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The aim of the work was to review literature data on combined nanochemotherapy using the example
of two drugs doxorubicin and curcumin. Special attention was paid to the use of substances with
synergistic properties in one nanoparticle, capable to penetrate into living cell.

The method of combined chemotherapy of nanopreparations improves processing efficiency. The
technique of using nanocontainers with synergistic drugs in combination with ligands reduces the side
effects of chemotherapy drugs.

Results. Literature data indicate that the use of nanopreparations contributes the rapid creation and
use of synergistic combinations that were purposefully delivered to target cells, reducing dosage due to
precise targeting. A promising direction of nanomedicine is the creation of multifunctional nanomaterials
based on several active drugs having synergistic properties, with the simultaneous use of their enhancers
and the strategy of active targeting. These structures enabled targeted and controlled penetration of
medicinal compounds into the localization of pathological processes, reducing drugs toxicity for normal
cells.

Conclusions. Combined chemotherapy using polymers and nanoparticles with ligands, in which
synergistic drugs are included, ensures to reduce side effects and doses of chemotherapy drugs, and helps
to overcome multiple drug resistance as well.

Key words: combined nanochemotherapy; doxorubicin; curcumin; synergism; active targeting.

Combined chemotherapy
The current advanced strategy in chemo-
therapy is aimed at combination therapy,
which uses targeted delivery systems with a
large number of drugs [1-4]. Therapy with
one drug is limited due to the heterogeneity
of cancer cells [5], therefore, today, combined
chemotherapy has become a standard
treatment scheme for cancer patients[2, 5] and

is expedient and promising [1, 3, 4].
Combined therapy is becoming an
important strategy for a better long-term
prognosis with reduced side effects [6, T].
The combination of chemotherapy drugs
allows oncologists to use drugs in lower doses,
reducing cytotoxicity [5] and increasing the
effectiveness of treatment [1]. Most often, a

combination of two agents is used, which leads
to an improvement in therapeutic effectiveness
and a reduction in the dosage of each agent and
the achievement of several goals[1, 5].

Today, combined chemotherapy with a
synergistic effect is a promising treatment
scheme for cancer patients [5, 8, 9]. The
combination of drugs that have different
properties, such as solubility, usually requires
the use of multiple carriers or solvents,
limiting the probability of their simultaneous
delivery to target cells. [5].

Consider a combination therapy using
the example of two drugs with different
properties, water-soluble doxorubicin (DOX)
and hydrophobic curcumin (CUR). It is
known that the combination of DOX and CUR
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contributes to the treatment of several types of
cancer [3, 5, 10—-16].

Joint delivery of biomolecules in
combination therapy is widely used in clinical
diagnosis and treatment [17]. The combination
of anticancer agents with chemosensitizers
targets different signaling pathways in cancer
cells, reduces side effects, and helps overcome
multidrug resistance (MDR) [6].

In practice, combined chemotherapy
increases the effectiveness of drugs and leads
to improved survival compared to monotherapy
[1]. A growing number of facts testify, that
simultaneous treatment with chemotherapy
and chemopreventive agents with antioxidant
activity can increase the effectiveness of
chemotherapy drugs [18]. It is recognized that
the right combinations of drugs improve target
selectivity and suppress the development of
MDR [9].

Modern drug carriers based on nanotech-
nology are aimed at enhancing the effectiveness
of the best properties of drugs[19]. Application
of the recipe of formulations based on
nanotechnology is aimed at reducing the dose
due to more accurate targeting of drugs, which
additionally increases the safety of drugs by
minimizing off-target toxicity [19].

Nanoparticle-based drug delivery systems
offer opportunities for the development
of highly effective targeted therapeutics
with improved half-life, bioavailability,
biodistribution, and are indispensable for
maintaining synergistic drug ratios in
combination therapy [1].

For joint simultaneous delivery of
chemotherapeutic drugs with different
physicochemical properties, multifunctional
carriers are used [5]. They can target several
cancer hallmarks, which improves the efficacy
of cancer treatment [20], complementing and
extending the effects on tumors [21, 22].

Nanomaterials enhance the immunostimu-
lating effect of chemopreparations due
to synergistic action [2] and maintain an
optimized synergistic ratio of drugs in one
carrier until intracellular uptake [1].

Significant efficiency is ensured by
joint simultaneous delivery of drugs by
nanoparticles (NPs) into one cell [1, 23, 24],
which leads to the use of chemotherapy drugs
in smaller doses, reducing systemic toxicity
and increasing therapeutic efficacy [9].

Synergism in combined nanopreparations

In combined chemotherapy, synergistic
mechanisms are used, in which the synergistic

6

[2, 8, 14] effect of two (or more) agents is
directed at different pathways of the disease
[1]. Combination chemotherapy is theoretically
advantageous due to the synergistic effect of
drugs with simultaneous suppression of MDR.
Nanoparticle-assisted chemotherapy delivery,
with multiple loaded chemotherapeutic
agents, is a promising approach for the
effective treatment of various cancers. NP
with a combination of drugs simultaneously
enhance therapeutic effects and reduce side
effects [25]. NPs as means of drug delivery
have promising possibilities in targeted and
combination therapy [1]. For example, NPs
with a gold surface with a structure stabilized
by glutathione have the potential to carry
various drugs. They are promising drug
delivery systems to overcome MDR resistance,
which is the main cause of ineffective
chemotherapy [26].

The association of herbal products and
anticancer drugs may become a new and
highly effective therapeutic strategy for
better cancer management and treatment. The
identification of synergistic combinations of
both synthetic and phytochemical substances
is clinically important because they can be
quickly transferred from the laboratory
to practical use [27]. Future experiments
should focus on enhancing the delivery of
phytochemicals using their various synergistic
combinations and studying the effects of in
vitro and in vivo models [28]. It is necessary
to investigate the mechanisms of synergistic
action of several compounds with the aim of
elucidating unique molecular mechanisms,
that contribute to increasing the effectiveness
of these phytochemicals when they are used
in combination [29]. For example, indole-3
carbinol and resveratrol have both similar
and unique molecular targeting profiles and
together show synergistic antiproliferative
effects [30]. The results indicate that gallic
acid in combination with CUR synergistically
increased the apoptosis of MDA-MB-231
breast cancer cells, reducing the amount of
glutathione, increasing reactive oxygen species
(ROS), carry out mitochondrial dysfunction
[31]. The phytocompound ellagic acid showed
chemopreventive and antitumor properties
[27]. One of the candidates for effective
phytochemicals in their combined use is
curcumin, which is a powerful chemosensitizer
and can cause an additive or synergistic effect
with chemotherapeutic drugs against various
cancer cell lines [32]. A study demonstrated
that the potential antitumor activity of such
phytochemicals as curcumin and ellagic
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acid increases synergistically when they are
combined, leading to apoptotic death of cancer
cells[27].

The use of a combination of doxorubicin
and curcumin is facilitated by a synergistic
effect, thanks to which it is possible to
eliminate the harmful effects of a greater
concentration of doxorubicin [11, 33]. For
example, improved co-delivery of DOX and
CUR using nanocarriers showed synergistic
antitumor efficacy against liver tumor [6].

Polymer therapy

Polymer therapy covers a variety of
complex multicomponent high molecular
systems with the presence of a rationally
designed covalent bond between a water-
soluble polymer carrier and bioactive
molecules [34-36]. A DOX-curcumin
composite nanoparticle was developed in
which doxorubicin was covalently grafted to
the carboxylic acid residue of the NVA622
polymer. It overcomes DOX chemoresistance
and reduces DOX-induced multiple myeloma,
acute leukemia, prostate cancer, ovarian
cancer, and cardiotoxicity [37]. In order to
overcome resistance to DOX, a composite
nanoparticle DOX-curcumin was synthesized
from covalently bound doxorubicin to the
surface of the nanoparticle and curcumin,
which demonstrated a complete absence of
cardiac toxicity [38]. Curcumin improved the
safety profile of DOX by reducing DOX-induced
intracellular oxidative stress as indicated
by total glutathione levels and glutathione
peroxidase activity in heart tissue [38].

The well-known method of PEGylation
(PEG) is the creation of bioconjugates using
poly (ethylene glycol) (PEG) with proteins,
peptides, oligonucleotides, drugs and NPs
for nanomedicine, with the aim of extending
the circulation time of drugs in the blood and
increasing the effectiveness of drugs [1, 39].
However, treating patients with PEGylation
drugs can lead to the formation of anti-PEG
antibodies. Therefore, the development of
alternative polymers to replace PEG is needed
[40]. In other cases, it is necessary to have
polymers that capture, solubilize and control
the release of the drug without resorting to
chemical conjugation [36], such as Pluronic®
micelles [34, 41, 42], poly(lactic acid) (PLG ),
poly(lactic co-glycolic acid) (PLGA) [43], chitin
[44, 45], chitosan [34, 35, 42]. For example, a
multifunctional co-delivery system that co-
encapsulates hydrophobic chemotherapeutic
drugs (curcumin) and hydrophilic therapeutic

drugs (Survivin shRNA genes) in polymer
nanoparticles (PLGA polymer and conjugated
triblock polymer) is a promising strategy
for clinical application in cancer therapy
[46]. Co-delivery of curcumin and Survivin
shRNA increases tumor penetration and
promotes synergistic inhibition (suppression)
of SKOV-3 and Hela cells. The synergistic
antitumor effect includes inhibition of tumor
cell proliferation, induction of cell apoptosis,
and activation of caspase-3 pathways [46].
For some drugs, it is desirable to have a high
degree of homogeneity, which gives predictable
conformations in solution and increased ability
to load drugs [36].

Biodegradable polymers with a high mole-
cular weight include: polypeptides, dextrins,
polysialic acid, polyacetals [36], PLG, PLGA
[43], chitosan [34, 35], PEG micelles [47],
alginate [48], albumin [49-53], pluronic
micelles (Pluronic®) [34, 41, 42, 49]. Recently,
polyglutamic acid (PGA), which has a high
potential among synthetic polypeptides, has been
used in nanomedicine [36]. The use of platforms
based on high molecular weight polymers is
important for the treatment of diseases with
chronic administration, such as neurological
disorders or tissue regeneration [36].

PEG micelles have shown some ability to
deliver both DOX and CUR to DOX-resistant
Ab549/Adr cells and synergistically reverse
their DOX resistance [54]. In vivo studies have
confirmed that micelles have the ability to
increase DOX or CUR plasma concentrations
and prolong their respective circulation in the
bloodstream [54]. PEG-stabilized Dox NPs
also exhibit long blood circulation time, good
biocompatibility and stability, fast release in
acidic environment, and high accumulation
in tumors. Compared with free Dox, such
Dox*NPs dramatically increase the antitumor
therapeutic efficiency in inhibiting the growth
of tumor cells [55]. They can be combined with
other anticancer drugs for the purpose of
synergistic chemotherapy in the treatment of
MDR cancer [55].

The use of nanoplatforms to transport
Dox reduces its side effects during breast
cancer treatment. In many cases, polymers
increase the cytotoxicity of the drug and
reduce the amount of drug needed to achieve
a cytotoxic effect [42]. DOX and the p53 gene
were loaded into the cyclodextrin polymer
cavity to form a combined nanoparticle with
greater drug efficacy against MCF-7 cancer
cells. The synergistic effect of the drug and
the gene is achieved by reducing the dose
of the drug due to the high efficiency of
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the combined nanoparticle and suppression
of the MDR mechanism in cancer cells
[24]. A Dbilayer phospholipid liposome
coated with polyelectrolyte (poly(4-sodium
styrenesulfonate) (PSS)) encapsulated with
CUR and DOX demonstrated enhanced
solubility of CUR, excellent biocompatibility,
and commendable cytotoxic potential of
combined chemopreparations [23].

Chitin

A pH-sensitive chitin-poly(caprolactone)-
Dox nanogel composite system was developed
against non-small cell lung cancer. Cellular
internalization of nanogel systems was
confirmed by fluorescence microscopy. Chitin-
poly(caprolactone)-Dox particles showed dose-
dependent cytotoxicity to A549 cancer cells.
The results of in vitro analysis confirmed the
compatibility of NPs with blood [44]. Chitin
and Cur do not dissolve in water, but the gel
NPs developed on their basis form a very good
and stable dispersion in water with the size of
spherical particles in the range of 70—-80 nm
[45]. Histopathological studies of pig skin
samples treated with NP* Chitin* Cur showed
loosening of the stratum corneum of the
epidermis, through which the NPs penetrated
without visible signs of inflammation. These
results suggest that the designed gel NPs
can be proposed for the treatment of skin
melanoma [45].

Chitosan

Polymeric nanoparticles are an ideal
delivery system. Modification of the surface
of NPs, a biocompatible polymer of chitosan,
with various macromolecules has a huge
potential to improve the bioavailability and
circulation time of the native drug in the blood
[39]. Chitosan is used both independently and
as a coating of NPs [34]. For example, PLGA
NPs, grafted with chitosan and loaded with
Cur, were used for lung delivery for sustained
drug release using a controlled polymer
architecture [56], and other PLGA NPs loaded
with curcumin and surface-modified chitosan
were used to improve the therapeutic efficacy
of curcumin [ 39]. PLGA nanoparticles coated
with chitosan (CS) and loaded with harmala
alkaloid-rich fraction (HARF) are a promising
antibacterial drug against Staphylococcus
aureus and Escherichia coli for wound healing
[67]. The three components of the developed
nanopreparation (PLGA, chitosan, and HARF)
have synergistic antibacterial and wound-
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healing properties for the treatment of infected
wounds and were found to be biocompatible
during testing on human skin fibroblasts [57].

Several studies have shown that the stability
of Pluronic® micelles can be significantly
improved after being coated with a chitosan layer
[68, 59]. The use of chitosan provides numerous
advantages due to its biodegradability,
biocompatibility, ease of technical application,
versatility and low toxicity. Chitosan has no
immunogenicity, is not carcinogenic, and also
has antibacterial properties [42].

DOX micelles based on Pluronic®

The process of self-assembly is an
interesting tool [36]. In recent decades,
Pluronic® [49, 60] has been developed to
prepare micelles that can be modified [34,
41, 42]. It is known that micelles formed by
pluronic triblock copolymers are a promising
class of drug delivery agents [49].

Pluronic® micelles have attracted attention
due to their low toxicity. Their molecules
degrade in the biological environment [61], and
due to the hydrophobicity of the core and steric
factors, they have the ability to encapsulate
hydrophobic agents [49, 42]. Pluronics L61,
P85, P105, PF127[34, 49, 62, 63], or P85[42]
and F68 [41, 49, 62] are most often used in
micelles.

Pluronic® micelles cause a decrease
in mitochondrial membrane potential and
thus deplete ATP in tumor cells [34, 63].
Pluronic® 85 (P85) has been shown to inhibit
P-glycoprotein (P-gp) activity and induce
intracellular ATP depletion in MDR cells. Its
action causes a lack of energy necessary for the
work of transport proteins such as P-gp and for
other protective mechanisms. The use of P85
polymer prevents the development of MDR in
cells exposed to Dox [42].

The interaction of the drugs gemcitabine,
cytarabine and hydroxyurea released from
micellar media Pluronic® F68 and F127 with
serum albumin, which was chosen as a model
protein, was analyzed [49]. The conformational
changes of BSA during the interaction between
drugs in the presence of pluronic polymers
were studied. All drugs showed improved
distribution in F127 micelles and drug protein
binding was shown to be enhanced when co-
delivered with pluronic micelles. The results
indicate that BSA retains its conformation
when interacting with F127 or F68 micelles
carrying gemcitabine, cytarabine, and
hydroxyurea and that they do not have any
negative effect on BSA protein stability [49].
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NPs made using nanodiamonds (ND)
are useful components for research in
nanomedicine due to their relatively small
size and chemical inertness. They have the
possibility of flexible surface modification,
which in general makes them positive elements
for various biological applications [41, 64,
65]. In vitro studies have shown that ND-
Dox + Pluronic® F 68 conjugates have slow
and sustained drug release characteristics
and tremendous cytotoxic potential against
the MCF-7 breast cancer cell line. Pluronic®-
coated ND conjugates are a promising and
effective nanoplatform for anticancer drug
delivery [41].

A mixed micelle with Pluronic® L61 and
F127 polymers was used as a Dox delivery
system in the preparation SP1049C, Supratek
Pharma, Canada [62]. Double micelles are
easy to fabricate, have high loading capacity,
and co-deliver hydrophilic and hydrophobic
components. In order to eliminate MDR,
a double micelle of Pluronic® P105-Dox
conjugate and paclitaxel conjugate with
Pluronic® F127 was successfully developed,
which had an antitumor synergistic effect
against MCF-7/ADR cancer cells [34, 63].

Curcumin and doxorubicin

DOX is one of the important chemothera-
peutic anticancer agents [3], which is widely
used [11] but has limited therapeutic efficacy
for cancer treatment [3]. DOX is a non-selective
cytotoxic drug and has many side effects [11].
Clinical use of DOX is often associated with
severe side effects, namely hepatotoxicity [66,
67], nephrotoxicity[10, 35, 47, 48, 66—68].] and
dose-dependent cardiotoxicity [28, 54, 55, 66,
67]. Chemotherapy also causes damage to normal
tissues of the bone marrow, gastrointestinal
tract, neurons and auditory tissues, etc. [67].
DOX chemotherapy has been reported to induce
inflammation, which is associated with DOX
disruption of the intestinal flora, leading to the
release and accumulation of endotoxins. They
lead to systemic inflammation and damage to
several organs [28]. Chemotherapy-induced
cardiotoxicity includes oxidative stress,
mitochondrial damage, altered calcium flux,
activation of proapoptotic signaling cascades
[67], and inflammation [10]. It is believed that
the most debilitating consequences for organ
tissues, especially the heart, occur as a result
of ROS induction and a high cumulative dose of
DOX [69].

Curcumin is an antioxidant, an anti-in-
flammatory agent [70], an inhibitor of amyloid

fibrillation, a powerful anti-carcinogenic and
even anti-metastatic agent. The potential
of curcumin is recognized and its cytotoxic
properties against many cancer cell lines are
appreciated [71]. CUR helps in the treatment
of oxidative and inflammatory conditions,
metabolic syndrome, arthritis, anxiety and
hyperlipidemia [72], and is involved in the
inhibition of various growth pathways and
pro-invasive signaling pathways [73]. Growing
evidence suggests that CUR can prevent
carcinogenesis [74], sensitize cancer cells to
chemotherapy, and protect normal cells from
chemotherapy-induced damage [67, 69]. CUR
is known to have a preventive effect against
chemotherapy-induced toxicity: cardiotoxicity
[75], gastrointestinal toxicity, hepatotoxicity,
nephrotoxicity, neurotoxicity, ototoxicity,
and genotoxicity [67]. DOX-induced renal
toxicity is closely related to oxidative stress,
inflammation, apoptosis, and oxidative DNA
damage [70]. Curcumin has protective efficacy
against DOX-induced nephrotoxicity due to
attenuation of oxidative stress, inflammation,
and oxidative DNA damage. [70].

The ability of CUR to absorb free radicals
is used to reduce toxicity during DOX
chemotherapy [69]. Low-dose curcumin reduces
the effective dose of doxorubicin and reduces
its systemic toxicity [76]. It is able to reduce
the toxicity of DOX on the heart and liver [13,
67], kidneys, brain, and reproductive organs,
affecting the balance between the autophagy
and apoptosis systems, reducing damage to
energy production in the mitochondria of
these organs [69]. The use of NPs significantly
increases the bioavailability of CUR and its
therapeutic effects [77, 78], which reduce DOX-
mediated cardiotoxicity [10].

It has been shown in scientific works that
binary preparations of DOX and CUR exhibit
stronger antitumor activity in vitro and in vivo
than DOX or CUR at the same concentrations
[3, 5, 11, 15, 16]. Curcumin pretreatment
of drug-resistant cancer cells restored their
sensitivity to doxorubicin [76]. A synergistic
effect between DOX and CUR in a nanosystem
in vitro and in vivo has been shown, which
enhances DOX-induced apoptosis in the
endogenous mitochondrial pathway and may
involve other apoptotic mechanisms[11].

The study of the improved effect of
nanopreparations is aimed at various aspects
of the properties of NPs, their interaction
with target cells and the organism as a whole.
CUR prevents oxidative stress, inflammation,
DNA fragmentation and apoptosis, but co-
administration of CUR and DOX enhances
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the induction of apoptosis in cancer cells [10],
and the apoptosis rates in cancer cells become
significantly greater than CUR and DOX
alone [3].

The efficacy of a pair of DOX and CUR
drugs against various cancers has been
demonstrated, namely:

1) against invasive B-cell lymphoma both in
vivo and in vitro [11], where CUR negatively
affects the metastasis of cancer cells,
contributing to an increase in the effectiveness
of DOX [10];

2) as a promising method for the treatment
of liver cancer [13], when polymeric NPs or
a specially designed micelle, which had an
average diameter of approximately 110 nm,
were used for joint delivery of DOX and CUR to
hepatoma cells [15]. Encapsulation of the pro-
apoptotic drug Dox and the anti-angiogenic
agent Cur in pH-sensitive NPs provides a
strategy for the effective treatment of human
hepatocellular carcinoma in a synergistic
manner [22].

3) the DOX — CUR pair significantly
reduces the viability of formed tumor
spheroids, migration and invasion in gastric
adenocarcinoma (AGS) model cells [3].

4) polymeric micelles, for joint delivery of
DOX-CUR, to improve antitumor efficacy in
breast carcinoma [5]. Studying the molecular
processes that stimulate the therapeutic
effect of anticancer drugs, it was shown that
the simultaneous administration of the drug
from albumin NPs loaded with CUR-DOX led
to greater intracellular accumulation of DOX
and the destruction of MCF-7 breast cancer
cells[12].

5) micellar joint delivery of DOX and CUR
synergistically enhances the antitumor effect
in vivo on spontaneous lung metastases formed
by a 4T1 breast tumor [5].

6) showed the combinatorial effect of CUR
and silibinin in sensitization of high-risk
neuroblastoma cells to the chemotherapeutic
drug DOX both in vitro and in vivo [73].

7) demonstrated the effectiveness of using
CUR in combination with DOX to improve
survival and improve the quality of life of
patients with neuroblastoma [73].

The anticancer use of curcumin remains
limited due to its low solubility in water. To
increase the insufficient bioavailability of
CUR, the inclusion of curcumin in the middle
of the emulsome core is used, which allows it
to reach its effective concentration inside the
cell in vitro [79].

Due to the low bioavailability of CUR [80],
the following nanomaterials were used for joint
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entry of DOX and CUR into the body: inorganic
nanostructures, polymeric NPs, liposomes,
micelles, nanogels [10], polydopamine [2], and
albumin [14]. Small cross-linked cyclodextrin
nanoparticles can function as a promising
carrier for curcumin and protect curcumin
against photodegradation [71].

The loading of several different drugs
on one carrier allows the simultaneous
delivery of these medicinal compounds, which
leads to a synergistic effect and a general
enhancement of anticancer activity [3, 5,
10, 16, 81], increasing the effectiveness of
DOX chemotherapy [12, 73]. NPs are able
to maintain an optimized synergistic ratio
of drugs in one carrier until the moment of
intracellular absorption by the target cancer
cell [1]. Binary drugs show stronger antitumor
activity than the delivery of a separate drug at
the same concentrations and makes it possible
to use such a pair with the addition of other
antitumor drugs [11].

Co-conjugated DOX and CUR to zwitter-
ionic polymer micelles have synergistically
enhanced efficacy and the strongest
cytotoxicity against drug-resistant MCF-7/Adr
tumor cells [16]. Encapsulation of DOX in
long-circulating liposomes demonstrated
the antitumor efficacy of DOX, which
could be significantly enhanced after its co-
encapsulation with curcumin (CUR) compared
to liposomal DOX [82].

Confocal laser scanning microscopy results
indicated that curcumin- and doxorubicin-
encapsulated albumin nanoparticles had
synergistic cytotoxicity to B16-F10 cells and
gradually released the drug over 24 h without
a burst effect [83]. Co-loaded micelles of
DOX and CUR should be monodisperse with
small particle size, with high encapsulation
efficiency and delayed release, enhanced
uptake by tumor cells [5]. The joint
encapsulation of DOX and CUR in micelles,
which is carried out using a simple self-
assembly procedure, even in the absence of
organic solvents and surfactants [5, 14], is
economically feasible.

To achieve combined therapy, biodegra-
dable micelles (poly(ethylene glycol)-poly(3-
caprolactone) (mPEG-PCL)) are used as a
system for the joint delivery of hydrophilic
DOX and hydrophobic CUR. Co-encapsulation
of DOX and CUR in mPEG-PCL micelles was
performed using a self-assembly procedure [5].
NPs synergistically enhance cytotoxic activity
and apoptotic effects on breast tumors, both
in vitro and in vivo, which is primarily due to
increased cellular uptake of DOX and CUR [5].
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Simultaneous administration of DOX and
CUR using DOX/CUR-NPs on HepG2 cells in
vitro and in vivo showed a synergistic effect of
DOX/CUR-NP compared to DOX-NP and free
DOX on the inhibition of liver cancer cells [6].
Also, the synergistic effect of simultaneous
delivery of DOX and CUR was enhanced using
a pH-sensitive nanocarrier. Such a delivery
system helps realize a promising combination
strategy for cancer treatment [22].

The selection of the best nanocarriers
is based on the improvement of interaction
with target cells, the accuracy and speed of
penetration into the cells to the required
organelles, the improvement of stability and
the slower release of drugs over time. The
developed polymer high molecular weight
nanomaterial mPEG-b-P (Glu-co-Phe) loaded
with DOX and CUR has high anti-lymphoma
effect and low toxicity. These NPs increase
the ability of drugs to penetrate the cell in a
targeted manner, increasing their delivery to
the cell nucleus [11].

Many studies have used chemosensitizers
to increase the sensitivity of tumor cells
to chemotherapeutic drugs. CUR is a good
sensitizer that can regulate MDR protein
expression and inhibit cancer cell proliferation
[84]. CUR is able to inhibit ATP-binding
cassette drug transporters (ABC), increasing
the effectiveness of DOX chemotherapy [10,
69]. Once in the cytosol, CUR blocks the
transport of DOX from cells by inhibiting the
expression of P-gp [12]. The results proved
that various [12, 16, 69, 84] micelles are
promising means for co-delivery of drugs to
fight against MDR [16]. If there is a decrease
in the level of P-gp proteins, this indicates that
the multidrug acts inversely to MDR [13].

Despite some improvements in the drug
delivery system, the placement of combined
chemotherapy drugs in a hybrid nanostructure
remains a problem [23]. Optimizing the
delivery system targeting the tumor
microenvironment can be of great clinical
importance [12]. The use of nanocarrier-based
combination therapy requires considerable
effort to study and confirm the benefits
of synergistic effects [9] and fluorescence
microscopy is often involved in the work
[85]. Nanomedicine pays special attention to
molecular imaging [4, 5, 8, 12, 23, 71, 83—
91], and fluorescent probes [89] are widely
used for diagnosis and treatment [55]. The
intracellular distribution of nanoparticles
and chemopreparations directly in different
parts of the cell is visualized using images
of confocal fluorescence laser scanning

microscopy [12, 23]. The use of fluorescent
dyes accelerates the study of drug transport
processes by nanoparticles [12, 23, 87],
the degree of synergistic cytotoxicity of
chemopreparations is determined [30, 91].
Both fluorescence microscopy [88] and flow
cytometry [30, 88, 92] are used to monitor
apoptosis. Real-time fluorescence microscopic
observation of cells [90] is a valuable tool
for the creation of antitumor nanodrugs
[71]. Thanks to fluorescence, the processes
occurring with nanopreparations in vivo
and in vitro [4, 5, 90] are visualized, their
effectiveness is investigated [30, 83], and
the movement, localization, and retention of
nanopreparations are studied [90].

Multifunctional nanocarriers
for pair of DOX and CUR delivery

Modern works are aimed at reducing
the dose of cytotoxic drugs necessary for
chemotherapeutic activity [86]. Selective
delivery of DOX to tumors through the use of
nanoscale carriers represents an attractive
approach to address limitations in cancer
therapy [42, 47]. MDR greatly inhibits the
antitumor effect of DOX and leads to chemo-
therapy failure [34]. Therapeutic efficacy
during chemotherapeutic treatment of breast
cancer is significantly complicated by the
emergence of MDR, severe cellular toxicity, and
poor targeting of chemotherapeutic drugs[21].

Drug efflux and anti-apoptotic processes
are the two most common mechanisms in cancer
cells leading to MDR [84]. The decrease in their
sensitivity to DOX is explained by the loss of
drug accumulation in cells, the reduction of
DNA damage and the attenuation of apoptosis
[69]. Studies show that P-glycoprotein (P-gp) is
involved in DOX resistance [10], and resistance
to chemotherapy mainly develops through the
activity of transporters that reduce the amount
of DOX in the cell [69]. It has been shown that
joint administration of synergistic drugs DOX
and CUR reverses MDR [21].

The method of combining two or more
therapeutic agents has great potential [55], for
example, the joint use of CUR and DOX in the
form of micelles significantly promotes not only
their intracellular absorption, but also leads to
greater efficiency in suppressing MDR [10].

Multifunctional nanocarriers for the DOX—
CUR pair are constantly being optimized. On
the way to creating promising and effective
carriers for nanobiotechnology, it is necessary
to use biodegradable micelles [5] as a co-
delivery system for loading hydrophilic DOX
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and hydrophobic CUR in order to achieve
improved combined chemotherapy [5, 12, 15]
and greater selective targeting and suppression
of chemoresistance [12 ].

A polymer micelle was created using
an amphiphilic copolymer linked with
polyethylene glycol and d-tocopheryl PEG1000
succinate. These micelles were used to deliver
DOX and CUR to reduce MDR in A549/Adr
lung cancer cells, which enhanced the
therapeutic efficacy of DOX [54].

Multifunctional micelles are an active
strategy for delivery to cancer cells and
attenuation of MDR. DOX is loaded into
micelles by physical encapsulation or chemical
bonding. The construction of «smart» polymer
micelles sensitive to pH with the help of a
hydrazone bond, which is cleaved in an acidic
environment, was used for the joint delivery
of DOX and the P-gp inhibitor Disulfiram [34].

There are certain limitations when using
NPs, namely physiological barriers in tumor
tissues and unwanted interactions with normal
tissues. The use of multifunctional nanosystems
requires that they have the smallest dimensions
for greater efficiency [93], such as, for example,
the use of gold NPs[26, 93], nanodiamonds [41,
64, 65], micelles [47].

Further research in nanomedicine is aimed
at treating various types of cancer and creating
improved carriers for drug combinations.
The ability of CUR to suppress tumor
growth is used in new treatment regimens
and drug delivery systems to improve the
effectiveness of chemotherapy [69]. Studying
the movement of DOX, its localization and
retention is necessary to further understand
the mechanisms of toxicity and resistance to
DOX, in order to establish a better treatment
protocol in clinical settings [69].

Much remains to be learned in the emerging
field of nanomedicine [1], and further studies
are needed to study the effect of combination
cancer treatment using in vivo models and
the use of specific ligands. Such combined
nanochemotherapy improves antitumor
efficacy [84].

Ligands and combined nanochemotherapy

Progress in nanomedicine is due to the
development of new nanocarriers and drug
delivery technologies, and the search for the
ideal nanocarrier continues [1]. There are
some difficulties in achieving the optimal
combination of physicochemical parameters
for tumor targeting and drug release control,
which hinders the use of nanomedicines in
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practical therapy [94]. Combined delivery
system based on nanocarriers with ligands is
superior to the conventional drug delivery
system due to the ability to actively target
specific cells/tissues, which makes it possible
to reduce systemic distribution and unwanted
side effects [9].

Research efforts are focused on the
development of functionalized nanoparticles
to deliver therapeutic agents to specific
molecular targets overexpressed in cancer
cells [94]. These include folic acid receptors,
which are overexpressed on the surface of
many types of tumors [95, 96]. Folic acid is
widely used for diagnostic and therapeutic
studies as a ligand, for imaging and therapy
of cancer that expresses the folate receptor
[95]. Folic acid conjugates can be used to
target imaging molecules and therapeutic
compounds directly to cancer tissues [21,
34, 35, 95-97]. For enhanced chemotherapy
against drug resistance and cancer diagnosis,
a drug with Dox and NPs of micellar PEG
with incorporated folic acid with high payload
has been developed. It has uniform spherical
particles with a diameter of approximately
20 nm [47].

Folate-chitosan copolymer micelles were
used for co-delivery of Dox and pyrrolidine
dithiocarbamate [34]. Magnetic NPs with Dox
loaded into the matrix were coated with folate-
grafted chitosan. It was found that magnetic
guidance of NPs with such a design enhances the
local release of drugs and significantly reduces
tumor growth [35]. Folate targets the folate
receptor in cell walls [35] and inhibits MDR and
thus increasing Dox in cancer cells [34].

To increase the selectivity of tumor
targeting, folic acid-modified nanoparticles
(DOX®CUR)-FA-NPs were developed
based on star polyester [21]. In vivo results
demonstrated that such NPs not only had
significant MCF-7/ADR tumor targeting
and antitumor efficacy, but also caused less
pathological damage to normal tissues [21].

Lack of access to the brain is a major
obstacle to the development of drugs for the
central nervous system. A nanovector hybrid
derived from grapefruit and polyethylenimine
(PEI) coated with folic acid was developed
for effective intranasal delivery of miR17
microRNA nanovector into folate receptor-
positive GL-26 brain tumor [97].

Targeted multidrug delivery systems
have become an advanced strategy for
cancer treatment. They are used as ligands:
antibodies, hormones, small peptides, tumor-
specific ligands (P. Tuftsin) that were linked
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to drug carriers [4]. The natural macrophage-
stimulating peptide Tuftsin (P. Tuftsin)
grafted to a liposome with co-encapsulated
Cur and Dox was used as a ligand. This form
of liposome has an enhanced synergistic
therapeutic effect of the peptide tumor-specific
ligand and the dual drug Cur and Dox [4].

Based on the conjugate of Cur with
hyaluronic acid (HA), HA-Cur/Dox
nanoparticles with dimensions of approxi-
mately 180 nm with excellent encapsulation
efficiency and serum stability were generated.
In this combination, Cur reversed MDR
in tumor cells in vitro by inhibiting P-gp
expression and activity, as well as inducing
apoptosis through the mitochondrial pathway.
The effect of targeted delivery of NPs of
chemotherapeutic agents occurs thanks to
CD44 receptors [84].

The conclusions of the work are that the
combination of chemotherapeutic drugs
allows oncologists to use drugs in smaller
doses, reduce cytotoxicity and increase the
effectiveness of treatment. The combination
of antitumor agents with chemosensitizers
targets different signaling pathways in cancer
cells. During the chemotherapeutic treatment
of cancer, strong cellular toxicity develops due
to the poor targeting of therapeutic agents and
the emergence of MDR, which significantly
complicates the therapeutic effectiveness
of chemotherapeutic drugs. The right drug
combinations improve target selectivity and
inhibit the development of MDR.

The anticancer drug doxorubicin (DOX) has
limited chemotherapeutic efficacy for cancer
treatment, due to poor selectivity and severe
side effects. During DOX chemotherapy, dose-
dependent cardiotoxicity, hepatotoxicity,
nephrotoxicity develops, oxidative stress,
inflammation, apoptosis, and other disorders
occur. The appearance of MDR leads to the
failure of chemotherapy.

Combined therapy is used to increase the
effectiveness of chemotherapy. Simultaneous
treatment with chemotherapeutic and
chemopreventive agents with antioxidant
effect reduces the non-selective cytotoxicity
of drugs. Recently, special attention has been
paid to herbal preparations with antioxidant
effect in combination with anticancer drugs,
which synergistically enhance the effect of
the main drug. A number of synergistically
effective drug combinations have already been
selected.

Herbal preparations have not only an
antioxidant effect, but also exhibit antitumor
properties. Phytochemicals have both similar

and unique molecular targeting profiles,
which enables the selection of the desired
effective synergistic drug combinations
against the respective cancer cells. Among
promising herbal preparations, curcumin
(CUR) stands out. It is an antioxidant, anti-
inflammatory agent, anti-carcinogenic and
anti-metastatic agent. CUR can cause additive
or synergistic effects with chemotherapeutic
drugs against various cancer cell lines. CUR
protects normal cells from damage caused by
DOX chemotherapy, helping to increase the
effectiveness of DOX.

The combination of DOX and CUR drugs
is considered as a general scheme to increase
the effectiveness of chemotherapy. The
combination of DOX and CUR has a synergistic
effect and is able to influence the balance
between the autophagy and apoptosis systems,
reduce mitochondrial damage caused by DOX
chemotherapy. Binary preparations of DOX
and CUR show stronger antitumor activity
in vitro and in vivo than DOX or CUR at the
same concentrations and represent a novel and
highly effective therapeutic strategy for better
cancer treatment.

Chemotherapeutic drug delivery using
nanoparticles is a promising approach for
the effective treatment of various cancers.
The use of NPs simultaneously enhances
the therapeutic effects and reduces the side
effects of anticancer drugs. Such an effective
cancer treatment strategy is based on the joint
delivery of several drugs by nanocarriers into
one cell, which complement and extend the
effect on tumors. The search and selection of
the best nanocarriers is based on improved
interaction with target cells, greater accuracy
and enhanced penetration into the cells to the
required organelles, improved stability of
drugs and slower release of the combination of
drugs over time.

In the scientific literature, it is reported
that increasing the solubility and bioavailability
of CUR is achieved by coincapsulating it in NPs
and water-soluble polymers, which increases its
therapeutic effects. Incorporating curcumin
into albumin, Pluronic®, or other polymers
allows it to reach its effective concentration
inside the cell in vitro. For example, enhanced
co-delivery of DOX and CUR using nanocarriers
has shown synergistic antitumor efficacy
against liver, breast, and lung tumors. NPs
are able to maintain an optimized synergistic
ratio of drugs in one carrier until intracellular
absorption by the target cancer cell.

Biodegradable micelles are used as
promising and effective carriers for
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nanobiotechnology, which jointly deliver
hydrophilic and hydrophobic drugs loaded
into them. Such drugs have the ability to
increase the concentration of DOX and CUR
in the blood plasma, as well as to prolong
the time of existence of the multidrug in the
blood circulation. Biodegradable polymers
often used in nanomedicine include micelles
of PEG, Pluronic®, chitosan, PLG, PLGA,
and albumin. For most NPs, the encapsulation
of DOX and CUR is carried out using the
self-assembly procedure, which is the most
economically feasible. The peculiarity of using
chitosan is related to its biodegradability,
biocompatibility, ease of technical application,
versatility and low toxicity. The stability of the
Pluronic® micelle is significantly improved
after coating it with a chitosan layer.

MDR and anti-apoptotic processes are
two of the most common mechanisms leading
to chemotherapy resistance in various
cancers. Resistance to chemotherapy mainly
develops due to the activity of transporters
that reduce the amount of DOX in the cell.
Studies demonstrate that P-gp is involved
in DOX resistance. Joint administration of
synergistic drugs DOX and CUR reverses
MDR. This is because, once in the cytosol,
CUR is able to block the transport of DOX
from cells by inhibiting the expression of
P-gp. It was shown that the combination
with DOX and CUR changes MDR in tumor
cells by inhibiting the activity of P-gp, as
well as the induction of apoptosis through
the mitochondrial pathway. The method of
combining two or more therapeutic agents,
which are included in NPs, or micelles, has
great potential due to synergistic effects in
overcoming MDR. In addition, the use of some
polymers significantly improves the results in
suppressing MDR. The use of biodegradable
polymers is becoming the norm to achieve
improved combination chemotherapy and
greater selective targeting to suppress MDR.
Loading into NPs with synergistic systems
of additional chemotherapeutic agents
can increase the antitumor effectiveness
of the combination. The creation of such
multifunctional NPs is an active strategy to
mitigate MDR. Multifunctional nanocarriers
for the DOX - CUR couple are constantly
optimized in order to increase the cytotoxicity
of the drug and reduce the amount of the drug
needed to achieve a cytotoxic effect. Polymers
that inhibit MDR are used to increase targeted
drug delivery.

A combination drug delivery system based
on multifunctional ligand-nanocarriers is
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superior to the conventional drug delivery
system due to the ability to actively target
cancer cells, which reduces unwanted side
effects. For example, NPs modified with folic
acid as a ligand selectively target tumors that
express the folate receptor. Such NPs have
increased antitumor efficiency, strongly
inhibit MDR and cause less pathological
damage to normal tissues.

There are some difficulties in achieving the
optimal combination of drugs in nanoparticles,
accuracy of tumor targeting and controllability
of drug release. Such problems prevent the
use of developed nanomedicines in practical
therapy. This is due to the fact that during
the use of nanomedicines there are certain
limitations associated with physiological
barriers in tumor tissues and non-selective
interaction of drugs with normal tissues.

It is necessary to investigate and
identify the mechanisms of synergistic
action of several compounds with the aim of
elucidating the molecular mechanisms that
contribute to increasing the effectiveness
of phytochemicals when they are used in
combination for the treatment of oncological
diseases. Future experiments should focus
on enhancing the delivery of phytochemicals
and creating different combinations of
them that act synergistically, using in vitro
and in vivo models. Creation of combined
nanopreparations based on them, with
optimized proportions of drugs, enhanced with
ligands for the purpose of selective targeting
of cancer cells, will become a standard scheme
of treatment for cancer patients.

Despite some improvements in the drug
delivery system, the placement of combination
chemotherapeutics in the hybrid nanostructure
remains a challenge, but the optimization
of the delivery system targeting the tumor
microenvironment may have great clinical
significance. Advances in nanomedicine are
driven by the development of new and improved
carriers for drug combinations and drug
delivery technologies. Research efforts are
focused on the development of functionalized
nanoparticles for the targeted delivery of
therapeutic agents to specific molecular targets
overexpressed in various cancer cells. The use of
optical research methods helps to a great extent
in the development of multifunctional combined
nanopreparations with a synergistic effect.
Such nanomaterials support an optimized
synergistic ratio of drugs in one carrier until the
moment of intracellular absorption. The use of
nanocarrier-based combination therapy requires
significant efforts to study the molecular
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processes that drive the therapeutic effects of
synergistic anticancer drugs. The search for the
ideal nanocarrier and combination of natural
and synthetic synergistic drugs continues.
The development of NPs with a combination of
synergistic drugs with known phytochemicals is
clinically important because they can be rapidly
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KOMBIHOBAHA HAHOXIMIOTEPAIIIA
HA ITPUKJALI JOKCOPYBINHUHY TA KYPRYMIHY
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IzcturyT 6ioximii im. O. B. IMTamnanina HAH Ykpaiau, Kuis
E-mail: kanyukni@ukr.net

Mema. Ornian gaHuUX JIiTepaTypu IoA0 KOMOiHOBaHOI HaHOXiMioTeparmii Ha IpUKJIaAi ABOX IIpemapa-
TiB —aokcopyoOinuay (Dox) Ta kypryminy (Cur). OcobiuBy yBary npuaijieHo BUKOPUCTAHHIO PEUOBUH i3
CUHEPTiYHUMHU BJIACTUBOCTAMU B ofHit HanouacTuHIli (HY), 3paTHUX IPOHUKATH B JKUBY KJIITHUHY.

Memo0 koM0iHOBaHOI XiMioTepalrii HaHOIIperrapaTaMu J03BOJIAE HiABUITUTH e(DEKTUBHICTD JIIKYBaHHS.
TexHika BUKOPUCTAaHHA HAHOKOHTEHEePiB i3 cMHepriuHMMHU IIperapaTaMy B MOETHAHHI 13 riraHgaMu 3MeH-
mrye mobiuHi epeKTH XiMioTepaneBTUUYHUX IIpenaparis.

Pesyavmamu. Jaui niTepaTypu cBifuaTh IPo Te, 10 3aCTOCYBaHHA HAHOIpellapaTiB CIPUAE IIBUAKOMY
CTBOPEHHIO Ta BUKOPUCTAHHIO CUHEPTITUUYHUX KOMOiHaIil, AKi mMiJecrpaMoBaHO HOCTAaBIAAIOTHCA A0 KJIi-
TUH-MiIlIeHel, 3MEHIITYI0UN TO3YBaHHA 32 PAXYHOK TOYHOTO HAIliIOBaHHA. [lepCIeKTUBHUM HAIIPAMKOM
HaHOMEJIUIIMHU € CTBOPEHHS 0araTopyHKIIioHAILHNX HAaHOMATEePialiB HAa OCHOBI KiJIbKOX aKTHUBHHUX IIpe-
mapaTiB i3 CUHEPTiYHUMHU BJIACTUBOCTAMUMU, 3 OJHOUYACHUM BUKOPUCTAHHAM iX IIiICHMJIIOBAUYiB Ta cTparTe-
riero aKkTMBHOTO HaIliMOBaHHA. I{i CTPYKTYPHU JO3BOJIAIOTH I[iJIeCIIPAMOBAHO Ta KOHTPOJIHOBAHO IPOHUKATHI
JiKapCchbKUM CIIOJIYKaM Yy MicIld JIoKaJIizallil maToJoTiYHUX IPOIeCiB, 3HUKYIOUU TOKCUYHICTH IIpeliapaTiB
IJIA HOPMaJIbHUX KJIITUH.

Buchosrku. KombinoBaHa ximioTeparria i3 BUKOPUCTaHHAM ITOJiMepiB Ta HAHOYACTUHOK i3 Jiranmamu,
IO CKJIAAy SKUX BXOASATH CUHEPTiuHi IpemapaTu, CIpsAe 3MeHIIIeHHI0 To0iuHnX e)eKTiB Ta 03U Ximiompe-
mapaTiB, a TAKOK ITOJOJaHHIO MHOKMHHOI JIIKapCchKoi CTiKOCTi.

Knrwouwosei cnosa: KomOiHOBaHA HaHOXiMioTepamis; MOKCOPYOIlIWH; KYPKYMiH; CHHEPTi3M; aKTUBHE
HaIliJIIOBaHHI.
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In recent decades overuse and misuse of antibiotics as well as social and economic factors have
accelerated the spread of antibiotic-resistant bacteria, making them a major problem for humanity. One
of the most effective approaches to the discovery of new secondary antimicrobial metabolites is
co-cultivation of microorganisms, in which the producer of the target products is grown together with
competitive microorganisms (inductors), in response to the presence of which silent biosynthetic genes of
the producer strain are activated and an increase in the biological activity of the synthesized secondary
metabolites and/or even the synthesis of new metabolites is observed. The review summarizes the current
literature data on the co-cultivation of antimicrobial substances producers with competitive
microorganisms, which results in the synthesis of new metabolites with antimicrobial and cytotoxic
activity, not typical for monocultures. During the co-cultivation of fungi, bacteria, and fungi with
bacteria, the synthesis of new antimicrobial and anticancer metabolites, which are classified as alkaloids,
phenylpropanoids, macrolides, polyketides, cyclopeptides, terpenoids, anthraquinones, and steroids, is
observed. These data indicate that the mixed fermentation of microorganisms is a simple, cheap, and

quite effective way to obtain new metabolites that are promising for use in medicine.

Key words: co-cultivation; antimicrobial products; anticancer agents.

Nowadays, the number of studies on the
development of new antibiotic drugs is
decreasing, due to the increasing resistance of
pathogenic microorganisms to them due to
their excessive usein medicine and agriculture.
This situation can lead to dangerous
consequences for the world’s population, so
novel safe natural products are needed [1].

Microorganisms from various terrestrial
and marine habitats are a source of new
bioactive natural compounds, but one of the
problems in the process of discovering new
microbial metabolites is the re-isolation of
already known compounds. In addition, the
biological activity of microbial secondary
metabolites depends on the conditions of
cultivation of the producers, so the
development of approaches that allow to obtain
a final product with stable specified properties
is a priority in the development of current

biotechnology. Recent advances in microbial
genomics have clearly demonstrated that the
biosynthetic potential of microorganisms as
producers of metabolites with unique
properties is much higher than expected,
because a significant number of microbial gene
clusters may remain silent under typical
cultivation conditions[2, 3].

At present, both traditional physiological
approaches (optimization of cultivation
conditions, introduction of exogenous
precursors into the culture medium) and
methods of genetic and metabolic engineering
are being implemented to increase the
biosynthetic ability of producers of practically
valuable compounds. The application of the
above mentioned methods made it possible to
effectively activate silent genes as one of the
mechanisms for producing new secondary
metabolites. An alternative to the chemical
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modification of known compounds to increase
their antimicrobial activity is the strategy of
co-cultivation of microorganisms, which is
superior to other approaches in terms of cost
and convenience, since it does not require
expensive reagents or methods of gene
manipulation [4—6]. In addition, the use of co-
cultivation methods, in which the producer of
the final product is cultivated together with
competitive microorganisms (inductors), is a
promising approach to increase the activity of
existing and/or search for new compounds that
are not inherent in axenic cultures
(monocultures), metabolites with strong
antimicrobial [7, 8], antagonistic [9, 10], and
cytotoxic [11] effects.

This review aimed to summarize current
literature data on the co-cultivation of
antimicrobial compound producers with
competitive microorganisms, that results in the
synthesis of new biologically active metabolites
that are not typical for monocultures.

Novel secondary metabolites
with antimicrobial activity

In the works on the co-cultivation of
microorganisms published over the past
5-T years, it has been reported the production
of alkaloids [12, 13, 19, 20], phenylpropanoids
[14-16], macrolides[7, 12, 27, 28], polyketides
[22, 26, 31, 49], cyclopeptides [10], terpenoids
[17, 18] and others [21, 23, 24, 29, 30]. It
should be noted that these novel synthesized
metabolites demonstrate antibacterial and
antifungal properties and are not synthesized
in monocultures of microorganisms.

The synthesis of new antimicrobial
metabolites is reported in the co-cultivation of
fungi-fungi [11-18], bacteria-bacteria [26-31,
49], and fungi-bacteria[7, 10, 19-24].

Co-Cultures between Fungal Strains

A new alkaloid, identified as aspergicin,
was isolated from a mixed fermentation of
Aspergillus FSY-01 and Aspergillus FSW-02,
accompanied by neoaspergic acid and ergo-
sterol [12]. It was found that aspergicin has
high antimicrobial activity against bacterial
test cultures (Staphylococcus aureus,
Staphylococcus epidermidis, Bacillus subtilis,
Bacillus dysenteriae, Bacillus proteus,
Escherichia coli): the minimum inhibitory con-
centrations (MIC) were 15.62—-62.5 ng/ml.

A new nonadride derivative (byssochlamic
acid imide) isolated from the co-culture of
Phomopsis sp. K38 and Alternaria sp. E33
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was characterized by antifungal activity
against Fusarium graminearum and Fusarium
oxysporum with MIC values of 50 and 60 ng/
ml, respectively [13].

Phenylpropanoids are a large and
structurally diverse group of secondary
metabolites characterized by the presence of
a C6-C3-phenolic scaffold, that plays a crucial
role in a wide spectrum of biological and
pharmacological activities. New metabolites
of this group were obtained by co-cultivation
of fungi of the genus Penicillium [14-16].
The metabolites show high antibacterial
and antifungal activity. For example, ten
citrinine analogs, including a new dimer, seco-
pentitrinol A and pencitrinol L, were isolated
from the co-culture of Aspergillus sydowii EN-
534 and Penicillium citrinum EN-535 [14].
The new compounds showed antimicrobial
activity against Vibrio parahaemolyticus and
Edwardsiella ictaluri: the minimum inhibitory
concentrations were 32-64 ng/ml[14], which is
lower than those reported for penixilarins A-C
[15]. Penixilarins A-C isolated from the mixed
fermentation of Penicillium crustosum PRB-2
and Xylaria sp. HDN13-24, had antibacterial
activity against Mycobacterium phlei, B.
subtilis and V. parahaemolyticus (MIC range
from 6.25 to 100 pg/ml) [15].

In addition, a new phenylpropanoid, named
secopenicillide C, was identified from the co-
culture of Penicillium pinophilum FKI-5653 and
Trichoderma harzianum FKI-5655, which was
characterized by antimicrobial activity against
E. coli and Micrococcus luteus with MIC values
of 16 and 64 png/ml, respectively [16].

A new terpenoid derivative, asperterrein,
was found among the newly synthesized
terpenoids by co-cultivation of Aspergillus
terreus EN-539 and Paecilomyces lilacinus EN-
531 [17]. The compound showed antibacterial
activity against Alternaria brassicae, E. coli,
Physalospora piricola and S. aureus with MIC
values from 4 to 64 png/ml.

The most effective antimicrobial agents of
the new compounds synthesized as a result of
co-cultivation of Penicillium bilaiae MA-267
and Penicillium chermesinum EN-480 were two
new meroterpenoid derivatives - chermebilenes
A and B [18]. The MIC of chermebilene A
against Ceratobasidium cornigerum and
Edwardsiella tarda was 0.5 and 0.25 png/ml,
respectively, which makes this compound
perspective for use as an antimicrobial agent
in clinical practice.

During the co-cultivation of Penicillium
fuscum (Sopp) Raper & Thom and Penicillium
camembertii/slavigerum Thom, five new
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16-membered macrolides (berkeleylactones
A, B, D, E, G) were synthesized, including
berkeleylactone A, which demonstrated the
most effective antimicrobial effect compared
to the known macrolides: MIC against strains
of S. aureus, Bacillus anthracis, Streptococcus
pyogenes, Candida albicans and Candida
glabrata were 1-2 ng/ml [11].

Co-Cultures between Fungi and Bacteria

The novel alkaloid compound pulicatin
H, isolated from the co-culture of the fungus
P. citrinum and bacterium Pantoea agglomerans,
was characterized by high antifungal activity.
The MIC values for P. citrinum, Aspergillus
niger, and C. albicans were 25, 8.4, and
50 png/ml, respectively [19]. Also, new alkaloids,
dihydrolateropyrone and fusatricinones A-D,
were identified from the mixed-fermentation of
Streptomyces lividans and Fusarium tricinctum,
and were characterized by antibacterial activity
against S. aureus and Pseudomonas aeruginosa
[20], but the authors of this article did not
provide the antimicrobial activity of these
compounds.

As a result of the co-cultivation of
Streptomyces rochei MB037 and Rhinocladiella
similis 35, the macrolides borelidin J and K
were obtained, which proved to be effective
antimicrobial agents against S. aureus:
minimum inhibitory concentrations were
0.195 and 1.563 ng/ml, respectively [7].

It is known from the literature that only
one new antimicrobial steroid metabolite
(ergosterol derivative) was synthesized during
the co-cultivation of Bacillus wiedmannii
Coml and Pleosporales sp. F46 [21]. This
compound had antimicrobial activity against
S. aureus: microbial growth inhibition zone
and minimum inhibitory concentration were
71 mm and 100 pg/ml, respectively.

Moderate antibacterial activity against
Streptomyces coelicolor and S. lividans
(MIC 1000 and 250 pg/ml, respectively)
was demonstrated by a new polyketide
fumigermin synthesized by the mixed-
fermentation of Aspergillus fumigatus
with the bacteria Streptomyces iranensis,
S. coelicolor, S.lividans, and Streptomyces
rapamycinicus [22].

Under co-cultivation of Bacillus
amyloliquefaciens ACCC11060 and
Trichoderma asperellum GDFS1009, the
synthesis of new cyclopeptides BT1 and BT2
was observed [10], which inhibited the growth
of Bacillus cinerea by 47.86% and 66.86%,
respectively.

New antimicrobial compounds (marco-
carpone C, 2-(carboxymethylamino) benzoic
acid and (-)-citreoisocoumarinol) were obtained
from the co-culture of B. subtilis 168 trpC2
and Fusarium tricinctum [23]. Macrocarpon C
and 2-(carboxymethylamino) benzoic acid are
characterized by high antimicrobial activity
against bacteria B. subtilis 168 trpC2, S. aureus
ATCC 25697, Streptococcus pneumonia ATCC
49619, E. coli ATCC 25922, P. aeruginosa B
63230 with MIC in the range of 2-64 ng/ml.

During the co-culture of Cladosporium
sp. WUH1 and B. subtilis CMCC (B) 63501,
a new compound (trihydroxybutyl ester of
4-carboxydiorcinol) with antibacterial activity
was synthesized: MIC against Klebsiella
pneumonia, B. subtilis, E. coli, S. aureus,
S. epidermidis were 16, 64, 64, and 32 ng/ml,
respectively [24].

Co-Cultures between Bacterial Strains

As a result of the co-cultivation of
Tsukamurella pulmonis TP-B0596 and
S. coelicolor S-552, a new polyketide
alchivemycin A was obtained [31]. The minimal
inhibitory concentration of this polyketide
against Micrococcus luteus TP-B100 was
0.06 pg/ml. The new antimicrobial polyketide
glycoside gordonic acid was synthesized in the
co-culture of Streptomyces tendae KMC006 and
Gordonia sp. KMC005 [49]. At a concentration
of gordonic acid of 10 png/disc, the growth
inhibition zones of M. luteus KCCM11548
and Enterococcus hirae KCCM11768 were
1.5-2.5 mm.

In 2018, two new polyketides (janthino-
polyenemycins A and B) were isolated from a
co-culture of two strains of Janthinobacterium
Spp. Z7Z145 and ZZ148 [26]. Both polyketides
exhibited antifungal activity against
C. albicans (MIC 15.6 ng/ml). It was found that
janthinopolyenemycin congeners are active
against methicillin-resistant S. aureus and
E. coli.

In recent years, four new lactams have
been discovered as a result of co-cultivation
of bacteria [27, 28]. One of these compounds
is umezawamide A, synthesized during the
co-cultivation of T. pulmonis TP-B0596 with
Umezawaea sp. RD066910[27]. Umezawamide
A is characterized by moderate antimicrobial
activity against C. albicans: at a concentration
of 5 ng/disc, the growth inhibition zone
was 1.7 mm. Under the co-cultivation of
Actinosynnema mirum NBRC 14064 with
T. pulmonis TP-B0596, antimicrobial
mirilactams C, D, E were synthesized [28], and
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they exhibited antimicrobial activity against
C. albicans, Bacillus cereus, S. aureus MSSA
(activity parameters are not given).

An effective antimicrobial metabolite
is keyicin, synthesized as a result of co-
cultivation of Micromonospora sp. WMMB-
235 and Rhodococcus sp. [29], the minimum
inhibitory concentrations of keyicin against
Mycobacterium sp., Rhodococcus sp., B. subti-
lis, S. aureus were 2-8 ng/ml.

During the co-cultivation of T. pulmonis
TP-B0596 with Sireptomyces nigrescens
HEK616, a new compound spirohemiaminal
was obtained, which was characterized by
antimicrobial activity against the test cultures
B. subtilis, E. coli, S. aureus: at a concentration
of 100 ng/disc, the growth inhibition zones
were 2-10 mm [30].

Table 1 summarizes the data on the
synthesis of new antimicrobial metabolites
during the co-cultivation of fungi, bacteria,
and fungi with bacteria. These data indicate
that the co-cultivation of microorganisms is a
simple, cheap, and quite effective way to obtain
new metabolites with significant antimicrobial
activity.

Figure 1 illustrated the classes of new
antimicrobial compounds synthesized during
the co-culture of microorganisms. Metabolites
based on co-cultures of bacteria and fungi
were identified as alkaloids, anthraquinones,
macrolides, phenylpropanoids, polyketides,
cyclopeptides, terpenoids, with the largest
proportion being macrolides, alkaloids,
phenylpropanoids, and polyketides.

Others 12%

Antimicrobial compounds, such as
phenylpropanoids and terpenoids, were
identified only on the basis of co-cultures
of fungi. At the same time, metabolites
characterized as alkaloids were synthesized as
a result of co-cultivation of both bacterial and
fungal cultures.

Novel secondary metabolites
with cytotoxic and antimicrobial activity

Studies on the co-cultivation of
microorganisms published in the last 5-7
years have reported the production of new
alkaloid compounds [32, 33, 39, 42-45],
phenylpropanoids [40, 41], macrolides [11],
polyketides [35, 48], cyclopeptides [36, 41, 46,
47], terpenoids [34], and compounds of others
[11, 34, 37, 38, 41-43]. It should be noted
that some of the new metabolites exhibit both
cytotoxic and antimicrobial activity [11, 36,
41, 44, 45], and some — only cytotoxic activity
[32-35, 37-40, 42, 43, 46—-48].

The synthesis of new metabolites with
both cytotoxic and antimicrobial activity is
reported in the co-culture of fungi-fungi[11,
32—-38], bacteria-bacteria [44—48], and fungi
with bacteria [39—43].

Co-Cultures between Fungal Strains

Five new prenylated indole alkaloids were
isolated from the mixed fermentation of Asper-
gillus sulphureus KMM 4640 and Isaria felina
KMM 4639: 17-hydroxynotoamide D, 17-O-

Cyclopeptides 5%

Terpenoids 7%

Phenylpropanoids
17%

Alkaloids 20%

u Alkaloids

B Macrolides
Polyketid es
Phenylprop anoids

B Terpenoids

w Cyclopeptides

E Others

Polvketides 12%

Macrolides 27%

Fig. 1. The number of new metabolites with antimicrobial activity synthesized as a result
of co-cultivation of microorganisms [7, 10—24, 26—31, 49]
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ethylnotoamide M, 10-O-acetylsclerotiamide,
10-O-ethylsclerotiamide, and 10-O-ethyl-
notoamide R [32]. The compound 17-O-ethyl-
notoamide M inhibited the growth of human
prostate cancer cells 22Rv1 at concentration
of 10 uM. The first natural 1,2,4-oxadiazin-
6-one (sclerotiorumin C) and aluminiumneo-
hydroxyaspergillin were isolated from the co-
culture of fungi Aspergillus sclerotiorum and
P. citrinum [33]. Aluminiumneohydroxyas-
pergillin exhibited high cytotoxicity against
human histiocytic lymphoma U937 cell line
(IC5y = 4.2 pm) and strong toxicity towards
brine shrimp (LC55= 6.1 pm).

New macrolides were synthesized after
co-cultivation of P. fuscum (Sopp) Raper
& Thom and P. camembertii/slavigerum
Thom, including berkeleylactones A, C, F
and A26771B [11]. The compounds exhibited
cytotoxic activity against K-562, RPMI-8226,
and CCRF-CEM leukemia cells with IC;, values
of 10 uM and drastically reduced the viability
of cancer cells by 38-85% .

Eight newly induced secondary metabolites
were isolated during the co-cultivation of
Armillaria sp. with Epicoccum sp. YUD
17002, including five protoiludane-type
sesquiterpenoids and three aryl esters [34]. One
of aryl ester exhibited moderate cytotoxicity
against five human cancer cell lines (HL-60,
A549, MCF-7, SMMC-7721, and SW480) with
IC;, values ranging from 15.80 to 23.03 nM
[34]. The newly synthesized polyketides,
in particular, nafuredin B, identified from
a co-culture of Talaromyces aculeatus and
Penicillium variabile, exhibited higher activity
against human tumor cell lines [35]. Nafuredin
B demonstrated high cytotoxicity against
human tumor HeLa, K562, HCT-116, HL-60,
Ab549, and MCF-7 cell lines with IC4, values in
the range of 1.2-9.8 uM, respectively. At the
same time, a new cyclopeptide, lateritin, was
identified after co-cultivation of Ovadendron
sulphureoochraceum MIC 5759, Ascochyta
pisi MIC 5620, Emericellopsis minima MIC
5835, Cylindrocarpon destructans MIC 5638,
F. oxysporum MIC 5789, were characterized
by cytotoxic activity against human tumor
cell lines (BXPC-3, MCF-7, CNS SF268,
NSC H460, KM20L2 and DU-145) with half
maximal inhibitory concentration in the range
of 1.7-2.0 ng/ml [36]. In addition to human
tumor cell lines, the compound inhibited mouse
leukemia P388 cells (IC5, = 1.8 ng/mkL).

High cytotoxic activity is typical for the
compound diorcinol J, synthesized as a result
of the co-cultivation of Aspergillus sulphureus
KMM 4640 and Isaria felina KMM 4639 [37].

30

The IC;, value for mouse Ehrlich carcinoma
cells was 37.6 nM. It was found that diorcinol
J is able to affect the expression of the heat
shock protein Hsp70 in Ehrlich ascites
carcinoma cells. It is well known that the heat
shock protein 70 (HSP70) was frequently
overexpressed in tumor cell lines as an ATP-
dependent molecular chaperone and played a
significant role in refolding misfolded proteins
and promoting cell survival under stress.
Thus, compounds that could inhibit HSP70
had great potential in tumor therapy [37].
Under the co-cultivation of Aspergillus
fischeri NRRL 181 and Xylaria flabelliformis
G536, a new compound wheldone was obtained
[38], that was characterized by cytotoxic
activity against breast cancer cells MDA-
MB-231, ovarian cancer cells OVCAR-3,
human melanoma cells MDA-MB-435 with IC,
values of 7.6, 3.8 and 2.4 nuM, respectively.

Co-Cultures between Fungi and Bacteria

As a result of co-cultivation of Saccharo-
monospora sp. UR22 and Dietzia sp. UR66
obtained a new compound saccharomonosporin
A with cytotoxic activity against human
colon adenocarcinoma NT-29 and human
promyelocytic leukemia HL-60: IC;, values of
3.6 and 2.8 nuM, respectively [39].

During the co-cultivation of Trichoderma
sp. 307 and Acinetobacter johnsonii B2,
one new depsidone, botryorodin H, was
synthesized together with three known
analogues (botryorodins C, D, and G) [40].
Botryorodins H, C, D showed a-glucosidase
inhibitory activity with IC;, ranging from
8.1 to 11.2 nM, and botryorodin H exhibited
potent cytotoxicity against rat prolactinoma
MMQ and rat pituitary adenoma GH3 cell lines
(IC50 = 3.09 and 3.64 nM).

Under co-cultivation of Aspergillus
versicolor and B. subtilis, the synthesis
of the cyclic pentapeptide cotteslosin C,
aphaquinolone, 22-epi-aflaquinolone B, two
anthraquinones and the known isoversicolorin
B and O-demethylsterigmatocystin,
sterigmatocystin, sterigmatine was
observed [41]. O-demethylsterigmatocystin,
sterigmatocystin, sterigmatin inhibited rat
lymphoma cell lines L5178Y, with IC;, values
ranging from 2.2 to 5.8 uM.

The new compounds, ochraspergillic
acids A and B, and the known viomellein and
ochratoxin B were obtained from the co-culture
of Aspergillus ochraceus and B. subtilis [42].
Viomellein and ochratoxin are characterized
by high cytotoxic activity against the A2780
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human ovarian carcinoma cells with IC;, values
of 5.0 and 3.0 uM, respectively.

As a result of co-cultivation of Bionectria
sp. and S. lividans TK24, a new alkaloid,
1,2-dihydrophenopyrrozin, was obtained
together with five known analogues, including
penicolinate A. Penicolinate A exhibited
potent cytotoxic activity against the human
ovarian cancer cell line A2780 with an ICy,
value of 4.11M [43].

Co-Cultures between Bacterial Strains

In recent years, two new alkaloid
compounds with cytotoxic activity have been
identified as a result of co-cultivation of
bacteria [44, 45]. One of these compounds is
the alkaloid BE-13793C, synthesized by co-
cultivation of Streptomyces sp. MA37 and
Pseudomonas sp. [44]. BE-13793C exhibited
strong antiproliferative activity against
human colon carcinoma HT-29 cells (ATCC
HTB-38), with an IC,, value of 3.16 pM, but
did not cause toxic effects on normal lung cells
(ATCC CCL-171). During the cultivation of
Actinokineospora sp. EG49 with Nocardiopsis
sp. RV163, 1,6-dihydroxyphenazine was
synthesized, which, in addition to cytotoxic
(IC5, against human parasite Trypanosoma
brucei TC 221 was 19 uM), also showed
antimicrobial activity (growth inhibition zones
of Bacillus sp. P25, Actinokineospora sp. EG49
were 11-15 mm) [45].

An effective anti-cancer compound was
a novel cyclic peptide, dentigerumycin E,
synthesized as a result of co-cultivation

of Streptomyces sp. JB5 and Bacillus
sp. GN1 [46]. Experiments have shown
that dentigerumycin E demonstrated
antimetastatic activity against cancer cells.
Thus, the moderate cytotoxicity against
cancer cell lines A549 (lung cancer), HCT116
(colorectal cancer), MDA-MB-231 (breast
cancer), SK-HEP-1 (liver cancer) and SNU638
(gastric cancer) with half maximal inhibitory
concentration (IC;,) in the range of 27-39 nM.

Two new isomers of heterocyclic peptides
(catenulobactins A and B) were synthesized
under cultivation of Catenuloplanes sp.
RD067331 with T. pulmonis TP-B0596 [47].
Catenulobactin B exhibited Fe(III)-chelating
activity and moderate cytotoxicity against
P388 murine leukemia cells (IC;, = 22.4 nM).
New metabolites (chojalactones A and B)
identified after co-cultivation of Streptomyces
sp. CJ5 and T. pulmonis TP-B0596 also had
cytotoxic activity against P338 murine
leukemia cells [48]. Thus, the ICy, values of
chojalactone A stereoisomers were 28—37, and
those of chojalactone B stereoisomers were
17-18 uM.

Table 2 summarizes the data on the
synthesis of new metabolites with anti-
microbial and cytotoxic activity during the
co-cultivation of fungi, bacteria, and fungi
with bacteria. These data indicate that the
largest number of new metabolites with potent
cytotoxic activity was identified as a result of
the co-cultivation of fungi.

Figure 2 illustrated the classes of
new metabolites with anticancer activity
synthesized during the co-cultivation of

Others
17%
Alkaloids = Alkaloids
22% oli
Steroids o B Macrolides
3% Polyketides
Anthraquinones Phenylpropanoids
0,
6% Macrolides ® Terpenoids
11%
¥ Cyclopeptides
Cyclopeptides .
14% W Steroids
Anthraquinones
B Others
Terpenoids Phenylpropan oi ds Polyketides
3% 5%

Fig. 2. Number of new metabolites with cytotoxic activity synthesized as a result of co-cultivation
of microorganisms [11, 32—48]
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[42]

[43]

Table 2 (End)

Do not exhibit
antimicrobial
activity

Does not exhibit
antimicrobial

activity

carcinoma A2780 cells was 5.0
and 3.0 uM for viomellein and ochratoxin

The IC5, value of human ovarian

B, respectively

The IC5, of human ovarian cancer cell
line A2780 4.1 uM for penicolinate A

Ochraspergillic
acids A, B
Viomellein

Ochratoxin B

1,2-dihydro-
pheno-pyrazine

Alkaloid
Cy3H16NOy
Penicolinate A

Steroid
Cy4Hgo04Ny

Rice medium

Rice medium

Aspergillus ochraceus
+
Bacillus

subtilis

Bionectria sp
+
Streptomyces lividans
TK24
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microorganisms. Metabolites synthesized from
co-cultures of bacteria and fungi were identified
as alkaloids, cyclopeptides, phenylpropanoids,
polyketides, macrolides, steroids, terpenoids,
anthraquinones, with alkaloids, cyclopeptides,
and polyketides taking the largest part.

As a result of the co-cultivation of
microorganisms, a large number of new
biologically active secondary metabolites have
been obtained. In particular, 77 new metabolites
that are not typical for monocultures have been
identified (see Tables 1, 2). 29 compounds were
isolated as a result of co-cultivation of fungi;
31 compounds were isolated from co-culture of
fungi and bacteria, and a total of 17 compounds
were isolated from co-culture of bacteria. The
largest group (41% of all metabolites) was
compounds identified after co-cultivation of
fungi and bacteria. The largest number of novel
metabolites was found as alkaloids (>42% ), and
the smallest (<3%) as steroids. Most of the new
compounds of different chemical structures
were found as a result of co-cultivation of
Aspergillus spp. and Penicillium spp. fungi with
various bacterial strains.

The synthesis of most of the novel
compounds is based on a protective mechanism,
which results in the activation of silent genes
for their biosynthesis. At the same time, it
is impossible to predict which clusters of
biosynthetic genes will be expressed or what
types of molecules will be synthesized during
co-cultivation of microorganisms.

The methods of co-cultivation of fungi
and bacteria mentioned in this review
certainly limit the variety of novel compounds
synthesized. Therefore, increasing the
diversity of microorganisms used, for example,
by using amoebas or phages for co-cultivation,
may be a promising step in future research.
In addition, in order to understand the
complex regulation of secondary metabolism
and to determine the possibilities of genetic
engineering to induce or enhance the synthesis
of target secondary metabolites, it is necessary
to establish all the mechanisms that ensure
the formation of new compounds during co-
cultivation of microorganisms.

Financing
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topic of the Department of Biotechnology and
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KOMBIHOBAHE RYJIbTHBYBAHHSA MIKPOOPT'AHI3MIB:
YTBOPEHHSA HOBUX METABOJIITIB 3 PISHOIO BIOJIOI'TYHOIO AKTUBHICTIO

T. I1. ITupoz' 2, M. C. Isanos'

'Hanionanpauii YHiBepCUTET XapYOBUX T€XHOJOTiN
IneruTyT MiKpoGiosorii i Bipycoorii im. II. K. Ba6osorroro HAH Vkpainu

E-mail: tapirog@nuft.edu.ua

OcTaHHiM yacoM uepes3 HaAMipHe Ta HeOOI'PYHTOBaHEe BUKOPUCTAHHSA aHTUOIOTUKIB aHTUOiOTHKOpE3uC-
TEeHTHICTH cTajia HalTOCTPiIoio mpobaemMoro JioacTBa. OMHUM 3 ePeKTUBHUX IIiAXO0iB 10 BITKPUTTA HOBUX
BTOPUHHUX aHTUMiKPOOHUX MeTabO0JIiTiB € CIIiJIbHE KYJIBTUBYBAHHA MiKPOOPTaHi3MiB, 38 IKOT'0 IPOAYIIEHT
I1JTLOBOTO TPOAYKTY BUPOIIYETHCA PA30M i3 KOHKYPEHTHUME MiKpoopraHisamamu (iHAyKTOpaMu), y Biamo-
BiZib Ha HASABHICTb SKUX BiZ0YyBa€ThCS aKTUBAIlid MOBUA3HUX OIOCMHTETUUHUX I'eHiB IIITaMy-IIPOAYIeHTa i
CIIOCTEPIiraeThCs MiABUIIEHH 6i0I0TiUHOI AKTUBHOCTI CHHTE30BAHUX BTOPMHHUX MeTabo0JIiTiB Ta/ab0 HaBiThH
YTBOPEHHS HOBUX CIIOJYK. B oriisii HaBemeHO cydyacHi JaHi JiTepaTypu IIOAO0 CIIiJIBHOTO KYJbTUBYBAHHS
MIPOAYIIEHTIB aHTUMiKPOOHUX CIIOJYK 3 KOHKYPEHTHUMH MiKpOOopraHisMaMu, pe3yJIbTaToOM SIKOTO € CUHTEe3
HOBUX, HE XapaKTePHUX IJIA MOHOKYJIbBTYD, METAa0OJIiTiB 3 aHTUMiKPOOHOO Ta IIUTOTOKCUYHOI0 aKTUBHICTIO.
ITig uac coisbHOTO KYJIBTUBYBAHHS IpuldiB, 6aKTepiii, a TAKOXK rpubiB 3 0aKTePiAMU CIIOCTEePiraeThCcs yTBO-
PeHHSA HOBUX aHTUMIKPOOHMX Ta IIPOTUNYXJIUHHUX MeTaboJIiTiB, AKi HaJleKaTh 40 aJKaJIoimiB, (peHiampo-
MaHOIAiB, MAKPOJIiAiB, MONiKeTUiB, INKJIOMENTUIIB, TePIIEHOINiB, aHTPaXiHOHiB, cTepoiniB. HaBenewni mani
cBimuaTh mpo Te, 110 KOMOiHOBaHe KYJIbTUBYBAHHS MiKPOOPTaHi3MiB € MPOCTUM, HeIlIeBUM Ta JOCTATHBO
e(eKTUBHUM CIIOCOO0OM OTPUMAHHSA HOBUX MeTa0O0JIiTiB, MePCIeKTUBHUX /I BUKOPUCTAHHSA Y MeIUITAHI.

Kanarouwosi cnosa: ciibHe KyJIbTUBYBAHHSA; aHTUMIKPOOHI mpemapaT; IPOTUNYXJJINHHI areHTH.

39



BIOTECHNOLOGIA ACTA, V. 16, No 1, 2023

UDC 631.147.99 https://doi.org/10.15407 /biotech16.01.040

MAIN ASPECTS OF THE MANUFACTURER
OF ORGANIC PRODUCTS IN UKRAINE

N.OHORODNYK"', 0. SVARCHEVSKA?, 0. SHVED?, T. KUPKA*

1iviv National Environmental University, Ukraine
2Stepan Gzhytskyi National University of Veterinary Medicine and Biotechnologies
of Lviv, Ukraine
3Lviv Polytechnic National University, Ukraine

‘Opole University, Institute of Chemistry, Polska

E-mail: olha.v.shved@lpnu.ua

Received 2022/12/29
Revised 2023/01/20
Accepted 2023/02/28

The article is devoted to highlighting the state and prospects for the development of organic
production in Ukraine. The main requirements for the production, classification and labeling of organic
products of animal and plant origin are presented. The current legal norms governing their certification
and circulation are emphasized. The key provisions regarding evaluation and regulation in this field of
activity are reflected. The stages of improvement of the domestic legislative framework of organic
production are shown on the way of adaptation to European standards.

Purpose. To highlight the state and prospects for the development of organic production in Ukraine
and the improvement of the legislative framework of organic production on the way to adaptation to
European standards.

Materials and methods. Methodical analysis and abstract-logical method for summarizing the criteria
for evaluating the formation, development and integration of domestic organic production into the
structure of the world production of safe products of animal husbandry and crop production.

Results. The article describes in detail the development of the organic movement, which is a promising
lever for food security in Ukraine. Therefore, the work on the legal regulation of the activities of domestic
producers of organic products does not stop. The legislation is improving in the direction of introducing
effective state support in this area at the regional and national levels. Of course, organic feed production,
animal husbandry and crop production will continue to exist in parallel with non-organic production.
However, the principles and relationship of these systems will depend significantly on the availability of
energy sources, plant protection products, fertilizers, soil fertility, care for the preservation of the
natural environment, ensuring welfare population and its needs in healthy nutrition. In addition, for the
restoration of agricultural lands, demining and bioremediation with the use of bacterial and
phytoremediation of soil and water resources should be applied. For this, after the liberation of our state,
a return to the peaceful management of the national economy is necessary. We believe in the victory and
restoration of Ukraine with the help of allied states and people of good will.

Key words: organic products; certification; marking; European standards; legal principles of
organic market regulation.

One of the conditions for Ukraine’s
accession to the European Union is compliance
with the requirements of international
standards in the production of agricultural
products [1]. For the certification of any
organic product, safety criteria must be taken
into account, while legal acts are used, which
establish requirements for state regulation
in the field of its production [2]. Legal norms
are often overlooked and state regulation

40

of the production of organic products relies
on business standards, which are easier to
apply and harmonize with international
requirements. In this regard, in 2014 the
Verkhovna Rada of Ukraine adopted the Law
“On Standardization”, and in 2017 — the
Law “On State Control of Compliance with
the Legislation on Food Products, Feeds,
Byproducts of Animal Origin, Health and
animal welfare” [3]. According to these Laws,
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the effect of current national and international
standards on agricultural products was
simultaneously recognized in our country,
along with this, their harmonization took
place — in accordance with European norms,
the basic principles in the field of agricultural
production and criteria for control over the
quality and safety of products were defined,
and the requirements were regulated regarding
environmental protection.

The quality of products of animal origin is
definitely affected by the standards relating to
feed, compound feed and feed additives. The
quality of agricultural products depends on the
machines and equipment used in the production
process, as well as on the use of fertilizers,
technologies for growing, harvesting,
transporting and storing the crop, methods of
its processing and sale [4, 5]. In this regard,
technical committees for standardization
constantly update the requirements for
evaluating quality indicators and technological
characteristics of manufactured products, make
corrections in the division into commodity
varieties, classes or groups. When developing
standards for livestock products, the effect of
biological, chemical, and soil factors must be
taken into account [6].

The increase in requirements encourages
manufacturers to reorient themselves to
international standards, to produce higher
quality and safer products, along with this, the
share of farms engaged in organic production
is growing. However, the development of this
segment of production faces certain difficulties,
the biggest problem is the low purchasing power
of the population and the level of consumer
awareness of the range of organic products,
therefore domestic production facilities are
mainly oriented towards export [7, 8]. This is
facilitated by the conclusion of the Association
Agreement with the European Union in June
2014 and the introduction of a free trade zone
between Ukraine and the EU in January 2016,
and with Canada in August 2017. It should be
noted that in January 2021, the “Agreement on
political cooperation, free trade and partnership
between Ukraine and the United Kingdom of
Great Britain and Northern Ireland» entered
into force. It is known that Great Britain is the
TOP importer of Ukrainian organic products
and is currently introducing its own organic
certification system, which accordingly
increases the requirements for Ukrainian
products [9].

Obviously, in the future, the volumes
of organic production will not only grow in
the world, but will also occupy a significant

share in the agro-industrial complex of our
country. Thus, the combination of traditional
and organic production systems with science-
based technologies will contribute to the
development of Ukraine’s economy.

To highlight the state and prospects for
the development of organic production in
Ukraine and the improvement of the legislative
framework of organic production on the way to
adaptation to European standards.

Materials and Methods

Methodical analysis and abstract-logical
method for summarizing the criteria for
evaluating the formation, development and
integration of domestic organic production
into the structure of the world production of
safe products of animal husbandry and crop
production.

Results and Discussion

According to research by the European
Crop Protection Association (ECPA), 45%
of respondents prefer to purchase organic
products, but only 28% have an idea of what
is actually included in the term «organic» and
what fertilizers and plant protection agents are
used in organic production [10]. According to
the definition of the International Federation
of Organic Agricultural Movement (IFOAM —
Organics International), “organic agriculture is
a production system that supports the condition
of soils, ecosystems and people. It depends on
ecological processes, biodiversity and natural
cycles that are characteristic of local conditions,
but avoid the use of non-renewable resources.
Organic agriculture combines traditions,
innovations and science to improve the state of
the environment, to develop relationships and
ensure a decent standard of living” [7].

In general, all organic production is based
on obtaining ecologically safe products, using
substances and processes of natural origin
without genetically modified organisms (GMOs)
and non-specific chemical elements, and animal
rations fully include organic feed [11]. This
usually requires rational forms of production
management, the introduction of resource-saving
technologies, the use of harmless processing
methods that ensure the preservation of the
organic integrity and nutritional value of the
product at all stages of the production process,
the acquisition of the latest equipment, the use
of microbiological preparations, the creation of
highly productive varieties and hybrids of plants,
new breeds of animals and birds [4, 12, 13].

41



BIOTECHNOLOGIA ACTA, V. 16, No 1, 2023

The production of organic products
involves methods that:

« provide for the use of food products,
fodder, additives, fertilizers, plant
and soil protection preparations, seeds,
microorganisms and livestock products free
from GMOs and their derivatives;

exclude preservatives, chemically
synthesized dyes, flavorings, stabilizers,
flavor enhancers, hormones, antibiotics and
growth stimulants;

+ not related to the use of ionizing
radiation treatment of raw materials or feed;

« use living organisms and mechanical
production;

 provide plant nutrition through the soil
system;

- include preventive measures [2].

Products that contain at least 95% by
weight of organic ingredients (not including
the share of water and kitchen salt) and up
to 5% of permitted inorganic components
in the maximum permissible quantities are
considered organic, and this is confirmed by
a certificate, a state logo with the inscription
«organic product» (Fig. 1) [5, 6]. The logo
of organic products is not allowed to label
products obtained through non-organic
production [14]. Transportation of such
products takes place in packaging, containers
or vehicles, which makes it impossible to
replace them without damage to the seal, they
are stored in warehouses separately from
inorganic ones.

In the countries of the European Union,
the official logo “Eurolist” has been adopted to
denote organic products (Fig. 2). Products of
animal husbandry, beekeeping, aquaculture,
crop production, forest products, etc.,
are subject to labeling, provided there
is a certificate of conformity issued by
certification bodies [10]. In order to inform
the consumer, the packaging is marked in
accordance with the legally defined standards.
The label contains information on the code
number of the control body, the method of

OPrAHIMHUA
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Fig. 1. Ukrainian logo for marking
organic products
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organic production, and data on the country of
origin of the organic product [15].

In addition to the fact that organic
production is based on the principles of
public health protection, it provides for the
protection of the environment, cares for the
preservation of the soil structure, and promotes
the development of flora and fauna [16]. In
general, organic and ecological certification
systems are fixed at the legislative level and are
interconnected, although they have different
requirements for assessment bodies and criteria
for determining the conformity of products. The
logo of the environmental certification body,
which is used to mark goods and services, is a
“green crane” (Fig. 3) [6].In organic production,
it is very important to adhere to current canons
and produce products according to standards. In
various countries of the world, it is customary
to use the following private logos (Fig. 4) [17] to
denote organic products.

In the transition period before the full
implementation of the system, 85% of feed for
ruminants and 80% of feed for non-ruminant
animals must be produced according to organic
production standards with the use of approved
additives and substances [11]. During the
processing of livestock products, it is allowed
to use antioxidants, dyes and flavorings
of natural origin, enzymes, probiotics and
microorganisms are not prohibited. Marking of
such products is carried out with the state logo
“product at the stage of transition to organic
production” [18].

It should be noted that for the first time
domestic organic products appeared on the
shelves relatively recently. This was facilitated
by the creation in 2007 of the Ukrainian
accredited body — “Organic Standard”, which
certifies organic products[7, 19]. Until now, the
certification of Ukrainian enterprises working
in this sector of production was carried out
by foreign organizations. Therefore, Organic
Standard Limited Liability Company (LLC)
became the first and only domestic certification
company in Ukraine with its own logo (Fig. 5).

Fig. 2. Logo of the European Union for labeling
organic products
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“The Organic Standard united the leading
Ukrainian organizations working in the field of
organic production”.

The mission of “Organic Standard” LLC
is work related to the certification of organic
agriculture and animal husbandry. The
company provides producers and consumers of
organic products with professional certification
and information services, promotes the
development of domestic and foreign organic
markets, ensures their financial stability
and profitability [19]. With this in mind,
international experience is implemented for
certification on a permanent basis.

In general, the creation of standardization
bodies in Ukraine became possible thanks to the
international technical and financial support of
Switzerland, in particular the State Secretariat
for Economic Affairs (SECO) and the
conclusion in 1997 between the governments
of both countries of the Treaty on Cooperation,
according to which the development of the joint
Ukrainian-Swiss project “Development organic
market in Ukraine” [20]. Since 2019, Ukraine
has been participating in the implementation
of the joint program with Switzerland
“Development of trade with higher added value
in the organic and dairy sectors of Ukraine”
(Quality FOOD Trade Program)[17].

Today, “Organic Standard” LLC is included
in the official list of certification bodies that are
recognized not only in Switzerland, but also in a
number of European Union states, is a member
of the Association of Accredited Certification
Bodies (IASC) and the European Association of
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Fig. 3. Logo of the environmental
certification body
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Organic Certification Bodies (EOCC). According
to ISO 65 standards, it is accredited by the
International Federation of Organic Agricultural
Movements (IOAS) [30, 36]. The responsibilities
of “Organic Standart” LLC include the
certification of products of animal husbandry,
beekeeping, aquaculture, crop production, wild
plants, processing and marketing products,
plant protection products and fertilizers, which
are allowed to be used in organic production
and according to the assessment meet the
requirements of Ukrainian standards “BIOLan”
and international standards: Switzerland, USA,
Japan, and EU countries[15, 22, 23].

It should be noted that «BIOLan» standards
regarding organic production and labeling of
products appeared due to the adoption by the
Council of the European Union of Resolution
No. 834/2007, which concerns organic
production and labeling of organic products
[9, 10]. At the same time, the basic standards
of the International Federation of Organic
Agriculture and Bio Suisse Organic Standards
from the Association of Swiss Organic Producers
were taken as a basis [24]. Also, the Ministry of
Economic Development, Trade and Agriculture
has developed a regulatory framework for
organic production, which was formed with the
technical support of Germany. Considering that
Germany is the leader in Europe and the second
country in the world in terms of sales of organic
products, in 2016 the joint Ukrainian-German
project “Organic Agriculture” was initiated,
thanks to which a platform was developed for
the training of specialists in this field [25 ]. Since
then, the German Federal Ministry of Food and
Agriculture has initiated financial support in
Ukraine for five cooperation projects aimed at
introducing modern technologies in this field.

Obviously, the further development of
the organic movement was facilitated by
the adoption in September 2013 of the Law
of Ukraine 425-VII “On the Production and
Circulation of Organic Agricultural Products
and Raw Materials”, which entered into force
in January 2014. The document regulated
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Fig. 4. Logos of regional, national and private organic labeling systems
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ORGANIC STANDART

Fig. 5. Logo of the first Ukrainian accredited
standardization body

the basics of conducting organic agriculture,
defined the requirements for cultivation ,
production and processing of organic products,
their transportation, storage, labeling,
certification and sale [26]. However, the
ineffective system of protecting consumers
from low-quality and dangerous food products,
the imperfection of certification bodies,
as well as the difficulties of state bodies
in monitoring the quality of products and
detecting counterfeits — significantly slowed
down the progress of the Ukrainian organic
movement, and created great competition
between producers and sellers of pseudo-
organic products , it was used in the domestic
market and entered foreign markets, which
discredited the domestic industry at the
international level.

An important aspect in the growth of
the organic market is the development of a
legal framework to ensure the activities of
domestic producers in accordance with organic
standards and under the control of certification
bodies. Until August 2019, the provisions of
the Law of Ukraine “On the Production and
Circulation of Organic Agricultural Products
and Raw Materials” adopted in 2013 were in
force. However, its obvious imperfection and
the desire to adapt Ukrainian legislation to
the requirements of the legal regulation of the
European Union prompted specialists in this
field, with the support of the public sector and
the executive power, to simultaneously develop
and adopt in July 2018 Law of Ukraine 2496-
VIII “On the Basic Principles and Requirements
for Organic production, circulation and labeling
of organic products” [27]. European Union
directives on organic production were written
into the new Law, which made it possible to
better implement European criteria into the
domestic legal framework.

This Law regulated the norms of labeling and
circulation of organic products. Its provisions
improved the principles of certification and
changed the requirements for certification and
inspection bodies, established responsibility for
violations of legislative principles in the field of
production, circulation and labeling of organic

14

products. Instead, articles were removed from
the legislation in accordance with international
legal norms, which were supposed to carry out
a preliminary assessment of the suitability of
land for organic production. Objects of organic
crop production (seed production and nursery
production), livestock production (poultry
farming, beekeeping), mushroom production
(including yeast production), aquaculture,
seaweed, food products (wine production) and
fodder are covered by the Law [3]. The activities
of the certification bodies have extended to
the primary production of organic products,
including their harvesting, harvesting,
preparation, processing, processing, mixing,
restoration, filling and packaging. The law
regulated relations in the field of production
of organic products that are in circulation,
imported or exported through the customs
territory of Ukraine.

In this context, in 2020, the State Service
of Ukraine for Food Safety and Consumer
Protection (State Food and Consumer Service)
launched the List of foreign certification
bodies [28, 29]. Central executive bodies were
entrusted with the responsibilities of forming
and implementing state regulation of the safety
and quality of organic products, maintaining
the List of foreign bodies and the Register of
domestic certification bodies, exercising control
over organic market entities. According to the
current Law, the subject of certification of
organic production, circulation and labeling,
whose organic products meet the standards
recognized by other states or international
organizations, can additionally conclude an
agreement with foreign certification bodies
available in the List [27]. At the same time, it
is allowed to conclude a contract for one branch
of organic production with only one domestic
certification body. The certificate is valid for
15 months from the date of issue, and 6 months
before the expiration date, the manufacturer
informs the certification body of the intention
to renew it. Distributors of such products must
have originals or copies of certificates that
allow establishing their origin and compliance
with the requirements of legislation in the field
of organic production.

Organic market operators (producers)
undergo annual monitoring, scheduled and
unscheduled control by the State Production and
Consumer Service regarding compliance with
organic production standards [28]. The activity
of operators is periodically checked by taking
samples of finished products or raw materials
for laboratory tests. If it does not meet the
requirements of the legislation, the supervisory
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body issues a prescription to eliminate violations
or acts (resolutions, decisions) regarding the
recall and/or removal of such products.

According to the Law, for the sale or
introduction into circulation of products that
do not have a certificate of compliance with the
requirements of organic production, circulation
or labeling, as well as for violators who did not
fulfill or untimely fulfilled the prescriptions
or administrative acts of state supervisory
bodies — legal entities are subject to a fine in
the amount of eight, and five minimum wages
for individual entrepreneurs [3, 9]. For the
absence, untimely provision of information
or false information regarding the volumes of
organic products put into circulation, fines are
also provided — for legal entities five, and for
individual entrepreneurs — in the amount of
three minimum wages.

Certification bodies are also responsible in
the field of production, circulation and labeling
of organic products: for failure to provide,
untimely provision or inaccurate information
about issued certificates — a fine of five, for
non-fulfillment or untimely fulfillment of
prescriptions or administrative acts to eliminate
violations of legal requirements — eight , for
illegal issuance of a certificate — sixteen, and
for repeated illegal issuance of a certificate — in
the amount of twenty-four minimum wages [9].

As the analysis showed, the volume of
consumption of organic products increases
every year, accordingly, organic production
grows (Fig. 6), and the pace of its development in
Ukraine is 4.9 times higher, in accordance with
the world and 5.5 times more than in Europe [30].
In general, the domestic Ukrainian consumer
market of organic products is estimated at
almost 18 million euros, while per capita
consumption did not exceed 0.5 euros. On the
other hand, the export potential of our country
in this sector of the economy is about 50 million
euros and according to the estimate of “Organic
Standard” LLC, it may reach 150 million euros in

the future [19].More than 400 types of organic
products are produced in Ukraine, 10% of the
sales volume is on the domestic market and
90% is on export [31]. According to the data of
“Organic Standart” LLC, the main importing
countries of Ukrainian organic products are: the
Netherlands, Germany, Great Britain, Austria,
Poland, Italy, Switzerland, Belgium, the Czech
Republic, Bulgaria, France, Denmark, the USA
and Canada, in total more than 200 countries of
the world [19]. Ukraine ranks 4" in the world
in terms of export of organic products to the
European Union, after Ecuador, the Dominican
Republic and China [7].

The main exported products are: grains
(wheat, spelled, barley, rye, oats, millet),
oilseeds (sunflower, corn, rapeseed), legumes
(soy, peas), nuts, seeds of pumpkins, sunflower,
flax, mushrooms, berries, fruits, medicinal
herbs, spices, a total of over 80 names of organic
products [8, 32]. About 99% of organic wheat
grain goes to the EU countries. According to the
data of the independent international Research
Institute of Organic Agriculture (FiBL), there is
adynamic trend towards an increase in the share
of semi-finished and processed products: cereals,
flour, pasta, dairy and meat products, juices,
concentrates, jam, oils, tea, chocolate [20].

In 2017, Ukraine exported organic honey
for the first time, and in the following years,
the volume of its supply amounted to more than
300 tons [30]. On the European market, the
main exporter of organic sugar is LLC “Deddens
Agro”, its sales volume exceeds 800 tons. The
supply of organic raspberries to the European
Union has reached 400 tons in recent years,
and the export of blueberries, elderberries, and
blueberries has been established [7, 8].

Another driver of the organic market of
Ukraine was the Law “On Amendments to
the Law of Ukraine “On State Support of the
Agriculture of Ukraine” and other laws of
Ukraine regarding the functioning of the State
Agrarian Register and improvement of state
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Fig. 6. According to the data of IFOAM and the Federation of Organic Movement of Ukraine
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support for producers of agricultural products»
adopted in November 2020 [9]. According to
the Law, producers of organic products can
apply for state subsidies for cultivated land and
keeping cattle. Compensation of up to 30% of
costs for certification of organic production is
provided at the expense of budget funds. State
support also refers to reimbursement of up to
30% of the purchase price allowed in this area
of plant protection products, seed material,
fertilizers and feed.

Today, the structure of Ukrainian organic
livestock production is dominated by milk
production, in particular, a prominent place
in the domestic market is occupied by the
certified line of lactose-free products of the
company “Organis milk “O” [29]. It should be
noted that high production costs make organic
meat an expensive product, correspondingly
less popular among Ukrainian consumers.
In this segment, beef and veal are the most
represented — 41%, as well as pork — 28%,
chicken has smaller production capacity,
because poultry farms traditionally specialize
in the production of egg products [31].
However, in this regard, everything is not so
clear, organic egg in Ukraine is not among the
top five most consumed food products, while
in Switzerland it occupies a leading position
in terms of consumption [20]. This is due to
the small number of producers in the field of
organic poultry farming, mostly concentrated
in Zhytomyr, Odesa and Khmelnytskyi regions.

Although organic production is in the
trend of increasing agricultural land, Ukraine
ranks 11*" in Europe and 20®* — among world
countries — among the leaders of the organic
movement in terms of the area of organic land
[30]. On the other hand, in the Eastern European
region, our country ranks first in terms of the
area of certified organic arable land, which
is primarily used in the cultivation of grain,
leguminous and oil crops. More than 48% of
Ukrainian certified land is under grain crops,
which ranks 7% among organic grain-producing
countries, 16% of land is occupied by oil crops —
5% place, and 4.5% by legumes — 7' place in
the world [31]. Vegetables are grown on 2% of
certified land — this is Ukraine’s 10" place
in the world, fruits — on 0.6%, and grapes —
on 0.1% of land [12]. In general, the area of
Ukrainian certified land, which specializes in the
production of various organic products, is more
than 430 thousand hectares, which is 1% of all
agricultural land, while in the countries of the
European Union it is more than 6% [9].

According to the report of IFOAM and the
Federation of the Organic Movement of Ukraine,
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there is a positive trend in the growth of areas
under organic production, while the number of
organic market operators is increasing [7]. The
vast majority of Ukrainian operators producing
products for export and domestic consumption
are certified according to organic standards
equivalent to EU Regulations No. 834/2007 and
No. 889/2008[10, 22, 31, 33].

According to the Resolution «On the
Approval of the National Economic Strategy
for the Period Until 2030» approved by the
Cabinet of Ministers of Ukraine in March 2020,
it is planned to expand the area of land with
organic status to 3% of the land, i.e. to 1.3
million hectares [9]. This corresponds to the key
principles of the European Union laid down in
the “Farm to Fork” Strategy, which foresee an
increase by 2030 of the number of agricultural
areas under organic production to 25% and
reflected in the Ukrainian Agricultural Sector
Project “Ukrainian Green Way from Farm to
Fork: Step step by step”, which is aimed at the
development of rural communities[1].

Official statistics of the Reform Support
Office and data from Organic Standart LLC
show that in Ukraine over the past 20 years, the
number of certified organic farms has increased
17 times and currently totals more than 600
[19]. This was undoubtedly facilitated by the
growth in the level of domestic consumption
of organic products, mainly juices, oils, honey,
jams, syrups, cereals, flour, teas, medicinal
herbs, dairy and meat products [8, 32].
According to the Federation of the Organic
Movement, the Ukrainian consumer market for
organic products has grown 40 times over the
past 10 years [30]. Emphasis on the consumption
of safe organic products was observed in the
years leading up to the pandemic, when the
call for sustainable food emerged. During the
war, there were significant changes in the
agricultural sector of Ukraine in the direction
of a decrease in organic production, because
many organic farms were concentrated in the
Kherson, Zhytomyr, and Kyiv regions.

In contrast to European colleagues, where
organic production is mostly inherent to small
private farms, in Odesa, Vinnytsia, Poltava,
Zakarpattia, Ternopil and Lviv regions there
are organic farms that own agricultural land
with an area of several to thousands of hectares.
They specialize not only in fruit and vegetable
and berry products, but also in growing
legumes, keeping and breeding farm animals
and poultry. The largest area of land (16,000 ha)
is owned by the Arnica company [7].

Given the high cost of organic products,
greater consumer demand for them is usually
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observed among the urban population, which is
mainly concerned with the consumption of safe
products and has a higher level of income. It
should be noted that the price policy in the field
of organic production is determined by the high
cost of production and processing, which takes
into account additional costs for environmental
protection, cultivation of agricultural crops,
improvement of animal husbandry conditions,
measures for the development of rural areas
[34]. According to forecasts of the Food and
Agricultural Organization of the United
Nations (FAO), the profitability of this sector,
without setting high prices, will be low, because
if organic producers refuse to use traditional
means of plant protection and fertilizers in
intensive agriculture, they will suffer losses of
30-40% , or even more crop yield due to damage
by pests, due to the spread of diseases and in
connection with excessive weeding of crops
[10, 23]. If during the first five years of the
transition to organic farming, the yield of crops
decreases, then the cost of maintaining such a
field increases by 20—-30%, and the cultivation
of certain types of plants — by 50% . For some
cultures, the return of the invested funds can be
expected within 10 years, however, the increase
in the price of organic products up to 60%
allows to somewhat level the losses [7].

Ukrainian agricultural producers claim
that during the transition from an inorganic
farming system to an organic one, a high level
of crop yield reduction is also caused by a lack of
Nitrogen, therefore care should be taken to feed
plants, especially to provide organic fertilizers,
in particular manure, which, given the real
state of animal husbandry today, is problematic
[34, 36]. The use of siderates, natural minerals,
and compost can improve the situation. Crop
contamination is eliminated by introducing
soil-protective crop rotations, mulching, and
growing cover crops [34]. Chemical means of
plant protection should be replaced by biological
methods of control, the use of traps, beneficial
insects, birds, and safe substances, which at the
same time increases the frequency of spraying,
correspondingly increases the costs of using fuel,
tillage, increases the amount of material and
technical means and human resources involved
[36]. In addition, taking into account the rate
of growth of the population’s needs for food
products and the absence of unused lands in the
field of agriculture, as well as the destruction of
the arable fund of Ukrainian lands by the attacks
of the aggressor, the prospect of a full transition
to organic production is impossible.

A common opinion of consumers in favor
of organic products is that producers under

the traditional system apply an excessive
amount of pesticides to the fields, but this is
not the case, because chemicals can not only
harm plants, but also have an effect on the
following crops in the crop rotation [34]. In
fact, Ukrainian agricultural producers use two
to three times less plant protection products
compared to European ones, this is due not
only to their cost, concern for the condition of
plants, higher soil fertility — Ukraine is home
to a tenth of the world’s chernozems (this is
about 45% of our territory), but and climatic
conditions [29]. Winters that are colder than
in some European countries help to reduce the
number of pathogens, therefore the need for
additional plant protection is eliminated, and
therefore safer products are obtained [1, 34].

On the other hand, organic products protect
people from pesticides, and farmers from the
danger of poisoning during crop spraying [31].
Organic farming promotes the development of
soil microflora by more than 30% .

The advantages of organic production also
include:

- lack of dependence on mineral fertilizers
and toxic chemicals;

- increase of jobs for the rural population;

- creation of local markets for the sale of
safe products;

« better taste qualities of produced products;

- conservation of biological diversity;

« minimal impact on the soil;

« reducing the level of air, ground and
surface water pollution;

+ prohibition of veterinary drugs and food
additives for feeding animals, which have a
negative effect on health;

- more comfortable conditions for keeping
farm animals [13, 35].

Public events significantly stimulate
organic production. Thanks to the Federation
of the Organic Movement of Ukraine with the
support of FiBL, the First All-Ukrainian Fair
of Organic Products was held in Lviv in 2009,
since then this event has become traditional
[836]. In 2020, the Specialized Exhibition-
Fair of Organic Products and Technologies
“ORGANIC-2020” and the XII All-Ukrainian
Fair of Organic Products took place [19].
Exhibitors from more than 80 countries of the
world, including 37 companies from Ukraine,
presented their products and took part in
Nuremberg in the main event of 2021 — the
BIOFACH2021 training exhibition [7].

In 2020, the transition to the “online era”
took place, a number of conferences and forums
were held partly in this format, including
the “Organic Ukraine 2020” Congress, the
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“Organic: Knowledge, Experience, Results”
conference, the VII International Conference
“Organic Processing and trade 2020” [7]. In
January 2020, the conference “Organic berry
business: mistakes 2019 — prospects 2020” was
held as part of the International Berry Forum
“S-FRUIT TRANSFORMATION”, the world’s
attention was drawn to the workshop “Ancillary
products in organic agricultural production”
and the report of the FAO Program [19 ].

At the independent international
competition “Favorite Food&Drinks”, which
was held in Ukraine in 2021, the nomination
“Organic products” was introduced for the
first time and the victory was won by the
domestic certified product Ligberry [30]. In
April 2021, at the initiative of the Federation
of the Organic Movement of Ukraine and the
Ministry of Economic Development, Trade
and Agriculture, a round table was organized
on the topic: “Supporting organic production
in Ukraine: the mechanism of 2021 and new
promising directions”, at which, in particular,
the key directions of implementation were
discussed The project “German-Ukrainian
cooperation in the field of organic agriculture”.

In 2020, Ukrainian exporters of organic
products enlisted the support of the State
institution “Export Promotion Office of
Ukraine”, in the same year, with the assistance
of FiBL-IFOAM, a number of informational
materials and books were published, in
particular, “The World of Organic Agriculture.
Statistics and new trends 2020” [30]. The
source that annually publishes information on
accredited entities of organic production is the
edition of FiBL — “Organic Business Directory
of Ukraine”. The Ministry of Economy
developed the Organic Map of Ukraine on the
basis of operational monitoring data[19].

Since the spread of organic products is
facilitated by wide promotion, in this context, on
March 25, 2021, the European Parliament, the
Council of Europe and the European Commission
introduced the observance of September 23
“EU organic day”. European Commissioner
for Agriculture Janusz Wojciechowski noted
during this event that “Organic production is a
sustainable type of agriculture, in which food
products are produced taking into account the
laws of nature, preservation of biodiversity and
animal welfare” [9]. On April 4, 2018, the Law
of Ukraine “On State Control of Compliance
with the Legislation on Food Products, Fodder,
Animal By-products, Animal Health and
Welfare” entered into force, which provides for
the regulation of the legal and organizational
principles of state control, which is carried
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out in order to verify compliance by market
operators of the legislation on food products,
feed, animal health and welfare, as well as on by-
products of animal origin during the importation
(forwarding) of such by-products to the customs
territory of Ukraine.

Conclusions

The development of the organic movement
is a promising lever of Ukraine’s food security,
accordingly, the work on the legal regulation of
the activities of domestic producers of organic
products does not stop, the legislation is being
improved in the direction of introducing effective
state support in this area at the regional and
national levels. Today, the main problem of
actively implementing the system and joining
the Organic movement on the way to adapting to
European standards is the conduct of hostilities
and the aggressor’s mining of Ukrainian
agricultural lands, the destruction of livestock
farms and agricultural animals, and the killing
of farmers during rocket attacks. Therefore, the
Ukrainian organic movement needs the support of
the world community in order to speed up plans to
restore and expand the area of land with organic
land status and renew organic production.

Of course, organic feed production, animal
husbandry and crop production will continue to
exist in parallel with non-organic production, but
the principles and relationships of these systems
will depend significantly on the availability
of energy sources, the availability of plant
protection products, fertilizers, soil fertility, care
for the preservation of the natural environment,
ensuring welfare population and its needs in
healthy nutrition. Also, for the restoration of
agricultural lands, demining and bioremediation
with the use of bacterial and phytoremediation
of soil and water resources should be applied,
and for this, after the liberation of our state, a
return to the peaceful management of the national
economy is necessary. We believe in the victory
and restoration of Ukraine with the help of allied
states and people of good will.

This article contains no human or animal
research conducted by any of the authors.

The work was performed within the
framework of the salary of an associate
professor for the lecture course “Modern
application of biotechnological methods” and
the departmental fundamental topic of the
NDR/TBSFB-20/2019-2023 “Implementation of
methodological developments in the educational
process of biotechnology and pharmacy”
(NU LP); state registration 0119U102350.
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OCHOBHI ACITEKTH BUPOBHHUIITBA OPTAHIYHOI ITPOAYKIIII B YKPATHI
H. 3. 0zopodnux?, O. 3. Ceapuescvra?, O. B. Illed®, T. R'ymca4

! JIpBiBCHKMIT HAMiOHATBHII YHiBEpCUTET IPUPOJSOKOPUCTYBAHHA, ¥ KpaiHa
2 JIbBiBCHK Uil HAIIIOHAIBHUN YHIBEPCUTET BETEPUHAPHOI MEAUIINHY
ta 6iorexuosoriii imeni C.3. [sumproro, Ykpaina
SHanionaabHuit yHiBepcuret «JIbBiBCchbKa moJriTexHika», Y KpaiHa
4yHiBepCI/ITeT Omnoue, Incturyt Ximii, IToasira

E-mail: olha.v.shved@lpnu.ua

CraTTs NpruCcBsYeHAa BUCBIT/IEHHIO CTAHY # IIEPCIIEKTUB PO3BUTKY B Y KpaiHi opraHiuHOro BUPOOHUIITBA.
IIpencraBieHo OCHOBHI BUMOTHY 0 BUTOTOBJIEHHS, KJaacudikaIlii Ta MapKyBaHHS OpTaHivHOI MPOAYKILii TBa-
PUHHOIO i POCIUHHOTO TOXOAKEeHHA, HATOJIOIIYETHCI HA YNHHUX IIPABOBUX 3aCalaX, AKUMU KEePYIOThCA 3a
ii cepTudikairii Ta 06iry, Bimo6paskeHo KJIIOUOBIi ITOJ0KEHHS 100 OI[iHIOBAHHSA I PeTyJIIOBaHHA Y it cdepi
IifIBHOCTI, TOKA3aHO0 eTanu YAOCKOHAJEeHHA BiITUN3HAHOI 3aKOHOAABYO01 0a3u OpraHiuHOTO BUPOOHUIITBA HA
OLIAXY afalTallii 7o eBpoIeiicbKUX CTaHIapTiB.

Mema. BucBiTiinTu cTaH Ta IepCIeKTUBU PO3BUTKY B ¥ KpaiHi opraniuHoro BUpOOHUIITBA I YIOCKOHA-
JIeHHS 3aKOHO/JaBU0l 6a3¥ OPraHiuHOro BUPOOHUIITBA HA MIJIAXY aJalTallii 10 €eBpOneicbKUX CTaH apTiB.

Mamepianu ma memodu. MeToquuHUt aHaIi3 i aOCTPAKTHO-JIOTIYHUN MeTO AJIA y3araJlbHeHHA KPUTe-
piiB OIiHKY CTAHOBJIEHHS, PO3BUTKY Ta iHTeTrpyBAHHSA BiTUN3HAHOTO OPTaHIYHOTO BUPOOHUIITBA B CTPYKTYPY
CBiTOBOTO BUPOOHUIITBA 6€3IT€UHOI MPOAYKITiI TBADMHHUIITBA i POCTUHHUIITBA.

Pesyavmamu. [leTaabHO OINCAHO POSBUTOK OPTAHIYHOTO PYXY, AKUHU € IEePCHEKTUBHUM BayKeJieM IIPO-
IOBOJIbYOI Oe3llekn YKpaiHu, i ToMy, BiIIIoBigHO, He NMPUIMHSIETHCSI PoOOTa 3 IPABOBOTO BPery JJIOBaHHS
IisIBHOCTI BITUM3HAHUX BUPOOHUKIB OPraHiuHOl IPOAYKILil, BIOCKOHAJNIOETHCA 3aKOHOIaBCTBO Y HAIIPAM-
KY 3aIpOBa/’KEeHHA Ha PerioHaJbHOMY Ta HAIliOHAJBHOMY PiBHAX e(DEKTUBHOI Jep:KaBHOI HiATPUMKHU ITiel
cepu. 3BuUUaiino0, OpraHiuHe BUPOOHUIITBO KOPMiB, TBADUHHUIITBO Ta POCIAUHHUIITBO ITPOJOBIKYBATUMYTh
icHyBaTHu mapaJjeJbHO 3 HEOPTaHIYHUM BUPOOHUIITBOM, ajie IIPUHITAIIN Ta B3a€MO3B’ A3KU IIUX CUCTEM CYT-
TEBO 3aJI€KATUMYTh BijJi HATBHOCTI PKepeJst eHepriil, HagBHOCTI 3aC00iB 3aXUCTy POCINH, TOOPUB, POAIOYOCTI
I'PYHTY, OOTJIAAY Ha 30epeKeHHs HaBKOJHUIITHLOTO IIPUPOSHOTO CEPEIOBUIIA, 3a0e3meueHHsa fo0OpoOyTy Hace-
JIeHHS Ta oro motped y 3J0poBOMY XapuyBaHHi. TaKoK AJId BiIHOBJIEHHS arPOTEeXHIUYHUX yTijlb, OUeBUIHO,
caim 6yme sacTocyBaTu po3MiHyBaHHSA Ta 6iopememiallito i3 3acTocyBaHHAM OaxkTepiaabHOI Ta hiTopememia-
il I'PYHTiB i BOMZHUX pecypciB, a IJid IBOTO Iic/d 3BiJILHEHHA HAIIIOI Aep)KaBU HEOOXiTHO IOBEPHEHHA 10
MHUPHOTO BeJleHHSA HapOJHOTO TocIiofapcTBa. BipuMo y mepeMory Ta BiZHOBJIEHHS ¥ KpaiHMU 3a JOIIOMOTOIO
COIOBHUX JepPrKas i Jromeit 1o6poi BoJIi.

Knwouosi cnosea: opraHiuHa mpoayKIlisg; ceprudikailisi; MapKyBaHHS; €BPOIEHCBbKiI cTaHmapTu;
Oiopemepmiallis; IpaBoBi 3acau PeryJIIOBAHHS OPraHIYHOTO PUHKY.
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B-Glucans are a group of non-starchy polysaccharides, or (1,3),(1,4)-p-D-glucans, that can be found
in the cell walls of several species of bacteria, algae, lichens, fungi, and cereal grains. These carbohy-
drates are extensively used in food industry, cosmetics, pharmaceuticals and healthcare, therefore opti-
mization of the extraction and isolation of B-glucans from grain sources has an especial importance in
various fields of biotechnology, drug design, food science and technology.

The aim of the study was to develop an optimized technological scheme for isolation of -glucans
from oat bran based on ultrasonic and enzymatic processing of raw material.

Materials and methods. B-Glucans were isolated from grinded oat cereals during multi-stage
process, which includes extraction of grain fats, hydrobarothermic processing, ultrasonification,
enzymatic hydrolysis of concomitant starch and proteins, precipitation of B-glucan fraction by
ethanol, centrifugation, and dry-freezing. Yield of B-glucans from raw material and its concentra-
tion in the final product were determined after hydrolysis by sulfuric acid or enzymatic cleavage by
endo-1,3(4)-pB-glucanase.

Results. As shown by acidic hydrolysis of the final product, the yield of p-glucans was 10.8 =
0.23% and concentration was 79.6 = 3.89% , while enzymatic hydrolysis gave 8.7 = 0.82% and 65.1
+ 4.72%, respectively. Thus, the use of hydrobarothermic and ultrasound pre-treatment of raw
material in combination with proteolytic digestion of ballast lipids and proteins allowed producing
oat B-glucans in amounts comparable with those in case of acid- or alkali-based procedures.

Conclusions. The described technological scheme of B-glucan isolation from oat bran based on
sequential hydrobarothermic processing, ultrasonification, and enzymatic removing starch and
proteins can be widely used for routine f-glucan production for various purposes in food technology,
pharmacological industry, and medicine.

Key words: B-glucan; oat; hydrobarothermic processing; ultrasonification; enzymatic hydrolysis.

B-Glucans are a group of non-starch
polysaccharides, in which D-glucose residues
are linked by pB-(1-4) and B-(1-3) glycosidic
bonds. Single B-(1-3) linkages are generally
separated by 2 or 3 B-(1-4) linkages but the
ratio between pB-(1-4) and B-(1-3) linkages
differs between various species (Fig. 1) [1].

These polysaccharides are present in the
cell walls of many natural sources including
bacteria, yeasts, lichens, fungi, algae, edible
mushrooms, and cereal grains such as oats,
barley, wheat, and rye. B-Glucans are referred
to as a type of dietary fibers, which are
classically used to boost the immune system

and to treat hyperlipidemia [2]. Results of
the studies conducted during the past two
decades support the suggestion that regular
intake of oat B-glucan at daily doses of at least
3 g may reduce plasma total and low-density
lipoprotein (LDL) cholesterol levels by 5—10% in
normocholesterolemic or hypercholesterolemic
subjects. As an effective food supplement with
no side effects even at a higher consumption,
B-glucans have been reported as generally
recognized as safe (GRAS) by U.S. Food and
Drug Administration (FDA) [3]. B-Glucans
have numerous healthcare properties and
have found a variety of applications in human
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Fig. 1. Structure of various -D-glucans:
a — cereal mixed-linkage (1-3) (1-4)-p-D-glucan, b — microbial (1-3)--D-glucan,
¢ — 1-3-B-D-glucan from lichens, d — branched fungal or seaweed (1-3) (1-6)-B-D-glucan

and veterinary medicine, pharmaceutical,
cosmetic and chemical industries, food and
feed production. B-Glucans can be incorporated
into various products, such as bread, muffins,
pasta, noodles, salad dressings, beverages,
soups, and reduced-fat dairy and meat products
[4]. Mushroom- and cereal-based foods
containing these polysaccharides have been
reported to be beneficial for health to display
anticarcinogenic, antiviral, anti-inflammatory,
prebiotic, antioxidant, neuroprotective, and
immunostimulatory properties [5].

The oat (Avena sativa) is a well-known
cereal and one of the first cultivated plants
by humans. This crop is used extensively and
currently world oat production is about 22
million tons per year, however less than barley
at 170 million tons per year and much less
than the 772 million tons of wheat in 2021.
Oat groats are rich in protein (usually 13-20%
of dry weight), a source of unsaturated fatty
acids and contain natural antioxidants such as
tocopherols, tocotrienols, sterols, and phenolic
acids. Quantitative analysis have shown that
B-glucan content in whole oat grains and oat
bran products is typically in the range of 2%
to 8.5% and from 6% to 12%, respectively [6].
B-Glucans are present in the aleurone cell wall,
but their amount is small compared with that
in the underlying starchy endosperm, which
is the primary storage site of starch, protein,
lipid, and B-glucans. B-Glucans are concentrated
mainly in bran during the processing of grain
crops into flour and cereals [7]. Therefore,
oat bran can be used as a raw material for the
industrial production of B-glucan concentrates
and isolates for food manufacturing,
pharmaceutical industry, and cosmetology.
This justifies the need for isolating B-glucans
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in maximally pure form. Thus, studies on the
extraction and isolation of B-glucans from oat
bran remain of tremendous interest and have
outstanding applied significance.

There are different extraction methods for
the isolation of B-glucans from grain sources
mainly oats and barley [8]. Four classes of
extraction methods are described as follows:

i) water extraction,

ii) alkaline extraction,

iii) acidic extraction, and

iv) enzymatic extraction.

As considered, extraction methods for
isolating B-glucans involve the use of acid
or alkali. Meanwhile, these substances may
cause corrosion of equipment, are dangerous
in producing process, and toxic to humans.
Therefore, the development of technology
using softer and more efficient methods of
B-glucan extraction is an urgent problem.
Further, presence of starch and protein in minor
quantities in the final product will not be harmful
for human organism as being extracted from
edible source. On the contrary, their presence
at higher levels may decrease the viscosity of
B-glucans and consequently exerts adverse effect
on biological activity of these polysaccharides.
Hence, it is a challenge for researchers to obtain
high yield of the produced component with high
purity via removing undesirable impurities
preferentially by enzymatic processing of raw
material. Thus, the aim of the presents study was
to elaborate an optimized method for B-glucan
isolation based on ultrasonic and enzymatic
processing of the oat bran.

Materials and Methods
Oat bran obtained by processing naked
grain oats into flour according to the state
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standard (DSTU 4963:2008 Oat Technical
Conditions) was used in the study. The bran was
preliminarily ground into flour with a particle
size of 0.5 mm. For grain fat extraction, oat
flour (150 g) was suspended in 50% ethanol (1
1) during 1 h on the water bath at 60 °C. Then,
ethanol extract was separated from defatted
bran by centrifugation at 16,000 g for 30 min
at 4 9C. Sedimented bran was resuspended
in distilled water (1:5) and heated up to 115
OC for 1 h. Hydrobarothermic processing of
crude material results in gelatinization of oat
starch, formation of dextrins, and dissolution
of water-soluble proteins of aleurone grains,
as well as microbiological sterilization. After
cooling, the suspension was sonicated with
a density of acoustic energy of 0.5 W/cm?
for 10 min. Ultrasonification is carried out
in a mode that allows generating multi-scale
acoustic flows directly in the zone of the mass
transfer process, and as a result, a developed
system of flows appears in the extractor. It
includes such flows from the sizes comparable
to the scales of the containing capacity of the
extractor to the scales of the hydrodynamic
boundary layer (1-10 um). In this case,
ultrasonic action is accompanied by cavitation
and, consequently, the appearance of many
local impact waves with pressures up to
hundreds and thousands of atmospheres. Such
an impact on the solid phase leads to a decrease
in diffusion resistance inside the solid particle,
removes diffusion resistance at the solid phase-
liquid interface, and significantly increases the
efficiency of the extraction process. During
ultrasonic processing, B-glucan is extracted
from the cellulose matrix in combination with
nutrients, vitamins, microelements and other
biologically active compounds. B-Glucan-
containing extract forms a gel that prevents the
reverse sorption of the extracted substances. As
aresult, a suspension of cellulose particles with
extracted substances is formed.

After hydrobarothermic and sonification
procedures, extract of oat bran was incubated
with a thermostable a-amylase (EC 3.2.1.1)
(Amylase®AG XXL, Novozymes, Sweden,
3,000 Units/ml) for 9 hs at 60 °C, pH 7.0-7.4,
and constant agitation for starch degradation
(liquefaction). Starch degradation was
monitored by measuring glucose concentration
with glucose oxidase glucometer until reaching
the maximal plateauing concentration of the
monosaccharides. Then, fermented mixture
was cooled at 40—45 °C and incubated with
alkali protease (EC 3.4.21.62) (Protease
Subtilisin A, Novozymes, Sweden, 8 Units/mg
protein) for 9 hs at pH 8.0 and constant

agitation in order to digest plant proteins. Rate
of proteolysis was monitored by determining
free amino acids by ninhydrin method until
saturating concentration [9]. After proteolytic
treatment, hydrolysate containing starch and
protein monomers and oligomers and cellulose
particles was separated from liquid phase by
centrifugation at 16,000 g for 30 min at 4 °C.
B-Glucan was precipitated from supernatant by
ethanol (1:3) during 12 hs at 4 °C, sedimented
by centrifugation as mentioned above, and
freeze-dried. Determination of B-glucan
concentration in the final product was made by
acidic hydrolysis with 2 M H,SO, for 30 min
followed by measuring reducing carbohydrates
as described elsewhere [10]. As an alternative
approach, pB-glucan concentration was
evaluated by enzymatic hydrolysis with
non-specific endo-1,3(4)-B-glucanase (EC
3.2.1.6) (E-LICACT, Novozymes, Sweden,
186 Units/mg) for 6 hs at 40 °C, pH 6.5.

The principal technological scheme for
B-glucan production from oat bran is presented
in Fig. 2.

Procedures of B-glucan isolation were made
in triplicate. Quantitative results were expres-
sed as Mean = SEM (Standard Error of Mean).
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Fig. 2. Technological scheme for B-glucan isolation
from oat bran by ultrasound-assisted
and enzymatic processing method
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Results and Discussion

Raw material and final product are depicted
in Fig. 3. The yield and concentrations of
B-glucans isolated from oat bran are presented
in the Table. Some differences in B-glucan
concentrations measured after H,SO4 hydrolysis
and enzymatic degradation can be explained
by the fact that acidic hydrolysis could provide
total hydrolysis of B-glucans as compared with
cleavage by endo-1,3(4)-B-glucanase, which
is preferentially is endo-acting enzyme. The
content of B-glucan in the final product was
obtained as high as ~80% that is comparable
with B-glucan abundance produced by various
methods based on alkalic or acidic treatment
of raw material [5, 11]. Moreover, the final
product contains less of 5% monosaccharides
and trace amount of proteins and amino acids.
Thus, combination of hydrobarothermic and
ultrasound pre-treatment of raw material
followed by its enzymatic processing was shown
to be effective strategy for p-glucan extraction
and isolation from oat bran. Small amounts of
monosaccharides and amino groups make this
product potentially usable for many applications.

Summarizing obtained results, it can be
assumed that hydrobarothermic treatment of
raw material promotes starch gelatinization
and dextrinization and contributes to a
more complete dissolution of the proteins
of the aleurone layer, which makes them
more accessible for enzymatic hydrolysis.
Ultrasonification step allows extracting
B-glucans from cell wall, thus increasing its yield
to the final product. In the future experiments,
some principal parameters of 3-glucans produced
by the described methods should be tested
because the processing of oats has a crucial
impact on the main parameters of -D-glucans,
such as molecular weight (Mw) and viscosity.
It has been reported in literature that viscosity
of B-glucans in the gut is mainly responsible for
its cholesterol lowering effects [7, 12]. Water-
solubility and Mw of B-glucans are considered
to control availability to immune cells or other
biological or biomolecular targets [5, 13].

A B

Fig. 3. Oat bran as raw material (A) and isolated
and freeze-dried B-glucans as a final product (B)
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Considering the prices of many products,
containing B-D-glucans, it should be taken in
mind that oats belong to the cheapest grains
available in the world. Therefore, oat §-glucans
may have extensive industrial applications
(foods, medicines, cosmetics, feeds, etc.).
Consumption of oat B-glucans has well-
documented health benefits [2, 5, 6] (Fig. 4).

B-Glucan is used classically to boost the
immune system and to treat hypercholeste-
rolemia[7, 12, 13, 14]. For example, B-glucan
can modulate the autoimmune mechanisms
directed to pancreatic islets and inhibit the
development of diabetes mellitus[15, 16]. It is
of interest that in the central nervous system,
B-glucans activate microglial cells, which act
as scavengers of the brain cell debris and play
a protective role in Alzheimer’s disease, AIDS,
ischemia injury, and multiple sclerosis [5,
16, 17]. Using an atherosclerosis model, Gao
et al. [18] have shown that dietary oat fiber
had an anti-neuroinflammatory effect and

—— < Immunomodulation

S I 3 _—_-_""\-\.
B Hyperlipidemia D

-

(
—

== ) .
S Hypertension >

o~ 5 % B
t__ Diabetes mellitus 0

— —\-\_\_\_-\

5 Cancer o

—Viral and bacterial ——

C:-h___ﬂfecﬁons_ ___,)

Biomedical ¢ septieshock
application —_—
of B-glucan mm—— —

— _ Radiation exposure

——

" Chemical

Te— cytotoxiclty

oy = T
- Waound healing 2

——— —_—

C:__;Egzh;m; _:)

C Atms D

L C:_ Neum-degeneramn_i_')

Fig. 4. Prospective biomedical applications
of oat B-glucan



Experimental articles

Evaluation of 3-glucan concentration in the final product (n = 3)

Parameter, %

Method for determination of reducing carbohydrates

H,SO, hydrolysis B-glucanase hydrolases
B-glucan yield 10.8 = 0.23 8.7+0.82
B-glucan concentration in the final product 79.6 = 3.89 65.1+=4.72
Monosaccharide concentration in the final product 3.48 =0.55
Protein/amino acid concentration in the final 0.24 =0.03
product
reduced expression of reactive astrocytosis Conclusion

marker, glial fibrillary acidic protein
(GFAP), in the cortex and hippocampus of
rat supplied by high cholesterol diet. As
potent immunomodulators, B-glucans orally
administered may be useful as adjuvants,
improving the effectiveness of various
vaccines currently marketed against SARS-
CoV-2[19]. Purified B-glucan as a substrate
for B-1,3-glucanase enzyme assays are widely
applied in the research of plant pathology
and adversity physiology as well as in routine
analysis of microbial -glucanase activities in
their industrial production [20].
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VJIBTPA3BYKOBUU TA EHBUMATHYHUN METOJ OTPUMAHHSA
B-TTIOKAHIB 3 BIBCAHHUX BUCIBOR

B. B. Kopca, A. O. Tuxomupos

IacturyT 6ioximii im. O. B. Ilannagina HAH Vkpaiuu, Kuis
E-mail: artem_tykhomyrov@ukr.net

B-T'miokaHM — rpyna HEKPOXMAaJUCTUX IoJicaxapunis, abo (1,4),(1,3)-p-D-ratokaHiB, aKi BXOJATH 10
CKJIaNy KJIITHHHUX CTiHOK AesIKUX BUAIB 6aKTepili, BogopocTeil, JUIMTaNHUKIB, rpubiB i 3epHa 3J1aK0BUX
pocuiuH. 11i ByryieBoM MINPOKO BUKOPUCTOBYIOTHCA B XapPUYOBill IPOMUCIOBOCTi, KOCMETHII1, (hapMaIrieBTUILL
Ta cdhepi 0XOPOHU 3LOPOB’ s, TOMY ONTUMIi3aIlid MeTOLiB BUIiIeHHSA [-TVIIOKAHIB i3 3epHOBUX Mae 0c00I1UBe
3HaUYEHHA JJIS PO3BUTKY Pi3HUX raayseit 6ioTexHOJOTil, [u3aiiHy JiKiB, XapuoBUX TeXHOJIOTi.

Memoto poboTu 6y10 PO3SPOOUTH OIITUMiB0BAHY TEXHOJIOTIYHY CXE€MY BUiJIEHHA B-TUIIOKaHiB 3 BIBCAHUX
BUCIiBOK i3 3aCTOCYBAHHAM yJIbTPA3BYKOBOI Ta €H3UMATUYHOI 00POOK CUPOBUHU.

Memodu. B-I'mokanu 6yJ10 BUAiIEHO 3 TOAPiOHEHUX BiBCAHUX 3JIaKiB B X0/i 6araTocTamiiiHOTO IIpPOIleCy,
AKWUU BKJIIOYAB €KCTPAKI[iIO JKUPiB 3epHA, Tifpo0apoTepMiUHy Ta yIbTPa3ByKOBY OOPOOKY, €H3MMAaTUIHUH
TigpoJIis CymyTHiX KPOXMAaJIIo Ta IPoTeiHiB, ocagskeHHA (paKiii B-TifoKaHy eTaHOJIOM, IeHTPU(YyryBaHHA
Ta JiodinbHe BucynryBaHHA. Buxin B-rurrokaniB i3 cMpoBUHM Ta HOTO KOHIIEHTPAIIII0 B KiHIIEBOMY IIPOIYKTL
BU3HAYAJIN ITiCJIA T1IPOIi3y cipuaHOIO KMCJIOTOI0 a00 €eH3MMAaTUYHOTO Po3liienyieHHsa enro4)1,3-)-B-rioxkanasoro.

Pesyavmamu. KuciaoTHuit rifposiisa KiHIeBOro IPOAYKTY LO3BOJUB BCTAHOBUTH, III0 BUXiJ B-TJIIOKaHiB
ckiaas 10,8 = 0,23%, a kounenTpaiiga — 79,6 = 3,89%, Toai AK eH3UMATHUUYHUH TiApOJIi3 1aB BigmoBigHi
Besuuuan 8,7 + 0,82% 1 65,1 = 4,72% . TakuM YMHOM, BUKOPUCTAHHSA IIOIEPeSHBOI rigzpobaporepMiuaol
Ta yJIbTPa3BYKOBOI 00POOKY CMPOBUHY B KOMOiHAIlil i3 3aCTOCYBAaHHAM IIPOTEOJiTUUHUOTO PO3IENIeHHST
OanacTHUX JimixiB i mpoTeiHiB M03BOMMIO OTPUMYBATH -TJIIOKAHU BiBCa B KiJIBKOCTAX, MOPIiBHAHHUX 3
TaKUMU, 1110 OTPUMYIOThCS IIPU BUKOPUCTAHHI KMCJIOTHOI a0 JIy:KHOI 06POOKY CUPOBUHMU.

Bucnosku. Onincana TeXHOJIOTiuHA cXeMa BUIiJIEeHHs [3-TJII0KaHy 3 BUCIBOK BiBCSHOI'O 3epHa HA OCHOBI
TOCJIiOBHOI TifpobapoTepMiuHOi Ta yIBTPa3ByKOBOI 00POOKI, €EH3MMATUYHOTO BUAAJIEHHA KPOXMAaJII0 Ta
IPOTeiHiB MOKe OyTH MIMPOKO BUKOPUCTAHA IS PYTUHHOTO BUPOOHUIITBA -TJIIOKAHY AJId PisHUX mOTped
XapuoBOi TEXHOJIOTII, (DapMaKOJOTiYHOI IPOMIUCIOBOCTI Ta MEIUITNHI.

Knwuoei cnosa: B-riroxkan; oBec; rizpodaporepmiuna 06podKa; yIbTPa3ByK; eHSUMATUYHUU TiAPOJIi3
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Neuroinflammation is a key feature of Alzheimer’s disease (AD), a progressive neurodegenerative
disorder. Microglia, the resident immune cells of the central nervous system, are involved in the AD
pathogenesis and are principal players of neuroinflammation. Enhanced phagocytic activity is one of
the main features of microglial cells mediated neuroinflammation. Correct reproduction of neuroin-
flammation in animal models is one of the main methodological approaches for studying AD pathogen-
esis and pathophysiology. The aim of the study was to conduct a comparative assessment of the microg-
lia phagocytic activity of in rats with AD induced by intrahippocampal injection of amyloid  (Af) 1-40
and AB25-35.

Methods. Male Wistar rats were used in the study. Intact and sham-operated animals were used as
controls. The development of the disease was confirmed by the assessment of cognitive impairment in the
Barnes maze behavioral test, as well as by the level of dopaminergic neurons (DN) loss. The microglia
phagocytic activity, as well as oxidative metabolism and the expression of phenotypic markers CD86 and
CD206 were determined by flow cytometry.

Results. In animals with AB1-40-induced AD, significant impairment of cognitive activity and DA
loss were registered, microglia was characterized by an increase in the proportion of phagocytic cells with
up-regulated endocytic activity along with increased oxidative metabolism and overexpression of CD86
and CD206. In animals with AB25-35-induced AD, moderate impairment of cognitive activity was
observed, microglia was characterized only by an increase in the number of phagocytizing cells without
changes in endocytic activity, oxidative metabolism, and expression of phenotypic markers of phagocyte
polarized activation.

Conclusion. Thus, in animals with AB1-40-induced AD, the proinflammatory metabolic profile of
microglia, which is characteristic for neuroinflammation in the clinical course of the disease, is more
adequately reproduced.

Key words: Alzheimer’s disease; microglia; phagocytosis; inflammation.

Alzheimer’s disease (AD) is the leading
progressive neurodegenerative disorder
associated with memory loss and disability,
which affects millions of people worldwide.
It ranks seventh among the leading causes
of death in people aged > 65 [1-3]. AD
is characterized by the accumulation of
extracellular senile plaques of abnormally
folded amyloid B (AB) and intracellular deposits
of tau protein, causing the neurons loss and
cognitive impairment [4]. Neuroinflammation,
involving the microglia proinflammatory

activation, reactive astrogliosis, the expression
of proinflammatory cytokines, and the release
of reactive oxygen and nitrogen species, is
considered one of the key mechanisms of the AD
pathogenesis, which underlies the initiation
and progression of neurodegeneration [5, 6].
The main effectors of neuroinflammation
are microglial cells — specialized resident
macrophages in the central nervous system
(CNS), which respond to tissue damage and
the presence of pathogens by removing cellular
debris, misfolded protein aggregates, damaged
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neurons as well as foreign inviders through the
process of phagocytosis [7].

Microglia is activated in response to Af
deposition and are thought to play a dual
role in the AD pathophysiology. On the one
hand, it participates in phagocytosis and
clearance of AP, and on the other hand, it
can release pro-inflammatory mediators that
can increase neuronal damage and promote
disease progression [8]. Resting microglia has
a small cell body and very thin, highly ramified
processes, and maintains an anti-inflammatory
state with low expression of pro-inflammatory
mediators and low phagocytic activity [9,
10]. Recognition of AP causes a change in the
microglia morphology with the acquisition of
a rounded cell shape with almost completely
absent processes (dendrites), and stimulates
phagocytic activity for amyloid clearance.
Microglial cells express several phagocytic
receptors involved in AP clearance: scavenger
receptors (SR-AI/II), CD36, RAGE (receptor
for advanced glycosylation end products),
Fc¢ receptors, TLRs (toll-like receptors)
[11]. Removal of AB from the extracellular
space by phagocytosis is thought to limit its
accumulation. AD occurs when the formation
of AP exceeds its removal by microglia [12].

The exact mechanisms underlying impaired
microglial phagocytosis of Ap remain a subject
of active research and debates. Recent data
indicate that the AD development is associated
with phagocytic dysfunction of microglia
[10, 13]. It is noted that the presence of
large heterogeneous intracellular inclusions
indicates that increased engulfment, but
inefficient phagolysosomal degradation of
the phagocytosed material may be associated
with aging of microglia and, as a result, with
ineffective AP clearance [12]. A decrease of
phagocytic activity in the brain of AD patients
is also associated with genetic defects of
microglial, as well as astroglial cells [14].

On the other hand, there are also data on the
increased microglia phagocytic activity, which
correlates with cognitive impairment both in
AD patients and in animals with a model of
this disease [15]. Recent studies have shown
that in AD there is an increase in microglial
phagocytosis simultaneously with an increase
in the level of production of reactive oxygen
species (ROS) by these cells, which is known
to lead to increased inflammation and neuron
damage [16].

However, all authors agree that the
microglia phagocytic activity plays a decisive
role in the pathogenesis of neuroinflammation
in AD and requires more thorough research.

58

One of the methodological approaches used
to study the AD pathogenesis and search for
new therapeutic targets are interventional
models based on intracerebral administration of
AB[17]. In this study, two most commonly used
AD animal models based on intrahippocampal
AP administration: the AB1-40-induced model
and the AB25-35-induced were compared. Senile
plaques in AD patients are usually composed
of AB1-42 and AB1-40. The AD animal model
based on intrahippocampal administration of
AP1-40 is a classic interventional model of this
disease and is accompanied by the development
of progressive neuroinflammation. However,
although AB1-40 is the form of amyloid most
prone to aggregation [18], the ability to cause
cognitive impairment is inherent not only
to AB1-40, but also to some fragments, in
particular the undecapeptide AB25-35. This
fragment, located at the C-terminus of the
molecule, is the functional domain of Ap,
required for both neurotrophic and neurotoxic
effects. Taking this into account, AB25-35 is
often chosen as AD model for in-depth study of
the effects of AB-mediated neurotoxicity. More
pronounced cognitive disorders in experimental
animals are observed when aggregated AB25—-35
is administered [19]. According to literature
data, intrahippocampal administration
of APB25-35 causes the development of
neuroinflammation with increased synthesis
of neurotoxic reactive oxygen and nitrogen
species by microglial cells. Data on the
phagocytic activity of microglia, which is
assigned a significant role in the process of
neurodegeneration, in these two AD models are
absent in the literature.

The aim of the study was to conduct a
comparative assessment of the phagocytic
activity of microglia in rats with AD induced
by intrahippocampal administration of AB1-40
and AB25-35.

Materials and Methods

Animals and study design. 14-month-
old male Wistar rats (300—500 g) bred in the
vivarium of the Educational and Scientific
Center “Institute of Biology and Medicine” of
Taras Shevchenko Kyiv National University
were used in the experiment. Animals were kept
under standard conditions with access to water
and food ad libitum. The animal maintenance
protocol was approved by the University’s
Bioethics Committee in accordance with the
Animal Protection Act. All animal studies
were conducted in accordance with the norms
established by the Law of Ukraine No. 3447-
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IV “On the Protection of Animals from
Cruelty”, as well as in accordance with the
standards of the Convention on Bioethics of
the Council of Europe “European Convention
for the Protection of Vertebrate Animals
Used in Experimental and Other Scientific
Research goals” (1997), general ethical
principles of work with experimental animals
approved by the First National Congress on
Bioethics of Ukraine (September 2001) and
other international agreements and national
legislation in this field. Before the experiment,
the animals were randomly divided into
4 groups: I (n=10) — intact animals kept
in standard vivarium conditions and not
subjected to any manipulations; II (n = 10) —
sham-operated (placebo) rats; III (n =10) —
rats with AB1-40 induced AD; IV (n=10) —
rats with AB25-35 induced AD. Randomization
was performed using the “RAND ()” function
in Microsoft Excel.

Surgery and AB1-40 and AB25-35 AD
induction were performed as described
by Mudo et al., 2019 and Schimidt et al.,
2019 correspondingly [20, 21]. Rats were
anesthetized with a mixture of ketamine
(75 mg/kg, Sigma, USA) and 2% xylazine
(100 pl/rat, Alfasan International B.V., The
Netherlands) intraperitoneally in the volume
of 1 ml. After this, animals were placed in a
stereotaxic apparatus (SEJ-4, Ukraine), and
were scalped from the point of intersection
of the sagittal suture with the bregma (zero
point): 2 mm distally, 2 mm laterally, and 3.5
mm deep, and a burr hole was made with an
injection needle directly into the hippocampus.
Next, animals received unilateral intra-
hippocampal injections of AB1-42 or AB25-35.
The suspension volume was 10 ul per animal,
infusion was carried out for 5 minutes at a rate
of 0.5 ul/min (every 15 s). After administration
of A, the tip of the microinjector remained
in the brain tissue for 4 min. After that, the
microinjector was removed, and the soft tissues
of the head were sutured. The sham group was
intra-hippocampal-injected with 10 pl of sterile
ddH20.

Degeneration of hippocampal dop-
amineric neurons (DN) was assessed
using immunohistochemical staining

(IHC) with antibodies to tyrosine hydroxylase
(TH) [22]. The intensity of TH-positive
staining was assessed on a semi-quantitative
scale using quantitation methods (as described
by Quantitative Scoring Methods [http://www.
iheworld.com/ihc_scoring.htm]), taking into
account the number of positive (stained) cells
and staining intensity (Table 1). The results
were calculated by multiplying the percentage
of positive cells (P) by the intensity (I) and
presented as a quick estimate (Q): @ = P x I.

Spatial learning and memory of rats were
assessed via navigational ability in Barnes
maze [23]. The aim of the test is to assess the
ability to learn and remember the location of
the escape box by placing visual tips on the
walls surrounding the apparatus. The Barnes
maze is a round table with 16 holes. On the
walls of the room, as peripheral visual cues,
black marks were placed (a triangle on one
wall and two parallel stripes on the other)
for better orientation of the experimental
animals. A box (ESCAPE BOX) was attached
to one of the holes in the table, into which a
standard animal filler was poured. The rest of
the holes remained closed. The test consisted
of 4 days of training (4trial/day on day 1, 2,
3 and 4 of the experiment), and in each trial,
rats were given 180 s to find the ESCAPE
BOX. On day 5, rats were placed in the maze’s
center and explored for 90 s for assessing
initial (pre-surgery) short-term memory, and
on day 9 — for assessing initial (pre-surgery)
long-term memory. Post-surgery short- and
long-term memory was assessed on day 23 and
27 after the intrahippocampal AP injection
correspondingly. Test endpoints (in seconds):
1) the time required for the animal to find the
entrance to the ESCAPE BOX (spatial learning
and spatial memory — related to the function
of the hippocampus); 2) the time spent near the
entrance to closed hole (cognitive flexibility —
related to the function of the frontal cortex of
the brain).

The concentration of the soluble form
of beta-amyloid and Tau-protein in the
homogenates of the hippocampus of rats with
AD was determined by ELISA (Cloud-Clone
Corp Co., Ltd. Houston, TX, USA) according
to the manufacturer’s recommendations.

Table 1
Semi-quantitative scale for assessing the intensity of TH-positive staining by quantification methods
Score 0 1 2 3 4
Percentage of positive cells (P) <10% 10-25% 25-50% 50-75% >75%
Staining intensity no weak moderate high -

59




BIOTECHNOLOGIA ACTA, V.16, No 1, 2023

To prevent proteolytic degradation of beta-
amyloid in the homogenate, a complex of
protease and phosphatase inhibitors was
used.

Microglia cells isolation. Microglia cells
were isolated using a Percoll density gradient
as described previously [24]. Purity of isolated
microglia cell fraction was assessed by flow
cytometry using FITC-conjugated mouse
anti-rat CD11b (BD Pharmingen™) and
phycoerythrin (PE) mouse anti-rat CD45 (BD
Pharmingen™). The percentage of CD11b +
CD45+ cells was 88.9 = 3.7. Cell viability was
estimated by Trypan blue exclusion test. The
percentage of viable cells was >93.

Microglia cell function assessment.
Phagocytic activity, oxidative metabolism
and phenotypic marker expression level were
determined by flow cytometry as described
previously [18]. Briefly, ROS generation was
assessed using 2'7'-dichlorodihydrofluorescein
diacetate (H2DCFDA, Invitrogen). Reactivity
reserve of the oxidative metabolism was
assessed by the modulation coefficient (MC).
MC was estimated after the treatment of
microglial cells with phorbol 12-myristate
13-acetate (PMA) (protein kinase C activator)
[25]in vitro and was calculated using formula:
MC = ((S- B)/B) x 100, where S — level of ROS
generated after treatment with PMA in vitro;
B — ROS value of untreated cells (basal value).
Phagocytic activity was studied with the use of
FITC-labeled heat-inactivated Staphylococcus
aureus Cowan I bacteria (collection of the
Department of Microbiology and Immunology
of the ESC “Institute of Biology and Medicine”
of Taras Shevchenko National University
of Kyiv) as an object of phagocytosis. The
results were recorded as the percentage of
cells emitting fluorescence (phagocytosis
percentage, PhP) and as the phagocytosis index
(PhI) — the mean fluorescence per cell, which
is proportional to the number of phagocytosed
bacteria. Phycoerythrin (PE)-labeled anti-
CD206, and Alexa Fluor anti-CD86 antibodies
(Becton Dickinson, Farmingen, USA) were
used for phagocyte phenotyping. Samples were
analyzed on a FACS Calibur flow cytometer
(BD Biosciences, San Jose, CA, USA). Data
were analyzed using CELLQuest software (BD;
Franklin Lakes, NJ, USA).

Statistical analysis. All data are presented
as mean *= SD, and Statistica.12 applied for
statistical analysis. Data were tested using
the Kolmogorov—Smirnov test for a normal
distribution before other statistical tests.
Statistical differences were calculated using
ANOVA with post-hoc Tukey’s multiple-
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comparison test. Differences were considered
significant at P < 0.05.

Results and Discussion

According to the results of our research,
intrahippocampal administration of AB1-
40 and APB25-35 was not accompanied by
statistically significant changes in the weight
of animals and their eating behavior (data are
not presented), cognitive impairment was more
pronounced in rats with Ap 1-40-induced AD
(Table 2).

In the AB1-40 AD group, the time period
to search for the “ESCAPE BOX” 1 day after
the end of training, which characterizes short-
term spatial memory, was on average 3 times
longer, while in the group with AP25-35-
induced model — 2 times as compared to intact
and sham-operated animals. When assessing
long-term spatial memory, impairments were
observed only in rats with the AB1-40-induced
model: 5 days after the training, the search
time for “ESCAPE BOX” in these animals
was increased by 50% compared to intact and
sham-operated animals.

To check short-term and long-term
cognitive flexibility, the duration of the
animal’s stay at the entrance to the closed
hole was determined 24 hours and 5 days
after training. In rats with AB1-40-induced
AD, the values of this indicator exceeded
those in both control groups, which indicates
the uncertainty of the animal regarding the
correctness of the selected entry option. In rats
with AB25-35-induced AD only impairment
of long-term cognitive flexibility was found.
Indicators of short-term cognitive flexibility
in this model were similar to animals without
the disease (intact and sham-operated groups).

Additional criteria for the AD development
were the number of TH-positive neurons in
the hippocampus, as well as the concentration
of AP and Tau protein in the hippocampus
homogenate. TH is a marker of DN. In rats, the
number of TH-positive neurons is significantly
reduced with age. AD in human is also
characterized by a decrease in the number of
these neurons [26, 27]. Significant loss of DNs
was found in rats with the Ap1-40-induced
model, whereas only moderate loss of these
neurons was observed in animals with AB25-
35-induced AD.

A threefold higher concentration of AP was
observed in the homogenate of the hippocampus
of rats with both AB1-40- and AB25-35-induced
AD. A 3-3.5 times increased concentration
of Tau protein was also registered in both
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Table 2
Criteria for the development of AD induced by intrahippocampal injections of AB1-40 and AB25-35 in rats
Intact Sham- AB1-40 .
Criterium animals, operated, indused AD, AP25-35 111dused
_ _ _ AD,n=10
n=10 n=10 n=10
Spatial memory
Short-term post-surgery (the time
required for the animal to find the 1,2 1,2,3
entrance to the ESCAPE BOX 24 h 5.7+1.3 4.5*1.1 17.0+7.2 11.4+4.3
after the training, c)
Long-term post-surgery (the time
required for the animal to find the 2 3
entrance to the ESCAPE BOX 5 days 9.9+4.3 11.2+7.4 15.2+ 3.3 10.3 = 3.7
after the training, c)
Cognitive flexibility
Short-term post-surgery (the time
spent near the entrance to closed hole | 18.0 = 2.2 21.8 6.7 |26.8=12.2"2 17.4+1.93
24 h after the training, c)
Long-term post-surgery (the time
spent near the entrance to closed hole 16.3 = 2.3 24.0 6.3 28.3+7.82 28.4 =5.412
5 days after the training, c)
The number of TH-positive neurins in 38.91: 2
the hippocampus (% of intact 100 116.7 35 g1, 88.92,3/76.21 %3
animals/% of sham-operated animals) :
Concentration of A in the
homogenate of hippocampus, pg/ng | 18.8 +8.1 21.3+15.2 |62.2=18.3"2| 66.5=21.0"2
protein
Concentration of Tau-proteininthe | 556,91 | 388+10.6 |86.9+32.1"2| 92.5=28.5"2
homogenate of hippocampus, pg/ml

Notes: 1 — P < 0.05 as compared to intact animals; 2 — P < 0.05 as compared to sham-operated animals;
P < 0.05 as compared to animals with AB1-40-induced AD

groups. Accumulation of Af and Tau protein
in the hippocampus indicates that microglia
are unable to clear these substances in both
models, which, nevertheless, was associated
with varying degrees of neurodegeneration
and the development of cognitive impairments
characteristic for the disease [28].

The study of microglia phagocytic activity
showed an increase in the proportion of
phagocytic cells in animals with both AD
models by an average of 2 times compared
to control animals. At the same time, the
endocytic activity of microglial cells was
increased (more than 5 times) as compared to
the intact control and by 2 times in comparison
with sham-operated rats only in animals
with AB1-40-induced AD. In animals with
AB25-35-induced AD, this indicator did not
differ from controls (Fig. 1). As we reported
previously [29, 30], sham surgery significantly
affects microglia metabolism even in the
far terms after the placebo neurosurgical

manipulations, indicating the necessity the use
of placebo control groups in the experiments
concerning neurodegenerative disease
modelling in order to evade the influence of
these effects on the analysis of study results

According to the literature data, a
comprehensive analysis of the transcriptome
and metabolome of immune cells of the CNS in
neurodegenerative conditions revealed Disease-
Associated Microglia (DAM), a subpopulation
of microglia that concentrates in areas of
neurodegeneration and is characterized by
unique phenotypic and functional properties,
one of which is significantly increased
phagocytic activity [31].

Another functional feature of DAM, in
addition to enhanced phagocytic activity,
is increased antigen-presenting ability
associated with up-regulated expression of
histocompatibility molecules and costimulatory
molecules CD80/86 [32]. According to the
results of our research, in animals with Ap1-
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Fig. 1. Phagocytic activity of microglial cells in rats with AD induced by injections of Af3 1-40 and AP 25-35
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40-induced AD, the number of CD86+ cells was
1.6 times higher, and the level of expression of
this marker was 2.5 times higher compared to
control animals (Fig. 2). In animals with AB25—
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35-induced AD, the number of CD86+ cells
was also significantly higher than in controls.
However, the expression level of this marker
was significantly lower than the control values.
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One of the phenotypic markers of DAM, which
is detected in brain preparations of AD patients,
is the overexpression of the mannose receptor
CD206 [33]. The role of the mannose receptor
in the pathogenesis of taupathies, including
AD, remains unclear. Contrary to the fact that
increased expression of CD206 is considered
a marker of alternative (anti-inflammatory)
metabolic polarization of macrophages [34], it
has a special role in the assessment of polarized
activation of microglia. It is known that
mannose-binding lectins, including mannose
receptors, are able to bind to AP, which causes
a pro-inflammatory metabolic shift of cells of
the immune system, including microglia [35,
36]. In animals with AB1-40-induced AD, the
quantitative indicators of CD206+ cells were
3.5 times higher, and the expression level was
5 times higher as compared to the groups of
control animals. In animals with AB25-35-
induced AD, the expression indicators of this
marker did not differ from those in animals in
the control groups.

The concomitant increase in CD86+/
CD206+ expression of animals with AP
1-40-induced AD may indicate an intermediate
nature of microglial polarized activation,
showing a mixed proinflammatory and anti-
inflammatory phenotype (M1/M2) typical
for DAM. In AD, microglia of intermediate
polarization are involved in chronic
inflammation and neurodegeneration. These
microglial cells are thought to both contribute
to the formation of toxic AP oligomers and are
responsible for the clearance of AP plaques.

An important component of
neuroinflammation is increased oxidative
metabolism of microglia. As mentioned above,
recent studies have shown that in AD, increased
microglial phagocytosis is associated with
an increase in the synthesis of ROS [37]. The
development of AD, according to the results of
our research, was accompanied by a significant
increase in microglia oxidative metabolism
(by 5 times as compared to the control) in
animals with AB1-40-induced model (Fig. 3).
In addition, treatment of cell samples from
this group with PMA in vitro caused sharp
drop of ROS level. Negative MC value —60,7
(which mirrors the residual cell ability to
perform given metabolic reaction under stress)
indicates extremely high activation of oxidative
metabolism or cell metabolic exhaustion caused
by persistent inflammation [38].

Unlike this, in animals with AB25-35-
induced AD, the level of ROS generation was
not significantly different from groups of
control animals.

B .
@
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Fig. 3. Oxidative metabolism of microglial cells
in rats with AD induced by injections
of AB1-40 and AB25-35

Data are presented as Mean + SD. Statistical

differences are calculated using ANOVA with
Tukey’s post-hoc test. * and # indicate significant
(P <0.05) differences as compared to the values in
intact and sham-operated animals correspondingly,

* — P <0.05 compared with the rats with AD

induced by injections of AB1-40.

Conclusions

Comparative assessment of the microglia
phagocytic activity in animals with different
AD models revealed an increase in this
indicator in animals with AB1-40-induced
AD. Enhanced microglia phagocytic activity
in these animals was associated with the
presence of other phenotypic and functional
characteristics typical for co-called DAM —
the subpopulation of microglial cells that
concentrates in foci of neurodegeneration in
AD patients, as well as with distinct cognitive
impairments. The functional profile of
microglial cells in rats with AB25-35-induced
AD indicates their moderate proinflammatory
activation associated with moderate cognitive
impairment. The obtained data suggest that
full-length AP is a more powerful trigger of
neuroinflammation, and the AD model induced
by this AP is more appropriate for studying
the role of neuroinflammation in the disease
pathogenesis and pathophysiology.
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¥ IIYPIB 3 PISBHUMHU MOAEJAMHA XBOPOBU AJIBII'EMMEPA

A. Hegvodosa, M. Pyduk, P. [loseuii, T. [[o66unuykK,
H. J][3100enko, I'. Toncmanosa, JI. Ckiexa

HHII «IscTutyT 6iosorii Ta MeguITUHY »
Kuiscbkoro HarionasbHoro yapepcurery imeni Tapaca [lleBuenka, YKkpaiza

HeiipozamnaseHHs € KJII0UY0OBOIO 03HAKO0I0 XBopoOou Anbireiimepa (XA), HeiipogereHepaTHuBHOTO PO3-
Jany, 1o nporpecye. MikporJis, pesugeHTHI iMyHHI KJIiTUHY IIeHTPaJIbHOI HEPBOBOI CCTEMU, OEPYTh
yuacTh y naTtoreresi XA i € ocHoBHIMU e(peKTOpamMu HeiipodanaieHHs. [locuiena garomurapHa aKTHB-
HICTB € OJHi€I0 3 TOJIOBHIX 0COOJIMBOCTEN MiKpOIIiaJdbHIUX KJIITHH, IO OIIOCEPEeIKOBYIOTEL Heliposara-
neuHsa. KopeKTHe BiATBOpeHHA Helipo3alajeHHsA HA TBAPUHHUX MOJEJIAX € OJHUM i3 OCHOBHUX METO-
IWYHUX IiIXO0MiB 0 BUBUEHHSA IaToreHe3y Ta maTodisiosorii XA. MeToro gocaig:KeHHs 0yJI0 IPOBECTH
TMOPiBHANBHY OI[IHKY (parouTapHoi akKTUBHOCTI MiKporii y 1rypis 8 XA, iHAyKOBaHOIO iHTparimokam-
najgbHUM yBeneHHAM aminoiny B (AB) 1-40 ra AB25-35.

Memodu. Y mociimKeHHI BUKOPUCTOBYBAJIU caMIliB miypiB giuii Wistar. Ik KOHTPOJIbL BUKOPUCTO-
BYBaJId iHTAKTHUX i XNOPOOIIepoBaHUX TBapWH. PO3BUTOK 3aXBOPIOBAHHSA ITiIBEPAKYBAJIN OI[iHKOIO
KOTHITMBHUX IIOPYIIIEeHb y IOBEJiHKOBOMY TecTi JiabipuHT BapHca, a Takok 3a piBHeM 3arubeJti goda-
MiHeprivaux HelpoHiB ([IH). @aromurapHy ak TUBHICTb MiKPOTJIii, a TAaKOK OKCUIATUBHUNA MeTab0JIi3M
Ta eKkcupeciio penorunoBux Mapkepis CD80 i CD206 sBusHava Iy MEeTOAOM IIPOTOUYHOI IIMTOMETDii.

Pesyavmamu. Y TBaput 3 AB1-40-irgyKoBanoio XA 3apeecTpoOBaHO 3HAUHE MOPYIIIEHHA KOTHI-
TUBHOI aKTHUBHOCTI Ta BTpaty JH, Mikporsia xapakTepusyBaJjacs 30iIbIIIeHHAM YaCTKU (GaromuTy-
BaJbHUX KJITHH i3 MiABUIITEHOIO eHIOIINTAPHOI aKTUBHICTIO, ITIOCUJEHHAM OKNCHOTO MeTabo0JaisMy
Ta Hagekcupeciero CD86 Ta CD206. ¥ TBapun 3 AB25-35-imgykoBano XA cnocrepiransocda nomipue
MOpYIIeHHA KOTHITUBHOI AiAJBHOCTI, MiKpPOTJIid XapaKTepuayBaJiacs JuIlle 30iJbIIIeHHAM KiJIbKOCTI
daronuTyBaJbHIUX KJIITHH 0€3 3MiH eHIOIMUTHOI aKTUBHOCTI, OKMCHOI0 MeTab0JIiaMy Ta eKkcipecii
(GpeHOTUIOBUX MapKepiB MoJAPHU30BaAHOI aKTuBAIlil (paromuTis.

Bucnosku. Takum unHOM, y TBapuH 3 AB1-40-irgyKoBanoo XA 6iJbII afeKBaTHO BiATBOPIOETHCA
mpo3amaJbHuil MeTaboiuHuii mpodins MiKporaii, xapakTepHU 115 Helipo3alaJleHHsa B KIiHIYHOMY
mepebiry 3aXxBOPIOBaHHS.

Karmouosi cnosa: xsopoba AjbiireiiMepa; MiKpOIJIisa; (paromuTos; 3amaaeHHs.
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Aim. The purpose of the work was to study the nutritional value of Acipenser baerii siberian sturgeon
caviar, grown in aquaculture conditions in the Dnieper reservoirs of Ukraine, and to compare its quality
indicators with this one of the products produced abroad.

Methods. There are identified organoleptic properties of siberian sturgeon caviar, and its energetic
value, composition of amino acids in alboumens and content of fatty acids in lipids of the product. The data
obtained in the research were compared with the same indices of quality of caviar of sturgeons bred abroad.

Results. The organoleptic properties of Siberian sturgeon caviar bred in Ukraine (appearance, color,
consistency, taste and aroma) conformed to its standardized indices of quality. The caviar contained all
eight essential amino acids and belonged to category of products rich by albumen (21.54+2.13%), and fats
(13.20+0.93%) eicosapentaenoic and docosahexaenoic -3 acids (3.46% and 11.2%, respectively)
(13.20+0.93%). The big content of fat, especially of polyunsaturated fatty acids and o3 acids (the eicosa-
pentaenoic and docosahexaenoic ones — 3.46% and 11.2% , respectively) is one more factor, which enables
to identify the siberian sturgeon caviar as the product of high biological value. It was shown that the caviar
of siberian sturgeon produced in Ukraine is in close coincidence with those that were produced in other
countries.

Conclusions The totality of studied characteristics of caviar of siberian sturgeon produced in Ukraine
witnesses its high nutritional value. Therefore this product may be recommended in prophylactics of
numerous illnesses and strengthening of state of health.

Key words: Siberian sturgeon caviar; nutritional value; organoleptic properties essential amino

acids; fatty acids.

The nutritional value of caviar of
hydrobiontes was defined by their unique
composition, and balanced content of
substances necessary for live organisms in
their growing, development and resistivity to
influence of negative factors of environment
[1-3]. It was shown that composition of
metabolites of caviar of sturgeons is three
time Dbetter of respective characteristics
of constitutes of muscles tissue. However
the number of sturgeons in wild nature
continuously decreases, what called the need
of cutting down of norms of their catching,
and the Convention on International Trade
by Species of Wild Fauna and Flora, Which
are Under the Treat of disappearance of 1997
claims to limit volumes of trade by caviar of all
of sturgeons[4]. This statement called the need
of theoretical substantiation and development

of norms of work in sphere of aquaculture,
especially development of norms of industrial
breeding of sturgeons.

To reach the economic effectiveness of
sturgeons breeding, there were developed
and introduced in practice the technology
of reusable (up to ten times) taking of caviar
during the whole reproductive life of sturgeons
of 10 and more years [5], as well as optimized
the technology of preservation of frozen sperm
[6]. The quantity of caviar produced annually
by this technology is now of 350-450 tons
[7]. The biggest quantity of sturgeons caviar
taken in the world belongs to races of siberian
sturgeon of Acipenser baerii (31% of total
volume of production) and russian sturgeon of
Acipenser gueldenstaedtii (20%).

The nutritional and biological values is now
the object of extensive research [2, 3, 8—11].
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It was shown that chemical composition and
biochemical properties of sturgeon’s caviar
differed by all indices of quality and depended
of climatic conditions of fish breeding, its age
and kind of nutrition. The bigger caloricity
and biological value have the sturgeons caviar,
which live in natural conditions, as compared
with those that are bred by men because of
their balanced ration [8]. Presently, Ukrainian
businessmen actively breed sturgeons too
[12]. However, the nutritional and biological
values, as well as safety of caviar produced
at fish farms is not studied comprehensively
[2, 3]. Meantime, the demand for sturgeons
caviar as the product of prophylactic and
medicinal prescription increases each year
because of its delicious taste and richness by
biologically active substances — irreplaceable
amino acids, ®3 polyunsaturated fatty
acids, vitamins, micro- and macroelements.
Therefore there exist the crucial need for
studying of nutritional value of siberian caviar
sturgeon produced in Ukraine in conditions
of aquaculture and its comparing with the
analogous index of caviar in other conditions
of breeding.

Purpose of the work was to studying the
organoleptic properties, determination of
energetic value and indices of biological value
of albuminous and lipidic components of
siberian caviar sturgeon bred in conditions of
aquaculture in water of Dnieper in Ukraine, as
well as comparing of said characteristics with
those ones of sturgeons caviar bred abroad.

Materials and Methods

The object of research was siberian caviar
sturgeon of Acipenser baerii kind. The samples
of siberian caviar sturgeon were taken in fish-
breeding complex fed by water taken from the
Dnieper river. The caviar was taken by method
of “Cesarean section” of 9 years old female
of siberian sturgeon. The taken samples, was
rinsed during 30 seconds to remove grumes,
crushed berries and pieces of films by water
cooled to 5—10 °C in ratio of caviar and water
of 1:2. The rinsed caviar was placed then onto
the sieve to remove residues of water, treated
3 minutes by water heated to 60 °C, added 5 %
of kitchen salt, mixed carefully, packed into
50 cm? glass flakes, and hermetically packed.

The organoleptic properties of the caviar
was evaluated by expert commission of
5 persons by norms of standard of DSTU GOST
7442-2004 [13].

The mass parts of lipids and albumens were
determined in the specialized laboratory of
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National University of Life and Environmental
Sciences of Ukraine. The content of lipids was
determined by the extracting and weighing
method of Soxhlet in use of apparatus of
“Soxtex SOX 406 Fat Analyzer” (“Hanon
Instruments”, China). It was taken 20 grams
of caviar weighed with precision of +0.001
g, mixed with 60 g of waterless Na,SO, and
carefully grinded in porcelain mortar. The
milled mix was put in pack of filter paper,
weighed with precision of =0.001 g, placed in
the Soxhlet extractor and treated in it by ethyl
etherduring 5—6 hours. The pack with deprived
of fat material was placed then onto the glass
plate for preliminary evaporation of ether and
dried finally to constant weight in weighed
flask at 100—105 °C. The content of fat in the
caviar (on dry substance) was determined by
difference of masses of pack before and after
extraction in taking into consideration of mass
of empty pack.

The content of albumen was determined by
Kjeldahl method, which consistsin preliminary
mineralization of amides contained in the
sample at 360—-370 °C in digester in form
of (NH,),SO, in presence of concentrated
H,SO,. To speed up the process, it was added
into the mix the catalyst consisted of mix of
CuSO,, K,SO, and Se. The content of mineral
salt of (NH,),SO, obtained in this process was
determined by titration of resulting solution,
and the total quantity of albumens in the
sample was recalculated in use of obtained
result with coefficient of 6.25.

The content and composition of fatty
acids were determined by the method of liquid
chromatography in the Palladin Institute
of biochemistry of the National Academy of
Sciences of Ukraine in use of the instrument of
HRGC 5300. The extract of lipids prepared by
the method described in article [14] treated as
follows. The extract dissolved in benzene, placed
into the flask closed by glass cork, and stored at
temperature of minus 18 °C. The aliquot of 0.5
cm? of extract of lipids placed in glassy ampoule,
added 1.5-2.0 cm?® of 1N solution of HCl on
methyl alcohol, sealed the ampoule hermetically
and boiled it 50 minutes at water bath. After
finishing of heat treatment opened the ampoule
added the same volume of water, extracted the
organic component by distilled hexane, cleansed
by water, and dried by waterless sodium sulfate.
The dried extracts were evaporated at rotary
evaporator, dissolved the obtained methyl esters
of fatty acids in benzene putted the preparation
on glassy plates covered by KSK silica gel and
evaporated the solvent. The layer of purified
esters was taken off the glassy plate and rinsed
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by hexane at the No. 4 Shott filter. To obtain
pure mix of esters, the residues of solvent were
secondly removed out from the preparation
at rotary evaporator, dissolved in hexane and
analyzed in use of chromatographic columns of
3.5 meters long filled by sorbent of Chromosorb
W/HP impregnated by liquid phase of Silar
5CP at chromatograph HRGC 5300 (Italy) at
140-250 °C in rising of temperature in speed
of rising of temperature by 2 °C in a minute.
Identification of individual fatty acids was
carried out in accordance with the standards of
Sigma-Aldrich firm. The content of each fatty
acid was expressed in dimensionality of percent
of its total quantity.

The mass parts of essential amino acids
were determined by liquid chromatography at
automatic analyzer of T-339 (Czech republic)
in Palladin Institute of biochemistry. There
was carried out hydrolysis at 110 °C during
24-36 hours of samples of siberian sturgeon
caviar of 1-5 milligrams mass mixed with 6 N
hydrochloric acid. Identification of individual
amino acids was carried out in accordance
with the standards of Sigma-Aldrich firm.
Determining of content of amino acid of
tryptophan was done in Dokuchayev Kharkov
national university using GOST 13496.21-
2015 standard method [15].

The content of table salt was found by the
method of [16]. 10 grams of milled Sturgeon
caviar was placed into 100 cm® volumetric
flask, and added to it 75 cm? of water, stirred
the mix and heat at water bath at 80 °C during
30 minutes and cooled it at periodical stirring
to room temperature. Then there was added
water into the flask to the mark, mixed the
solution and filtered it through the paper
filter. The final operation was adding to 20 cm?®
of filtrate of 1 cm?® of solution of KMnO, and
titration of resulting solution by 0.1 N solution
of AgNOs till reaching by it of nonvanishing
coloration. The mass part of sodium chloride
was calculated by known formula.

Results and Discussion

The organoleptic properties of siberian
caviar sturgeon bred in Ukraine conform
to norms of DSTU 7442-2004 standard [13]
(Table 1).

It could be seen from the Table 1 that all
indices of quality of caviar bred in Ukraine
conform tonormsof DSTU 7442-2004 standard
“Grain sturgeon caviar. Specifications”.

The chemical composition and energetic
value of siberian caviar sturgeon compared
with those ones of caviar produced abroad are
given in Table 2.

The energetic value of Ukrainian caviar of
210.94 ccal/100 g differs of this parameter
of caviar produced in other counties. The
biggest caloricity of 271.45 ccal/100 g has
the sturgeon caviar of A. gueldenstaedti
from Rumanian [8], and the lowest — of
202.94ccal/100g —thecaviarofA.baerii from
of French. According to the protein content
(from 21.54+2.13 to 29.32+0.92 g/100 g),
sturgeon caviar species belongs to high-
protein and high-fat products [17].

The biological wvalue of albuminous
component of the product is determined
by correspondence of their parameters of
quality and quantities of essential amino
acids to norms of FAO/WHO standard of
ideal albumen [18], and recommendations of
the European Food Safety Authority (EFSA)
[19]. Results of evaluation of conformity
of quality of sturgeons caviar produced in
different countries to recommended FAO/
WHO parameters are given in Table 3.

It is clear that albumen of caviar produced
in Ukraine contains all essential amino
acids, which contents sum is sufficiently
bigger of recommended by FAO/WHO level,
and of quantities that meets human needs:
43.90x0.50% as compared with 36.00% and
26.20%, correspondingly. At the same time
the content of essential amino acids in caviar of

Table 1

Results of evaluation of conformity of organoleptic properties of siberian caviar sturgeon bred in Ukraine
to norms of standard of DSTU 7442-2004

Index Norms of DSTU 7442-2004 Characteristic
Appearance Uniform size and shape Conforms
Color Uniform, proper to caviar of this kind fish, Conforms
varies from light grey to gray
Consistency and state Grains are safe and separate one of other Conforms
Aroma and taste Proper to caviar of this kind fish. Absence of Conforms
foreign smell and flavor
Mass of table salt, % 2.5-5.0 3.60
Presence of foreign particles Absence Absent
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The characteristics of chemical composition and energetic value of caviar

of sturgeons produced in Ukraine and abroad

Table 2

Object Content, g/100 g of the product Energetic value,
albumen fat ceal/100 g

A. baerii, (Ukraine)* 21. 54=+2.13 13.20+0.93 210.94

A. ruthenus, (Korea) [9] 25.43 13.21 220.61

A. baerii, (France) [9] 26.21+1.14 10.90+0.07 202.94

A. gueldenstaedti, (Romania) [9] 29.32+0.92 17.13+0.76 271.45
A. baerii, (China) [10] 23.98=+0.78 14.23+0.71 223.99

* — results of own investigation
Table 3

The content of essential amino acids in sturgeon siberian caviar produced in Ukraine and abroad
(g/100 g of albumen) and their correspondence to parameters of ideal albumen
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Amino acids

Race of sturgeon Ideal EFSA
. . albumen
Amino acid " recommended
A. baerii, A. baerii, A. baerii, parameter content [18]
Ukraine * China[11] Korea [10] [18]
Valine 4.28+0.95 2.95+0.06 5.7 5.00 3.90
Isoleucinele 3.92+0.05 2.62+0.07 5.5 4.00 3.00
Leucine 8.52+0.23 4.57+0.11 9.6 7.00 5.90
Lysine 8.04=+0.54 4.43+0.14 11.3 5.50 4.50
Metphionine + 4.88+0.89 2.57+0.26 6.0 3.50 2.20
Cysteine
Threonine 5.44+0.32 2.58+0.12 3.9 4.00 2.30
Phenylalanine + 7.76+0.97 4.18+0.08 16.80 6.00 3.80
Tyrosine
Tryptophan 1.06=+0.09 0.49+0.03 - 1.00 0.60
In total 43.90+0.50 24.39+0.09 58.8 36.00 26.20
* — results of own investigation.
300
250 +
B
i
& 150 +
= B Ukraine
E 100 +———a—— mchina
__;6 50 W Korea
(7]

Fig. Scores of essential amino acids in roes of siberian sturgeons bred in Ukraine and abroad
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this race sturgeon is the least in sturgeons bred
in China (24.39+0.09%) and the biggest —
in Korea (58.8%).

The analysis of scores of essential amino
acids in roes produced in said countries is
given in Figure.

The results we obtained show that the
albumen of siberian sturgeon bred in Ukraine
has two limiting amino acids, namely valine
and isoleucine, which score is 96 % and 98%,
respectively. At the same time, all irreversible
amine acids contained in caviar produced
in China are of limiting character, and the

Korean caviar contains only treonine as the
limiting one. At the same time, albumen of
siberain sturgeon caviar produced in Ukraine
contains all essential amino acids in quantities
that are bigger of those ones recommended by
the European Food Safety Authority [19].

Thecompositionoflipidsinanalyzedsamples
of siberian sturgeon caviar, is represented
by saturated (26.19%), monounsaturated
(34.05%), and polyunsaturated (38.92%)
fatty acids (Table 4).

The quota of saturated fatty acids in lipids
recommended by FAO/WHO is 20.00 % , what

Table 4

The content of fatty acids in Siberian sturgeon roes produced in Ukraine and abroad
(% of their total quantity)

. Place of breeding of a sturgeon Recommended
Code of the acid .
Ukraine* Korea [8] China [9] France [7] quantity [18]
1 2 3 4 5 6
Saturated fatty acids
14:0 0.66 1.59 0.86 - -
15:0 0.17 0.29 0.15 - -
16:0 16.19 22.46 20.80 - -
17:0 0.40 0.44 0.11 - -
18:0 3.82 0.19 2.82 - -
20:0 0.69 0.22— - - -
21:0 3.27 - - - -
22:0 0.84 0.41 - - -
22:3 - 1.82 - - -
24:0 0.15 - - - -
In total 26.19 27.42 24.74 - 20.00
Monounsaturated fatty acids
16:107 5.81 7.51 4.39 - -
17:1 0.39 0.81 0.16 - -
18:1 ®9 23.59 33.67 33.19 32.9+3.2 -
20:1 o7 3.83 1.15 - - -
20:1 9 - - 1.19 - -
In total 34.05 43.14 38.93 - 35.00
Polyunsaturated fatty acids
18:2 06 11.65 10.19 13.13 5.4+0.1 -
18:2 7 1.71 - - - -
18:3 ®3 1.99 0.85 - - -
18:3 06 - - 1.31 - -
20:2 ©9 1.46 0.26 - - -
20:2 06 - - 0.25 - -
20:3 06 1.68 0.40 0.31 - -
20:4 ©6 4.91 - 1.66 1.1+0.4 -
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Table 4 (End)

1 2 3 4 5 6
20:5 ®3 3.46 4.69 4.63 4.9+1.1 -
22:2 0.01 - 0.34 - -
22:3 0.07 - - - -
22:5 ®3 0.61 1.83 1.21 - -
22:6 ®3 11.20 11.39 12.78 13.1+2.6 N
In total 38.92 29.66 35.62 - 6.00
The sum of ©6 18.24 10.59 16.66 7.4+0.8 -
fatty acids
The sum of ®3 17.26 17.91 18.62 20.7+5.2 -
fatty acids
The (of[il(éo]3 ratio 1.05:1.00 1.00:1.69 1.00:1.14 1.00:3.98 10:1-5

* — results of own investigation.

is less of their real content in siberian caviar
sturgeon bred in different world regions
(24.74% to 27.42%). The most abundant
in this group acids is the 16:0 palmitic one.
However, its minimal content in the caviar
produced in Ukraine is of 16.19% , what is less
of respective parameter in caviar produced in
China (20.80 %), and Korea (22.46 %).

The quota of monounsaturated fatty acids
in the siberian sturgeon caviar produced in
all studied cases differs of its recommended
value (35.00 %) and constitutes 34.05 % in
Ukrainian, 38.93 % in Chinese, and 43.14
% in Korean products. The most abundant
one in this group of acids is irreplaceable ®9
oleic acid, which physiological value consists
in regulation of variations of composition of
cell membranes, activity of receptors on their
surfaces, and normalization of metabolic
processes [21].

The quota of polyunsaturated fatty acids
in analyzed caviar is sufficiently greater of
recommended FAO/WHO value (6.0%), and
is of 38.92 % for Ukraine, 29.61% for Korea,
and 35.62 % for China.

The last time valuable parameter is the
ratio of ®w3:w6 fatty acids, and as it was
shown in this investigation, the quantity of
polyunsaturated fatty acids of w3 group in
the caviar produced in Ukraine is of 17.26
% , what is less of respective value for Korea
(17.91%), and China (18.62 %). It was found
that their ratio optimal in support of normal
state of organism is about of 1.0 : 1-5[20]. At
the same time it was shown (Table 4) that the
real ratio of such acids is too less for all kinds
of studied Siberian surgeon caviar (1.05:1.00;
1.00:1.69 and 1.00:1.14 for Ukraine, China
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and Korea, respectively), what witnesses that
the real content of ®3 in these caviar lipids is
too bigger of recommended parameter.

It was shown also that the men’s ration is
too scarce by essential docosahexaenoic (22:6
®m3) and eicosapentaenoic (22:5 ®3) fatty
acids critically necessary in normalization
of metabolism of lipids in the organism as
substances that support the immune system
in normal state, assist in medical treating of
cancer, and treating of cardiovascular diseases
[21]. Nevertheless, lipids of all studied siberian
sturgeon caviar are rich by 3 and 6 fatty
acids, so are too valuable from the viewpoint
of their biological activity.

The siberian sturgeon caviar of A. baerii
produced kind in the Dnieper river water in
bordersof Kyivregionbyindicesof appearance,
color, consistency, taste and aroma conforms
to norms of the national standard [13].

It was found that the energetic value of
siberian caviar sturgeon bred in Ukraine and
other countries differs of this one of sturgeon
caviar bred in nature [8]. The caviar obtained
in natural conditions contained 31.10% of
albumens and 19.40% of fat, what gave in
sum 299.0 ccal/100 g [8]. At the same time
the energetic value of caviar produced in
Ukraine was 210.94 ccal/100 g, and reached
the maximum value of 271.45 for caviar bred
industrially in the product bred in Rumania
[8]. Such differences may be explained as
consequence of influence of numerous factors,
especially age of female sturgeons, type and
quality of forage, and quality of water in places
of their breeding

The caviar relates to category of products
rich by albumens and fat, what conforms
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the results we obtained previously [2, 3]. As
compared with the FAO/WHO and European
commission by food safety recommendations,
the siberian caviar sturgeon from Ukraine
contains more albumens — 43.0 against of 36.0
and 26.2% correspondingly [18]. However,
the albumen of caviar produced in Ukraine
is character by insufficient quantities of
essential valine and isoleucine as compared
with content of ideal albumen. It differs its
content of composition of albumen of caviar
from Chinese deficit by all irreplaceable amino
acids, and Korean one, where all essential
amino acids are present in quantities character
for ideal albumen [10].

However composition of ideal albumen
is the conventional characteristic of
albuminous component of foodstuffs. So this
characteristic is often by notion of “adequate”
and “maximally permissible” contents of
essential amino acids in albumens capable to
satisfy in its consumption optimal conditions
of biosynthesis of albumens in the organism
[19]. Taking this notion into consideration, one
may affirm that content of all essential amino
acids in siberian sturgeon caviar produced in
Ukraine is bigger of recommended levels [19],
what permits to consider it as the biologically
valuable capable to ensure proper conditions
synthesis of albumen in the human body. It
[s seen in use of these criteria that albumen
of caviar produced in Ukraine contains the
limiting amino acids as well (valine 2.95%
against of normalized content of 3.9%,
isoleucine — 2.62% and 3.00%, leucine
4.57% and 5.90%, lysine 4.43% and 4.50%,
and threonine 0.49% and 0.60% ). At the same
time it is clear that albumen of caviar produced
in Korea satisfies to all norms established by
the European Food Safety Authority.

The amino acids obtained by organism
with foods were classified until the very
recent times as essential and replaceable
ones. The key element in this classification
was supposition that the men’s organism
is capable to synthesize all essential amino
acids in quantities capable to satisfy its needs
in synthesis of own albumens only [22, 23],
in ignoring of their regulatory functions.
Meantime the set of data obtained last time
enable to formulate new conception of role of
functional amino acids in regulation of key
metabolic processes directed on bettering of
state of health, surviving, development and
reproduction of live organisms. Therefore, the
concept of “ideal albumen” has to be amended
from viewpoint of taking into consideration of
content in albumen of both type amino acids.

The lipids contained in siberian caviar
sturgeon ensure more of half of its energy
value independently of conditions of breeding
of sturgeons. The dominating part of fatty
acids in lipids of siberian caviar sturgeon,
same as in lipids of other types of organisms,
which live in water, belongs to long-chain
(more of C,;) substances. The distinctive
feature of lipids of siberian caviar sturgeon is
its richness by palmitic acid (16.19-22.46%)
active in regulation of physical properties of
cell’ membranes and state of skin, as well as
means of prophylactics of metabolic syndrome.
The approved norm of its consumption is about
of 10 % of general caloricity of foods [20]. So
lipids of siberian caviar sturgeon are one of
known sources of consumption of palmitic acid.

The big part of monounsaturated acids
contained in siberian caviar sturgeon
constitutes oleic acid C 18:109 (23.59—
33.67%), which physiological role in men’s
organismsconsistsinregulationof composition
of cell membranes, activity of their receptors,
and normalization of metabolic processes [24].

The lipids of siberian caviar sturgeon are
the source of long-chain essential ®3 and w6
eicosapentaenoic, and docosahexaenoic fatty
acids, which play the key role in normalization
of metabolism of lipids, optimization of
functioning of cardiovascular and immune
systems, as well as decreasing of probability
of beginnings of cancer [25—27]. The results
of our research agree with the data obtained
in earlier studying of composition of lipids of
organisms, which live in water and witness
their big biological value.

There exist differences in chemical
composition, content of amino acids in
albumens, and content of lipids of siberian
caviar sturgeon produced in different
countries, what may be explained, probably,
by differences in age of female sturgeons,
climatic conditions of their breeding, and type
of feeding.

Conclusions

It was studied the nutritional and energetic
values, composition and indices of quality of
siberian caviar sturgeon of Acipenser baerii
kind bred in Dnieper water in borders of
Kyiv province. The comparative analysis of
content in it of essential amino acids and fatty
acids showed only minor differences of these
parameters of the same of caviar produced
in other countries. The principal conclusion
made in it is those that the siberian caviar
sturgeon bred in Ukraine is the wvaluable
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foodstuff, which can be recommended for
the prevention of many diseases and health
promotion. The results obtained in this work
are important in progress of trade by this
product internationally and confirming of
its competitiveness with analogous products
produced abroad.
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XAPYOBA IHHICTH IKPU CUBIPCBROI'O OCETPA
3A YMOB ARBARYJIBTYPH YRPAIHU

H.I1. [Tanamapuyx®, M. C. Hukonaenxo?, A. O. Ieanioma®, C. B. Ba6oromna®, I. M. Banw®
HamniomanpHuii yHiBepcuTeT 6iopecypciB i mpupogoKopucTyBaHHA ¥ KpaiHu
E-mail: vibroprocessing@gmail.com

Mema. JocaiguTu xap4oBy IIiHHiCTb iKpu cubipchbKOTO OceTpa Acipenser baerii, BUPOIIIEHOTO 32 YMOB
aKBaKyJbTYypHU ¥ KpaiHu, Ta MOPiBHATH OTPUMAHI Pe3yJabTaTu 3 TaHUMH JIiTepaTypHu HI040 BUPOOHUIITBA ITiel
OPOAYKIII B aKBaKyJIbTYPi iHIIIUX KpaiH.

Memodu. BukopucTaHo opraHoJIEIITHYHA OI[iHKA SKOCTi iKpM, BU3HAUEHO 3arajJbHUN XiMiuHUHA cKIaL
Ta €eHEePreTUYHY I[iHHIiCTb, CKJIa He3aMiHHUX aMiHOKMCJIOT IIPOTEIHY Ta JKUPHOKUCJIOTHUI CKJIA JIiIiaiB
iKkpu cubipchKOT0 OceTpa 3a YMOB aKBaKyJIbTypu Y Kpainu. IIpoBemeHo mopiBHAHE PE3yIbTATIB JOCTiAKEeHb
3 JaHUMU JyKepeJi JIiTepaTypu NUX NIOKa3HUKIB iKpU 0CeTPOBUX 3a YMOB iHITINX KpaiH.

Pesyavmamu. OpraHojenTuYHi TOKa3HUKY iKpU cuOipCHKOr0 OceTpa, BUPOIIEHOTO 3 BUBEAEHOI B
yMOBaxX aKBaKyJbTYPHU B YKpaiHi (30BHIIIHIN BUTJIALN, KOJIip, KOHCUCTEHIiA, CMaK i apomar), Bifgmosigamiu
ii craHgapTU30BaHUM IIOKasHUKAM AKocTi. Ikpa micTuia Bci BiciM HesaMiHHMX aMiHOKMCJIOT i HaJeKaa
o Kareropii mpoaykTiB, 6aratTux mporeinom (21,54+2,13% ), a TakoK KUpaMU eHKO3alleHTaA€HOBOIO
Ta JOKo3arekcacHoBomo m3—kucaoramu (3,46 ta 11,2% Bignmosiguo) (13,20+0,93% ). Benukwuit Bmict
JKHUPY, OCOOJIMBO MOJiHEHACUUEHUX KUPHUX KUCJOT Ta O3 KUCJIOT € IIe OAHUM (PAKTOPOM, IO J03BOJIAE
imrerTudikysatu iKpy cubipchbKOro ocerpa AK IPOAYKT BHUCOKOI Giosoriunoi mimmocti. ITokasaHo, 110
BUpOOJIeHa B YKpaiui ikpa cubipchbKoro ocerpa aysxe 30iraetTbes 3 iKpoio, BUPOOJIEHOO B iHIITNX KpaiHax.

Bucnosrxu. CyKymHIiCTh ZOCHiMKeHUX XapaKTEePUCTUK B yMOBaX aKBaKyJIbTYypPU YKpaiHu iKpu
cubipchKOro oceTpa CBiAUNTh MPO iI BUCOKY XapuoBY I[IHHICTE. ToMYy Ieil IPOAYKT MOKHA PEKOMEHIyBATH
I npodilakTUKY 6araThboX 3aXBOPIOBAHD i 3MIITHEHHSA CAMOIOYYTTS.

Knwouwosi cnrosa: ikpa cubipchbKOT0 OCETPA; XapuoBa I[iHHICTh; OPraHOJIENTUYHI BJIaCTUBOCTi; He3aMiHHi
aMiHOKMCJIOTH; KUPHI KUCJIOTH.
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