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The rapid and steady increase in the concentration of CO,, the most abundant greenhouse gas in the
atmosphere, leads to extreme weather and climate events. Due to the burning of fossil fuels (o0il, coal
and natural gas), the concentration of CO, in the air has been increasing in recent decades by more than
2 ppm per year, and in the last year alone — by 3.29 ppm. To prevent the “worst” scenarios of climate
change, immediate and significant reductions in CO, emissions through carbon management are
needed.

Aim. Analysis of the current state of research and prospects for the use of carbonic anhydrase in
environmental decarbonization programs.

Results. Carbonic anhydrase (CA) is an enzyme that accelerates the exchange of CO, and HCOj3- in
solution by a factor of 10% to 10°. To date, 7 types of CAs have been identified in different organisms.
CA is required to provide a rapid supply of CO, and HCOj;- for various metabolic pathways in the body,
explaining its multiple independent origins during evolution. Enzymes isolated from bacteria and
mammalian tissues have been tested in CO, sequestration projects using carbonic anhydrase (CA). The
most studied is one of the isoforms of human CAz — hCAII — the most active natural enzyme. Its
drawbacks have been instability over time, high sensitivity to temperature, low tolerance to
contaminants such as sulphur compounds and the impossibility of reuse. Molecular modelling and
enzyme immobilisation methods were used to overcome these limitations. Immobilisation was shown to
provide greater thermal and storage stability and increased reusability.

Conclusions. Carboanhydrases are involved in biological CO, assimilation. Therefore, the study of
such enzymes and the conditions of their participation in atmospheric CO, sequestration provides a basis
for the development of biocatalytic means to enhance atmospheric decarbonization.

Key words: climate; decarbonization; biosequestration of COy; carbonic anhydrase; immobilization
of enzymes.

The processes of carbon sequestration,
deposition and release from biological and
geological sources are well balanced, thanks
to which the balance of the ecosystem is
maintained [1]. With the beginning of
industrialisation, the global climate balance
was disturbed, the concentration of CO, in
the atmosphere began to increase rapidly [2].
At the end of the 19" century, the Swedish
scientist Svante Arrhenius was one of the
first to study the relationship between the

level of atmospheric carbon dioxide (CO,)
and the Earth’s temperature, focusing on
understanding the role of CO, in climate
regulation on a geological time scale. His work
played an important role in the development
of modern climatology [3]. The concept of
anthropogenic global warming emerged much
later, mainly in the second half of the 20"
century, as a result of the development of
climatology and the accumulation of factual
data.
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In the 1960s, Charles David Keeling
demonstrated that the amount of
anthropogenic carbon dioxide emitted into the
air was sufficient to cause global warming [3].
and a broader understanding of the greenhouse
effect. The increase in greenhouse gas (GHG)
levels in the atmosphere over the past five
decades is considered to be the main cause of
global warming. Although carbon dioxide is
not the only greenhouse gas in the atmosphere,
its share is 65% of the total volume of global
emissions, it is the largest contributor to the
total GHG in the atmosphere and is responsible
for 60% of the effects of global warming.

Today, 22 billion tonnes of CO, are emitted
into the atmosphere from anthropogenic
sources. The emission of GHG as a result
of the use of fossil fuels is the main reason
why the concentration of CO, has increased
from the pre-industrial level of 270 ppm to
the current level of 420 ppm. Over the next
hundred years, energy demand is expected to
more than double, which experts predict will
lead to a doubling of CO, emissions by 2050
[4]. Data from ice cores in Greenland and
Antarctica show that such high concentrations
of CO, have not been observed for more than
400,000 years. The consequences of such an
unprecedented increase in CO, concentrations
may include: ocean acidification, sea level rise,
climate disruption and ecosystem destruction
[6-7].

Currently, CO, concentrations continue
to increase by about 2 ppm per year, and by
2.53ppminthelastyearalone:from417.15ppm
in August 2022 t0 419.68 ppm in August 2023
according to https://gml.noaa.gov/ccgg/
trends/. In order to reduce GHG emissions into
the atmosphere, there is an urgent need for
strategies to mitigate the consequences of CO,
emissions. GHG emissions can be reduced by
reducing the use of fossil fuels and promoting
CO, sequestration [2, 8]. Atmospheric CO,
can be sequestered using physical, chemical
and biological approaches [1]. Depending
on the chosen conversion method, CO, is
captured and converted into value-added
products [9, 10]. One of the most effective
approaches for sustainable development is the
biological sequestration of CO,. Plants and
microorganisms can capture atmospheric CO,
using the carbon concentration mechanism
(CCM) and convert the captured carbon into
bioproducts [11]. However, these biological
accumulators are only temporary carbon sinks,
since CO, is released again during respiration,
decomposition of dead organisms, and also
during fires.

6

Decarbonisation programmes are being
developed to remove carbon from the
atmosphere and sequester it for indefinite or
very long periods (thousands to millions of
years) [4]. These include chemical adsorption
from flue gases followed by storage in deep
geological repositories, or conversion of CO, to
insoluble carbonate salts [12—-15].

The conversion of CO, into mineral
carbonates offers the prospect of a safe, stable
and environmentally benign product for long-
term carbon sequestration [12, 16, 17], as
significant reservoirs of carbonate minerals
have existed for millions of years.

Under natural conditions, carbon
sequestration in mineral carbonates is a
very slow process. To speed up the reaction,
decarbonisation technologies use an enzyme
known as carbonic anhydrase (CA), which
radically accelerates CO, hydration [18, 19 ].

Carbonic anhydrases catalyze the reaction
of the reversible hydration of carbon dioxide:

ky Eear
CA + CO, + H,0 = CA-CO, =
k4 -2
“4CA +HCO; + HY 1)

ks

The rate of interconversion of CO, and
HCO;3 in the absence of enzyme is relatively
low: the value of the rate constant for the
non-catalytic hydration of CO, is ~ 0.037 s™!
at 25 °C and an ionic strength of 0.2 [20]. This
reaction has a second order rate constant k&,
of 0.0027 M! - s! at 37 °C and neutral pH,
which corresponds to a pseudo first order
rate constant of 0.15 s™!. The dehydration
reaction constant %_; is equal to 50 s™!. These
constants determine the [CO,]/[H,CO3] ratio
in aqueous solutions of 340 : 1. Carbonic acid
H,CO; dissociates in aqueous solution with
pK 1 6.35 and pK 2 10.25, i.e. at neutral pH
inorganic carbon in the form of bicarbonate ion
(HCO;") predominates. Carbonic anhydrases
(CA) significantly accelerate both reactions,
especially the hydration reaction. The most
active human carbonic anhydrase II enzyme
has a k., of the CO, hydration reaction of
more than 10%s™!, and the rate constant of
the dehydration reaction is 2.5-10%s7! [21]
(Table 1).

Carbonic anhydrases are ubiquitous in both
prokaryotes and eukaryotes[22, 23]. They play
important roles in numerous physiological
processes such as respiration, pH and CO,
homeostasis, secretion and gluconeogenesis.
There are seven different classes of CAs (a,
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B, v, 8, €, M, 0, 1) that differ in their role in
various important physiological processes,
amino acid sequences and three-dimensional
tertiary structure [24]. Despite structural
differences, all CAs share the same catalytic
mechanism involving a central metal atom
(most commonly zinc).

Recently, CAs have been the target of
environmental studies as enzyme accelerators
to significantly improve CO, capture in the
aqueous phase [25, 26].

Types of Carbonic Anhydrases
and Their Features

o-Carbonic anhydrases

a-CAs are widespread and are found in
vertebrates [27], algae [28, 29], higher plants
[30, 31], eubacteria [32—34 ], some species of
fungi and protozoa, as well as some bacteria
and cyanobacteria [35, 24]. However, a-CA
has not been detected in archaea [36]. Most
a-CAs are monomers with a molecular mass of
about 30 kDa (Fig 1, A). Most a-CAs are active
as approximately 30 kDa monomers with three
histidines coordinating the zinc atom [30]
(Fig. 1, B).

Historically, o-CAs were the first
carboanhydrases to be described, isolated
from animal erythrocytes. They are
considered to be the evolutionary youngest
group of CAs [39] found in mammals,
including humans, and have a limited
distribution in prokaryotes [22].The alpha

class includes all 16 mammalian CA isoforms
with different organ-tissue distribution and
subcellular location, 15 of which have been
found in humans (HCAs) [24], and several
new isoenzymes have also been identified in
non-mammalian vertebrates, among which
HCAII is the best studied and characterised
CA. The tertiary structure of HCAII
consists of a unique domain containing ten
B-bands that twist to form a B-sheet (eight of
which are antiparallel, the other two
parallel). Around these B-sheets are up to
eight more a-helices on the surface of the
protein (Fig. 1, A).

The o-CA isoenzymes differ in their
kinetic properties, tissue distribution and
subcellular localisation, and sensitivity to
different inhibitors. In general, there are
three distinct groups of CA isoenzymes in
the a-CA gene family. One of these groups
contains cytoplasmic CA, which includes
mammalian CAs I, II, III, V, VII, and XIII.
These isoenzymes are found in the cytoplasm
of various tissues, with the exception of
mitochondrial CA V. Another group of
isoenzymes called membrane bound CAs
consists of mammalian CAs IV, IX, XII, XIV
and XV [40]. These isoenzymes are associated
with the plasma membranes of many different
tissue types. The latter group contains some
very unusual isoenzymes, CA VIII, X and XI,
which have lost the classical CA activity of
CO, hydration/dehydration and are referred
to as CA-related proteins [41].

lnonlmn o aTe
[ ]

‘f‘r{ A, gy

Fig. 1. Structure of human CAII enzymes retrieved from PDB 3U45 (A). The human CAII
monomer mostly consists of beta strands (B) a single active site with three zinc-coordinating
histidine residues [37, 38]
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B—Carbonic anhydrases

B-CAs were first identified as carbonic
anhydrases in higher plants [42, 43].
Subsequently, p-CAs were discovered in
cyanobacteria [28, 44], microalgae [45],
eubacteria [46], archaeubacteria [22] and
fungi [47]. This CA family is not represented
in any vertebrate genome. The active site of
B-CAs contains histidine and two cysteine
residues that act as zinc ligands [48, 49]. 3-CAs
are usually active as dimers or multimers. In
Pisum sativum, CA dimers form tetramers
(Fig. 2, 3), which are held together by their
C-termini to form octamers [50]. An active
center is formed at the interface between the
two subunits.

B-CA’s were discovered after o-CAs in
plants and other organisms. The quaternary
organisation of B-CAs is more diverse: they
can form different oligomeric structures
such as dimers, tetramers and octamers. The
molecular masses of these oligomers range
from 45 to 200 kDa. Among them, the dimer
is the catalytically active unit responsible for
the carboanhydrase activity of the enzyme.
Individual B-CA subunits have molecular
masses of 25 to 30 kDa (Fig. 2). These
subunits have a unique a/p folded structure
that allows them to associate and form
dimers, which are the main structural units
in the catalytic mechanism. The structure
of the B-CA monomer consists mainly of
helices surrounding a 3-sheet of four parallel
B-strands. A fifth C-terminal B-strand is also
involved in the oligomerisation of B-CA [5].

Initially, it was thought that the B-class
of CAs consisted exclusively of enzymes
localised in the chloroplasts of higher plants,
and they were commonly referred to as ‘plant
CAs’. However, with the accumulation of
new data since the 1990s, it has become clear
that B-CAs are much more widespread and

Fig. 2. X-ray structure of a -carbonic anhydrase
from the red alga, Porphyridium purpureum R-1
[51]

are found in different organisms in all three
superkingdoms: eukaryotes, bacteria and
archaea. 3-CAs have been identified in a wide
range of organisms including microalgae,
cyanobacteria, bacteria, fungi, archaea,
higher C3 and C4 plants and invertebrates.

This wide distribution suggests that
B—CAs play an important role in a variety of
biological processes in different life forms.
Phylogenetic analyses by Smith and Ferry
[22] of 76 B-CAs from a variety of organisms
belonging to different domains of life revealed
distinct patterns. Unicotyledonous and
dicotyledonous plants formed monophyletic
groups, suggesting a common evolutionary
origin. However, the remaining 3-CAs formed
four distinct subgroups or clades, including
two clades formed by enzymes from Eukarya
and Bacteria, and two exclusively prokaryotic
clades: one comprising enzymes from Gram-
negative bacteria, and the other consisting
predominantly of sequences from Archaea and
Gram-positive bacterial species.

The functional unit of B-CA is the dimer
(Fig. 2), although the most common oligomeric
form of B-CA is the tetramer [50, 53]. The 3-CA
dimer is formed by extensive interactions
created by the two N-terminal o-helices of
one monomer wrapping around the second
monomer and a minor hydrogen bond between
the second B-helices of each monomer [50].
Tetramers are formed by interactions mainly
through the fifth, C-terminal pB-helix [50]. In
pea, chloroplast f-CA forms an octamer. For
some B-CA, dicots have a unique C-terminal
extension of the fifth B-sequence, whereas
unicots do not [50, 53]. Octamers are formed
by slightly different interactions with these
fifth B-band extensions [50, 53].

The structural diversity observed in 3-CA
reflects the adaptability of these enzymes
to different environments and physiological

B
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Fig. 3. Ribbon diagram of the 3-CA native tetra-
mer of Haemophilus influenzae 3-CA retrieved
from PDB 2A8C (4) [52].

The active site of 3-CAs containing
one histidine and two cysteine residues that act as
zinc ligands (B)
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roles. Understanding the structural features
of B-CAs can provide valuable information on
their catalytic mechanisms, regulation and
potential applications in biotechnology and
medicine.

y-Carbonic anhydrases

v-CAs were first discovered in the archaea
Methanosarcina thermophila [54]. Plants [55]
andphotosyntheticbacteria[56,57]alsocontain
y-carboanhydrases, while reports detailing
v-CA in animals have not appeared. The amino
acid sequence of Cam showed no significant
homology with known representatives of a- or
B-class carboanhydrases [55].

Similar to the active centre of «-CAs,
the active centre of Archaebacterium
y-carboanhydrases has zinc in the active centre
coordinated by three histidine residues and
one water molecule [569] (Fig 4, B). However, in
contrast to the structure of carboanhydrases,
which are monomers, the functional unit of
y-carboanhydrases is a trimer with three active
centres spanning the monomer-monomer
interfaces.

The zinc ion is coordinated by his residues
represented by two different subunits [59].
The B-chain region dominates the structure
of y-carboanhydrase and consists of seven
complete turns forming a left-handed
B-helix [59]. Each complete turn contains
three B-chains, making the p-helix look like
an equilateral triangle when viewed from
above [59]. In photosynthetic organisms,
y-carboanhydrase may contain additional
domains, as seen in the cyanobacterial CcmM
proteins of cyanobacteria, which have two
or three repeating C-terminal domains with
high similarity to the Rubisco small subunit
[60]. In cyanobacteria, CcmM sometimes acts
as an active carboanhydrase, but some CcmM
proteins lack activity [57, 61]. However,
CemM is thought to organise the packaging
of Rubisco in the carboxysome even though it
does not have carboanhydrase activity.

A \"
oy
- b 8 [EETR1S
. i 217
HOHR =
e
=, ] Y
W T
3
.‘-‘ '
ngj‘;& - ¥

i

l iz
|

Fig. 4. Structure of y-CA from Methanosarcina
thermophila 1QRE [58, 59]

It has been shown that y- or y-like CAs are
part of complex I of the mitochondrial electron
transport chain in plants and algae [62, 63].

d-Carbonic anhydrases

To date, 8-CAs have only been described
in a few diatoms [64]. Like the first three
CA families, the 6-CA families represent a
case of convergent evolution, with almost no
sequence similarity to a-, - and y—CAs [65].
The structure and geometry of the ~34 kDa
enzyme was found to be similar to that of
o- and y-CA [66].

C-Carbonic anhydrases

This family of CA genes, also restricted
to marine protists, is somewhat similar to the
B-CA family [67—69]. What distinguishes this
CA family from the B-CA family is that other
metals, such as Cd or Co, can replace Zn in the
active site [67—69].

C-CA, also called cadmium CA, was first
isolated from the marine diatom T. weissflogii
[68]. Seawater is mainly depleted in Zn?' ions.
Therefore, under strict Zn?" limitation, the
activity of the Zn-dependent 6-CA TWCA1
decreases sharply and isreplaced by another CA
using Cd?" ions in its active centre. The amino
acid sequence of CDCA and its exact molecular
mass (69 kDa) were later determined. CDCA
had no significant homology to proteins from
other known classes of CAs and was therefore
assigned to the new {-class CAs. Genes
encoding CDCA homologues have been found
in a number of other diatoms [67]. CDCA is
a monomer with an amino acid sequence of
consists of three repeats (R1-R3) that share
85% identity, while the coding DN A sequences
share a much lower percentage of homology
[69]. Each of the R1-R3 repeats contains an
active site that structurally mimics the type I
B-CA site [70].

n-Carbonic anhydrases

The n-family has been found in the
protozoan parasite, Plasmodium falciparum,
which causes human malaria [71]. This is
a group of enzymes previously thought to
belong to the alpha family of CAs, but it has
been demonstrated that n-CAs have unique
features, such as the structure of metal ion
coordination. De Simone et al. [72]. showed
that the metal ion coordination structure of
this CA is unique among all six other gene
families encoding such enzymes. In the active
centre of n-CA, zinc is coordinated by two His
residues and one Gln, in addition to a water
molecule/hydroxide ion (Fig. 5), which acts as
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anucleophile in the catalytic cycle. Despite the
fact that n- and a-CAs share the same three-
dimensional structure, strongly suggesting
the evolutionary origin of the former from
the latter, there are significant differences
between the two families, which will allow the
design of selective inhibitors of the parasite
to be optimised without harming the host
enzymes.

1-Carbonic anhydrases

The iota class, the newest class of CAs, was
discovered in the marine diatom Thalassiosira
pseudonana and is widespread in marine
phytoplankton[73].Indiatoms,1-CAislocalised
in chloroplasts and is only expressed at low
CO, concentrations, suggesting an important
role for this enzyme in CO, concentration
mechanisms. Unlike other classes, 1-CA can use
manganese instead of zinc as a metal cofactor,
which has potential ecological significance
since Mn?" is more abundant in the ocean than
7Zn%". Its homologues are present in several
sequenced diatoms and other algae, bacteria
and archaea. Homologues of 1-CA have also
been identified in Gram-negative bacteria,
where they may be present as the protein
homodimer CA. Thus, 1-CA is phylogenetically
widespread, as confirmed by analysis of the
Tara Oceans database [73]. This suggests that
CAs are likely to play an important role in the
global biogeochemical carbon cycle.

Structure of the active center and catalytic
mechanism of carbonic anhydrases

The catalytic mechanism of CA was first
described for human a-CA II (hCA IT) [74]. The
discovered catalytic mechanism was termed
‘Zn hydroxide’ because the catalytically active
group of hCA II is Zn-bound water ionised to
a hydroxide ion. The metal ion itself is not a
nucleophile to act as a catalyst. It was later

OH"- OH-
o Zn(IT) < Zn(II)
s ™ / » s / i
tis His Cys Cys
a-, y-and 0-CAs B-CAs, type |

and -CAs

found that all classes of CAs utilise a metal
hydroxide mechanism, using divalent metal
hydroxide derivatives as catalytically active
structures [24].

Crystallographic studies have shown
that the active centres of CAs are usually a
tetrahedral cavity formed by three amino acid
residues and a deprotonated water molecule
(hydroxide ion), which act as coordinating
ligands for Me?" (Fig. 5). The metal ion (usually
Zn?") is hydrogen-bonded to the amino acids
surrounding the active site [24].

These ligands, as well as the amino acids
involved either in catalysis or in forming the
correct structure of the active site, are strictly
conserved within each class of CAs. In a-, y-
and 6-CA, three his residues coordinate the
Me2' ion and the fourth ligand is a hydroxide
ion.
All B-CAs are divided into two types
depending on the nature of the fourth ligand
in the active centre and the adjacent amino
acid residues [24, 75] (Fig. 5). In type I B-CAs
(so-called “open active site” enzymes), Me?"
is coordinated by one His, two Cys and one
hydroxide ion. Type II B-CAs (enzymes with
a “closed active site”) use an Asp instead of a
hydroxide ion (Fig. 5). These enzymes are only
active at pH above 8.3. It is this environment
that favours the transition from a “closed
active site” to an “open site” where the water
molecule (hydroxide ion) occupies the position
of the fourth ligand required for catalysis. All
B-cases require dimerisation for catalysis [75],
so a single catalytically active subunit has two
active centres, each carrying Me?*.

The structure of the {-CAS active centre is
similar to that of the type I B-CA active centre
[76]. In n-CA, Me?" is coordinated by two His
residues and one Gln residue in addition to the
hydroxide ion [72].

The catalysis takes place in two steps [77].
In the first step, CO, is converted to HCO; .

Asp OH"
Zn(IT) ~Zn(ID
o v
mis & / N His ¥ / .Y
Cys Cys His Gln
B-CAs, type Il n-CAs

Fig. 5. Schematic representation of active sites of different classes of CAs.
Ligands coordinating metal ion (Zn2") in the active centre of enzymes are shown
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The metal hydroxide derivative in the active
site of the enzyme (E) is a strong nucleophile
that attacks the CO, molecule. This step results
in the formation of a bicarbonate ion bound
to Me?" (Equation 2). The bicarbonate ion is
replaced by a water molecule and released into
solution.
H20
E-Me?*-OH™ + CO, — E-Me?*"-HCO; —

= E-Me*"-H,0 + HCO; (2)

This results in the formation of an inactive
acid form of the enzyme in which water is
coordinated to Me?".

In the second step, the active basic form
of the enzyme is regenerated by ionisation of
the water molecule bound to the metal and
removal of a proton from the active centre to
an external buffer (Equation 3).

E-Me?*-H,0 = E-Me?**-OH-+H" (3)

In some cases, this step is facilitated
by individual amino acid residues close to
the active site of the enzyme that act as
intermediates in the proton transfer [23]. The
removal of protons from the active site and the
reduction of the metal-bound hydroxide is the
limiting step in the catalytic process.

In the highly active hCA II, the proton-
translocating residues are complemented by
a His cluster protruding from deep within
the active centre to the enzyme surface. This
cluster promotes even more efficient proton
removal.

This makes hCA II the most active enzyme
known to date — the rate of its catalysis is
essentially limited only by the rate of ion
diffusion [78].

A characteristic feature of all CAs, at least
of those proteins, is the “bipolar” architecture
of the active site: one half of the active site
is covered with hydrophobic residues and the
other half, the opposite half, is covered with
hydrophilic amino acids [79].

This dual nature is due to the fact that
the enzyme substrates, CO, and HCO5 , have
different chemical properties. Atthebeginning
of the reaction, the CO, molecule binds to a
specific part of the hydrophobic region of
the active centre of the CA site (hydrophobic
pocket]; this facilitates the subsequent
nucleophilic attack [79]. The hydrophilic
moieties ensure regeneration of the active
site by removing a proton from the zinc-
bound water and releasing it to the external
environment by means of proton-translocating
groups. Table 1 summarizes typical kinetic
parameters of the many carbonic anhydrase
isozymes.

The data, which include enzymes from
all six CA families, show that hCA II (a-class
CA) or ZnCA1-R1 ({-class CA) are among the
enzymes with the highest turnover numbers
described so far.

The table shows data on a-class CAs:
human cytosolic isoenzyme hCA II; bovine
(wtbCAII) and the bacterium SazCA (from
SulfuriHydrogenibium azorense); the [-class
includes the enzyme Can2 from the fungus

Table 1. Kinetic parameters for the CO, hydration reaction catalysed by various CAs belonging
to the various families

Class Organism | 3 Y k[:fi,t[é ;ﬂ\il References

hCAL o Human 2.0x10° 5.0x107 [78]
hCA I o Human 1.4x10° 1.5x10° [70]
wibCAIL o Bovini 9.3x10* 1.198x108 [80]
SazCA o Bacterium 4.4x10° 3.5x10° [81]
Can2 B Fungus 3.9x10° 4.3x107 [82]
FbiCAl B Plant 1.2x10° 7.5x10° [83]
PgiCA v Bacterium 4.1x10° 5.4x107 [84]
CdCAL-R1 ¢ Diatom 1.5x10° 1.4x108 [85]
ZnCA1-R1 ¢ Diatom 1.4x10° 1.6x10° [70]
TweCA 8 Diatom 1.3x10° 3.3x10" [76]
PfCA n Protozoa 1.4x10° 5.4x10° [71]
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Cryptococcus neoformans FbiCAl from the
plant Flaveria bidentis; y-class enzyme —
PgiCA from the anaerobic bacterium
Porphyromonas gingivalis; - and (-class
enzymes from the diatom Thalassiosira
weissflogii; C-class CA with zinc (ZnCA1-R1)
and cadmium (CdCA1-R1); n-CA (PfCA) from
Plasmodium falciparum.

As the most active enzyme, hCA II is often
tested in CO, capture projects from industrial
gas emissions [20, 25, 77]. Carbonic anhydrase
from bovine erythrocytes, although less active
than the hCA II isoform, is one of the most
studied forms of CA and is promising for use in
flue gas decarbonisation programmes [86—88].

The combustion of fossil fuels produces not
only CO, but also nitrogen and sulphur oxides,
from which nitrates, nitrites, sulphates and
sulphitesareformedintheaquaticenvironment.
The influence of these anions on the activity of
CA is of interest when designing reactors for
CO, sequestration. The results of the study of
these effects show that the enzymatic activity
of hCA 1II is only slightly inhibited by NO;~,
NO,~, S0,*, HSO? [89]. n-CA (PfCA) proved to
be much more sensitive to these anions [71].

Other impurities of flue gases are heavy
metal ions that inhibit to varying degrees
carbonic anhydrases hCAII, hCAI and «a-CA
from different vertebrate and invertebrate
species [90].

Comparative analysis of the results
obtained when studying the effects of heavy
metals on plants [91] and multiple forms of
plant carbonic anhydrases [92—-94] allows us to
conclude that plant B-carbonic anhydrases are
more sensitive to the inhibitory effects of heavy
metals than animal a-CAs. The reason for the
high susceptibility of B-CAs to Me?" seems to be
the presence of SH-containing amino acids (cys)
in their active centre (Fig. 5), which have a high
affinity for heavy metal ions. Obviously, these
characteristics should be taken into account
in the design of reactors, depending on the
composition of the flue gases to be decarbonised,
for which one or other CA will be used.

Influence of temperature on the structure
and activity of carbonic anhydrases

At high temperature, enzymes lose
their biological activity and are irreversibly
denatured by denaturation. This inactivation
by thermal denaturation has a profound effect
on enzyme productivity [95]. The temperature
limitation of enzymesisanimportant parameter
for industrial applications, affecting the cost
of the process if the enzyme cannot be reused.
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Lavecchia and Zugaro studied the effect of
thermal denaturation onthecatalytic properties
of carbonic anhydrase from bovine erythrocytes
[96]. It was found that at temperatures below
60 °C the enzyme is very stable, whereas at
temperatures between 60 and 65 °C there is a
sharp decrease in biological activity followed by
irreversible loss of activity.

Below 60 °C the enzyme recovers almost
completely its biological activity, whereas in
the range 60—65 °C a considerable decrease in
the catalytic activity takes place, above 65 °C
the residual activity drops to zero after few
minutes. Thermal transition between native
and partially unfolded carbonic anhydrase is a
highly cooperative process. The observed loss
of activity appears to be a consequence of large
conformational changes affecting all the molecule
and causing the unfolding of the protein. When
the enzyme solution is cooled down to 25 °C
in order to measure the catalytic activity, the
structural rearrangements of the polypeptide
chain are likely to result in an uncorrected
reconstitution of the active site region.

Astheturnoverrateof hCAIlismuchhigher
than that of other types of CAs, it is attracting
increasing attention in CO, capture projects.
However, its hydratase activity is very sensitive
to temperature, and the enzyme is inactivated
at 45 °C [97]. This greatly complicates its use
as a potential catalyst for accelerating CO,
absorption from flue gases [98], i.e. at high
temperatures and in the presence of trace
amounts of pollutants [16, 99].

Recently, many authors have reported a
decrease in enzyme activity with prolonged
exposure to high temperatures [89, 100,
101]. It became clear that the development of
enzymatic CO, capture technologies would be
impossible without solving the problem of the
thermal stability of CAs.

To solve this problem,

1) In thermophilic organisms, enzymes are
being sought that maintain high activity as
the temperature rises [22, 55, 58, 59, 95, 97,
102, 103];

2) Molecular modelling methods are used
with directed replacement of critical amino
acids in the CA molecule [72, 77, 95, 99, 101,
104, 105];

3) Developing methods and carriers for
immobilizing CA to increase its thermal
stability, improve enzyme recovery and reuse,
and reduce the overall cost of the process [15,
100, 106-108];

4) Scaling up research to develop enzymatic
CO, sequestration technologies for subsequent
industrial implementation [107, 109].
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CAs from Methanobacterium thermo-
autotrophicum (CAB) and Caminibacter
mediaatlanticus DSM 16658 are able to retain
more than 40% of their initial hydratase
activity at 85 °C when reduced to 1.7x10*s™!
[22]. Enzymes from Bacillus subtilis and
Citrobacter freundii are stable at < 60 °C but
lack hydratase activity [17].

In recent years, four highly thermally stable
o-CAs, SspCA from Sulfurihydrogenibium
yellowstonense YO3AOP1, SazCA from Sul-
furihydrogenibium  azorense, Thermovibrio
ammonificans (TaCA) and Persephonella marina
EX-H1 (PmCA), have been extensively studied.

Capasso et al, [110] reported a highly
thermally stable recombinant o-CA (SspCA),
whichwasidentified and characterised fromthe
thermophilic bacterium Sulfurihydrogenibium
yellowstonense sp. YO3AOP1. It retains its
high catalytic activity for the CO, hydration
reaction even after heating at 70 °C for several
hours.

Russo et al, [100] developed a novel
recombinant CA, SspCA, isolated from the
thermophilic bacterium Sulfurihydrogenibium
yellowstonense sp. YO3AOP1l. They also
reported that the half-life of the enzyme at
pH ~ 8.3 was 53 days at 40 °C and 8 days at
70 °C.

De Luca et al. and Vullo et al. [102] reported
the biochemical properties, thermostability
and inhibition of a novel o-CA enzyme,
SazCA, obtained by translational analysis of
the genome of the thermophilic bacterium
Sulfurihydrogenibium azorense. The SazCA
enzyme is highly thermostable, withstanding
incubation temperatures of 90-100 °C for
several hours without loss of activity. However,
SazCA is highly sensitive to most inorganic
anions (except sulphate), which inhibit the
enzyme at concentrations of about 1 mM.

Sofortoday,SazCAhasthehighestcatalytic
hydratase activity of 3.5x10% M s !at 20 °C
[102], which is more than twice the activity of
hCA II. The enzyme retains high hydratase ¢
after 3 h incubation even at 100 °C, which may
be due to the substitution of two amino acids
involved in proton transfer: Glu2 for His2
and GIn207 for His207 [72]. These two
mutations could affect the pKa of the proton
shuttle and consequently its ability to transfer
the proton [72].

Using the methods of molecular modeling,
it was possible to increase the thermal stability
of the spacecraft due to such strategies as
increasing the stiffness of the surface loop
[104] and compactness of the surface [105,
111], reducing surface hydrophobicity [99]

and introducing a conservative disulfide
bridge [77].

Enzyme immobilisation

CA enzymes are rather unstable molecules
with alimited range of working conditions, and
their use in their free form is not recommended
because they cannot be extracted from the
reaction environment [108], which severely
limits their large-scale industrial applications.
Also, the use of free enzyme dissolved in the
solution phase is not favourable due to the
significant amount of enzyme required in
enzymatic processes. Enzyme denaturation
is another challenge, resulting in the loss of
enzyme CO, hydration activity over time.
Enzyme immobilisation allows mobile enzymes
to be confined by attaching them to an inert,
insoluble material. This can provide increased
resistance to changes in pH or temperature. It
also allows the enzyme to remain in a stabilised
state throughout the reaction, after which it
can be easily separated from the products and
reused. This greatly increases the efficiency
of the process and is therefore widely used
in industry for reactions dependent on
enzymatic activity [112]. Therefore, enzyme
immobilization is a rational approach to
overcome these limitations and develop a viable
CO, capture system using aqueous solvents.

Immobilisation of carbonic anhydrase can
offer several advantages, including improved
stability, reusability and easier separation of
the enzyme from the reaction medium. Various
supports and immobilisation strategies
have been explored to immobilise carbonic
anhydrase with the aim of achieving good
activity and stability compared to free enzyme
in solution [15, 107].

The immobilisation strategy is crucial
for maintaining the activity and stability of
immobilised carbonic anhydrase. Various
strategies such as physical entrapment
(encapsulation), covalent binding and
adsorption have been used to immobilise
carbonic anhydrase [112, 113].

Physical  entrapment  involves  the
encapsulation of the enzyme within the
carrier matrix, which provides protection
and maintains the enzyme activity. Enzyme
encapsulation is an irreversible immobilisation
method in which enzymes are entrapped
within the fibre, either in polymer membranes
or in lattice structures of the material, which
supply the substrate and remove products from
the enzyme. Capture involves the physical
confinement of the enzyme within a limited
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network space. Mechanical stability, enzyme
leaching and chemical interaction with the
polymer are generally improved when the
enzyme is immobilised by encapsulation. This
method modifies the encapsulating material
to provide an optimal microenvironment for
the enzyme. An ideal microenvironment with
optimal pH, polarity or amphiphilicity can be
achieved by using different support materials
[113].

Adsorption. Adsorption involves the non-
covalentbinding of the enzyme onto the surface
of the carrier, which can be reversible and
allows for enzyme release. This method is based
on physical interactions between proteins and
solid support surfaces through van der Waals
forces, hydrogen bridges and electrostatic
interactions. Adsorption immobilisation of
enzymes is relatively simple and can have
higher commercial potential, lower cost and
higher efficiency with relatively weak (non-
covalent) binding of the enzyme.

However, the physical binding is generally
too weak for the enzyme to remain attached
to the support and not be subject to enzyme
leaching, resulting in significant substrate
contamination [108, 113].

Covalent binding and cross-linking.
Covalent binding involves the formation of
covalent bonds between the enzyme and the
carrier, which provides strong attachment
and stability. The technique of covalent
enzyme immobilisation is one of the most
prominent. The formation of covalent bonds
is required for more stable binding, and
these are generally formed by reaction with
functional groups present on the protein
surface. The functional groups that contribute
to enzyme binding include side chains of lysine
(amino group), cysteine (thiol group) and
aspartic and glutamic acids (carboxyl group)
[114]. The activity of the covalently bound
enzyme depends on the coupling method, the
composition of the carrier material, as well as
its size and shape and the specific conditions
during coupling [15,107].

Support materials for CA immobilization.
The choice of the support material is an
important factor which must be considered, as
it has an important effect on the performance
of biocatalytic system [108]. Some features
should be considered for support material
selection such as availability, low cost,
functional group availability, mechanical
stability, and compatibility with the enzyme.

1. Polymer-based materials: Polymers such
as polyvinyl alcohol (PVA), polyvinyl acetate
(PVA), polyethyleneimine (PEI), polyurethane
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(PU), and polyethyleneglycol (PEG)have
been widely used as support materials for CA
immobilization. These polymers have high
mechanical stability, tunable porosity and can
provide a stable matrix for the enzyme.

2. Silica-based materials: Silica-based
materials, such as silica gels, mesoporous
silica, and silica nanoparticles, have been
extensively studied for CA immobilization.
They have a high surface area, which provides
a large amount of immobilization sites for the
enzyme. Silica-based materials also have good
compatibility with the enzyme and can provide
a stable environment for its activity.

Inorganic materials, such as silica
nanoparticles, gold nanoparticles, and
titanium dioxide nanoparticles, offer unique
properties for enzyme immobilization. They
provide stability and controlled release of
the enzyme, which can enhance the overall
performance of the CO, capture process.

3. Metal-organic frameworks (MOFs):
MOFs are a class of porous materials composed of
metal ions connected by organic ligands. These
materials have shown great potential as support
materials for CA immobilization due to their
high porosity and tunable structures. MOF's can
provide a controlled environment for the enzyme
and improve its stability and catalytic activity.

4. Mesoporous materials: Mesoporous
materials, such as silica, alumina, and
zeolites, have attracted attention for enzyme
immobilization. These materials provide a high
surface area and a well-defined pore structure,
allowing for efficient loading and dispersion
of CA enzyme[115].

5. Magnetic nanoparticles: Nanoparticles,
such as magnetic nanoparticles and gold
nanoparticles, have been explored as carriers
for immobilizing carbonic anhydrase. These
nanoparticles can provide high surface area-
to-volume ratios and can be easily separated
from the reaction medium using external
magnetic fields or centrifugation.

6. Carbon-based materials: Carbon-based
materials, such as activated carbon, carbon
nanotubes, and graphene oxide, have been
investigated for CA immobilization. These
materials have a large surface area, good
mechanical stability, and are chemically inert,
making them suitable support materials for
enzyme immobilization.

Conclusions

Numerous studies in recent years have
shown that the use of carbonic anhydrase for
enzymaticCO,capturehassignificant potential
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to create a cost-effective technology. However,
the industrial application of enzymes in carbon
capture processes is limited by their high cost,
low catalytic activity, poor stability over time,
high sensitivity to temperature, low tolerance
to pollutants such as sulphur compounds and
reusability. To overcome these limitations,
further developments are needed to improve
the economics. Carbonic anhydrases are found
in all organisms, from protozoa to humans.
Not all of them have been studied, so the search
for new stable enzymes among organisms
with enormous genetic diversity remains an
urgent task. The use of molecular modelling
has already led to impressive successes in the
design of thermostable enzymes, and further
developmentsinthisareaareexpected. Enzyme
immobilisation offers great potential for the
industrial production of carbonic anhydrase in
captured CO,. Advances in support materials,
immobilisation strategies and reactor design
could lead to the development of efficient and
cost-effective enzymatic CO, capture systems.
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BIOKATAJITHYHE YJOBJIOBAHHA BYTJERHUCJIOTO I'A3Y
3A YYACTIO KAPBOHTIAPA3HU

O. K. Bonomapvosa., H. M. Tonuiii., O. M. @edwk
Iacturyr 6oraniku HAH Vkpainu, Kuis
E-mail: olgamuronivna@ukr.net

IITBuake Ta mocTifine 3pocTanHsa KoHIeHTpanii CO,, HAUIIOMIPEHIIIOT0 TAPHUKOBOTO rady B aTMocde-
pi, IPU3BOAUTE A0 EKCTPEMAJIbHUX IMOTOHUX Ta KJIIMAaTUYHUX ABUII. ¥ HACJIiIOK CIIAJIFOBAHHA BUKOITHOTO
nanusa (HadTu, ByTijng Ta npupogHoro rasy) kounerrparia CO, B IOBIiTpi 8pocTasiia yIpomoBK OCTaHHIX
IecaTUIiTh Oiblile HisK HA 2 ppm Ha PiK, 1 JauIle 3a ocTaHHi#i pik — Ha 3,29 ppm. [[1a 3amobiranusa «Hai-
ripmuM» clieHapifgM 3MiHU KJiMaTy, HeoO0Xi/JHO HeraifHo Ta cyTTeBO cKOpoTuTH BUKUU CO,H IMIIIAXOM yIIpaB-
JIIHHA BUKUAAMU BYTJIEI[€BOTO rasy.

Mema. Anaiis cyuyacHOTr0 CTaHy JOCTi)KeHb Ta MIePCIeKTUB BUKOPUCTAHHI KapboaHTiApasu B Iporpa-
Max AeKapOoHizallii HaBKOJUIIHLOTO CEPEeIOBHUIIA.

Pesynvmamu. Kapboanrizpasa me — eHs3uM, axkuil npuckopioe oomia COy, Ta HCO3- y posuunHi Bix
10* go 10° pasis. Ha choroguimmuii neHp B pisHuX opraHiamax imeHTudikosano 7 TumiB KapboaHrigpas.
Kap6oanrigpasa nmorpioHa ana sabesnedenHd mBugkoro nocravanaa CO, Ta HCOs- ana pisHux merabo-
JIUHUX IMIJIAXiB B oprauismi, 1o moscHioe ii 6araTopasoBe HesaJeskHe MOXOMMKEHH IIi Yac eBOJIOIii.
Ensumu, Buznineni 3 6axkTepiii i TkaHUH ccaB1iB, Oyau mpoTecToBaHi B mpoekTax cekBecrparnii CO, 3 BUKO-
puctaHHAM Kapboaurigpasu. HaibinbIn BUBUeHOIO € 0gHA 3 i30(popm Kapboanrigpasu soguau — hCAII —
HaM6iIbII AKTUBHUH IPUPOLHUH eH3uM. Moro Hegoikamu Oyiix HecTablIpHICTD Vv Yaci, BUCOKA Uy TIU-
BiCTB 10 TeMIlepaTypu, HU3bKa TOJEePAaHTHICTD 10 3a0pyAJHEeHb, TAKUX AK CIOJYKHU CipKH, i HEMOMKJIUBiCTD
TMMOBTOPHOT'O BUKOpUCTauHA. HalibiJbIll BUBUEHOIO B I[bOMY BiHOIIIEHHI € 0HA 3 i30(popM Kapboaurigpasu
aonuau — hCAIIl — Ha#6iNbI aKTUBHUY TIPUPOSHUIT eH3UM. [[J1d IoJ0JIaHHA ITUX 00MeKeHb BUKOPUCTO-
BYBaJIX METOAU MOJIEKYJIAPHOTO MOJEJTIOBAHHA Ta iMMoOinizanii emsumis. ITokasano, 1o immoo6isisa-
isa 3abes3meuyBaJia OiIBINY TepMiuHY cTabiIbHICTD i cTabibHiICTE mig uac 36epiranHus, a TAKO0XK MiABUIIY-
BaJIa MOYKJIMBIiCTH TOBTOPHOTO BUKOPUCTAHHA.

Buchnosexu. Kap6oaHrigpasu 6epyTh y4yacThb y Giojoriuniii acuminsamnii armochepuoro CO,. Tomy,
BUBYEHHA TaKUX €H3VMiB Ta YMOB, HEOOX1HUX AJ1d IX aKkTHBAaIlii Ta eexTruBHOTO norsimHanad CO, cTBOpIOE
MiATPYHTA 418 PO3POGIEHH Gi0KaTAIITUYHIX 3aCO0iB MiBUIIeHHA feKapGoHisamii arMochepu.

Knwuwoei cnosea: 3mina kiimary; gexapbOomisamid; O6iocexkBectpamia CO,; kapboanrizpasa;
iMMoOirizalisa eH3MiB.
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The emergence of many pathogenic microorganisms, which are resistant to known antibiotics,
indicates the need to find new strategies to fight them.

Aim. The article is devoted to the analysis of modern research on liposomal forms of phages as a
promising strategy for fighting microbial infections.

Methods. Analysis of modern national and foreign research devoted to the bacteriophage encapsulation
into liposomes and the evaluation of the efficacy of this drug delivery system in antimicrobial therapy.

Results. Bacteriophage encapsulation into liposomal nanoparticles protects phages from the negative
effects of external factors, increases the period of circulation in the organism, ensures increased
bioavailability of phage particles and, as a result, increases the efficacy of antimicrobial treatment.
Liposomal forms of phages have demonstrated their effectiveness in fighting many common pathogenic
bacteria, including Staphylococcus aureus, Klebsiella pneumoniae, Mycobacterium tuberculosis,
Salmonella, etc.

Conclusions. Liposomal phages have prospects as antimicrobial drugs, however, for their widespread
use in clinical practice, preclinical and clinical studies are required to confirm their effecace and
safety.

Key words: nanobiotechnology; drug delivery system; liposome; bacteriophage; phage therapy;

antimicrobial drug.

Increasing resistance of pathogenic
microorganisms to antibiotics has led to the
emergence of new generation of drugs, such
as liposomal (LS) forms of antimicrobials.
LS is a promising strategy for treatment
options for currently untreatable infections
[1-3]. There are FDA-approved LS forms of
antibiotics on the pharmaceutical market,
such as amphotericin B, amikacin, nystatin,
etc. LS forms of polymyxin B, vancomycin,
gentamicin, tobramycin, norfloxacin,
azithromycin, and carbapenem are at various
stages of research. In addition, antitumor
antibiotics in the LS form, daunorubicin and
doxorubicin hydrochloride, are widely used
in the clinic, that make it possible to fight
resistant forms of tumors [1-3].
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The use of LSs as components of drug
delivery system allows to change the
pharmacokinetics of the encapsulated active
pharmaceutical ingredient (API), increase its
bioavailability and efficiency [4—7]. LS forms
of APIs have undeniable advantages in the
development of antimicrobial drugs. In terms of
practical use, LS drug delivery systems are the
most successful in nanomedicine. The creation
of LS drugs is one of the promising areas of
modern medicine and nanopharmacology due to
the following advantages of LSs[1, 2, 8—10]:

— to prolong the circulation of the API in
the body;

—to change the pharmacokinetics of drugs,
significantly increasing their pharmacological
effect;
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—to protect the API from the degradation
by external factors in the body (enzymes, pH,
oxidation, etc.);

—-to suppress API-resistant forms of
bacteria and tumor cells;

— to protect the cells and tissues of the body
from the toxic effects of drugs;

—to increase the bioavailability of
lipophilic APIs;

—to provide direct interaction or fusion of
LS lipid bilayers and membranes of bacterial
or tumor cells, increasing the concentration
of antibiotic in bacteria or tumor cells and
thus improving the therapeutic effect of the
antibiotic;

— to penetrate through the blood-brain
barrier and deliver the LS encapsulated API to
the cells of microorganisms or tumor cells;

—to be administrated intravenously, orally,
inhalation and other ways, as sterile dosage
forms that do not contain endotoxins and toxic
substances.

The emergence of resistant forms of
microorganisms has led to a resurgence of
interest in bacteriophage, or phage therapy.
The relevance of phage therapy is also
explained by the fact that every year there are
very few new antibiotics or new dosage forms
of known antibiotic APIs, while humanity
is facing an increase in resistant forms of
infectious agents. Phages are recognized as
safe for use in the clinic and do not lead to
significant specific side effects [11-17]. The
action of a lytic bacteriophage is as follows: the
lytic phage binds to a specific surface receptor
and introduce the phage DNA into bacterium,
where early gene expression, particle assembly
and release of phage from the host cell is
carried out. A full lytic cycle typically creates
100-200 new phage particles and is completed
in about the same time as the doubling time of
the bacterial host cell.

Bacteriophages as antibacterial agents

The development of modern science has
revived interest in drugs based on phages.
Biotechnology allows to introduce phages
into our daily lives in new ways. Approved
preparations based on bacteriophages prevent
contamination of a number of products, such as
meat, fish, fruits, vegetables, dairy products
[18, 19], with pathogenic bacteria, such as
Listeria monocytogenes, Salmonella enterica,
Chigella, Escherichia coli. Sprayable phage
solutions are approved for protecting growing
plants and animals from bacterial diseases,
phage-based biocides can penetrate biofilms to

treat and protect surfaces from contamination
or bacterial corrosion. Biotechnological
methods are constantly being developed and
allows to use bacteriophages for gene delivery
and carriers of vaccine antigens. In addition,
lytic phages can act as selective and specific
probes for the detection of pathogenic bacteria,
such as Staphylococcus aureus [20—21].

The possibility of using bacteriophages in
the treatment of infectious diseases is limited
by a number of factors, we are going to focus
only on the main problems [22-25]:

1. The instability of phages is associated
with their physical and chemical properties
as well as external environmental factors.
Despite the fact that phage preparations are
stable in buffer-salt solutions for at least 1-2
years at a temperature of 2—8 °C, when taken
orally, intravenously or intramuscularly,
phage suspensions enter the environment
with high temperature, non-optimal pH
value, different osmotic conditions, enzymes
in the stomach and intestines, that leads to
instability of phage particles. In addition, the
phage stability can be affected by the shape and
size of phages, namely the size of the head, and
the length and thickness of the tail. The loss of
stability of phage naturally leads to a loss of
titer, and consequently to a loss of infectivity
of it. It should also be noted that it is proposed
to use a mixture of phage particles (a phage
cocktail) for phage therapy to prevent bacterial
infections in clinic. The administration of
phage cocktails may effectively prevent
bacterial resistance and improve clinical
outcomes. According to a number of authors, a
mixture of phage cocktails is less stable.

2. The loss of specificity of phages is
associated with bacterial resistance and
emergence of resistance to phages.

3. The emergence of phage-neutralizing
antibodies is one of factors that reduce the
activity of phage therapy. Furthermore, the
phage therapy requires repeated administration
of phages, that in turn leads to an increase in
the level of phage-neutralizing antibodies.

4. The phage therapy is low effective for
patients infected with intracellular pathogens
(Mycobacterium tuberculosis, Salmonella,
Staphylococcus) located, for example, in
phagocytic cells.

Perspectives of liposomal forms of phages

The encapsulation of phages into LS
nanoparticles is one of the strategies for
increasing the efficacy of phage therapy, as it
has been demonstrated for antibiotic therapy.
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Having the experience in LS drugs creation, we
believe that LS drugs are the most promising
direction of drug delivery systems today.

By analyzing the problems related to the
use of phages, advantages of LS forms and
our knowledge in the liposomology, we believe
that there is a real opportunity to use LSs as
drug delivery system in phage therapy in the
field of oncology and infectious diseases. In
this case, the LS system of phage therapy
will significantly overcome these problems.
Taking into account that a number of viruses
were successfully encapsulated in LSs while
maintaining their high cell transfection
efficiency, the creation of LS forms of
bacteriophage preparations is quite realistic
[26—-29]. Oncolytic viruses, polioviruses,
retroviruses, and others were encapsulated
in LSs of various compositions, and LSs
containing the virus were able to infect
cells by merging with the cell membrane.
The transfection efficiency of LS form of
adenovirus was 4 times higher compared to
non-encapsulated one. Unlike the viruses, the
encapsulation of phages into LSs will require
another lipid compositions of LS nanoparticles
and another technological schemes, because
of different size and properties of phages and
other viruses. However, it could be used the
same technological principles for obtaining
of LS forms of phages, lyophilization or spray
drying, and cryoprotectant selection as for
obtaining LS forms of other preparations.

In recent years, research efforts have
been focused on the possibility of using LSs
for phage therapy, for example, against
Staphylococcus aureus, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Enterococcus
faecium, Mycobacterium tuberculosis,
Salmonella, Listeria monocytogenes, etc.
Various methods have been proposed for
obtaining bacteriophages-containing LS
nanoparticles [30, 31]. The following
paragraphs are devoted to research describing
the production and properties of LS phages.

Bacteriophages against Salmonella

Salmonellosis is one the main intestinal
infections in humans and animals, caused by
bacteria of the family Enterobacteriaceaee —
Salmonella, which colonizes the intestinal
cells, resulting in intoxication and damage
of the gastrointestinal tract. Salmonella
phages were among the first to be used for
phage therapy and encapsulated in LSs.
Bacteriophages UAB_Phi20, UAB_Phi78,
UAB_Phi87 against Salmonella strains
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were encapsulated in positively charged
LSs (31.6 mV) with a diameter of 309 to
326 nm. LSs were prepared by the lipid
film method followed by hydration and
extrusion. LSs consisted of 1,2-dilauroyl-
sn-glycero-3-phosphocholine (DLPC),
cholesteryl-PEG600, cholesterol, and
cholesteryl-3B3-N(dimethylaminoethyl)
carbamate hydrochloride in a molar ratio of
1:0.1:0.2:0.7. In order to study the stability
of phages, LSs were subjected to the action
of stomach acid (pH 2.8), and the phage titer
decreased from 3.7 to 5.4 log units, whereas
the titer of non-encapsulated phages decreased
from 5.7 to 7.8 log units in stomach acid, that
confirms the protection of the phage activity
in LS form in low pH conditions. Both LS
phages and free phage suspension protected
salmonella-infected chickens in vivo when
administered daily for 6 days. However, LS
phages protection was maintained up to 1 week
after treatment was stopped, and free phage
activity was completely lost by this time [32].
Using salmonella phage, two different
methodologies for bacteriophage encapsulating
using two biocompatible materials were
offered, a cationic lipid mixture and a
combination of alginate with anthracite
CaCO4 [33]. The purified phage lysate
with concentration of 10'°-10'! PFU/ml
was used for phage encapsulation. Both
techniques have been successfully applied to
encapsulate salmonella phages with different
morphologies, and what is important the used
material does not change the antibacterial
action of phages. The authors believe that
both technologies can also be adapted to
encapsulation and stabilization of any
bacteriophage for, that will allow to protect
phages from critical environmental conditions.
Orally administered LS form of salmonella
phages was stable in the stomach in mice.

Bacteriophages against
Mycobacterium tuberculosis

The discovery of phages specific to
Mpycobacterium gives hope that phage therapy
will be safe and effective against extracellular
bacteria [34]. The phage penetration into
intracellular and granulomatous media, as
well as synergistic effects with antibiotics,
are important issues in the treatment of
tuberculosis. The use of LSs can provide
an effective intracellular penetration of
bacteriophages [35]. Mycobacteriophage
TM4 encapsulated LSs were prepared from
1,2-dipalmitoyl-sn-glycero-3-phosphocholine
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(DPPC), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), and the fluorescent
lipid Texas Red™ 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine (DHPE).
The resulting LS size was less than 5 pm,
and the possibility of inhalation delivery of
mycobacteriophage containing LSs to lungs
was shown. In addition, phages encapsulated
in LSs penetrated monocyte cells more
efficiently than free phages. According to the
authors, LS phages can make it possible to
fight off intracellular pathogens due to their
penetration into eukaryotic cells [36].

LS form of lytic mycobacteriophage D29
for the treatment of tuberculosis infection
was prepared from phosphatidylcholine
(PC) and cholesterol in a ratio of 3:1 by two
methods: extrusion and chromatography on
Sephadex G-75 using sodium deoxycholate
in 20% ethanol [37]. The first method
gives LSs with a size of 0.8 uym and a phage
encapsulation of about 40% , and the second
method gives LSs with a size of 0.25 ym and
a phage encapsulation of about 25% . The lytic
effect of the LS form of mycobacteriophage
D29 was established both on the model of
tuberculous granuloma formed in the presence
of M. tuberculosis in human mononuclear blood
cells in vitro, and on the model of tuberculous
infection in C57B1/6 mice. The use of the LS
form of lytic mycobacteriophages D29 with a
size of 0.8 ym showed the most pronounced
significant antimycobacterial effect.

The macrophage cell culture RAW264-7
was infected for 24 hours with M. tuberculosis
H37RV at a concentration of 10" CFU/ml,
and macrophages were isolated by
centrifugation in a Ficoll density gradient
[38]. Phage D29 in a concentration at least
10® PFU/ml was purified on an ion exchange
column packed with Q-sepharose, and then
shaken with a phospholipid film containing
PC and cholesterol, the obtained lipid
particles containing mycobacteriophage were
homogenized by 20-fold extrusion and filtered
through filters with pore size of 0.4 uym. The
phage encapsulation into LSs was controlled
by PCR analysis of phage DNA. There were
82 colonies of M. tuberculosis H37TRV in
control sample, 17 colonies in the sample
treated with free mycobacteriophage, and
7 colonies in the sample treated with LS form of
phage, that proves a higher antibacterial effect
of mycobacteriophages encapsulated in LSs
with a size of about 400 nm. In the following
research the antimycobacterial action of lytic
bacteriophage D29 both in free and LS forms
was shown to varying degrees in cell models

of intracellularly infected macrophages
RAW264-7 and tuberculous granuloma formed
by human blood mononuclear cells [39].

Bacteriophages against
Klebsiella pneumoniae

Nosocomial infections caused by K. pneu-
moniae are the main cause of morbidity and
mortality among burn patients [40]. The
phage therapy is a safe and effective strategy
for fighting against antibiotic resistant
pathogens. Despite the fact that the promise
of the phage therapy has been confirmed in
a number of studies [41-43], to date, none
of the phage-based treatments has been
comprehensively studied in patients and
has not reached commercialization. One of
the reasons is the rapid clearance of phages
from our body by reticuloendothelial system
and a poor pharmacokinetic profile, that
negatively affects the treatment efficacy. In
this regard, attempts are being made to create
LS forms of bacteriophages, in particular,
for the treatment of diseases caused by
K. pneumoniae. For example, a decrease in
pro-inflammatory and a significant increase
in anti-inflammatory cytokines in the lung
homogenates of mice treated with the LS form
of lytic bacteriophage T7 was shown, which
indicates an increased effectiveness of the
LS phages in the treatment of pneumonia in
a model of K. pneumoniae B5055 mediated
croupous pneumonia in mice [44]. The phage
suspension was rapidly absorbed by the
reticuloendothelial system and phages could
not be determined, whereas encapsulated in
LSs or bound to nanoparticles phages were
detected in the body for a longer time [45].
LSs consisted of PC, cholesterol, Tween-80,
and stearylamine in a ratio of 8:2:1:0.5.
The average size of LS nanoparticles was
229.83 nm, and the phage encapsulation was
79.2 =5.6% . The use of LS encapsulated phage
cocktail led to an increased therapeutic effect
in the treatment of K. pneumoniae mediated
burn wounds [46]. The pharmacokinetics of a
phage cocktail containing five bacteriophages
against K. pneumoniae encapsulated in
cationic LSs was studied in intraperitoneal
administration in BALB/c mice [46]. When
studying the circulation time of phages in
the blood and the residence time in various
organs, LS encapsulated phages were detected
in the spleen, liver and blood for almost 48
hours, while free phages were eliminated
after 24 hours. An efficacy of LS phage
was performed in a model of K. pneumonia
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mediated burn wound infection in mice. Due to
the long circulation time, a number of bacteria
in the blood of mice treated with cationic
LS phages was reduced more effective in
comparison with mice treated with free phage.
Furthermore, the use of phages encapsulated
in cationic LSs provided a faster infection.
LS particles containing phages against
K. pneumoniae remained in the blood for a
longer period than free phage particles, and
chitosan-coated small LSs containing phages
was detected in the gastrointestinal tract
longer than large multilamellar LSs.

Bacteriophages against
Staphylococcus aureus

S. aureus is a common and virulent human
pathogen, which causes a number of serious
diseases, including skin abscesses, wound
infections, endocarditis, osteomyelitis,
pneumonia, and toxic shock syndrome. Like
many other infectious agents, S. aureus is
resistant to a wide range of antibiotics, that
increase the interest in the phage therapy.
The study of phages is carried out both on
various animal models and in a number of
human diseases, and the use of phage cocktails
allows more targeted treatment [47]. But
as mentioned before, there remain many
obstacles to phage therapy, especially in terms
of their impact on the body in vivo, as well as
the influence of the external environment of
the body on bacteriophages. Naturally, as for
other pathogenic agents, scientists turned to
the encapsulation of phages in nanoparticles.
Thus, LS encapsulated bacteriophages against
S. aureus (namely, MR-5 and MR-10) were
more stable and showed a higher therapeutic
effect compared to the free forms in diabetic
wound infection in mice [48]. This cationic LSs
were prepared from PC, cholesterol, Tween-80,
and stearylamine in a ratioof 8 :2:1:0.5 by
a lipid film method followed by mixing with a
phage suspension and sonication the mixture.
The average size of LSs was 212 nm, and the
phage encapsulation was about 87%. The
use of phage loaded LSs led to a reduction
in wound healing time by 33% , owing to the
more effective capture of phage cocktail in LS
form then free phage, that provided twofold
increase in the phage titer in damaged tissue,
increased rate of the infection resolution and
effective treatment of diabetic wound surface.

Two LS preparations of bacteriophages
against E. coli T3 (the size is about 65 nm)
and S. aureus K (the size of capsid head
is 80 nm and tail length — 200 nm) were
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obtained by microfluidic method [49]. LSs
were prepared from 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) and cholesterol by
the thin film method, followed by dissolution
in isopropanol to the concentration of
10 mg/mL. Then, an isopropanol solution of
lipids and an aqueous buffer solution were fed
through special devices using microfluidic
pumps, and the resulting solution was filtered
through 0.1 pm syringe filters. Using a co-
current microfluidic glass device, the sterile
solution was mixed with a concentrated
phage suspension to encapsulate two model
bacteriophages against E. coli T3 and S. aureus
K in submicron-sized LSs. The resulting
preparation was dialyzed to remove residual
isopropanol, and free phages were separated
by ultrafiltration. The average size of LSs
varied from 100 to 300 nm. The titer of
encapsulated E. coli T3 phage was 10° PFU/ml,
but for S. aureus K phage it was significantly
lower than 10° PFU/ml. The effectiveness of
the E. coli T3 phage encapsulation depended
on the phage aggregation, while S. aureus K
phage interacted with the lipid bilayer of LSs,
and a large amount of it bound outside the
LS nanoparticles rather than encapsulated
into them. The authors inactivated LS bound
S. aureus K phages, while maintaining the
activity of the encapsulated phages.

A change in the cholesterol concentration
in the LS composition of led to an increase
in the average size of LSs and in the particle
size distribution. The size of LSs based on
only DSPC was 134+13 nm, on the mixture
of DSPC and cholesterol in a molar ratio of
5:1 — 206=28 nm, and on the mixture of
DSPC and cholesterol in a molar ratio of
1:1 — 301+32 nm. It should be considered
that in the treatment of gastrointestinal
infections, nonencapsulated in LS phages can
be inactivated by the low acidity of stomach
acid (pH 2.5).

Bacteriophages against
Cutibacterium acnes

C. acnes is a cause of the acne disease,
which is a multifactorial disease associated
with the colonization of the skin follicles by
C. acnes of Propionibacteriaceae family. The
treatment of the acne disease is based on the
combination of wvarious products derived
from retinoids, antibiotics, and hormonal
antiandrogens, which takes a long time, can
have side effects, be expensive, and not always
effective. in this context, the evaluation of
cytotoxicity of free and encapsulated in LSs
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Pa.7 bacteriophage from C. acnes in HaCaT
cells is of interest [50]. LS encapsulated Pa.7
bacteriophage (Pseudomonas phage PAT,
equivalent to Pa.7 bacteriophage) did not
exhibited cytotoxicity to HaCaT cells, which
are a spontaneously transformed aneuploid
immortal keratinocyte cell line from the
adult human skin. It was proposed to use
LS encapsulated bacteriophages for skin
treatment.

Thus, lipid-based nanovesicles is a
universal approach to phage delivery, as well
as many other drugs. LSs protect phages from
external stress factors such as low gastric pH,
reticuloendothelial system, and neutralizing
antibodies, increase the circulation time in
vivo, and also the encapsulation of phages
in LSs allows to gain access to intracellular
pathogens (Fig. 1). LS phage delivery is safe,
the used products are not toxic, and phages
in LS form are less immunogenic [32, 44—46,
51, 52]. LSs can provide easier unhindered
diffusion of phages through the epithelium
[563]. The possibility of modifying the LS
surface using conjugation with polymers, sucg
as chitosan, alginate, PEG, is also important to
note. For example, PEGylated LSs are shielded
and less visible [15].

Research on pharmacokinetics and
pharmacodynamics of LS forms of phages
both for oral and intravenous administration
is of particular importance for the creation of
drugs for phage therapy. The biodistribution
and transcytosis through the intestinal cell
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layer of orally administered LS encapsulated
bacteriophages were analyzed on Caco-2 and
HT29 cells (human colorectal adenocarcinoma)
[54]. Phage lysate was obtained from
Salmonella enterica serovar Typhimurium
LB5000. The culture was infected with the
bacteriophage UAB_Phi20 of the Podoviridae
family), having an icosahedral head with a
size of 60+2.7 nm and a non-contracting tail
with a size of 13+=0.7 nm. LSs were prepared
from DLPC, cholesteryl-PEG600, cholesterol,
and cholesteryl-33-N(dimethylaminoethyl)
carbamate hydrochloride in a ratio of
1:0.1:0.2:0.7. The size of the obtained
LSs was 341.6+8.6 nm, the zeta potential
was between 29 and 34 mV, the final product
contained 46% of encapsulated and 54%
on non-encapsulated phages. Fluorochrome
labeled phages were visualized in the
stomach and intestines of mice, and besides,
the presence of phages encapsulated in LSs
were detected in stomach and other internal
organs, including the spleen and liver, and
muscles by conventional culture methods.
The study of phage adhesion showed that
orally administered LS encapsulated phages
remained in the stomach, confirming that LS
encapsulated phages are protected until their
release. Moreover, when the encapsulated
phages reach the intestine, the attachment to
the intestinal wall temporarily protects them
from the action of bile acids and excretion. On
the model of Pseudomonas aeruginosa phage
(PEV20 has s 91 kb genome and a capsid size

Stability during storage

Protection from enzymes

Protection in low pH conditions

Fig. 1. The main benefits of the LS encapsulated phages [31]
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of 60 nm), when intravenously administrated
to rats, the phages accumulated in the liver,
spleen and lymph nodes (where they were
absorbed by the mononuclear phagocyte
system), and also in lungs and muscles [55].
Renal clearance was limited. The authors found
another source of phage inactivation, phage-
neutralizing antibodies. When treated with
repeated doses of phages, the level of specific
phage-neutralizing antibodies increased.

Bacteriophages in the combination
antimicrobial therapy

The combination therapy of phages and
antibiotics takes a special place in phage
therapy. Synergistic effects of a combination
of phages and antibiotics have been identified
[66, 57], for example, in fighting against
Citrobacter amalonaticus which causes
infections of respiratory and urinary tracts.
Eight different antibiotics with different
mechanisms of action (cefotaxime, gentamicin,
meropenem, tigecyclin, etc.) were used in
combination with phage MRM57 to study
the effect of the combined treatment on
the minimal inhibitory concentration. The
authors found that synergism depends on
the concentration of antibiotics, notably to
varying degrees for a very low amount of
phage. And only cefotaxime did not show any
synergies.

Considering that the use of phages for
compassionate treatment is often used in
desperate situations, the absence of side effects
in debilitated patients is reassuring [58].
When the introduction of high doses of phages
over a long period of time, some phage proteins
can apparently elicit an immune response.
However, neutralizing anti-phage antibodies
have been found in humans who have not been
treated with phages, that may limit the success
of phage therapy [69]. LS forms of phages
can also be used in individual phage therapy
for various infections [59]. The antibacterial
action of LS nanoparticles themselves should
be also taken into account [60].

A significant number of works are devoted
to obtaining LSs and studying the stability of
the LS forms of phages [51, 61-64].

Conclusions

In conclusion, LS phage drugs makes it
possible to create drugs for oral, intravenous,
external, and inhalation administration.
When administered orally, LS nanoparticles
can significantly protect bacteriophages from
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acid degradation and inactivation by enzymes
during transit through the gastrointestinal
tract, as well as prolong the residence time
of phages in the intestine. At the same time,
oral administration leads to low bioavailability
of phages. In this regard, the intravenous
administration of LS encapsulated phages can
provide higher efficacy, because these drugs
are safe, and LS forms allows to increase the
residence time of the encapsulated product and
its antibacterial activity, which is especially
important in case of multidrug-resistant
infections.

Increasing resistance of pathogenic
bacteria to antibiotics has led to a revival of
interest in bacteriophage therapy, which was
actively used in a number of countries before
the era of antibiotics [65]. The search for new
forms of phage preparations has begun today
in many countries of the world, preclinical and
clinical stages of research are underway [66—
69]. Current research suggests mechanisms
for interaction of phages with nanoparticles,
for example, metal nanoparticles, which is
based on the value of the zeta potential [70].
The authors believe that particles with a zeta
potential below minus 35 mV effectively bind
to positively charged phage tails, and particles
with a zeta potential above 35 mV effectively
bind to negatively charged phages. If
particles that do not meet these requirements,
the physical interaction of phages with
nanoparticle becomes nonspecific.

Using the knowledge of practical use of
nanosystems in pharmacy and medicine, it is
possible to develop drug delivery system based
on nanoparticles, including LSs for phage
therapy to overcome the difficulties associated
today with the use of phages. Thus, we can
talk about the prospects of using LS forms of
phages for the treatment of infectious diseases.
Perhaps the liposomal form of phages and the
liposomal form of antibiotics are especially
attractive due to a synergistic effect of these
two dosage forms. However, for the licensing
and clinical use of phage drugs, a large number
of studies, both in vitro and in vivo, must be
conducted to confirm the effectiveness and
safety of the treatment.

Funding source. The work was performed
within the research program of “Use of
biotechnological methods in rational nature
management, veterinary medicine and
innovative production” (State Registration
No. 01210113717, 2022—-2026).
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! Hep:xaBHuii 6ioTexHOJOTiUuHMI YHiBepcuTeT, XpKiB, YKpaina
2 HepsxkaBHa ycranoBa «IlHcTHTYT (hapMmakxosorii Ta TOKCUKOJIOTi1
HamionanbpHol akagemii MegunuHNX HayK Y KpaiHum»
3 HanioHanbHUI TexHIYHMI yHiBepcureT « XapKiBChbKUH MONITeXHIYHUNA iHCTUTYT»,
Vkpaina

E-mail: pdmforwork@gmail.com

ITosiBa BeIMKOi KiJIBKOCTI mMaTOTreHHNX MiKPOOPTaHi3MiB, pe3MCTEHTHUX 0 BijoMux aHTHOiOTHKIB,
BKas3ye Ha HeOOXiAHIiCTh MOMIYKY HOBUX CTpaTeriit 600poTh0U 3 HUMU.

Mema. CraTTa mpucBsSUYeHa aHaJi3y CydYacHHX MOCJHiIKeHb JimocomaabHuX Gopm ¢aris sgx
TIePCHEeKTUBHOI cTpaTerii 60poTh0u 3 MiKpOOHUMU iH(MEKIIAMU.

Memodu. Anania cydyacHOl BiTUMBHAHUX Ta iHO3eMHUX MOCTiAKeHb, IPUCBIAYEHUX iHKAMCYJISAIlil
GakTepiodaris y jgimocomu Ta OILiHII e()eKTUBHOCTI Iiei cucTeMu JOCTaBJIEHHSA JiKiB y IPOTUMIKpPOOHIi
Teparrii.

Pesyavmamu. Iukancynania 6axkTepiodariB y jginmocomanbHi HaHOYACTMHKM 3axuInae ¢aru Bix
HeraTUBHOT'O BIIJIMBY 30BHIIIHiX (paKkTopiB, 36iabInye mepion mMuUpKyaAmnii B opraHismi, 3abesmeuye
migBuUIlieHy 6i040CTyIHICTh (h)arOBUX YACTUHOK i, AK HACTITOK, ITiABUIIYE e(PeKTUBHICTh IPOTUMIKPOOHOTO
JikyBaHHA. JlimocomanbHi hopMu dariB mposeMOHCTPYBaIU CBOIO e()eKTUBHICTE ¥ 60poTHOi 3 6araTspma
MOIMIUPEeHNMYU MaTOTeHHUMU OakTepiamu, 3oxpema Staphylococcus aureus, Klebsiella pneumoniae,
Mycobacterium tuberculosis, Salmonella Ta in.

Bucnosku. JlimocomanbHi (paru MamTh HEePCIEKTUBU SK NPOTUMIKpPOOHI IIpemapaTu, IPOTe IJIs
IIUPOKOTr0 3aCTOCYBAHHSA yV KJIIHIUHIN mpaKTHUIli TOTPeOyOThH IPOBEeNeHHA AOKJIHIYHNX Ta KJIIHIYHEIX
IOCTiMyKeHb A HiATBePIKeHHS IXHbOI e(DeKTUBHOCTI Ta 6€3IIeYHOCT.

Knwouosi cnrosa: HaHOO0iOTEXHOJIOTisSI; crcTeMa AOCTABJIEHHSA JIiKiB; Jimocoma; GakTepiodar; ¢garosa
Tepalis; aHTUMiIKPOOHUI mpemapar.
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Aim. PFKFB3 is glycolytic activator that overexpressed in human lung cancer and plays a crucial role
in multiple cellular functions including programmed cell death. Despite the many small molecules
described as PFKFB3 inhibitors, some of them have shown disappointing results in vitro and in vivo. On
the other hand KANO0438757, selective and potent, small molecule inhibitor has been developed.
However, the effects of KAN0438757, in non-small cell lung carcinoma cells remain unknown. Herein,
we sought to decipher the effect of KAN0438757 on proliferation, migration, DNA damage, and pro-
grammed cell death in non-small cell lung carcinoma cells

Methods. The effects of KAN0438757 on cell viability, proliferation, DNA damage, migration,
apoptosis, and autophagy in non-small cell lung carcinoma cells were tested by WST-1, real-time cell
analysis, comet assay, wound-healing migration test, and MMP/JC-1 and AO/ER dual staining assays
as well as western blot analysis.

Results. Our results revealed that KAN0438757 significantly suppressed the viability and prolif-
eration of A549 and H1299 cells and inhibited migration of Ab549 cells. More importantly,
KANO0438757 caused DNA damage and triggered apoptosis and this was accompanied by the up-reg-
ulation of cleaved PARP in A549 cells. Furthermore, treatment with KAN0438757 resulted in
increased LC3 II and Beclinl, which indicated that KAN0438757 stimulated autophagy.

Conclusions. Overall, targeting PFKFB3 with KAN0438757 may be a promising effective treatment
approach, requiring further in vitro and in vivo evaluation of KAN0438757 as a therapy in non-small cell

lung carcinoma cells.

Key words: PFKFB3; KAN0438757; Apoptosis; Autophagy; Lung Cancer.

Transformed cells more than non-
transformed cells exert heavy demands on
glycolysis to support their increased energy
consumption owing to their rapid rates of cell
division. The glycolysis pathway is the basic
enzymatic process in cell metabolism. However,
under limited oxygen, normal cells respond
physiologically by increasing glycolysis. The
dysregulation of glucose metabolism is one
of the hallmarks of cancer cells. High glucose
consumption by tumors was first reported by
Warburg in the 1920s and later suggested that
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cancer cells exhibit a respiratory disorder [1,
2]. Cancer cells choose the aerobic glycolysis
(known as “Warburg” effect), which is
an efficient way of rapidly synthesizing
nucleotides, amino acids and lipids required to
form biomass [3] 6-phosphofructo-2-kinase/
fructose-2, 6-bisphosphatases (PFKFBs) are
enzyme family, best known for its role in the
glycolysis. PFKFBs enzyme family consists
of four homologs are encoded by separate
genes: PFKFB1, PFKFB2, PFKFB3, and
PFKFB4 [4]. Among these members, the
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PFKFBS3 enzyme exhibit kinase activity higher
than phosphatase activity, has the highest
Kinase/Biphosphatase activity ratio (740-
fold) expressed by PFKFBs [5]. The essential
activity of PFKFB3 is to catalyze the synthesis
of fructose-2,6-bisphosphate (F2,6BP), which
subsequently activates phosphofructokinase-1
(PFK-1) that enables upregulating of the
glycolytic flux [6]. Previous findings
indicated that PFKFB3 can be regulated
by several tumor-related genes, including
phosphatase and tensin homolog (PTEN) [7],
mitogen activated protein kinase (MAPK)
[8], phosphoinositide 3-kinases (PI3SK) [9],
and hypoxia-inducible factor 1-alpha (HIF-
la) [10], in cancer cell lines. However, in
spite of this abundance of potential targets
in glycolytic flux, PFKFB3, has received
considerable attention. In recent years,
potent and selective PFKFBS3 inhibitors have
been identified and investigated as potential
anticancer agents. 3PO (3-(3-pyridinyl)-1-
(4-pyridinyl)-2-propen-1-one), a chalcone
group, is the first small-molecule inhibitor of
PFKFBS in this class to be evaluated in vitro
and human-derived tumor studies. 3PO has
demonstrated impressive single-agent activity
via prohibit tumorigenic growth of breast,
leukemia, and lung adenocarcinoma cells [11].
Moreover, it exhibits synergistic activity
when administered in combination with a
multi-kinase inhibitor Sunitinib L-malate in
preclinical studies in Human endothelial cells
(HUVECS) [12]. On the other hand, PFK15,
also a potent and selective PFKFB3 inhibitor,
displayed a more (aprx.100-fold) potent
effect than 3PO in preclinical studies [13].
PFK15 inhibit cell migration and invasion in
HNSCC cell culture and block the metastasis
to lung in the xenograft mice models [14].
PFK158, an PFK15-based synthetic inhibitor
assessed through active phase I clinical trials,
exhibits a high affinity to the ATP binding
site and elicits a significant antitumor
effect on lung, glioblastoma, melanoma,
pancreatic, and colon cancer. In more recent
study, Gustafsson et al. revealed that RNAi
or pharmacological inhibition of PFKFB3
is involved in DNA damage response and
deoxynucleotide incorporation upon DNA
repair. In addition, the results showed that
PFKFBS3 inhibition plays a critical role in
homologous recombination and defective
nucleotide incorporation. KANO0438757 is
a newly developed small molecule inhibitor
of PFKFB3 that impairs DNA repair by
disrupting deoxynucleotide incorporation and
inhibits survival of transformed cells [15].

Previous studies have found that PFKFB3
expression is increased significantly in some
cancers [16] including lung cancer; however,
whether KAN0438757, a novel and specific
small molecule inhibitor of PFKFB3, has
anti-neoplastic activity on lung cancer is
unknown. Since lung cancer is very resistant
to chemotherapy, and PFKFBS3 has been shown
to crucial effects on its survival, the objective
of the study was to reveal the potential
therapeutic role of KAN0438757 by targeting
PFKFB3.

In this study, we found that the
pharmacological inhibition of PFKFB3 It
also arrested the migration and induced DNA
damage and apoptosis in vitro. Furthermore,
KANO0438757 disrupted Mitochondrial
Membrane Potential (MMP) and induced
Autophagy biomarkers; LC3 and Beclinl.
Overall, KAN0438757 treatment may be a
novel approach to suppressing Lung cancer.

Materials and Methods

Main reagents, Antibodies, and
KAN0438757

Protease-phosphatase inhibitor cocktail,
trypan blue, Tris HCIl, trypsin-EDTA,
dimethyl sulfoxide (DMSO), TEMED, Sodium
azide (NaN3), luminol, Skim milk powder,
P-coumaric acid, bovine serum albumin (BSA)
and others was obtained from Sigma Aldrich
company. Dulbecco’s modified Eagle’s medium
(DMEM) fetal bovine serum (FBS), penicillin/
streptomycin, and phosphate buffered saline
(PBS) were purchased from Gibco. WST-1
assay was obtained from Boster (USA). Mouse
anti-GAPDH, p62, Beclin 1, LC3, PARP
antibodies used in Western blot studies were
obtained from SantaCruz Biotechnology
(USA), and Anti-mouse antibody horseradish
peroxidase conjugated was obtained from
Invitrogen (USA).

PFKFBS3 inhibitor KAN0438757 (Cat No:
S0400) was purchased from Selleck Chemicals
GmbH (Houston, TX 77014 USA). It was
dissolved in sterile dimethyl sulfoxide (DMSO,
sterile-filtered, suitable for cell culture) at a
final concentration of 1 mM, and then stored in
aliquots at —80 °C and working concentrations
were diluted in culture medium.

Cell Lines and Culture Conditions

All cell lines used (A549, H1299, and
COS7) were provided by ATCC (American Type
Culture Collection, Manassas, USA). A549 and
COS7 were maintained in DMEM (Dulbecco’s
modified Eagle’s medium containing with 10%
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fetal bovine serum (FBS) and 1% penicillin-
streptomycin (Gibco, Grand Island, NY, USA).
H1299 cells were cultured in RPMI (Roswell
Park Memorial Institute) 1640 medium
added with 10% FBS and 1% penicillin-
streptomycin. Cell lines used in this study were
grown by culturing at 37 °C, 95% humidity and
5-6% CO,.

Cell Viability

The viability of A549, H1299, and COS7
cells was assessed with the WST-1 assay kit
(Boster, USA). Briefly, the cells were treated
with KAN0438757 at concentrations of 1, 5,
10, 25, 50, and 100 pM) and time point (24,
48, 72h). Then, 10ul WST-1 solution was
added into the wells. The plates were kept out
of light and incubated in a 37 °C CO, (5%)
incubator for 3h. After that, it was measured
spectrophotometrically at 420-480 nm using
an ELISA microplate reader (Spectra Max 384
Plus).

Real-Time Cell Analysis (RCTA)

A549 and H1299 cells (1.5x10* cells/well)
and A549 cells (1x10* cells/well) were plated
into the E-Platel6 and then incubated in
xCELLigence RTCA instrument (ACEA
Bioscience, CA, USA) at 37 °C and %5 CO.,.
E-16 plates have microelectrodes to measure
the cellular impedance which was recorded
every 15 min for 96 h by xCELLigence RTCA.
After attaching them to the plate, the cells
were given different doses of KAN0438757
and then incubated for 48 hours. Recorded
data were analyzed by RTCA Software (v1.2,
ACEA Biosciences Inc.).

Single Cell Gel Electrophoresis (Comet
Assay)

Ab549 cells were seeded in 6-well plates
(2x10°) and treated with incubated with
indicated doses of KAN0438757 for 48 h.
At the end of the incubation, the wells were
washed with PBS and the cells were dissociated
using trypsin. The cells were then centrifuged
and re-suspended with PBS and mixed with
0.5% low melting point agarose (LMA). After
taking 20 pl of this mixture, it was spread
on a slide covered with normal melting point
agarose (NMA) and the agarose was frozen at
4 °C by covering the coverslip for 45 minutes.
Coverslips were removed and placed in cold
lysis solution (2.5M NaCl, 100mM EDTA,
10 mM Tris, 10% DMSO, 1% Triton X-100,
(pH 10)) at 4 °C for 60 min. Slides were
rinsed with PBS and placed in a buffer-filled
gel electrophoresis. Electrophoresis was
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performed at 28V, 300 mA for 25 minutes and
slides were neutralized with solution (pH 7.5)
and rinsed with PBS. Slides were stained with
Ethidium bromide (10 ng/mL) for 15 minutes
and viewed under a fluorescent microscope.
Opencomet program was used for analysis.

Wound-Healing Assay

Cells were seeded in 6-well cell culture
dishes at 25x10* in each well. After the cells
adhered to the surface, the cells were scraped
to form a straight line with the help of a
20 ul pipette tip. Each well was washed twice
with PBS so that the removed cells would
not re-adhere to the surface. Wound areas
were observed with an inverted microscope
and photographed at 0, 24, and 48 hour time
periods [17].

Acridine Orange And Ethidium Bromide
double staining

Acridine orange and Ethidium bromide
(EtBr/AO) staining was performed according
to the protocol described previously [18].
Ab49 cells were treated with the indicated
doses of KAN0438757 and then EtBr/AO(1:1)
and added to the wells for 15 minutes at room
temperature. Stained cells were observed with
a fluorescence microscope (Olympus, Japan).

Mitochondrial membrane potential (AYm )
Assay

Monolayers cells in the logarithmic growth
stage were inoculated into glass-bottom culture
plates at 2x10° cells per well. Then, cells were
treated with KAN0438757 for 48 h. Slides
were then washed and stained with the cationic
dye JC-1 (56 mg/mL) for 15 min at 37 °C. The
stained cells were analyzed by fluorescence
microscope (Olympus, Japan). After staining,
seven areas per well were randomly captured by
the microscope. Each experiment was repeated
at least three times.

Cell lysate preparation and Western Blot
Analysis

Cells were collected with a plastic scraper
by washing three times with cold PBS after
48 hours of treatment and transferred to
numbered microcentrifuge tubes. After
centrifugation at 6600 rpm for 10 minutes,
it was dissolved in lysis (RIPA) buffer and
then incubated on ice for 60 minutes. After
the incubation period, it was centrifuged
for 10 minutes at 14,000 rpm at 4 °C.
Protein content in the supernatants was
measured by their absorbance at 595 nm
in the spectrophotometer using BSA as a
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standard. (Biomethod-GBC (Bradford)).
With the help of electrophoresis system (Bio-
RadTrans-Blot cell, BioRad, USA), protein
samples and marker were fractionated on
SDS-PAGE (10-12%) gel. Then, the proteins
separated in the gel were transferred to
Polyvinylidenedifluoride (PVDF) membrane.
Blockage was made with BSA. The membrane
was incubated overnight with primary
antibodies first and then with secondary
antibodies. Subsequently, washing was done
with TBS-T. The results were determined
by chemiluminescence method so that the
membranes were visualized by X-Ray device.

Statistical Analysis

A statistical analysis were performed
using the GraphPad Prism 8.0.2 software
(USA). Data were obtained from three separate
experiments. The multiple comparison Post-
Hoc Tests in “One-way ANOVA” method or
independent two-sample Student’s t-test
were performed. P < 0.05 was accepted as
significant in the analyzes.
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Results and Discussion

The PFKFBS3 inhibitor KAN0438757
effectively blocked the proliferation of non-
small cell lung carcinoma cells

Colorimetric assay (WST-1 based) and Real-
Time Cell Analysis (RCTA) was carried out to
investigate the effect of KAN0438757 on cell
viability and the proliferation of cell lines. The
Non-small cell lung cancer cell lines (NSCLC
H1299 and A549) or COS7 were treated with
increasing concentrations of KANO0438757
(0, 5, 10, 25, 50 and 100 uM). The WST-1
results showed that KAN0438757 inhibited
cell viability in a dose-time dependent manner
(supplementary data, 24/48/72 h) when
compared to untreated control and the cell
viability of the A549 and H1299 cell lines with
KANO0438757 for 48 h were shown in Fig. 1,
A and B. The IC50s of A549 for KAN0438757
was pronouncedly lower (35.2 nM) than
that of H1299 (52.4 uM) for 48h. RCTA was
performed to further confirm the effect of
KANO0438757 on the inhibition of lung cancer
cells proliferation for 48 h. The RCTA results
of A549 cells (Fig. 1, D) further proved that
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Fig. 1. KANO0438757 inhibits the proliferation and viability of human non-small cell lung carcinoma cell:
A, Band C — A549, H1299 and COS7 cells were treated with KAN0438757 (0, 5, 10, 25, 50, and 100 uM)
for 48 h, and cell viability was examined using WST-1 assays;

D and E — A549 and H1299 were seeded in the xCELLigence system plate for 24 h and were then exposed to
increasing concentrations of KAN0438757 for 120 h; F —the chemical structure of KAN0438757
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KANO0438757 had a stronger antiproliferative
activity. Similar results also observed in
H1299 cells (Fig. 1, E).

KAN0438757 stimulate DNA damage

In order to investigate the effects of
KANO0438757 on DNA damage, the Comet
Assay was performed in A549 cell line using
alkaline single-cell gel electrophoresis (Fig. 2).
Almost all of comets in the control and 5, 10
M -treated cells showed no fluorescent tails,
which indicates that the nuclear DNA was
intact. In contrast, the exposure of the cells to
25 and 50 uM concentrations of KAN0438757
for increased the number of typical comets
with tails of different fluorescence intensities,
which is an evident indicator of DNA strand
breakage (Fig. 2, A). The values of the% tail
DNA, the tail length, were significantly
increased in the KAN0438757 treated groups
compared with the control group (Fig. 2, B, C).
These results suggest that KAN0438757 can
induce DNA damage in A549 cells.

KANO0438757 inhibits migration of A549
lung cancer cells

Furthermore, having established that
a low dose of KAN0438757 has no effect
on cell viability, we used a wound-healing
assay in order to investigate whether these
concentrations affect cell migration in the
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Ab549 cell line. The data showed that a low
concentration of KAN0438757 (less than 25
nM) effectively inhibited the cell migration
(Fig. 3, A). The distance was found to be wide
in A549 cells treated with KANO0438757
compared with the control (Fig. 3, A),
indicating that KANO0438757 effectively
inhibits cell migration ability in A549 cells
(Fig. 3, B).

AO/EB double-staining in KAN0438757
treated-lung adenocarcinoma cells

After treatment with KANO0438757
inhibitors for 48 h, apoptotic cell death was
determined by using Double-Staining with
Acridine Orange-Ethidium Bromide on A549
lung cancer cells. As shown Fig.4, A, in the
untreated control group, the green color
labeled cells were visible. On the other hand,
KANO0438757 treated groups, the intensity of
the orange color also increased, illustrating a
higher rate of apoptosis, which had the highest
number of apoptotic cells in the 25 nM group.

PFKFB3 inhibitor KAN0438757 triggers
mitochondrial membran instability in A549
cells

The mitochondrial membrane potential
(AWYm) is crucial for mitochondrial
homeostasis which is a fundamentally
important determinant of cell predestination.
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Fig. 2. Single-cell gel electrophoresis for effects of KAN0438757 on DNA damage in A549 cells
DNA damage was detected by the alkaline single-cell gel electrophoresis in A549 cells exposed to
KANO0438757 at 5, 10, 25, 50 uM for 48h. DNA fragments were stained with Ethidium bromide (20 pg/mL)
for 10 minutes and images (A) obtained under a fluorescent microscope. Opencomet program was used for
analysis; B — Tail DNA; C — Tail length
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To investigate whether KANO0438757
induces A549 cell mitochondrial membrane
instability, we used JC-1 staining which is
the cationic dye; red-colored cells indicate
healthy mitochondria while green-colored
indicate loss of mitochondrial membrane
potential. As depicted in Fig. 4, B, with
increasing the KAN0438757 concentration,
the intensity of green color also increased,
indicating a higher rate of loss of
mitochondrial membrane potential in A549
cells. Furthermore, the results showed a
significant positive correlation between the
loss of mitochondrial membrane potential
and the KANO0438757 concentration
indicating that KANO0438757 triggers
mitochondrial membrane instability.

KANO0438757 induces autophagy in lung
adenocarcinoma cell

To further assess whether KAN0438757
affects autophagy, which are key events that
maintains cellular homeostasis. To investigate
the underlying mechanism of autophagy
induced by KAN0438757, the expression
of p62/SQSTM1, LC3 I-II, and Beclinl was
measured by western blotting. Results
showed that KAN0438757 in A549 cells did
not change the protein expression level of
p62/SQSTM1. As shown in Fig. 4, D, the
protein expression of LC3 I was down-regulated
and LC3 II was up-regulated in A549 cell line.
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| I |
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Hl 24h [ 48h

Besides, KAN0438757 treatment increased the
Beclinl protein expression level. Collectively,
these findings indicated that KAN0438757
treatment could induce autophagy in A549
cells.

PFKFBS3 is a member of a the bifunctional
enzyme family of 4 such proteins of which are
known a rate-limiting enzyme and essential
control point in the glycolytic pathway.
Beyond its glycolytic activities, PFKFB3 is
involved in numerous biological processes
such as promoting cell cycle progression
[13], inhibiting apoptosis [19], stimulating
migration/invasion [29] and having a critical
factor for homologous recombination [15].
Previous studies have revealed that PFKFB3
expression is increased significantly both
non-small cell lung cancer (NSCLC) [16]
and small-cell lung cancer (SCLC) [20]. It
identified that PFKFB3 has a crucial role in
homologous recombination and developed a
selective PFKFB3 small molecule inhibitor-
KANO0438757 [15]. However, to the best
of our knowledge, there is currently no
study available that describes the effects of
KANO0438757 on lung cancer. Moreover, the
properties of KAN0438757 regarding anti-
neoplastic and induction of programmed cell
death and the underlying mechanism(s) in
lung cancer cells are unclear. Therefore, we
assessed the effect of KAN0438757 in human
lung cancer and normal cells.

EE L 2]

‘I‘IS
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Fig. 3. KAN0438757 inhibits cell migration
The A549 cells were treated with KAN0438757 (1-25 uM) for 48 h, and the migration of cells was
determined by the wound-healing assay:
A — Microscopic images of A549 cells after different treatments of KAN0438757; B — Wound closure. All
results are representative of three separate experiments, and representative results are shown
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In this study, we investigated the potential Firstly, the anti-proliferative effects of
anti-neoplastic effect of KANO0438757 KANO0438757 were analyzed on A549 and
in lung cancer cell lines, and the possible H1299 cells. Similar to previous research [21],
mechanisms for it by determining cell our results demonstrated that KAN0438757
viability, cell proliferation, DNA damage, and effectively reduced cell viability and inhibited
cell migration, the morphological analysis of the growth of A549 and H1299 lung cancer cells.
apoptosis, apoptosis, and autophagy protein A small molecule inhibitor were reported
expression. inhibition of PFKFB3 could lead to DNA
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Fig. 4. KAN0438757 induce apoptosis and causes the activation of autophagy-related markers in A549 lung
cancer cells
Representative fluorescence inverted microscopic images of AO/EB (4) and Aym labeled with JC-1 (B).
Expression of p62/SQSTM1, LC3 I-II, Beclinl, PARP, and GAPDH were examined by Western Blotting
analysis (C—D). The experiment was repeated at least 3 times.
n =3, *P<0.05 and **P< 0.01 compared with that of control
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damage and cell death. PFK15, a PFKFB3
inhibitor, cause DNA damage impairing DNA
repair through AKT in HCC cells [22]. In this
study, a comet assay quantitatively detected
KANO0438757-induced DNA damage in A549
cells. In line with previous reports, our results
showed that the Tail DNA and Tail length of
the KAN0438757 treatment groups (25 and
50 uM) were higher than those of the other
groups, indicating more severe DNA damage.
These results indicated that KANO0438757
triggered DNA damage at the single-cell level,
which may lead to apoptosis in lung cancer cell
line.

The disruption of mitochondrial membrane
potential (Aym) can lead to the activation
of the caspase cascade including caspase-9
and caspase-3 is activated, which are crucial
effectors of apoptosis [25]. Once the caspase-3
is activated, the downstream effector
proteins are cleaved such as PARP, which
plays essential roles in DNA repair and the
programmed cell death process [26]. In the
current study, it was observed that treatment
with KANO0438757 induced cleavage of
PARP. In addition, KAN0438757 treatment
of A549 cells significantly increased the red
fluorescence intensity, indicating loss of
Aym, which is an early event in the apoptotic
process. Furthermore, our AO/EB dual
staining data confirmed that KAN0438757
treatment increased the apoptosis at 10 and
25 1M dose of KAN0438757. These results are
consistence with the former results that either
siRNA silencing [19] or the pharmacological
inhibition of PFKFB3 [27] induces cell
apoptosis. All the results discussed above
directly suggest that KAN0438757 induces
A549 cell apoptosis via mitochondria-mediated
pathway.

PFKFB3 also plays a role in angiogenesis
and metastasis, which can indirectly promote
tumor growth [28]. Previous in vivo and in
vitro studies have indicated that PFKFB3 is
involved in the migration in nasopharyngeal
carcinoma [29], breast cancer [28], non-small-
cell lung cancer [16], gastric cancer[30], and
osteosarcoma Saos-2 cells [31]. In the present
study, KAN0438757 was applied as an PFKFB3
inhibitor in lung cancer cell line. The results
indicated that KANO0438757 significantly
blocked migration of A549 cells. This result
was in accordance with previous reports, where
KANO0438757 was observed to reduced the
migration capabilities of HCT-116 and HT-29
cell line, as well as HUVECs cells [21].

Autophagy may play different roles not
only in the degradation of macromolecules

and damaged organelles, but also in
different steps of tumor development. It
may play a role in inhibiting proliferation
and metastasis of cancer cells during
tumorigenesis by autophagic activity. On
the other hand, as a pro-survival mechanism,
cancer cells initiate autophagy by breaking
down intracellular organelles and proteins,
thus providing the most important energy
support of cancer cells [32, 33]. Previous
in vitro experiments showed that either
knockdown of PFKFB3 or pharmacological
inhibition, including PFK158, and 3-PO,
participated in autophagic flux and markers
of autophagy induction [34, 35]. Knockdown
of PFKFB3 resulted in the degradation of
p62/SQSTM1. Meanwhile, PFKFB3 siRNA
transfection, led to a significant increase
LC3-II which involved in the assembly of
autophagosomes in the inner and outer
membrane [35]. Indeed, we found that the
inhibiting of PFKFB3 after KAN0438757
treatment is positively connected with
autophagy in A549 cells. Western blotting
results revealed that the protein expression
LC3 II and Beclinl were significantly
increased in the KAN0438757 treatment,
while the expression of p62/SQSTM1 was not
significantly increased in A549, suggesting
that the KAN0438757 treatment promotes
autophagy. Accumulating evidence has shown
that autophagy can promote cell survival
and maintenance of cellular homeostasis
by degrading damaged organelles and
macromolecules in cells, but it should not be
overlooked that autophagy can also promote
cell death due to its tight association with
apoptosis [36]. In conjunction with analysis
of AO/EB, Aym, and western blotting
demonstrated that KAN0438757 treatment
(25 1M, 48 h) induced cell death.

Conclusions

KANO0438757 may hold great promise as
a novel small molecules agent for lung cancer
treatment. Further investigation is needed to
validate the contribution of KAN0438757 to
lung cancer therapy in vitro and in vivo.
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KANO0438757 — HHTUBUTOP PFKFB3, AKUU IHAYKY€ 3ATTPOTPAMOBAHY KJIITUHHY
CMEPTD I IPUTHIYY€ RJIITHHHY MITPAIIIIO B KJAITUHAX HEAPIBHORJITHHHOI
KAPIIMHOMM JIETEHIB

Deniz Ozdemir', Seher Saruhan?, Can Ali Agea®
Department of Molecular Biology and Genetics, Bingol University, Bingol, TURKIYE
E-mail: c.aliagca@gmail.com

Mema. PFKFBS3 € raikoniTHYHIM aKTHUBATOPOM, AKUU HAAMiPHO €KCIPECYETHCA IPU PAKy JEeTeHiB
JIIOAVHY i Bifirpae BupimanabHy pojb y 6araTboxX KJIITUHHUX (QYHKIIAX, BKJIYAIOUYN 3aIPOrPaMOBAHY
KJITUHHY cMepTh. He3dBaskaouum Ha BeJIUKY KiJIbKiCTh MaJIuX MOJIEKYJI, omucanux AK iuribitopu PFKFB3,
IesKi 3 HUX IIPOJeMOHCTPYBAJIK HeBTiIlIHI pe3yIbTaTu in vitro ta in vivo. 3 iHIIOT0 60Ky, OYJIOJ PO3POOTIEHO
KANO0438757, celeKTUBHUM i TOTYKHUI MaJIOMOJeKYIApHUHA inrioiTop. Oguax suiauB KAN0438757 ma
KJIITHHY HeJPiOHOKJIITHHHOI KapIIMHOMY JIeTeHb 3aTUIIAETHCSA HeBifoMuM. Mu Hamaratucsa po3imudpyBaTu
BB KANO0438757 na mpouideparito, mirpaiito, nomkomkenaa [JHK i sanporpamMoBany KJIiTUHHY
CMepTh Y KJIiTHHAX HePiOHOKJIITHHHOI KapIIUHOMU JIETEHiB.

Memodu. Bunus KAN0438757 Ha KUTTEe3MaTHICTh KJIiTUH, mpoaidepartiio, momkomxenua JHE,
mirpariro, amomnTos i ayrogariro B KJIiTHHAX HeAPiOHOKIITHHHOI KapIIMHOMU JIeTeHi 0yJI0 ImepeBipeHo 3a
momomoror WST-1, KIiTUHHOTO aHAJi3y B peaJlbHOMY Yaci, KOMETHOTO aHaJi3y, TecTy Mirpailii 3aroeHHs
pau, amaiisiB nmoasiiitnoro papoysanuas MMP/JC-1i AO/ER, a Takok BeCcTepH-0JIOTY.

Pesyavmamu. Iloxkasano, mo KAN0438757 3HauHO NPUTHIYYBaB JKUTTE3JATHICTH i mpoJidepalriro
riaitua A549 i H1299 i mpuraiuysas mirparito kiaitua Ab549. ITo e Baskiausine, KAN0438757 BuKkiInKas
nomkomkernaa [[HK i amomnTos, i 1e cynpoBomKyBagoca mocuaeHHAM poairenigenoro PARP y kiaitunax
Ab549. Kpim Toro, dikyBanua KAN0438757 npussesio mo 36iabimenns LC3 I i Beclinl, 1o BkasysaJo Ha
Te, o KAN0438757 crumyiiroBas ayTodariio.

Bucnosrxu. 3aranom, HaninoBamua Ha PFKFB3 3a momomororo KANQ0438757 moike OyTu
6araToobirgunM e(peKTUBHUM ITiTXO0Z0M J0 JIiKYBaHHA, 110 TOTPebye MOAAIbIIOI in vitro Ta in LiVO OIIHKHT
KANO0438757 ak Teparrii KIiTUH HeAPiOHOKIITUHHOI KapIIMHOMHU JeTeHiB.

Karmuosi cnosa: PFKFB3; KAN(0438757; ammonTos; ayrodaris; pax JereHis.
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Graphene materials are widely used in different technologies and certainly released into aquatic
and air surroundings being environmental pollution components. Nitrogen-doped graphene nanoma-
terials have great potential for application, in particular, in energy storage, as electrochemical sen-
sors and waste water treatment. The neurotoxic risk of nitrogen-doped multilayer graphene is
unknown.

Aim. To evaluate neurotoxic risk of nitrogen-doped multilayer graphene.

Methods. Here, nitrogen-doped multilayer graphene nanoparticles (N-MLG) were synthesized by
means of electrochemical exfoliation of high-purity graphite rods in NaNjg-based electrolyte and
characterised using TEM, AFM and UV-vis spectroscopy. Neuroactive features of N-MLG were
assessed in isolated cortex nerve terminals (synaptosomes) analysing the extracellular level of excit-
atory neurotransmitter L-[14C] glutamate and inhibitory one [*H]GABA.

Results. It was revealed that N-MLG did not affect the extracellular synaptosomal levels of
L-[**C]glutamate and [’ H]GABA within the concentration range 0.01-0.5 mg/ml, and an increase in
a concentration up to 1 mg/ml caused an insignificant increase (tendency to increase) in these levels
for both neurotransmitters. To analyse a capability of interaction with heavy metals in biological
system, N-MLG was investigated using model of acute Cd?"/Pb%"/Hg?"-induced neurotoxicity in
nerve terminals. It was revealed that Cd?*/Pb%*/Hg?"-induced increase in the extracellular level of
L-[**C] glutamate and [PH]GABA was not changed by N-MLG.

Conclusions. N-MLG does not possess neurotoxic signs and is biocompatible within the concentra-
tion range 0.017! mg/ml. In biological system, N-MLG did not mitigate/aggravate Cd>"/Pb%"/Hg?"-
induced neurotoxicity in nerve terminals.

Key words: nitrogen-doped multilayer graphene; nanoparticles; heavy metals; neurotoxicity; glu-
tamate; GABA; brain nerve terminals.
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Graphene is a carbon 2D crystal consisting
of a two dimensional honeycomb-lattice
structure made of sp2-hybridized carbon
atoms. Graphene and its derivatives due
to their two-dimensional shape and special
mechanical, electronic, optical and catalytic
properties are widely used in diverse fields,
e.g. nanoelectronics, catalysis, and water
technologies. Graphene is considered one
of the most promising nanomaterials for
biomedical applications and nanomedicine
[1, 2]. Nitrogen-doped graphene exhibits
excellent electrochemical parameters and
has great potential for applications in energy
storage, as a high-performance catalyst
support for fuel cell electrocatalysis and
sensor electrochemical applications [2, 3].
Nitrogen-doped graphene nanomaterials
are effective for removing toxic species,
e.g. organic pollutants, dyes, heavy metal
ions from wastewater [4, 5]. In particular,
nitrogen-doping enhances the interaction
between the active sites and organic or ionic
species, thereby improving removal efficiency
of these pollutants [2].

Graphene materials during production
and application can find ways into the
environment in the form of nanoparticles
because of its high dispersity in many solvents
[6, 7]. In this context, graphene materials can
widely pollute water resources and air around
the world.

Nowadays, it is clear that carbonaceous
airborne particulate matter is the most
abandon environmental pollutant that can
reach the nervous system of humans and
trigger development of neurological and
neurodegenerative disorders/diseases [8—
10]. Expansion of these disorders/diseases
is one of the main reasons of disability and
premature death in Europe and linked to air
pollution with particulate matter [8, 11-13].
From one hand, particulate matter can reach
human organism through lungs and gut to
the circulatory system and possibly cross the
blood-brain barrier [14—-18]. From the other
hand, particulate matter can get to the human
nervous system along the olfactory axon and
overcome the blood-brain barrier [19, 20].
Recently, we have characterised neuroactivity
of carbon-based nanoparticles, such as carbon
nanodots, nanodiamonds, fullerene C60,
carbonaceous smoke particulate matter
from combustion of plastics and wood
samples. Transport kinetics of key excitatory
neurotransmitters, L-['*C] glutamate and
inhibitory one [*H] GABA, were changed by
above nanoparticles that in turn can provoke
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presynaptic malfunction and development
of neuropathology [21, 22]. Carbonaceous
airborne particulate matter possesses
adhesive surface and can bind potentially
toxic molecules, including heavy metals
[23, 24].

The neurotoxic potential of nitrogen-
doped multilayer graphene is unknown.
In neurobiology study of other graphene
derivatives, it was demonstrated that few-
layer pristine graphene and monolayer
graphene oxide flakes were in contact with
the neuronal membrane and free in the
cytoplasm, but did not have significant
impact on neuron viability. Graphene oxide
exposure inhibited excitatory transmission,
reduced the number of excitatory synaptic
contacts, and concomitantly enhanced the
inhibitory activity. This was accompanied
by altered Ca?" dynamics in excitatory and
inhibitory neurons. So, it was suggested
that both graphene preparations affected
neuronal transmission [1]. Taking into
account abovementioned facts, the aims
of the present study were (¥) to synthesize
nitrogen-doped multilayer graphene
nanoparticles (N-MLG) by means of
electrochemical exfoliation of high-purity
graphite rods; (**) to assess neuromodulatory
features of N-MLG in isolated presynaptic
rat cortex nerve terminals (synaptosomes)
analysing the extracellular level of
neurotransmitters L-[!*C] glutamate and
[PH]JGABA; and (***) to examine the effects
of N-MLG on the neurotoxic injury caused by
heavy metal ions Cd?", Pb?", and Hg?" in the
nerve terminals.

Materials and Methods

HEPES, EGTA, EDTA, NaNj, Ficoll 400,
High Performance LSC Cocktail salts of the
analytical grade were obtained from Sigma,
USA; L-['*C] glutamate; [*H] GABA- Perkin
Elmer, Waltham, MA, USA. The high-purity
graphite rods (99.9995% ) were obtained from
Alfa Aesar.

Transmission electron microscopy (TEM)
images of the synthesized graphene material
were recorded using a microscope TEM125K
(Selmi) with an accelerating voltage 100 kV.
Atomic force microscopy (AFM) of thin film
N-MLG samples on the surface of silicon wafers
coated with silicon nitride (Agar Scientific)
was performed on a Nanoscope IIla Dimension
3000TM (Digital) instrument. UV-vis-spectra
of N-MLG dispersions were registered via UV-
visible spectrometer 4802 (Unico).
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Synthesis of multilayer graphene doped
with nitrogen

Multilayer graphene doped with nitrogen
(N-MLG) was synthesized according to
previous published procedure by means of
electrochemical exfoliation of high-purity
graphite rods (Alfa Aesar, 99.9995%)in 1.0 M
aqueous solution of NaN; using three-electrode
undivided cell and potentiostat PI-50-1.1
[25]. Graphite rods were used as working and
auxiliary electrodes and Ag/AgCl as reference
electrode. Exfoliation procedure was carried
out during 20 h via polarization of graphite
electrode by +4.0 V (50 s) and 0.0 V (50 s) with
multiple changing of polarization potential
(pulse mode of electrolysis).

N-MLG particles from the obtained
aqueous dispersion were separated on a nylon
membrane filter with a pore diameter 0.2 ym
(SUPELCO’), rinsed with water, and dried in
oven at 60 °C. If necessary, the regeneration
of N-MLG dispersion was performed by short-
term ultrasound treatment (2 min) of the dried
graphene material in appropriate solvent (for
example, water) using the ultrasonic washing
bath.

Animals and Ethics

Wistar rats (males), 3 months’ age, were
kept in the vivarium of Palladin Institute of
Biochemistry, NAS of Ukraine in a quiet and
temperature-controlled room at 22-23 °C.
Animals were provided with dry food pellets
and water ad libitum. All animal-involving
procedures were performed in accordance with
the guidelines of the European Community
(2010/63/EU); “Scientific Requirements
and Research Protocols”; “Research Ethics
Committees” of Declaration of Helsinki; and
“ARRIVE guidelines for reporting experiments
involving animal” [26, 27]; and also local
Ukrainian laws and policies. The experimental
protocols were approved by the Animal Care
and Use Committee of Palladin Institute of
Biochemistry (Protocol # 1 from 10/01/2023).
The total number of animals was 9.

Isolation of the synaptosomes from the rat
cortex

The synaptosomes represented ~87%
of the particles in electron micrographs of
preparations, and did not contain nerve cell
bodies and functional glial fragments [28—-30].
Nerve terminals were isolated from the cortex
regions of rat brain. Isolation procedures were
conducted at + 4 °C. The cortex regions were
removed and homogenized in the following
ice-cold solution: sucrose 0.32 M; HEPES-

NaOH 5 mM, pH 7.4; EDTA 0.2 mM. One
synaptosome preparation was obtained from
one rat. The synaptosomes were isolated
according to Cotman method with minor
modifications [9, 831-33] by differential/
Ficoll-400 density gradient centrifugation.
The synaptosomes were fitting for experiments
for 2—4 hours after isolation. The standard
saline solution contained: NaCl 126 mM; KCl
5 mM; MgCl, 2.0 mM; NaH,PO, 1.0 mM;
HEPES 20 mM, pH 7.4; and D-glucose 10 mM.
Protein concentrations were monitored
according to Larson [34].

The extracellular synaptosomal level of
L-["C] glutamate

The synaptosomes were diluted up to a
concentration of 2 mg of protein/ml, and
then the synaptosomes were pre-incubated
at 37 °C for 10 min, and loaded with L-[!*C]
glutamate, 1 nmol per mg of protein,
238 mCi/mmol, at 37 °C for 10 min.
The synaptosomes after loading were
washed with 10 volumes of the ice-cold
standard saline solution and centrifuged
(10,000xg, 20 s) at +4 °C; the pellets
were re-suspended in the standard
saline solution up to 1 mg protein/ml.
The extracellular L-['*C] glutamate level
was assessed in the synaptosome suspensions
(125 ul, 0.5 mg of protein/ml). The
synaptosome aliquots were preincubated for
8 min to restore the ion gradients, and then
Cd** (1 mM CdCl,), Pb** (2.5 mM Pb acetatate
(PbAc)), and Hg®" (2.5 pM HgCl,) were added
to the synaptosomes and they were further
incubated at 37 °C during 0 and 6 min; then
centrifuged at 10,000 x g for 20 s at room
temperature. The values of L-[1C] glutamate
release were monitored in the supernatant
aliquots (100 ul), and the pellets preliminary
treated with SDS (100 pul of 10% SDS stock
solution) by liquid scintillation counting
using the scintillation cocktail ACS (1.5 ml)
and liquid scintillation counter Hidex 600SL
(Finland) [35]. The experimental data were
collected from “n” independent experiments
carried out in triplicate using different
synaptosome preparations.

The extracellular synaptosomal level of
[?H] GABA

The synaptosomes were diluted up to 2 mg
of protein/ml; after pre-incubation at 37 °C
for 10 min, the synaptosomes were preloaded
with [PH]JGABA (50 nM, 4.7 pCi/ml) in the
standard saline solution at 37 °C for 10 min.
Aminooxyacetic acid (100 nM) was added
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to the incubation medium throughout [*H]
GABA experiments. After pre-loading, the
suspension was washed with 10 volumes of
the ice-cold standard saline solution. The
pellets were re-suspended in the standard
saline solution up to 1 mg of protein/ml. The
synaptosome aliquots were pre-incubated for
8 min to restore the ion gradients, and then
Cd?* (1 mM CdCl,), Pb?** (1 mM PbAc) and
Hg?" (2.5 nM HgCl,) were added and further
incubated at 37 C during 0 and 5 min; then
centrifuged at 10,000 x g for 20 s at room
temperature [36]. [’(H] GABA was measured
in the supernatant aliquots (90 nl) by liquid
scintillation counting with Sigma-Fluor®
High Performance LSC Cocktail (1.5 ml)
using liquid scintillation counter Hidex
600SL (Finland), and the extracellular level
was expressed as the percentage of total
accumulated [*H] GABA [37]. The data were
collected from “n” independent experiments
performed in triplicate with different
synaptosome preparations.

Statistical analysis

The experimental data were expressed
as the mean = S.E.M. of n independent
experiments. One-way and two-way ANOVA
were applied; the accepted significance level
was P < 0.05. Two-way ANOVA followed by
Tukey’s post hoc test was applied to assess the
interactions between N-MLG and Cd?*, Pb2",
and Hg?" (N-MLG treatment and Cd?'/Pb%"/
Hg?" treatment were the independent factors).

Results and Discussion

Characterization of multilayer graphene
doped with nitrogen

During pulse mode of electrolysis, multiple
(cyclic) azide anions (Nj3) intercalation/
deintercalation into graphite interlayer space

occurs, also associated with N,, NH; and
O, evolution due to partial anodic/cathodic
decomposition of N3. This provides exfoliation
of the graphite electrode, forming multilayer
packages of graphene, doped with nitrogen,
and its transition in the electrolyte volume
[25].

The obtained graphene material was
characterized by several instrumental analysis
methods. On the TEM images of N-MLG
(Fig. 1, A) graphene sheets with lateral size
from several hundred nanometers to several
microns, forming multiple-layered lamellar
structures, can be observed.

According to the data of AFM experiment,
shown on the Fig. 1b, the lateral size of
N-MLG particles, taken from a dilute
dispersion in ethanol, is consistent with
the data obtained by TEM. From the cross-
sectional profile analysis (Fig. 1, B) it can
be seen that the thickness of the N-MLG
particles present in the AFM image is 4.2 nm.
Earlier, on the basis of AFM data, we showed
that the thickness of the monolayer in the
N-MLG was 0.6 nm [25]. Taking this into
account, it can be assumed that the obtained
N-MLG particles are multilayered, consisting
of the packages of ~7 graphene layers. At the
same time, we cannot rule out the presence of
a small number of N-MLG particles of both
smaller (< 7 graphene layers) and larger (up to
9 graphene layers) thicknesses obtained by the
electrochemical approach used herein [25].
Thus, AFM data also confirm the multilayered
nature of the obtained graphene material.

UV-vis spectrum of N-MLG dispersions
in ethanol is provided on Fig. 2. The presence
of a band with an absorption maximum at 267
nm, corresponding to the nn* transition in the
C=C bonds of graphene, indicates in favor of a
slight oxidation of the resulting N-MLG.

Fig. 1. TEM image (A) and AFM image with corresponding cross-sectional profile (B) of N-MLG particles
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Neurotoxicity studies using rat brain nerve
terminals

The extracellular levels of neurotrans-
mitters glutamate and GABA are essential
synaptic characteristics which show a balance
of transporter-mediated uptake and tonic
release of neurotransmitters [38, 39].

In the first series of the experiments, the
effects of N-MLG on the extracellular levels of
excitatory neurotransmitter L-[}*C] glutamate
and inhibitory one [PH]JGABA were assessed
in the nerve terminals. It was revealed that
N-MLG did not affect the extracellular levels
of L-['*C] glutamate and [PH]JGABA within
the concentration range 0.01-0.5 mg/ml,
while an increase in a concentration up to
1 mg/ml caused an insignificant elevation
(tendency to increase) of these levels for both
neurotransmitters (Fig. 3). Therefore, N-MLG
did not possess neurotoxic signs and was
biocompatible within the concentration range
0.01 ' mg/ml.

In the next series of the experiments, it was
investigated whether N-MLG could modulate
a Cd?'/Pb%"/Hg?"-induced increase in the
extracellular levels of L-['*C] glutamate and
[*(H]GABA in nerve terminals. Based on above
data, a N-MLG concentration of 0.5 mg/ml was
chosen for further experiments with heavy
metals. It was found that N-MLG (0.5 mg/
ml) did not change Cd?'/Pb?"/Hg? -induced
increase in the extracellular levels of L-[**C]
glutamate and [*’H]GABA in nerve terminals
(Fig. 4), and so N-MLG was inert regarding
modulation/aggravation of Cd®"/Pb?"/Hg?*-
induced neurotoxic effects in nerve terminals.

Two-way ANOVA revealed no interaction
between Cd** and N-MLG [F; 3, = 0.009;

267

absorbance, a.u.

300 450 600 750
wavelength, nm

Fig. 2. UV-vis spectra of N-MLG dispersion
in ethanol

p = 0.92; n = 9], between Pb?" and N-MLG
[F( 32) = 1.85; p = 0.22; n = 9] and between
Hg®" and N-MLG [F(; 35)=1.22; p=0.27; n.= 9]
in L-[1*C] glutamate experiments.

Two-way ANOVA revealed no interaction
between Cd®" and N-MLG [F( 355 = 0.69; p =
0.41; n = 9], between Pb*" and N-MLG [F(; 55 =
0.22; p = 0.63; n = 9] and between Hg“" and
N-MLG [F(; 35)= 0.13; p = 0.72; n = 9] in [*H]
GABA experiments.

Graphene and its derivatives have a
potential to make a very significant impact
on society with applications in the biomedical
field. A possibility to engineer graphene-based
medical devices at the neuronal interface is of
particular interest, making it imperative to
determine the biocompatibility of graphene
materials with neuronal cells [1]. However,
wide production and application of neuroactive
graphene and its derivatives can increase
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Fig. 3. The extracellular levels of neurotransmit-
ters L-[1*C] glutamate (A) and [PH]GABA (B)
in the nerve terminals in the presence
of N-MLG (0.01—-1.0 mg/ml)

Data are the mean = SEM. n.s., no significant
differences as compared to the appropriate control,
n=9
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uncontrolled environment pollution with
these nanoparticles increasing risks to nervous
system. To avoid the problem, technological-
oriented graphene and its derivatives should
be analysed regarding their neurotoxicity as
single pollutants and also in combination with
other pollutants, e.g. heavy metals, using
multipollutant approach.

Here, we showed that N-MLG did not
affect the extracellular synaptosomal levels
of L-['*C] glutamate and [*H]GABA within
the concentration range 0.01-1 mg/ml.
Therefore, N-MLG can be applied in different
technologies, including neurotechnologies
and waste water treatment, because N-MLG
did not possess neurotoxic signs and is
biocompatible within this concentration range
and it is safe when become environmental
pollution component. Among other carbon-
based nanoparticles that we have investigated
regarding changes in the extracellular levels
of L-[**C] glutamate and [PH]GABA in nerve
terminals, N-MLG was less neurotoxic as
compared to carbon dots [40], nanodiamonds

[35], fullerene Cg4, [41], plastic and wood
smoke particulate matter [21, 22, 42]. In
this contex, N-MLG is more promising
for neurotechnologies then other carbon
nanoparticles because of absence of neurotoxic
signs and its neurocompatibility.

Literature data have demonstrated that
due to weak hydrophobic interactions, the
negatively charged surfaces of graphene oxide
were favorable to interact through electrostatic
attractions with organic and inorganic cations
[43, 44]. Graphene oxide could remove
heavy metal ions as carriers due to its large
surface area, pore size and abundant oxygen-
containing functional groups [45-47]. In the
present study, we revealed that N-MLG did
not change Cd?"/Pb?*/Hg?"-induced increase
in the extracellular level of L-['*C] glutamate
and [*H]GABA and so the nanoparticles did
not mitigate/aggravate Cd%"/Pb%"/Hg?"-
induced neurotoxicity in nerve terminals. It
also means that despite potential application
in technologies, in particulate in waste water
treatment against heavy metals, N-MLG was
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Fig. 4. Effects of N-MLG (0.5 mg/ml) on Cd2+/Pb2+/Hg2+-induced increase in the extracellular levels
of L-[1 C] glutamate (a) and [3H]GABA (b)
Data are the mean = SEM. *** P < 0.001; as compared to the control; n.s., no significant differences as com-
pared to Cder/szJr/Hgr2+ effects,n=19
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not effective against prevention/mitigation
of Cd?'/Pb%"/Hg? -induced neurotoxicity in
biological system such as nerve terminals.

Conclusions

N-MLG, prepared by exfoliation of
the graphite electrode in azide-containing
electrolyte, did not influence the extracellular
levels of L-[1C] glutamate and [*H] GABA in
the nerve terminals. Cd?*/Pb?" /Hg?"-induced
increase in the extracellular levels of L-[!*C]
glutamate and [*’H]JGABA was not changed
by N-MLG that was shown using model of
acute neurotoxicity in nerve terminals.
Therefore, N-MLG did not possess neurotoxic
signs and is neurocompatible. In biological
system, N-MLG did not mitigate or aggravate
Cd?*/Pb?*/Hg?"-induced neurotoxicity in
nerve terminals.
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TA IXHBbOI 3IATHOCTI BIIJIUBATH HA Cd?"/Pb%'/Hg?"-THIYKOBAHI 3MIHHI
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I'padenoBi MmaTepianau IMUPOKO BUKOPUCTOBYIOTHCSA B PIBHUX TEXHOJIOTiAX i, 663yMOBHO, MOTPAILISIIOTH
y BOJAHE Ta IIOBiTpsSHe HABKOJIMIIIHE CEPEIOBUIINE Ta MOMKYThH CTATHU iioro 3abpyaHoBauamu. I'padeHoBi
HaHoMAaTepiaJm, JONOBaHiI a30TOM, MAalOTh BEJIUKUHN IIOTEHIIiaJl AJsd 3aCTOCYyBaHHSA, 30KpeMa, B
HaKOIMUyBauax eHeprii, eJJeKTPOXiMiuHMX ceHCOpax i OUUIIeHHi CTIYHUX BOJ.

Mema. OniHuT HeHPOTOKCUUHMIYN PU3UK OaraToIrapoBoro rpageHy, JOI0BAHOTO a30TOM.

Memodu. Y poboTi ciHTe30BaHO HAHOUACTUHKY Hararoiaposoro rpadeny, gomosaroro azoroM (N-MLG)
3a JOTIOMOTOI0 eJJeKTPOXiMiuHOI eKcdosrialiii BucCokouncTuXx rpa)iToBUX CTPUIKHIB B €JIeKTPOJIITI Ha OCHOBI
NaNj ra oxapakTepusoBaso 3a gonomoroo TEM, ACM i cnekrpockomnii. HefipoakTusHi BiactuBocti N-MLG
OI[iHIOBAJIU B 130JIbOBAHUX HEPBOBUX 3aKiHUEHHAX KOPU I'OJIOBHOT'O MO3KY (CMHAIITOCOMAX ) IILJIAXOM aHAJIi3y
MO3aKJiTUHHOIO PiBHA HelipoMegiaTopiB L-[14C] rayTamMarTy Ta [3H]I‘AMK.

Pezyavmamu. Buasneno, mo B gianasoni koumentpaniit 0,5-0,01 mr/ma N-MLG He BimBaB Ha
I03aKJIITHHHUI cuHanTOcOManbHni piBers L-[14C] riayramary ra [PHITAMEK, a 86inbIneHHS KOHIEHTPAIi]
mo 1,0 Mr/mMJa BUKJIMKAJIO0 He3HAUHe HiABUINEeHHS (TeHAEHIIII0 M0 MiABUINEHHA) IIUX PiBHIB A 060X
HelipoMenmiaTopiB. AHauxis sgaTHocTi N-MLG B3aeMomisaTy 3 BaKKUMU MeTajlaMU B Oiosoriuniii cucremi
mocaimskyBamu Ha Mogeni rocrpoi Cd2t /Pb?" /Hg? - innykoBaHOi HEPOTOKCHYHOCTI B HEPBOBUX TePMiHAJIAX.
Bussieno, mo Cd%' /Pb?" /Hg?"-ingykoBane mifBUINEHHS I03aKIITUHHOTO PiBHSA L-[2+C] JIyTamMaTy Ta [2+H]
TAMEK ne smiHO€THCS mig BrmeoMm N-MLG.

Bucnosku. N-MLG He Mae HeIDOTOKCUUHUX O3HAK i € 6iosI0oTiuHO cyMicHUM y AiamasoHi KOHIIEHTPAIlii
0,01-1,0 mr/Mma. ¥ 6iomoriuniii cuctemi N-MLG He 3MeHIITye /TIOCUIIOE HETPOTOKCUYHICTh, CIPUUYNHEHY
Cd?*/Pb%* /Hg?' y HepBoBUX TepMiHANAX.

Knwuwosi cnoea: GararomiapoBuii rpadeH, OOIMOBaHWII a30TOM; HaHOYACTHMHKM; BasKKi Merasiu;
HelpoToKkcuuHicTh; rayramaT; TAMK; HepBoBi TepMmiHai MO3KY.
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Snake venom-derived platelet aggregation inhibitors can be promising antiplatelet medications that
can allow to avoid the risk of bleeding and treatment resistance, particularly in aspirin-resistant patients.
Our study aimed to assess the effectiveness of a platelet aggregation inhibitor derived from Echis multi-
squamatis snake venom in various settings, including in vitro, in vivo, and ex vivo.

Methods. We examined a polypeptide from Echis multisquamatis venom, purified using a recently
developed chromatography protocol, across multiple models. This polypeptide was introduced into plate-
let-rich blood plasma and administered intravenously to rats. The effects on platelet aggregation were
assessed using aggregometry, focusing on ADP-induced aggregation.

Results and Discussion. Our findings revealed that a concentration of 0.040 mg/ml significantly
reduced platelet aggregation in vitro. Remarkably, this dosage also proved effective when administered
intravenously in laboratory animals, reaffirming its potential as a robust antiplatelet agent. In the final
phase of our study, the polypeptide demonstrated its ability to inhibit platelet aggregation in blood
plasma of pregnant woman with aspirin resistance, presenting a promising avenue for innovative treat-
ment approaches in such cases.

Conclusion. This study underscores the potential of the Echis multisquamatis venom-derived poly-
peptide as a promising antiplatelet agent, effective in diverse scenarios, including aspirin resistance.
Further research and clinical trials are imperative to fully harness its therapeutic potential.

Key words: disintegrin; blood plasma; platelets; thrombosis; blood coagulation; platelet aggrega-

tion; animal model.

The pursuit of new platelet aggregation
inhibitors is an urgent issue, as today’s World
possesses new challenges: the emergence of
patient resistance to antithrombotic agents[1,
2], increased risk of blood loss [3], and genetic
resistance to existing drugs [4, 5].

Platelet aggregation inhibitors from
snake venoms are small proteins that bind
to receptors on platelets surface with high
affinity [6, 7]. Due to their specificity, these
proteins don’t interfering with coagulation
factors, which means that platelet aggregation
inhibitors from snake venoms have a lower
risk of causing excessive bleeding [8, 9]. Also,
because they are acting by targeting platelets

receptors it helps to avoid the development of
treatment resistance [10, 11]. For example,
aspirin cannot be successfully applied for
the treatment of patients with resistance to
aspirin [12] that can be found at least in 20%
of population [13].

So, study of novel antiplatelet agents, in
particular polypeptides from the venom of
snakes, is a promising task for the development
of potential drugs with antithrombotic action.
Previously platelet aggregation inhibitor
was found in the venom of snake Echis
multisquamatis [14]. The aim of our study was
to approbate platelet aggregation inhibitor
from Echis multisquamatis snake venom in
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vitro, in vivo and ex vivo. In particular our
goal was to study the effect of this polypeptide
on platelet aggregation after intravenous
injection into rat’s bloodstream and also to
find out whether it can suppress platelet
aggregation in platelet rich blood plasma of
pregnant women with resistance to aspirin.

Materials and Methods

Polypeptide that effectively inhibited
platelet aggregation was purified from the
venom of Echis multisquamatis by ion-
exchange and size-exclusion chromatography
and analyzed by SDS-PAGE as it was reported
earlier [14].

Male Wistar rats (8 weeks old) with body
weight = 200 g were individually housed in
separate cages and had ad libitum access
to standard food and water. The drug was
administered by injection into the tail vein
using a 0.3 ml syringe and a needle of diameter
30 g. Rats were anesthetized by sodium
thiopental. The procedures were conducted
in accordance with the requirements of the
European Convention for the Protection of
Vertebrate Animals used for Experimental and
other Scientific Purposes (Strasbourg, 1986)
and the Law of Ukraine On the Protection of
Animals from Cruelty No. 3447 of 21.02.2006.
Samples of animal blood were collected by heart
puncture. 3.8% sodium citrate was added to
blood immediately after collection.

Somatically healthy woman with single
spontaneous pregnancy with diagnosed
aspirin-resistance was enrolled in the study.
Blood sample was kindly provided by the Kyiv
Perinatal Center and analyzed immediately.
Venous blood sampling for testing was
collected from a peripheral vein using vacuum
systems into sterile plastic 4 ml tubes,
containing 3.8% sodium citrate solution.
Written informed consent to be included in the
study was accepted.

Platelet rich plasma (PRP) for the
aggregometry study was obtained from whole
blood by centrifuging at 160 g for 30 min at
25°C[15].

Platelet aggregation was studied by
aggregometry using Solar AP2110. PRP was
added to the cuvette of the aggregometer
and constantly stirred by the magnet mixer.
In in vitro and ex vivo studies the solution
of platelet aggregation inhibitor was added
to the cuvette (final concentration was
0.04 mg/ml). Platelets were activated by
ADP (final concentration 12.5 nM) and CaCl,
(1 mM). Change of the light transmission was
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monitored. The speed and the rate of platelet
inhibitors were measured [16].

Statistical analysis. All measurements were
performed in triplicate.

Results and Discussion

Previously, a polypeptide was obtained
from the venom of the Echis multisquamatis
snake, and it was found to be an effective
inhibitor of platelet aggregation. It was
demonstrated that this polypeptide acts as
a disintegrin or an antagonist of integrin
receptors. This means that when it interacts
with integrin receptors, it hinders the
receptors’ binding to the fibrinogen molecule,
thus complicating the process of platelet
aggregation and the formation of a fibrin-
platelet thrombus. The researchers suggested
a dosage that reduces the degree of platelet
aggregation by 50% (IC50), which was
0.040 mg/ml.

In the initial phase of the study, the effect
of this dosage of disintegrin was assessed
in vitro, meaning it was added to a test tube
containing platelet rich blood plasma from
a control rat. Specifically, 0.01 ml of the
disintegrin solution (1.2 mg/ml) was added
to 0.24 ml of platelet rich blood plasma and
incubated in the aggregometer cuvette,
with constant automatic stirring achieved
by a rotating magnet. After 3 minutes,
platelet aggregation was triggered by adding
0.025 ml of CaCl, (0.025 M) and 0.025 ml of
ADP (0.12 mM). In the control sample, an
equivalent volume of physiological saline was
added instead of the disintegrin solution. This
allowed the determination of ADP-induced
platelet aggregation, where platelets activated
by ADP aggregated and formed microclots.
The device measured the increase in the
transparency of the tested suspension. In the
case of inhibition of platelet aggregation, this
process was delayed, resulting in reduced final
transparency of the suspension.

Here we confirmed that the selected dosage
effectively inhibited the platelet aggregation
in vitro (Fig. 1).

The next stage of the research was to
determine its effectiveness when administered
intravenously (in vivo), i.e., to assess
whether its efficacy would be maintained.
It is confirmed that the blood volume of a
rat is approximately 50 ml per kilogram of
body weight [17]. Therefore, it is possible
to calculate the amount of the polypeptide
solution (1.2 mg/ml) needed to be injected
into the bloodstream of a 200 g rat to achieve
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Fig. 1. ADP-induced aggregation of platelets of a control rat in the presence of disintegrin from the venom
of the Echis multisquamatis snake (blue line) or an equivalent volume of physiological saline (orange line)
All measurements performed in triplicate; typical curves are presented
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Fig. 2. ADP-induced aggregation of platelets of a rat after the intravenous administration of disintegrin
from the venom of the Echis multisquamatis snake (blue line) or an equivalent volume of physiological
saline (orange line)

All measurements performed in triplicate; typical curves are presented

an effective polypeptide concentration in the
bloodstream of 0.04 mg/ml.

The volume of rat blood was 10 ml. The
initial concentration of the polypeptide
solution was 1.2 mg/ml, and the desired
final concentration in the bloodstream was
0.04 mg/ml. Achieving this required diluting
the original solution by a factor of 30.
Consequently, for 10 ml of blood, 0.33 ml of
the solution needed to be injected.

The polypeptide solution was administered
through injection into the lateral tail vein of
the rats using an insulin syringe. Control rats
were injected with 0.33 ml of a physiological
saline solution. Blood samples were collected
by heart puncture 30 minutes after the
injection.

The resulting aggregation shows that the
introduction of the polypeptide significantly
reduces both the speed and the degree of ADP-
induced aggregation of platelets (Fig. 2).

The experiment’s results demonstrate that
the studied polypeptide from the venom of
the Echis multisquamatis snake effectively
inhibits platelet aggregation even under
conditions of intravascular administration.
The data obtained suggest promising potential
for the use of the investigated disintegrin in
future antithrombotic therapy.

As a final step of examinations, we
approbated the inhibitory actions of the
studied polypeptide ex vivo on the platelet rich
blood plasma donated by pregnant woman with
diagnosed aspirin-resistance.
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Fig. 3. ADP-induced aggregation of platelets of a pregnant woman with diagnosed aspirin-resistance after
the addition of disintegrin from the venom of the Echis multisquamatis snake (blue line) or an equivalent
volume of physiological saline (orange line)

All measurements performed in triplicate; typical curves are presented

We demonstrated that being the
antagonist of integrin receptors the studied
polypeptide can be effective for aspirin-
resistant patients.

As a result, it can be concluded that the
polypeptide derived from the venom of the
Echis multisquamatis snake effectively
reduces the aggregation ability of platelets
in vitro. Moreover, this antiplatelet effect of
the polypeptide remains unaffected under
the conditions of intravenous administration
to laboratory animals. Notably, it also
demonstrated the ability to inhibit platelet
aggregation ex vivo in patients with aspirin
resistance.

In summary, the polypeptide from the
venom of the Echis multisquamatis snake
has the potential to serve as a prototype for
an effective antithrombotic agent, capable of
inhibiting platelet aggregation.
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AITPOBAIIIA IHTIBITOPA ATPETAIIIL TPOMBOIIUTIB 3 OTPYTH
Echis multisquamatis in vitro, in vivo TA ex vivo
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IaribiTopu arperamii TpomMOOIIHTIiB,

oTpuUMaHi

3 OTPYyTHU B3Mili, € NepcHeKTUBHUMU

AHTUTPOMOOTUYHUMY 3ac00aMu, AKi BOJHOUYAC 3MEHIITYIOTh PU3UK KPOBOTEUi Ta J03BOJIAIOTh YHUKHYTHU
PEe3UCTEHTHOCTi, AK, HAIIPUKJIAM, V HaIli€eHTiB, CTIHKUX no acuipuny. Harmre gocirig:keHHA MaJyio Ha
MeTi oIiHuTU edeKTuUBHIicTh iHribiTopa arperairii TpoMOOIIUTIB, OTPUMAHOTrO 3 OTPYTU 3Mii Echis
multisquamatis, y pi3HUX yMOBaX, BKJIOYAIOYN in vitro, in vivo Ta ex vivo.

Memodu. Hocrimxeno mominenTusy 3 orpyTu Echis multisquamatis, ounuIeHui 3a JOIIOMOTOIO
po3po0JIeHOTO HMPOTOKOJY XpomaTorpadii, Ha KinbKoX mMomenax. lleil mosimenTuna nomaBam o
36araueHoi TpoMOOIIMTAMY IIJIa3MU KPOBi a60 BBOAUJIN BHYTPIiIITHHOBEHHO IIypaM. BIIIMB Ha arperaiiiio
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TPOMOOIIUTIB OI[iHIOBAJIM 3a AOIIOMOTOI0 arperaromerpii, socepem:kyounch Ha imgykoBauiii ADP
arperartii.

Pesyavmamu ma 062080pernHs. Pe3ynbraTu mokasaau, 1o KoHmeHTpaiia mopainentuny 0,040 mr/
MJI 3BHAUHO 3HUKYBaJja arperaiiro Tpomboruris in vitro. IIpumiTHo, 1110 IS 1034 TaKOK BUABUJIACS
e(PeKTUBHOI TPW BHYTPINMIHBOBEHHOMY BBeJEeHHi J1abOpaTOPHUM TBapmWHAM, IiATBEPIKYIOUUN
MOTeHIiaJ HMoJinmenTuAy AK HaAiHOTO aHTHArperaHTHOTO areHTta. Ha 3aBepriaJbHOMY eTami
IOCJiIKeHHA MOJiNnenTH ] IPOJAeMOHCTPYBAB CBOIO 3aTHICTh IPUTHIUYyBATH arperaiiio TpoMOOIIUTiB
y IJIa3Mi KPoBi BariTHOI iKiHKM 3 Pe3HUCTEHTHICTIO 40 acIlipuHYy, 1110 € 6araToobiA0UYnNM I/ CTBOPEHHS
iHHOBANiMHMX MiAXOAiB IO JIIKYBAHHA B TAKUX BUIIAJKAX.

Bucnosok. 1le mociimsKeHHA IigKPECJIOE IIOTEHIIiaJ MOJINenTUAYy, OTPUMAHOTO 3 OTPYTH
Echis multisquamatis, AK TePCIEKTUBHOTO aHTUATPETAaHTHOTO areHTa, e()eKTUBHOTO, 30KpeMa, i
3a PE3UCTEHTHOCTI A0 acmipuHy. /i MOBHOTO BUKOPUCTAHHA MOT0O TepPaleBTUUYHOTO MOTEHIiaTy
HOTPEeOYIOThCA IMOAJIBII JOCTIMKeHH Ta KIiHIUHI BUIpoOyBaHHA.

Knwuosi cnoea: nesinTerpuu; maasMa KpoBi; TpombGomuTu; Tpom0603; 3cimamHS KpPOBi; arperarisa
TPOMOOITUTIB; MOJeJbh HAa TBAPUHAX.
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Aim. To analyze the possibility of using phenylalanine of various concentrations and different light-
ing modes separately and in combination to boost the biomass accumulation and biosynthesis of flavo-
noids in two lines of Artemisia tilesii Ledeb. hairy roots.

Methods. The roots were grown on solidified medium with phenylalanine at high (1 mM) and low con-
centrations (0.05 and 0.1 mM) with lighting (3000 1x, 16 h) and in darkness. After four weeks cultiva-
tion, weight gain, flavonoid content and DPPH-scavenging activity were determined according to the
standard tests.

Results. Roots grown in light were greenish in color, more branched and thick, yet the roots were
more elongated after maintenance in the dark. Addition of 1 mM phenylalanine has led to inhibition of
growth of all samples. The tolerance to lower concentrations varied among the lines. The flavonoid con-
tent for all samples of both lines was higher in the light (up to 3.14 times), regardless of the concentration
of phenylalanine. The antioxidant activity was as well higher for the roots grown in light and the values
of EC; correlated with the flavonoid content.

Conclusions. Illumination boosted the synthesis of flavonoids and antioxidant activity in all samples
of both hairy root lines. The effect of phenylalanine addition on biomass accumulation and flavonoid
biosynthesis was line-specific.

Key words: Artemisia tilesii Ledeb.; hairy roots; phenylalanine; light mode; elicitors; flavonoids;

antioxidant activity.

Hairy roots of medicinal plants are a
promising source of biologically active
compounds as these cultures carry rol genes
that are secondary metabolism activators.
Hairy roots of Artemisia tilesii Ledeb. are
of special interest. This is a rare plant
adapted to the action of extreme factors [1].
A. tilesii is rich in polyphenolic compounds,
such as flavonoids, with antioxidant, anti-
inflammatory and antiviral effects [2-5].
To increase flavonoids content, different
precursors [6—14] of their biosynthesis and
various elicitors [15—-32] can be added. Their
presence and concentration in the nutrient
medium can affect the synthesis of flavonoids
and, accordingly, the bioactivity of plants.

All polyphenolic compounds originate
from the shikimate pathway that leads to
phenylalanine and tyrosine — aromatic

amino acids. This makes phenylalanine one
of possible elicitors for the activation of
flavonoids biosynthesis. Indeed, Peng et al.
[6] showed the beneficial effect of combination
of microwave and L-phenylalanine on the
specific activities of phenylalanine ammonia-
lyase, chalcone isomerase, and FLS flavonol
synthase in Tartary buckwheat sprouts.
Demirci et al. [7] explored the effect of
24-epibrassinolide and L-phenylalanine on the
root growth, total phenolics, total flavonoids,
and caffeic acid derivatives accumulation in
hairy roots of Echinacea purpurea. Treatment
with 0.5 mg L' 24-epibrassinolide for
50 days resulted in the highest fresh root
weight, dry root weight, and growth index,
while L-phenylalanine had no significant
influence on root growth. Cao et al. [8]
showed the benefit of combination of 10 mM
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phenylalanine and 50 mM chitosan on the
dry weight, flavonoid and phenolic contents.
Arya and Patni [9] reported significant
enhancement of quercetin in callus culture
of Pluchea lanceolata by incorporation of
cinnamic acid and precursor feeding with
L-phenylalanine. Syk owska-Baranek et al.
[10] determined the effect of L-phenylalanine
on PAL activity and production of
naphthoquinone pigments in suspension
cultures of Arnebia euchroma. Andi et
al. [11] determined the boosting effect of
L-phenylalanine on the synthesis of stilbenes
and flavonoids in suspension cultures of Vitis
vinifera.

The changes in certain cultivation
conditions (temperature, lighting, agitation,
aeration) can result in the alterations of
the secondary metabolites biosynthesis as
well. Thus, it is important to determine the
parameters essential for the best ratio of
biomass accumulation and biosynthesis in
plant cultures in vitro.

Tusevski et al. [15] showed that dark-
grown and photoperiod-exposed hairy root
cultures of Hypericum perforatum differed
in phenolic acids, flavonols, flavan-3-ols, and
xanthones accumulation. Light served as the
elicitor for the quinic acid, kaempferol, and
seven identified xanthones production. On the
other hand, dark-grown cultures had a higher
content of flavan-3-ols (catechin, epicatechin,
and proanthocyanidin dimers). The beneficial
effect of light on cyanidin 3-O-rutinoside
accumulation was also observed in Tartary
buckwheat hairy roots [16]. Marsh et al.
showed that the American skullcap hairy roots
cultivated under continuous illumination in
cobination with B-cyclodextrin accumulated
flavone glycosides better, while the cultures
maintained in the dark with the same
treatment had maximum contents of baicalein
and wogonin (5.4 mg/g DW and 0.71 mg/g
DW, respectively) [17]. Wongshaya et al.
showed a better response to elicitation of the
Arachis hypogaea hairy roots maintained in the
dark than those grown in the light [18]. Other
researchers [19-25] showed the beneficial
effect of different light waves, photoperiod
optimization and ultraviolet radiation on the
enhancement of flavonoids accumulation.

All these findings suggest that the addition
of precursors and changes in cultivation
parameters can have different effects on
the growth of in vitro plant cultures and
activity of their biosynthesis. Thus, the
research was focused on the possibility of
using phenylalanine of various concentrations
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and different lighting modes separately and
in combination to boost the biosynthesis of
flavonoids in two lines of A. tilesii hairy roots.

Materials and Methods

Plant material

Two A. tilesii hairy roots lines from the
collection of the Institute of Cell Biology and
Genetic Engineering of the National Academy
of Sciences of Ukraine were used as the plant
material for the study [33]. Both of the lines
were obtained by the transformation using
Agrobacterium rhizogenes A4 wild strain.

Phenylalanine elicitation

The roots were grown for four weeks on
the solidified nutrient Murashige and Skoog
medium (Duchefa Biochemie, The Netherlands)
with halved macrosalt content (4 MS) and
the addition of sucrose at a concentration of
20 g/1. Phenylalanine at high (1mM) and lower
concentrations (0.05 and 0.1 mM) was added
to the nutrient medium. Roots were grown at a
temperature of +24 °C with lighting (3000 Ix,
16 h) and in darkness. After cultivation,
weight gain, flavonoid content and antioxidant
activity were determined in both experiments.

Weight gain

After four weeks of cultivation, the grown
hairy roots were separated from the medium,
washed with distilled water, dried using filter
paper and weighed on a Sartorius balance with
a standard deviation of = 0.005 g. Weight gain
was determined as the difference between the
final and initial weights in terms of one growth
point.

Flavonoids content

Determination of the content of flavonoids
was carried out according to the method
described in [34] with modifications. To
prepare the extracts, the roots were separated
from the medium, washed with deionized
water, dried using filter paper, weighed
0.3 g each and homogenized in 3 ml of 70%
ethanol. The homogenate was centrifuged in
an Eppendorf Centrifuge 5415 C at 15 000 g
for 10 min. The reaction mixture contained
0.25 ml of extract supernatant, 1 ml of
deionized water, 0.075 ml of 5% NaNO,
(Merck, Germany) solution. After standing
for 5 min, 0.075 ml of 10% AICl; (Merck,
Germany) solution was added and held for
another 5 min. Then 0.5 ml of 1 M NaOH
(Merck, Germany) and 0.6 ml of deionized
water were added. Absorption was determined
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at A = 510 nm on a Fluorate-02-Panorama
spectrofluorimeter. The calculation of the
content of flavonoids was carried out in
the rutin equivalent (RE) according to the
following formula (after calibration graph
was plotted), and converted to grams of fresh
weight (FW):

C =(1.4497-0D)V / m, (R?=0.9633)
where C — concentration of flavonoids in 1.0 g
of fresh weight of plant material, mg RE/g FW;
OD - optical density of the investigated solution,
U; V — volume of ethanol used to prepare the
extract; m — mass of plant material used for
research. The total content of flavonoids (in all
biomass) was calculated as the multiplication of
the concentration of flavonoids and the weight
gain per one growth point.

Antioxidant activity (AOA)

The antioxidant activity of ethanol
extracts of hairy roots was studied using
the DPPH (2,2-diphenyl-1-picrylhydrazyl,
Merck, Germany) test according to the method
described in [35]. The optical density of the
solutions was measured at a wavelength
of AL = 515 nm on a Fluorate-02-Panorama
spectrofluorimeter. The percentage of
inhibition was calculated according to the
following formula:

% inhibition = (OD; — ODy) / OD; - 100,

where OD; — optical density of the DPPH
solution, U; OD, — optical density of the of
the reaction mixture after carrying out the
reaction with DPPH, U.

The effective concentration (ECgq) was
calculated as the fresh weight of the root (mg
FW) required to scavenge 50% of DPPH in the
reaction with the radical.

Data analysis

All analyzes were performed in triplicate.
Results were calculated in Microsoft Excel
and presented as mean = confidence interval.
The data were analyzed for statistical
significance using ANOVA followed by Tukey
HSD test using R software version 4.0.4.
The differences between mean values were
considered statistically significant at P < 0.05.

Results and Discussion

For both lines cultivated without
phenylalanine, hairy roots accumulated more
biomass while growing in the dark. Such roots
were white, elongated and less branched.
Weight gain of the roots No.1 and No. 2
grown in darkness exceeded this parameter

of the roots of these lines grown with lighting
(2.33 and 3.94 fold, respectively) (Fig. 1, A).
Therewith, flavonoid content was higher in the
roots grown in light. Such roots were greenish
in color and highly branched. Flavonoid
content in ethanolic extracts obtained from
roots No.1 and No.2 grown in light (Fig.1,
B) was 2.53 = 0.28 and 5.45 = 0.37 mg RE/g
of FW, respectively. For the samples grown
in dark, the values were much lower: 2.3 and
4.74 mg RE/g of FW, respectively. Thus,
high increase of biomass correlated with low
biosynthesis of flavonoids and vice verse.
This result may be explained by the fact that
plant cells have limited quantity of all needed
precursors and energy both for the root growth
and secondary metabolites accumulation.
Consequently, as the roots biomass was higher
in the dark, their rate of growth was rapid
and the flavonoid biosynthesis level was
low. Accordingly, roots grown in light had
higher biosynthetic activity and flavonoids
accumulation, and their growth rate was
slower.

All samples grown on the medium with
addition of 1 mM phenylalanine (PHE) had
drastic inhibition of growth. Line No. 1
tolerated the addition of PHE better and the
weight gain was 0.022 = 0.014 and 0.008 +=
0.003 g per one growth point while grown in
light and dark, respectively. Flavonoid content
in the ethanolic extracts of these samples was
comparable with that of control sample: 2.36 =
0.17 (grown in light) and 1.84 = 0.06 (grown
in dark) mg RE/g of FW. In addition, total
flavonoid content in the whole mass of the
hairy root samples was the following: 0 mM
PHE light (0.10 mg RE) > 0 mM PHE dark
(0.09 mg RE) > 1 mM PHE light (0.05 mg RE)
> 1 mM PHE dark (0.01 mg RE). Such result
once again confirmed the inhibiting effect
of phenylalanine on the growth of A. tilesii
hairy roots and their biosynthetic activity.
Moreover, it was shown that it is better to grow
wormwood hairy roots with lighting.

Line No. 2 was more sensitive to the
addition of PHE than root line No. 1 (Fig.1, A).
The inhibition was so drastic, that it was not
possible to obtain enough plant material to
prepare the extracts for the study of flavonoids
accumulation and antioxidant activity.

As phenylalanine at 1 mM concentration
was shown to be inhibiting for these A. tilesii
hairy roots, for the next part of the study lower
concentrations were chosen, namely 0.05 and
0.1 mM.

The morphology and growth
characteristics of the hairy roots depended
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Fig. 1. Weight gain (A) and flavonoid content (B) of the Artemisia tilesii hairy roots grown on two lighting
modes without and with addition of high concentration of phenylalanine:
orange columns — line No. 1, green columns — line No. 2. Growth conditions: columns 1 and 5 — light, with-
out phenylalanine (controls); 2 and 6 — dark, without phenylalanine; 3 and 7 — light, 1 mM phenylalanine;
4 and 8 — dark, 1 mM phenylalanine

on the presence of lighting (Fig. 2) the same
way as in the first experiment. Illumination
acted in favor of the color of hairy roots, their
branching and thickness. All samples of hairy
roots were slightly greenish in the light and
white in the dark.

It was established that in this part
of experiment for both lines and in all
concentrations of phenylalanine the weight
gain of hairy roots was higher in the samples
grown with lighting (Fiig. 3, A) that contradicts
the data in the previous experiment. Therefore
the difference in the effect of lighting on the
weight gain may be explained by the thickness
of the roots: all root samples grown in light
this time were much thicker (up to 1.5 mm),
than roots grown in dark. This thickness
contributed to the increased weight gain.
Weight gain of the roots No.1 and No. 2 grown
in light was 1.16-2.91 and 1.26-1.59 times
higher respectively than the same parameter
of the roots cultivated in darkness. Addition
of phenylalanine at any concentrations (0.05
or 0.1 mM) inhibited the growth of the roots.
This inhibition varied among the lines in the
same manner as in the previous experiment:
line No. 1 tolerated phenylalanine better than
line No. 2. The weight increase in the roots No.
1, grown under the same lighting conditions,
was similar when PHE was added in different
concentrations. At the same time, increasing
the concentration of PHE led to the inhibition
of growth of roots No. 2.

The content of flavonoids (Fig. 3, B)
in all the samples of both lines was higher
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in the light, which may prove the possible
effect of lighting as flavonoids biosynthesis
activator for the wormwood hairy roots that
was suggested in the result of the previous
experiment. Indeed, regardless of the presence
and concentration of phenylalanine in the
solid nutrient medium, the flavonoid content
was 1.48—-2.69 times higher in the roots No. 1
and 1.02-3.14 times higher in the roots No. 2
grown in light. As in the first experiment,
even though the biomass accumulation of
roots No. 1 was vividly higher than in the line
No. 2, the flavonoid content was higher in
all the samples when comparing the variants
grown at the same conditions. This once more
suggests the explanation proposed in the first
experiment that biomass accumulation and
secondary metabolites biosynthesis often don’t
occur at the same time and can vary greatly
depending on the line of hairy roots.

Similarly, the antioxidant activity in all
the samples was higher in the roots grown
under lighting conditions. Values of ECj,
(Fig. 4) correlated with the flavonoid content
in the samples. Lower values of EC;, and thus
higher antioxidant activity was interrelated
with higher flavonoid biosynthesis.

As it can be seen from the graph (Fig. 3,
B), lower concentrations of PHE didn’t
inhibit the flavonoids biosynthesis, although
inhibition was observed when PHE was added
at a higher concentration (1 mM, Fig. 1).
Nonetheless, such value as the total content
of flavonoids calculated per whole biomass
gain showed that the inhibition of growth that
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Fig. 2. Differences in morphology of line No. 2 of A. tilesii hairy roots grown in different lighting conditions
and phenylalanine addition:

A — light without phenylalanine addition (control); B — dark without phenylalanine; C — light, 0.05 mM
phenylalanine; D — dark, 0.05 mM phenylalanine; E — light, 0.1 mM phenylalanine; F — dark, 0.1 mM
phenylalanine; G — ethanolic extracts prepared from the sample of hairy roots grown in light; H — ethanolic
extracts prepared from the sample of hairy roots grown in dark
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Fig. 3. Weight gain (A) and flavonoid content (B) of the A. tilesii hairy roots grown on two lighting modes
without and with addition of low concentrations of phenylalanine:
orange columns — line No. 1, green columns — line No. 2. Growth conditions: columns 1 and 7 — light,
without addition of phenylalanine (controls); 2 and 8 — dark, without phenylalanine; 3 and 9 — light,
0.05 mM phenylalanine; 4 and 10 — dark, 0.05 mM phenylalanine; 5 and 11 — light, 0.1 mM phenylalanine;
6 and 12 — dark, 0.1 mM phenylalanine
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Fig. 4. Correlation graph of antioxidant activity (EC5,) and flavonoid content of the A. tilesii hairy roots
grown on two lighting modes without and with addition of low concentrations of phenylalanine:
orange markers — line No. 1, green markers — line No. 2. Markers and corresponding conditions:
1 and 7 — light, without addition of phenylalanine (controls); 2 and 8 — dark, without phenylalanine;
3 and 9 — light, 0.05 mM phenylalanine; 4 and 10 — dark, 0.05 mM phenylalanine; 5 and 11 — light,
0.1 mM phenylalanine; 6 and 12 — dark, 0.1 mM phenylalanine

resulted after the addition of phenylalanine
was more prominent that the increase in the
concentration of flavonoids in the extracts.
In none of the samples the value of the total
content of flavonoids per whole biomass
was higher than in the control root samples
(roots grown in light without addition of
phenylalanine). This result shows that for both
of the A. tilesii hairy root lines phenylalanine is
not a suitable elicitor, regardless of the chosen
concentration. The possibility of stimulating
the biosynthesis of metabolites in plants using
phenylalanine was previously studied [7,
10]. Obviously, such an effect can be species-
specific.

Light is known as an important factor
affecting plants including their growth and
metabolism of plant cells. It can stimulate
secondary metabolism but such an effect may
be species-specific and varied in the study
of different metabolites. Briefly, greening
of Solanum Ekhasianum roots under light
irradiation and stimulation of biosynthesis
was studied [36]. Lighing also increased the
concentration of polyphenols in Echinacea
purpurea [37], Fagopyrum tataricum [38],
Scutellaria lateriflora [17] and Fagopyrum
tataricum [16]. The results of our study
demonstrated the positive effect of lighting
on A. tilesii hairy roots growth and flavonoid
accumulation. The similar stimulating effect
was founded in the experiments with other
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plants of Artemisia genus — A. annua hairy
roots [39]. In that experiment the growth rate
and artemisinin accumulation increased in case
of cultivation of hairy roots at 3000 Ix light
irradiation for 16 h.

Conclusions

It was shown that illumination has an
impact on A. tilesii hairy roots morphology,
color, branching, biomass accumulation and
flavonoids biosynthesis. For both studied root
lines it was found that the presence of lighting
is more beneficial than constant maintenance
in the dark, as light activated the synthesis of
flavonoids and increased antioxidant activity.

In this study, no concentrations of the
added precursor were found to be beneficial
for the total content of flavonoids in the
whole biomass of A. tilesii hairy roots.
Addition of phenylalanine at a concentration
of 1 mM inhibited both the growth of hairy
roots of Artemisia tilesii and the synthesis of
flavonoids. Such effect was observed during
cultivation with and without illumination.
The degree of inhibition varied in the hairy
root lines. One of the lines appeared to be
more tolerant to PHE at any concentrations
than the other. In addition the line that had
worse biomass increase at the same time
had higher flavonoid accumulation while
cultivating on the medium with the addition
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of low concentrations of phenylalanine. This
can be the result of the dependence of the ratio
of rate of growth and secondary metabolites
biosynthesis limited by the scarce resources of
the plant cells.

Hereby, the addition of phenylalanine in
various concentrations to the nutrient medium
during the cultivation can have different
effects on the hairy root lines of A. tilesii.
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BIIJINB ®EHIJIAJIAHIHY TA OCBITJIEHHS HA PICT «BOPOOATHX» KOPEHIB
Artemisia tilesii Ledeb.

T.A. Bozdanosuu, H. A. Mameeesa

ImcTuryTt KiaiTunHOI 6ioJorii Ta reHeTUYHOI iHKeHepil
HarionaabHol akagemii Hayk Ykpaiuu, Kuis

E-mail: bogdanovych_tais@ukr.net

Mema. IlpoanasiszyBaTu BIIuB (heHiNnaNaHiHy y PI3HUX KOHIEHTPAIiAX Ta OCBiTJIeHHsS (OKPEMO Ta B
KomOGiHaIil) AJA cTUMYJIIOBAHHSA POoCTy OiocuHTEe3y (JIaBOHOILIB Yy ABOX JiHiAX «00pomaTMX» KOpPeHiB
Artemisia tilesii Ledeb.

Memoou. KopeHi BupoIliyBaiu Ha arapu3oBaHOMY cepenoBuIli 3 ¢genimamaninom Bucokoi (1 mM) i
Hu3bKoi (0,05 i 0,1 mM) xoumenTpartiit npu ocBitiaenni (3000 gk, 16 roxn) i B rempasi. Ilicasa woTupbox
TUKHIB KYJIbTUBYBAHHS IIPUPiCT Baru, BMicT (py1aBoHOIAiB i akTuBHicTh npoTt DPPH-pagukany BusHauaaiu
3TiTHO 3i CTAHZAPTHUMU METOIUKAMU.

Pesyavmamu. KopeHi, BupoireHi Ha cBiTJi, Masu 3ejleHyBaTUI KOJip, Oyjau OinbIl posranyskeHi
Ta TOBIIi, a MWicJasd POCTy B TeMpaABi Oynau 6inbin BumoB:keHuMu. [omaBauuA (eninananiny (1 mM)
IpUTHiUyBaJIo picT ycix 3paskis. [IBi iHil KOpeHiB BipidHANNCA 3a UYTIUBICTIO 0 (heHITANAHIHY Y MEHIITUX
KOHIleHTpaIiax. BmicT (aBoHOifiB ¥ Bcix 3paskax o6ox JiHitt 6yB BuiuM Ha cBiTai (mo 3,14 paswu),
HesaJIe’KHO BiJ KoHIleHTpaIliil ¢eHinamaminy. AHTHOKCUIAHTHA AaKTUBHICTh TaK0OK OyJjia BUIIOI0 Y KOPEHIX,
BUPOILIEHNUX Ha CBiTJIi, npuuyomy 3HaueHHA EC5q KopesoBaiu 3 BMicToM (D1aBOHOIIB.

Bucnosgku. OcBiTIeHHA CTUMYJIIOBAJIO CUHTEe3 (DJIAaBOHOIAIB i MiABUIITYBaI0 aHTUOKCUIAHTHY aKTUBHICTD
Bcix 3paskiB. EdQeKT nogaBanusa eHiIamaHiHy Ha HAKOIWYEeHHA 6ioMacu Ta 6iocuHTe3 hJIaBOHOIiB 3aJIeKaB
Bim JiHii «60pogaTX » KOpPEHiB.

Knwwuosi cnosa: Artemisia tilesii Ledeb.; «bopogari» KopeHi; (peHiTamIaHiH; OCBIiTIIeHHA; eJicUTOPH;
¢G1aBOHOIIN; AaHTUOKCUTAHTHA aKTUBHICTbD.
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