L day 90 of intake of trace-element feed supplements 180 +192 167 +192 177 +212

Note: see Table 1.

Table 4

Concentration of malondialdehyde and activities of antioxidant-defense enzymes in blood of the pigs (x £ SD, n = 10)

Groups of animals

Blood parame-

ters Periods of study control group (inorganic salts  group 1 (org_anic salts of trace group 2 (organip salts of trace
of trace elements) elements in lower doses) elements in higher doses)

Malondial- before the experiment 1.104 +0.3722 0.878 £0.2572 0.837 £0.1267
dehyde, day 30 of intake of trace-element feed supplements 0.958 +£0.1372 0.805 +0.0962 0.860 +0.0682
umol/L day 90 of intake of trace-element feed supplements 1.276 +0.2642 1.146 £0.2772 1.088 +£0.1782
Superoxide before the experiment 2.627 £0.445° 2.577 £0.5372 2.812 £0.7512
dismutase, day 30 of intake of trace-element feed supplements 1.979£0.3472 2.504 +0.336° 1.749 £0.268?
MO/mg Hb day 90 of intake of trace-element feed supplements 2.756 +0.3242 2.557 £0.1942 2.803 £0.098?
Glutathione per- before the experiment 3.627 £0.439° 3.327+£0.278° 3.293+0.3722
oxidase, umol x day 30 of intake of trace-element feed supplements 4.651+0.6172 4576 £0.6722 3.839 £0.3932
min/mg Hb day 90 of intake of trace-element feed supplements 3.956 +0.1972 3.574£0.243* 3.054 £0.2722
Catalase, umolx before the experiment 2.127 +0.109? 1.974 £0.2342 1.981 +£0.058?
min/mg i—|b day 30 of intake of trace-element feed supplements 2.446 +0.158? 2.387 £0.1632 2274 +0.1072

day 90 of intake of trace-element feed supplements 1.802 +£0.0392 1.773 £0.056% 1.923 +£0.058?

Note: see Table 1.

Before the experiment, the GPx activity in blood of the pigs of
three groups was at the same level. During the first 30 days of the ex-
periment, the GPx activity in blood increased 28.2% in control group,
37.5% in group 1, and 16.5% in group 2. The blood study on day 90
revealed a downward tendency in the enzyme’s activity in the ani-
mals of all groups, compared with the analysis on day 30. In blood of
the control and experimental pigs, the activity of GPx at the end of the
experiment insignificantly differed from the values observed before the
experiment. None of the measurements of the GPx activity in blood
of the animals revealed any significant differences among the groups.

The CAT activity in blood of the pigs of all the groups changed
similarly to GPx. After the first 30 days of the experiment, we deter-
mined increases, measuring 15.0% in control group, 20.9% in group
1, and 14.8% in group 2. Compared with day 30, on day 90 of intake
of the trace-element feed supplements, the CAT activity declined in
blood of all the groups, particularly by 26.4% in Control, 25.7% in
group 1, and insignificantly, by 5.5%, in group 2. We determined no
significant differences in the CAT activity in blood of the animals
among the groups.

Discussion

Incorporating trace-element supplements into feeds for pigs is es-
sential to ensure high productivity and support the animals’ health.
Commercially available feed supplements are different forms of inor-
ganic salts of mineral compounds (oxides, carbonates, chlorides, and
sulfates). However, they are poorly absorbed by the organism, and
therefore for the purpose of intensive growth, the diets of fattened
pigs are supplemented with high (sometimes excessive) doses of trace
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elements (Lopez-Alonso, 2012; Broom et al., 2021). Studies found
that after consuming feed supplements with inorganic salts of mineral
compounds, 70% to 95% of the elements are not absorbed and are
released with feces (Zhang et al., 2021; Duplessis et al., 2023). There-
fore, in recent years, inorganic forms of trace elements have been con-
tinuously developed to provide pigs with these nutrients (Pejsak et al.,
2023; Xu et al., 2024; Xiong et al., 2025). Unlike inorganic salts, or-
ganic forms are capable of entering the intestines unaltered, retaining
stability at different pH levels in the gastrointestinal tract, and are hig-
hly absorbable (Khatun et al., 2019; Venkata et al., 2021; Byrne &
Murphy, 2022) and more available for the organism (Aradjo et al.,
2019; Sun et al., 2020), thus providing a positive effect on the ani-
mals’ health (Pomport et al., 2021). Therefore, organic compounds of
trace elements are effective and thus can be used in lower doses than
inorganic forms (Xiong et al., 2023; Song et al., 2024). During the
synthesis of organic forms of trace elements, it is important to search
for biologically active compounds, binding which can produce high
efficiency at lower concentrations. Positive effects were exerted by
combinations of mineral compounds and amino acids (Delles et al.,
2016; Byrne et al., 2021) or synthesized pseudo amino acids based on
polyoxyethylene derivatives of glutamic acid (Sill et al., 2017). The
compounds of copper, manganese, zinc, and iron that we created ba-
sed on N-PEGylated glutamic acid allowed us to obtain an organic
form of trace elements — MEmPEG400Glu. At the same time, the
contents of trace elements in this premix were lower compared with
the premix containing inorganic salts, with reductions of: Cu?* by
51% and 48%, Mn?* — by 42% and 39%, Zn®*" — by 20% and 17%,
and Fe?”* — by 36% and 33%.
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Our feed supplement with newly formed complex of organic
forms of copper, manganese, zinc, and iron, and N-PEGylated gluta-
mic acid exerted a positive effect on hematopoiesis, metabolism, and
antioxidant defense of the pigs. The efficacy of the organic forms of
trace elements for pigs was pointed out by other researchers (Ma
etal., 2020; Zhang et al., 2021). At the same time, the pigs that recei-
ved lower amounts of organic compounds of trace elements in fodder
had better parameters of hemapoiesis than those who consumed the
supplement with higher doses of inorganic salts of trace elements.
This may suggest that Fe?3*, Cu?*, and Mn?* in our premix were
actively absorbed by the organism and had high functional properties,
as iron is included in erythrocytes, whereas Cu and Mn partake in
hematopoiesis (Duck, & Connor, 2016; Doguer et al., 2018).

A glutamic acid-based nanopolymer was found to be capable of
binding to bovine serum albumin (Chekh et al., 2017). Therefore,
such polymers can be potential transporters of proteins and their com-
plexes with trace elements. Perhaps, this promoted the stability of the
parameters of protein metabolism in blood of the pigs consuming the
newly formed trace-element feed supplement. The content of total
protein and its fractions in blood serum of the pigs was at the physio-
logical level throughout the intake of organic forms of trace elements.
It has to be noted that other parameters of metabolism of the pigs
(glucose and total cholesterol in blood) were within the normal range.
At the same time, the values of activities of the enzymes AST, ALT,
and GGT were stable in all three groups. Thus, the main blood parame-
ters that characterize protein, carbohydrate, and lipid metabolism, and
also the integrity of the organism cell indicate positive effects of the
developed organic trace-element feed supplement on the organism of
pigs in lower doses compared with inorganic salts of trace elements.

The trace elements (Cu, Mn, Zn, and Fe) we studied are signifi-
cant for the organism’s antioxidant defense (Xiong et al., 2023; Gul
etal., 2024). The activities of SOD, GPx, and CAT in blood of the
pigs during the experiment were at the physiological level and corre-
sponded to the formation of the products of lipid peroxidation, indi-
cating a balanced course of antioxidant defense. The best parameters
of the activities of antioxidant-defense enzymes were observed in the
pigs that consumed organic forms of trace elements in doses lower
than those of inorganic salts, particularly Cu?*, Mn?, Zn?*, and Fe?#*
lower by 48%, 39% 17% and 33%, respectively. Therefore, organic
forms of trace elements are beneficial for the stability of the antioxi-
dant system (Lin et al., 2020; Song et al., 2024), providing good im-
munity, high productivity, and supporting the animals’ health (Mion
etal., 2023; Xiong et al., 2025).

Conclusion

Binding of the trace elements (Cu*?, Mn*2, Zn*?, Fe*?%*) to N-
PEGylated glutamic acid allowed us creating an organic form of
mineral complex that can be given to animals in the form of feed
supplement. The fattened pigs that consumed the newly created feed
supplement containing organic trace elements in lower amounts com-
pared with the supplement of the animals that obtained inorganic
sulfate forms of the trace elements (in particular 51% and 48% lower
Cu?, 42% and 39% lower Mn?*, 20% and 17% lower Zn2*, and 36%
and 33% lower Fe?*?*, respectively in group 1 and group 2) were
observed to have improved hemapoiesis, metabolism, and antioxidant
defense. The RBC count, concentration of hemoglobin, total protein
and its fractions, glucose, and total cholesterol, and also the activities
of the enzymes AST, ALT, and GGT in blood of the pigs that re-
ceived the supplement with organic compounds of trace elements
were at the physiological level. Despite the lower doses of organic
compounds of trace elements, the activities of the antioxidant-defense
enzymes (SOD, GPx, CAT) and the content of malondialdehyde in
blood of the pigs during the experiment were stable. Moreover, con-
sumption of the organic trace elements in lower doses (particularly
48%, 39%, 17%, and 33% lower Cu%, Mn%, Zn?*, and Fe??* re-
spectively, compared with inorganic salts of the trace elements) provi-
ded the highest positive effect on the pigs” organism.

The authors declared no conflicting interests.
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