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The aim of this review was to generalize and analyze the features of acetone-butyl fermentation as a
type of butyric acid fermentation in the process of obtaining butanol as an alternative biofuel.

Methods. The methods of analysis and generalization of analytical information and literature sources
were used in the review. The results were obtained using the following methods such as microbiological
(morphological properties of strains), chromatographic (determination of solvent concentration),
spectrophotometric (determination of bacterial concentration), and molecular genetic (phylogenetic
analysis of strains).

Results. The process of acetone-butyl fermentation was analyzed, the main producer strains were
considered, the features of the relationship between alcohol formation and sporulation were described,
the possibility of butanol obtaining from synthesis gas was shown, and the features of the industrial
production of butanol were considered.

Conclusions. The features of the mechanism of acetone-butyl fermentation (the relationships between
alcohol formation and sporulation, the duration of the acid-forming and alcohol-forming stages during
batch fermentation depending on the change in the concentration of H,, CO, partial pressure, organic
acids and mineral additives) and obtaining an enrichment culture during the production of butanol as an
alternative fuel were shown. The possibility of using synthesis gas as a substrate for reducing atmospheric
emissions during the fermentation process was shown. The direction of increasing the productivity of

butanol-producing strains to create a competitive industrial biofuel technology was proposed.

Key words: producer strains, biofuel, biobutanol, acetone-butyl fermentation.

The process of acetone-butyl fermentation
is associated with the transformation
(oxidation) of the organic molecules of the
substrate; consequently, the part of the
energy is released and accumulated in the
molecules of adenosine triphosphate (ATP)
due to substrate phosphorylation [1-3]. As a
rule, during fermentation, the carbon skeleton
of the substrate molecule is split [4], and the
fermentation products are formed, such as
various organic acids (lactic, butyric, acetic,
formic), alcohols (ethanol, butanol, propanol,
acetone), as well as gases (carbon dioxide and
hydrogen) [5]. In the process of fermentation,

two stages can be distinguished — oxidative
and reductive stage [6]. The oxidation process
is based on the electron detachment from
certain metabolites with the help of enzymes
(dehydrogenases) and its attachment to other
molecules (anaerobic oxidation) [7, 8]. The
energy released during this process is stored
in the form of ATP. The second stage is the
reduction, in which the formed intermediate
compound is reduced due to the transfer of
electrons and protons to it from a temporary
carrier. Reduced organic compounds are
released by microorganisms into the external
environment.
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The present paper considers the stages
of acetone-butyl fermentation as a type
of anaerobic butyric acid fermentation,
features of alcohol formation and sporulation,
preparing an enrichment culture, butanol
obtaining from synthesis gas, and selected
aspects of industrial butanol production.

Acetone-butyl fermentation
and butanol production

Acetone-butyl fermentation is a
biochemical process of carbohydrates
decomposition carried out by selected bacteria,
which passes anaerobically (without oxygen
access) and results in the formation of acetone,
butyl alcohol, as well as acetic, butyric acids
and fermentation gases, hydrogen and carbon
dioxide.

There are several types of bacteria that
are able carry out the process of butyric acid
fermentation, e.g., in one of its subtypes, an
acetone-butyl fermentation [9—-11]. In butyric
acid fermentation, glucose is oxidized to
pyruvate via the glycolytic pathway, wherein
pyruvate is further converted to acetyl-CoA.
Acetone-butyl fermentation is carried out
by microorganisms that belong to the genera
Clostridium, Butyrvibrio, Butyribacterium,
Sarcina, Eubacterium, Fusobacterium and
Megasphera[3, 12].

The Clostridium genus belongs to
the Bacillaceae family, together with
other members of this family (Bacillus,
Sporolactobacillus, Desulfotomaculum and
Sporosarcina). Clostridia are gram-positive,
spore-forming bacteria, their dimensions
vary from about 2—-3 to 7—8 pum in length and
0.5—1 pm in width. Spore-forming anaerobes
include giant vegetative cells, reaching 15—
30 pum in length and 1.5-2.5 pm in width.
They are highly mobile due to peritrichous
flagella. Vegetative cells are rod-shaped.
However, their shape may vary depending on
environmental conditions. Presence of the
oval or spherical endospores changes the shape
of the rod-shaped mother cell, since their
diameter is usually greater than the width of
this cell [13].

Physiologically, clostridia are
distinguished by a pronounced fermentative
type of metabolism, as well as sensitivity to
oxygen: their growth is possible only under
anaerobic conditions. However, there are also
transitional forms from strictly anaerobic
species (C. pasteurianum, C. kluyveri) to
almost aerotolerant ones (C. histolyticum,
C. acetobutylicum). Clostridia, as a rule,

6

do not contain hemoproteins (cytochrome
and catalase). Some species are able to form
cytochromes if their precursors are contained
in the nutrient medium. Among the reserve
substances, starch-like polysaccharides are
widespread [14].

The temperature optimum for the
growth of most known Clostridium sp. lies
between 30 and 40 °C. Along with those
mesophilic microorganisms, there are many
thermophilic species with an optimum
of 60-75°C (C. thermoaceticum and C.
thermohydrosulfuricum). They are able
to grow, as a rule, in a neutral or alkaline
medium, and their growth almost completely
stops in acidic conditions [15, 16].

Clostridia vary in their ability to ferment
different substrates [17]. Some types of those
microorganisms can ferment a wide range of
different substrates, while others are highly
specialized and are able to ferment only one
or several types of raw materials (Fig. 1).
Clostridia are able to convert polysaccharides
(starch, glycogen, cellulose, hemicelluloses,
pectins), organic acids, proteins, amino
acids, heterocyclic compounds [18]. Selected
microorganisms use complex nutrient media
and/or growth substances, while others
use molecular nitrogen as the only nutrient
(C. pasteurianum) [19].

According to the ability to ferment various
substrates, microorganisms can be divided into
saccharolytic and proteolytic. Saccharolytic
clostridia break down mainly mono- or
polysaccharides, while proteolytic clostridia
break down proteins and amino acids [20].

Butyric acid fermentation is mainly carried
out by anaerobic microorganisms C. butyricum,
C. tyrobutyricum, C. lactoacetophilum [22].
Their main fermentation products are butyric
and acetic acids. Acetic acid fermentation
of carbohydrates is observed in C. aceticum
and C. thermoaceticum [23]. Propionic
acid fermentation is inherent to C. propio-
nicum, resulting in the formation of propionic
and acetic acid and carbon dioxide as main
products [24].

The most active pectinolytic species are
C. felsineum, C. laniganii, C. pectinolyticum,
C. pectinovorum, C. virens, and other pigmented
and non-pigmented clostridia and plectridium
[25]. Each species has its own specific details of
metabolism, but their common property is the
ability to decompose pectin substances with the
formation of organic acids, alcohols and gases.

Some microorganisms have very stable
pectinolytic properties and secrete pectinolytic
enzymes into the media not containing
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Fig. 1. Schematic of 1-butanol production in heterologous hosts from various feedstocks. Different colors
represent heterologous genes expressed in different hosts [21]

pectins. In other anaerobes (for example,
C. multifermentans), relevant enzymes are
synthesized only when pectins are added
to the media (induced enzyme synthesis)
[26]. Pectinolytic anaerobes carry out the
fermentation of sugars according to the
butyric or acetone-butyl type. There is a group
of highly specialized anaerobic spore-forming
bacteria that obtain energy by fermenting
cellulose with the fermentation end-products
of acetic, propionic, butyric and lactic acids,
ethyl alcohol, hydrogen and carbon dioxide,
and intermediate products of glucose and
cellobiose. For such bacteria, when glucose
or sucrose is added to the nutrient medium,
the fermentation process is practically
absent (sugars are not assimilated), and when
glucose and fiber are added simultaneously,
mainly fiber is fermented. This indicates a
high specialization of cellulose-decomposing
microorganisms.

Cellulolytic bacteria differ not only in
physiological but also in morphological
features. Most cellulolytic spore-forming
anaerobes have the appearance of thin long
rods that form spores according to the
plectridium type. Vegetative cells are usually
present in an adsorbed state on cellulose
fibers. Perhaps this is due to the fact that
enzymes that hydrolyze cellulose (cellulases)
are not released into the medium, but are

attached to the cell surface. Spore-forming
cells usually exist in solution; during spore
formation, the nature of the cell connection
with the environment changes, and spore
formation occurs due to endogenous
metabolism (due to intracellular nutrient
reserves). Several specialized species of
anaerobic bacteria have been identified that
use organic acids and alcohols as a source of
carbon and energy [27].

Microorganisms C. kluyveri, as a rule,
obtain energy due to the conjugated oxidation-
reduction system of ethyl alcohol-acetic
acid, thus higher fatty acids are formed
(mainly caproic and butyric acids). Not all
C. kluyveri bacteria are capable of fermenting
carbohydrates, amino acids, and purines. The
accumulation of energy through ATP in such
anaerobes occurs through the mechanism of
oxidative phosphorylation [28].

There are three types of bacteria
(C. acidiurici, C. cylindrosporum and C. uraci-
licum) that ferment heterocyclic compounds.
They are able to destroy heterocycles with
the formation of acetic acid, carbon dioxide
and ammonia. The first two types of bacteria
are not able to use carbohydrates and proteins
(amino acids). These bacteria cleave xanthine,
guanine, guanosine, 6,8-dioxipurine relatively
quickly, and cleave hypoxanthine and inosine
relatively slowly (even after adaptation) [29].
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In spore-forming anaerobes, the specificity
in relation to substrates is highly pronounced.
The media containing a set of amino acids,
carbohydrates, mineral salts, a complex of
vitamins, and microbial growth activators
may not be sufficient for selected proteolytic
anaerobes (for example, C. sporogens)[30]. Such
apparent heterotrophs grow only on the media
containing proteins or products of their partial
hydrolysis. However, there are anaerobes
(sulfate-reducing bacteria) that ferment
simple media, which include several mineral
salts (including sulfates) and organic acid
(atmospheric nitrogen can also be assimilated).

The ability to fix molecular nitrogen is
widespread among spore-bearing bacteria. Such
a process can be carried out by butyric, acetone-
butyl and sulfate-reducing bacteria. The
most active nitrogen fixers are saccharolytic
anaerobes (clostridia). The relation to oxygen in
different physiological groups of spore-forming
anaerobes is not the same. Saccharolytic
anaerobes are more resistant to oxygen. Some
representatives of this group are aerotolerant
forms of C. carnis and C. histolyticum, capable
of weak growth on agar plates even under
aerobic conditions. Sulfate-reducing bacteria
are sensitive to oxygen and difficult to culture.
Their growth is possible only under anaerobic
conditions without oxygen in the cultivation
medium [30].

Alcohol formation and sporulation

The mechanism of the regulation of alcohol
formation has not been fully elucidated [31,
32]. This is especially relates to the switching

phase of fermentation and the relationship
between alcohol formation and sporulation
(Fig. 2).

The spores represent specifically arranged
resting germ cells that may withstand the
action of high temperature, radiation, vacuum,
various kinds of toxic substances and other
unfavorable factors that lead to the death
of vegetative cells. The formation of spores
occurs at a certain stage of development at
the moment when nutrient resources (sources
of carbon and nitrogen) are exhausted in the
environment, or toxic metabolic products
accumulate [34]. The main purpose of spore
formation is to transfer the culture to a resting
(anabiotic) state, therefore, in mature spores,
the metabolism occurs at extremely low level.
This enables bacteria to survive in unfavorable
environmental conditions, and when conditions
change, they switch again to vegetative growth.
For anaerobes (especially soil ones) it is also
extremely important that the spores are not
sensitive to oxygen. This allows them to survive
under aerobic conditions that would have a
detrimental effect on vegetative cells [35, 36].

Young, rapidly dividing anaerobic cells
contain nucleoids in the form of dumbbells
or V-shaped figures. Before sporulation, cell
division stops, the cells sharply increase in
size. At this time, an accumulation of a large
amount of granulosa, a reserve nutrient,
occurs, and it is being deposited in the form
of granules, thus the cytoplasm becomes
granular, and the cells swell, taking the
form of a lemon (clostridium) or a drum stick
(plectridium). In a minor part of proteolytic
anaerobes cells do not change their original

Carbohydrates

Vegetati\re
cells

;.,i'f'ii'i,m C > <

Cell ﬁiﬂerentialkun &nd
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Spores clostrldlal-stage cells
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Fig. 2. The general cell cycle of Clostridium acetobutylicum depicting different cell forms and major
products during acidogenesis and solventogenesis [33]
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appearance, retaining the usual rod-shaped
(bacillary) shape [37]. The first sign of
the onset of spore formation is a change
in morphology. Further, several nucleoids
approach at one of the poles of the cell, merge
and form a longitudinally located convoluted
chromatin (nuclear) strand. The cytoplasm
zone, where the nuclear cord is located, turns
into a prospore [38]. Small cell bacteria usually
have two separate nucleoids before sporulation,
which fuse to form an axial chromatin strand.
Subsequently, only part of this thread goes into
a spore. The third type of nuclear behavior is
found in many saccharolytic anaerobes. Their
nuclear substance has the form of a chromatin
mesh located throughout the cytoplasm. Part
of this mesh is pulled together at one of the
cell poles with the formation of a strand, which
forms the center of the emerging prospore.
Using a conventional microscope, three stages
of spore formation can be observed [39]. At
the first stage the sporogenous appears zone
at one of the cell poles, in which the nuclear
substance in the form of light rods is clearly
visible. At the second stage, the sporogenic
zone turns into a dark (optically dense) oval
prospore with clearly defined contours [40].
In the prospores, the nuclear substance is
no longer detected without the use of special
methods (staining). At the third stage, the
prospores gradually lighten, acquiring the
ability to strongly refract light, and lose their
ability to stain with dyes. Ripe spores look like
light, sharply refracting light bodies with a
strong shell. Prospore formation begins with
invagination (ingrowth) of the cytoplasmic
membrane closer to one of the cell poles [41].
In this case, the membrane moves to the center
of the cell, and its poles merge to form a spore
partition wall (septum). This process involves
mesosomes, which help to stick together
the converging sections of the invaginated
membranes. The septum consists of two
elementary membranes. At this moment, the
second stage of spore formation is finished
(if we take the formation of a chromatin
strand as the first stage). The second stage
can be considered as a modified cell division,
which, as is known, also occurs due to the
invagination of the cytoplasmic membrane
and a septum formation. The next stage is an
“absorption” process by the mother cell of the
septate (cut-off) area of the cytoplasm with
the nucleus [42]. This process is carried out
by the growth and advancing of the peripheral
sections of the membrane in the mother cell
towards the cell pole. Then the converging
sections of the membrane merge and a prospore

is formed, which has two elementary (three-
layer) membranes, internal and external. In
some species, the prospore later remains at the
cell pole (terminal location); in others, it moves
inside the cytoplasm, occupying a central or
subterminal position [43]. Thus, at the end
of this stage, a kind of bicellular organism is
formed: inside the cytoplasm of the mother
cell, a new cell arises, a prospore, surrounded,
unlike the mother, by two membranes. From
this moment, a new irreversible phase of the
development and metabolism begins, ending
with the maturation of the spore and the death
of the mother cell [44]. Unlike the fourth
stage, the second and, in part, the third stages
of sporulation are reversible. Thus, when,
after the formation of a septum, the antibiotic
chloramphenicol is added to the sporulating
culture, protein synthesis will be suppressed.
The movement of the peripheral sections of
the membrane that absorbs the cut-off section
of the protoplast will be stopped [45]. As a
result, the process of spore formation that
has begun will turn into a normal process
of vegetative cell division, and cell wall
material will accumulate between the two
septa membranes. Such accumulation does
not occur in the normal course of sporulation.
At the fourth stage of sporulation, a cortical
layer (cortex) is formed between the inner
and outer membranes of the prospore [46].
First, the cortex appears as a thin dark layer,
similar in structure and density to the cell wall
of a vegetative cell. Then this layer sharply
increases in thickness due to the formation of
more electron transparent (light) layer. At the
fifth stage, the spore shell is formed. At the
beginning, the areas of a dark (electron-dense)
substance in the form of scales appear around
the prospore at some distance from the outer
membrane of the prospore in the cytoplasm
of the mother cell. At the sixth stage, the
individual sheets of the shell elongate and, in
the end, merge, forming a solid continuous
dense layer. Between this layer and the outer
membrane of the prospore, a cut-off layer of
the cytoplasm of the vegetative cell remains
[47]. On top of the first layer of the shell, one
or two more layers can be deposited. In this
case, they are divided into inner, middle and
outer layers of the shell. These layers differ
from each other in structure. In some species,
the inner layer of the shell is lamellar, while
the outer layer looks like a dense thick layer
[48]. In other species, on the contrary, the
lamellar layer may be external, and the denser
layer may be internal. If the structure of the
core is very similar in different species, then
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the structure of the spore shells in them varies
greatly both in fine structure and in the number
and thickness of layers [49]. After the final
maturation of the spore, the lysis of the parent
vegetative cell occurs: the cell wall is destroyed,
and the spore enters the external medium
(seventh stage). The shape of mature spores
can be different in different types of anaerobes:
spherical, oval, ovoid, cylindrical [50].

In many anaerobes, another structure
is found on top of the spore membrane, i.e.,
the exosporium. The exosporium has the
appearance of a multilayer sheath, which
the spore is located in. Such structure is
observed in C. pasteurianum, C. bifermentans,
C. tyrobutyricum [51]. In the exosporium of
many anaerobic species, the layers contain
subunits which are placed in specific order. The
spherical subunits in the lamellar layer of the
exosporium have a hexagonal packing. Adjacent
subunits may sometimes fuse, forming ring-
shaped structures with pores in the center.
Such exosporium layers comprise perforated
membrane films. Exosporium occurs at an early
stage of spore formation in the form of a small
bubble on the outer membrane of the prospore.
This vesicle grows, turning into a sheath
covering the spore from all sides [52].

The core of the spore, surrounded by a
layer of cortex, is a protoplast with its own
membrane, nucleus, and cytoplasm. The core of
a mature spore is a resting vegetative cell. It is
characterized by a very low metabolic rate and
although it contains all the necessary enzymes,
their activity is somehow suppressed [53].

The cortex is composed of mucopeptides
that are very similar to cell wall mucopeptides.
The cortex also contains diaminopimelic
acid. In spores, dipicolinic acid (C,H;O,N)
is found in fairly large quantities. It is an
active chelating agent, forming the claw-
like complexes with metals. This substance is
absent in vegetative cells. Dipicolinic acid is
released from spores in the form of calcium and
magnesium salts, which play a major role in
the thermal stability of spores. Dipicolinic acid
is also involved in the process of transferring
the spore protoplast to a dormant state [54].
The mechanism of these processes has not been
elucidated yet. Possibly, dipicolinic acid is
localized in the cortex, since there is a certain
correlation between cortex formation and the
accumulation of dipicolinic acid and calcium
in the spore [55]. The cortex of mature spores
plays a protective role. It protects the core
from lytic enzymes that destroy cells. This
assumption was confirmed for mutants that
have lost the ability to form a cortex. At the
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final stage of spore formation, there is a sharp
increase in the activity of lytic enzymes, which
completely destroy the parent vegetative cell.
Spores without cortex are also lysed [56].

The shell (or cover) is a unique structure
of bacterial spore that is not found in other
microorganisms. It mainly consists of protein
substances enriched with cystine. The volume
of the shell reaches 50% of the total spore
volume. The substance of the spore shell is not
sensitive to the action of various lytic enzymes.
The shape of the spores, specific for each type
of bacteria, is maintained due to the structural
rigidity of the membranes. The shell also plays
the role of a protective structure that protects
spores from premature germination. Spores
of mutant strains lacking the shell usually
germinate immediately after emerging from
sporangia in an environment unfavorable for
growth (even in distilled water), which leads
to the death of germinated cells. However,
the role of the spore membranes, as well as the
cortex, remains largely enigmatic [57].

The exosporium is a membranous structure;
it often has a multilayer composition. The
exosporium probably plays the role of a barrier
that regulates the penetration of various
substances into the spore. In many anaerobic
bacteria, the exosporium is not a confined
system, as its polar part, immersed in the
cytoplasm of the mother cell, contains very
large pores up to 0.5 um in diameter. After
mechanical removal of the exosporium, the
spores remain normal, their germination process
is not disturbed. A feature of spores in anaerobes
is the formation of special outgrowths of various
structure. Each type of anaerobic bacteria tends
to have its own type of outgrowth structure. This
feature is strictly specific, hereditarily fixed and
very stable. Even in defective spores that have
lost the ability to form a shell, the outgrowths
are preserved and do not change their specific
structure [58].

On C. taeniosporum spores, the outgrowths
have a ribbon-like shape. A bundle of such
outgrowths is attached to the spore with the help
of a special organ — the pad. The outgrowths
appear at an early stage of prospore formation,
before the initiation of the cortex and shell;
then they grow, lengthen, and penetrate the
cytoplasm until they reach the opposite pole of
the cell. The cytoplasm around the outgrowths
gradually lyses. The mother cell is destroyed.
On the free mature spores emerging from the
sporangium, the outgrowths bloom in the form
of an umbrella [59].

The spores of C. sporogenes have a single
large and complex outgrowth. It has an
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appearance of a long thick bundle or trunk,
forming a ring at the end, from which antennae
extend, a tubular rod-shaped outgrowths.
The trunk has a coarse-grained structure and
transverse striation, fine-grained antennae
have a capsular layer. The formation of
outgrowths in this species can be traced on
intact cells [60]. At first, the processes are
poorly visible, since they are surrounded
by dense areas of the cytoplasm, then the
cytoplasm becomes lighter and the outgrowths
become clearly visible. A ring-shaped structure
and antennae are clearly visible at one of
the poles of the cell [61]. The function of
outgrowths on spores has not yet been finally
elucidated. Some researchers suggest that the
outgrowths on spores are specific sensitive
(chemosensory) organelles that give the spore
a “command” for germination (under favorable
conditions). Others believe that outgrowths
play an important role in the process of spore
maturation, participating in the formation
of spore covers and the cortex. Some studies
postulate that outgrowths on spores are
the result of some disturbances in normal
metabolism. The question of the enzymatic
activity of outgrowths is very important [62].

When spores are transferred to a fresh
nutrient medium they begin to germinate.
Firstly, they swell, darken, then, through
the hole formed in the spore shell, the young
cell exits into the outer medium. In this case,
the cortex layer is destroyed, and the spore
shell, together with outgrowths (if any), is
shed. In anaerobes, it is rarely possible to
study the germination by observing the same
single spore. At the last stage of the exit, the
vegetative cell is blasted off. The hole in the
spore shell is formed not strictly at the pole of
the spore, but somewhat on the side, and the
young vegetative cell, when exiting, is located
at an angle to the long axis of the spore. In
other anaerobes, the germination process may
look different [63].

Germination characteristics of
C. pasteurianum are used to differentiate this
species from other spore-forming anaerobes
[64]. Finally, three species of Clostridium,
C. pectinovorum, C. butyricum, and C. tetani,
differ in that their spores germinate inside
the sporangium [65]. The cell wall (or
part of it) in these species is not lysed, but
remains on mature spores, covering them in
the form of a sheath. But this sheath is not
identical in origin and structure with the
exosporium described above. C. acidiurici and
C. cylindrosporum are physiologically very
close, but clearly differ by morphological

features. In the case of C. acidiurici, the spores
are oval, located terminally, and the cells
swell during sporulation [66]. In the case of
C. cylindrosporum, the spores are cylindrical,
located centrally or subterminally, and the
sporangia do not swell [67].

Obtaining an enrichment culture

To obtain enrichment cultures of
Clostridium, some of their features could
be used. Their main feature is the thermal
resistance of spores, which facilitates the
isolation of microorganisms by the method of
preliminary pasteurization of the inoculum
[68]. To maintain the ability for intensive
fermentation, pasteurized inoculums are used
when working with isolated strains. Another
feature is their anaerobicity or aerotolerance
[69]. By creating strictly anaerobic conditions,
the growth of all aerobic bacteria is excluded
in advance. Strains can be isolated from soil,
sewage, animal wastes, potatoes, roots of
nitrogen-fixing legumes, milk, and cheese.
When using a substance containing large
particles as an inoculum, for example,
starch grains or cellulose particles from
the rumen of ruminants, those particles are
firstly washed and then used as material for
inoculation. Industrial strains isolated from
natural sources are contained in different
microorganism collections , such as ATCC
(American Collection of Culture Types), DSM
(German Collection of Microorganisms),
NCIMB (National Collection of Industrial and
Marine Bacteria, United Kingdom), NRRL
(Northern Regional Research Laboratory —
Agricultural Research Service Culture
Collection, US Department of Agriculture) [70].

Most acetone-butyl bacteria share a similar
phenotype, metabolic pathways, and end
products. The taxonomy of these bacteria
is quite complicated and time-consuming.
Acetone- and butanol-producing strains are
now divided into four species (Fig. 3), according
to genetic features, namely C. acetobutylicum,
C. beijerinckii, C. saccharoperbutylacetonicum
and C. saccharobutylicum [71-73].

C. beijerinckii synthesizes solvents
at approximately the same rate as
C. acetobutylicum, but it synthesizes
isopropanol instead of acetone [74, 75].
C. aurantibutyricum synthesizes isopropanol
in addition to butanol and acetone [76].
The main source of carbon for the growth
of C. tyrobutyricum bacteria is lactose,
and the fermentation products are butyric
acid, hydrogen, and carbon dioxide [77].
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C. tetanomorphum is a relatively new producer
that synthesizes almost equimolar amounts of
butanol and ethanol and does not synthesize
other alcohols [78].

Clostridium producer strains have
different productivity and the end-product
accumulation rates (Table 1). The accumulation
of the corresponding products of microbial
synthesis depends both on the strain itself and
the cultivation medium, as well as on growth
factors, pH, and temperature [79].

Production of butanol from synthesis gas

In addition to the classical scheme of
ABE fermentation, it is necessary to note an
alternative way of butanol production from
synthesis gas using the C. carboxidivorans
bacteria [81]. C. carboxidivorans binds CO,
fixes CO, and convert them into acetyl-CoA
according to the Wood-Ljungdahl scheme
(Fig. 4).

In this scheme, two CO, molecules are
used, but for completely different purposes:
one molecule is used as a carbon source, and
the second molecule is used as an electron
acceptor. At the first stage, carbon dioxide is
fixed with the help of tetrahydrofolate using
the energy of ATP, and at the second stage,
acetyl-coenzyme A (acetyl-CoA) is synthesized
from CHj;-Hy-folate. The transfer of the
methyl group to coenzyme A is carried out by
a special methylase, a cobalt-containing iron-
sulfur protein.

Two processes take place in parallel:

The first process. CO-dehydrogenase
(CODH) reduces the CO, molecule to CO, and
the electrons for reduction are usually taken
from H,:

CO,+2e +2H"=CO + H,0.

The reduction of CO, to CO occurs at
the so-called Fe,NiS;-active center of the
“C-cluster”protein.

The second process. Acetyl-CoA synthetase
condenses a carbonyl group with a methyl
group at the so-called “A-cluster”, giving a
metal-bound acetyl group, which is released
from the enzyme via thiolysis by acetyl-CoA.

CO+H,0=C0,+2¢ +2H" (1)

CH,-Co®'FeSP + CO + CoASH =
= CH;C(0)SCoA + Co'"FeSP + H* (2)

H* 4+ Co'*FeSP + CH,;-THF =
= CH;-Co®'FeSP + THF 3)

CH,C(0)SCoA + H,SPT + H,0 =
= CH; H,SPT + CO, +2e” + 2H" + CoASH,
(4)

where H,SPT is tetrahydrosarcinapterin,
the archaeal analogue of tetrahydrofolate
(THF). CoFeSP in reaction (2) is a corrinoid-
[FeS]-protein, a heterodimer containing the
nucleotide cofactor cobalamin in one subunit
and the Fe S, cluster in the other. Reduced
Co'*cobalamin accepts the methyl group from
CH;-THF in the reaction (3).

This process contains fewer steps, does
not require organic seeds such as citric acid
to initiate reactions, and carbon fixation in it
occurs in only one reaction. In addition, the
Wood-Ljungdahl pathway is the only way to
fix carbon without the use of ATP or other
triphosphates. It should be noted that all genes
encoding enzymes in the classical scheme of
ABE fermentation are present in the genome
of C. Carboxidivorans, and the genome also has
the sol operon and alcohol formation genes,
which, for some reasons, are not included in
fermentation. [83—85]. It is possible that the
same genetic process had occurred here, as
in the degenerated (DGN) strains which lost
the ability to produce solvents after repeated
cultivation. For C. acetobutylicum ATCC 824,
the complete loss of the pSOL1 plasmid, which

Table 1. Productivity of butanol-producing strains [80]

Strain Substrate Type of fermentation Solvent accumulation, g/1
Clostridium sp. BOH 3 Xylose ABE* 5.32;14.94;1.25
C. tetanomorphum DSM 665 Glucose Butanol-ethanol (BE) 9.8;1.01
C. pasteurianum DSM 525 Glycerol Butanol-propanediol 7.13;6.79
Clostridium sp.BT 10-6 Glucose Isopropanol 5.26
Clostridium sp.NJP 7 Glucose Isopropanol-methanol 12.21; 1.92
C. pasteurianum GL11 Glycerol Butanol-ethanol 14.7; 0.01

Note: * — The name of the type of fermentation directly characterizes the products of fermentation, for

example, ABE — acetone-butanol-ethanol.

12




Reviews

| C.p rlanum BCA
1/ jC.p ignum CP1
IC. pasteurianum DSM 52517

y €. felsimeum DSM 794T"
el C. roseum DSM 6424"
e C. roseum DSM 73207"
/ 100 C. aurantibutyricum DSM 793T"

[ €. acefobutylicum GXAS18_1
L‘r.. tobutylicum NCCB 24020°

C. acetobutylicum DSM 1732
C. acelobutobutylicum EA2018
C. acetobutylicum ATCC B24T
C. acetobutylicum DSM 1731
C. saccharobulylicum L1-8"
I_ C. saccharobutylicum NCP262T*
C. saccharobutyllcm NCP195"
C. saccharobutylicum BAS.I'B&I‘SWHH
C. saccharobutylicum NCFIM
C. saccharobutylicum NCP258"
C. saccharobutylicum NCP165"

~
-

C. beiferinckii ATCCI5702

C. beljerinckil DSM 53"

. C. beijerinckii NRRL B- SM

r C. beijerinckii NRAL B-528"
100

C. beijerinckii HUN142
Clostridium sp. Maddingley MBC34-24

— Clostridium sp, DL_' ll'III
o A L Clostridium sp. BL-8"
r C. saccharoperbutylacetonicum N'l-l{HMT}T

L €. saccharoperbutylacetonicum N1-504"
C. puni DSM 2619T"

Fig. 3. Phylogenetic tree of 44 sequenced solventogenic clostridia [10]

methyl- @ methylene- methenyl-

tetrahydrofolate cear 3251 tetrahydrofolate cear 3253 tetrahydrofolate

' " Easternor | ©,
®

Methyl branch : Cear_3253
Cear 3246 s e e il
- formyl-
Gear_3247 tetrahydrofolate tetrah ]rdrrfnlata
Ccar_3248 :
o Cear_3257 €0 Cear_3255
formate

CH,-CFeSP ‘
e ok B3
 Western or e 16k Cear_2671

Carbonyl branch
Nnm e A i .}:‘. .......... ﬂE ........ 4 co Ccar D158 co!
Coar_D159
acetyl-CoA Cear 0160
Fig. 4. Scheme of the Wood-Ljungdahl pathway of C. carboxidivorans P7T [82]:
where 1 is formate dehydrogenase; 2 — formate-tetrohydrofolate ligase; 3 and 4, blfunctlonal

methenyltetrahydrofolate cyclohydrolase/methylenetetrahydrofolate dehydrogenase (NADPT); 5 —
5,10-methylenetetrahydrofolate reductase; 6—5-methyltetrahydrofolate:corrinoid/iron-sulfur protein Co-
methyltransferase; 7 — carbon monoxide dehydrogenase; 8 acetyl-CoA synthetase; CoFeSP is a cobalt-iron-
sulfur protein that catalyzes the transfer of a methyl group from tetrahydrofolate to coenzyme A and carbon
reduced to (+2), CODH is an additional carbon monoxide dehydrogenase complex. The corresponding genes of
the strain are shown below the enzyme

13



BIOTECHNOLOGIA ACTA, V. 15, No 1, 2022

contains the sol operon, consisting of the alcohol-
producing genes aad, ctfA, ctfB, and adc, was
shown during the degeneration [86, 87].

One species of Clostridia, C. cylindro-
sporum, is able to generate formyl
tetrahydrofolic acid formate and
tetrahydrofolate in a reaction that is
accompanied by ADP phosphorylation. In
this species, this reaction is the main way
to obtain ATP. All reactions of substrate
phosphorylation are localized in the cell
cytosol, which suggests the simplicity of the
chemical mechanisms underlying substrate
phosphorylation. The degree of oxidation
and the amount of free energy, as well as the
nature of the products formed, are related to
the nature of the final electron acceptors. In
the process of fermentation, the final electron
acceptors are mainly organic compounds:
metabolites obtained from the original
substrates (pyruvic acid, acetaldehyde), or
the substances present in the cultivation
medium. The main function of hydrogenases
in Clostridia is to remove excess catabolic
reactions of reducing equivalents (electrons)
that have been produced and are removed
from the cell in the form of molecular
hydrogen. Other ways to obtain hydrogen are
also possible. For example, NADH,, which is
produced in the glycolytic pathway, can reduce
ferredoxin with the help of NADH,: ferredoxin
oxidoreductase, and H, is released from the
reduced ferridoxin by hydrogenase [88].

Features of industrial butanol production

It is not only the genetic features of
the producer strain are a key factor in the
microbiological synthesis of butanol; substrate
(raw materials) and, in fact, the technology
also make a major contribution into the cost of
the final product.

By selecting a producer strain and an
appropriate substrate, pretreatment of the
substrate, optimization of technological
parameters (pH, temperature, aeration,
and nutrient supply), one can change the
productivity of the producer organism
and the accumulation of the final product
[89]. The following microorganisms of the
genus Clostridium are used in the industrial
production of butanol: C. acetobutylicum,
C. beijerinckii, C. saccharobutylicum and
C. saccharoperbutylacetonicum.

Some species of Clostridia are characterized
by an altered metabolic pathway of synthesis
and, and consequently, the yield of solvents
differs significantly from that obtained in
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classical ABE fermentation. In this regard,
the selected producer strain must be checked
using metabolomic analysis. The first stage of
such an analysis is the performing of classic
“direct” fermentation with subsequent study
of all intermediates and final products. For
fermentation, pure cultures of bacteria, or
preliminarily prepared spores for inoculation
are used [90].

Spore preparation is an essential and
necessary step for cultivation in industrial
production [91]. The accumulation of spores
is carried out on a 6% mash of corn or rye
flour. For the formation of spores, tubes
with fresh sterile mash are inoculated with a
culture of bacteria and the entire fermentation
cycle is carried out at 37 °C. Spores could be
prepared by pouring as well. For each new
portion, spores obtained from cultures that
have shown the maximum results of product
accumulation during fermentation under
industrial conditions are used [92]. The first
stage of fermentation is carried out in a vessel,
from which the mash is poured into sterile
test tubes where the process ends with the
formation of spores. The tubes with spores are
sealed and placed in a thermostat. After 18—60
hours, the fermentation gases are released, the
test tubes are sealed again and stored at room
temperature. After two months of storage, the
spores are tested by test-tube fermentation.
The spores satisfying the technological
conditions are recognized as suitable and the
passports are issued for them [93].

After the accumulation of spores, ABE
fermentation is carried out directly. It can
be proceeded both in batch, semi-continuous
and continuous mode. Batch fermentation is a
relatively simple process [94].

Large amounts of pure culture are
needed to carry out a batch process under
industrial conditions. The preparation of the
required amount of pure bacterial culture
for production begins with the inoculation
of spores in a pure culture apparatus (PCA)
[95]. After 28 hours, the fermentation
contents of the PCA are sterilely transferred
to a large inoculator (LIN). Sterile mash for
LIN is taken when it is hot. It is cooled in a
LIN or refrigerator. From the inoculator, the
bacterial culture is transferred under sterile
conditions to the fermenter-activator of the
production battery. In batch fermentation, in
the first hours after inoculation of the mash
with active culture, fermentation is observed,
noticeable by gas release from the surface.
Gas release peaked after 24-26 hours and
subsided towards the end of fermentation.
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During the period of maximum gas release, a
characteristic stratification of the substrate
occurred: a “loose” mucous layer moved
upward to the surface, a cloudy opalescent
liquid remained in the lower layer, and the
entire medium acquired a yellowish color.
This phenomenon in production is referred
to as the “rise” of the mash and is one of the
signs of normal fermentation. By the end of
fermentation, the solid part of the substrate
precipitated to the bottom.

Along with the gas release, the shape of the
titratable acidity curve is also a characteristic
feature of ABE fermentation. The growth of
bacteria was characterized by the increase in
titratable acidity, reaching its maximum (4.0—
4.6 mL of 0.1 NaOH per 10 mL of mash) by
12—-16 hours of fermentation, and then sharply
decreased by 24—25 hours, after which there
was a slight increase in acidity towards the end
of fermentation. In the process of increasing
acidity, the pH of the medium decreased
from 6.0 to 4.1 and virtually remained at
this level. The formation of alcohols began
starting from approximately the 6th hour of
fermentation, but become the most intensive
after the “break” in the acidity curve. Up to
35% of total carbohydrates were converted
into alcohols, and the final mash contained
about 2% of solvents. The cost of the substrate
in the cost of butanol obtained by the classical
method is 60% , which makes the process of
obtaining butanol economically unprofitable
[96-100].

To increase the accumulation of butanol
in the process of “direct” batch fermentation,
the duration of the acid-forming and alcohol-
forming stages can be changed by changing
the concentration of H,, CO, partial pressure,
organic acids and mineral additives. The
addition of CO during the batch fermentation
using C. acetobutylicum tends to inhibit
hydrogenase activity [101]. During batch
cultivation of C. saccharoperbutylacetonicum,
it was demonstrated that the removal of
hydrogen from the bioreactor leads to the
accumulation of only H,, while alcohols did not
accumulate [102].

Increasing the culture productivity is
possible at the stage of metabolites formation.
Artificial electron carriers such as methyl
viologen and neutral red drastically change the
production of metabolites. Microelements of
the environment can also influence the electron
transfer. The conversion of pyruvate to acetyl-
CoA involves the use of iron-sulfur proteins
(ferredoxin oxidoreductases), and iron is also
an important mineral supplement. A change in

the iron concentration significantly affected
the process of butanol synthesis [103—-107].

A semi-continuous fermentation process
was used to avoid fermentation inhibition
by high substrate concentrations. However,
due to the inhibitory properties of butanol,
fed-batch culture is ineffective. In industrial
production, a semi-continuous fermentation
process is known as a battery fermentation.
The battery consists of 6—8 bioreactors
serially connected into an integral device.
The main reactor (the activator) is inoculated
with a culture from the inoculator and after
the “break” of the acidity curve (after about
12 hours) they are loaded with flour mash.
The entire battery is filled through the
activator. The battery is unloaded (the worth
is transferred for rectification) from the last
“tail” bioreactor. After sterilization, the “tail”
bioreactor becomes the activator of the next
battery, consisting of the same bioreactors, but
loaded in the opposite direction. To optimize
the semi-continuous fermentation process,
the technological system for a continuous
fermentation process was created.

Continuous fermentation made it possible
to reduce (up to 70%) the flour usage and
replace it with cheaper raw materials: sugar
beet molasses (syrup) and hydrolysates of
vegetable waste [108].

In this scheme, the use of flour mash for
the first phase is preferred. This ensures the
rapid growth of bacteria and the formation
of enzymes for the synthesis of solvents.
Molasses and hydrolysates are introduced
during the transferring of the fermentation
to the second phase. The scheme of continuous
two-phase fermentation has been introduced
into industrial production. According to
this scheme, for the process of continuous
ABE fermentation, an additional stage was
proposed, a pure production culture apparatus
(PPCA), which was sown from LIN. After
10-12 hours of fermentation, the entire
culture from it was transferred to the first
bioreactor of the production battery, and its
loading with flour mash had immediately
began. The flour mash was transferred to the
first (head) bioreactor of the battery, as well
as for the further breeding of a pure culture
in the inoculator and PCA. The molasses mash
was sent to the second fermenter, where the
transition to the second phase of fermentation
took place.

This technology allowed the fermentation
to continue for a long time and with a high
productivity of the producer strain. The
rate of butanol synthesis intensification in a
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continuous process is similar to that for a batch
process. An increase in butanol accumulation
can also be obtained by adding precursors to
the cultivation medium [109-113].

Conclusions

The features of the acetone-butyl
fermentation mechanism (the relationships
between the alcohol formation and sporulation,
the duration of the acid-forming and alcohol-
forming stages during batch fermentation
depending on the change in the concentration
of H,, CO, partial pressure, organic acids
and mineral additives) and obtaining an
enrichment culture were shown. The possibility
of synthesis gas use as a substrate for reducing
emissions into the atmosphere during the
fermentation process was demonstrated.
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Memo maHOTO OTJIALY y3araJbHEHHSA Ta aHaIi3 0COOJMBOCTEl aleTOHOOYTUJIOBOTO OPOJiHHA SAK
IPOIleCy OTPUMAaHHA aJIbTEPHATUBHOIO OionanuBa — OyTaHOJIY.

MemoOu. 3acTocOBaHO METOAM aHAaJidy U ysarajJbHeHHS aHAJIiTHYHOI im@opmarllii Ta JitepaTypHUX
I:xepeds. PedynbraTit oTpMaHO 3 BUKOPUCTAHHAM MiKpobiosoriuaux (MopdosoriuHi BJacTuBOCTI mTramis),
xpomaTrorpadgiuHux (BU3HAUEHHS KOHIEHTPAIlil PO3YMHHUKIB), CIEKTPO(OTOMETPUUYHUX (BU3HAUEHHS
KOHIIeHTpAIlil 0aKTepiit) Ta MOJIEKYIAPHO-TeHeTUYHUX ((hioreHeTUUHMIT aHAJi3 IIITaMiB) METO/IiB.

Peszyavmamu. JociifkeHO IpoIlec armeToHOOYTAHOJIOBOTO OPOAIHHA, POSTJIAHYTO OCHOBHI IITaMu-
TMPOAYIIEHTH, OITMCAHO 0COOJIMBOCTI B3aEMO3B’ A3KY CIIMPTOYTBOPEHHSA Ta CIIOPYJIAIiil, TOKa3aHO MOKJINBICTD
oTpuMaHHA OYTAHOJY i3 CUHTE3-Tas3y, PO3TJIAHYTO 0COOJMBOCTI IPOMUCJIOBOTO BUPOOHUIITBA.

Bucnosku. ITokasano 0cobJuMBOCTI MexaHidMy ameTOHOOYTUJIOBOTO OPOAiHHSA (B3a€eMO3B’s30K
CIIUPTOYTBOPEHHA Ta CIOPYJAAINil, TPUBAJICTh KHCJIOTOYTBOPIOUOTO Ta COMPTOYTBOPIOUMUX €TAIliB 3a
nepeoUYHOI (pepMeHTAIlil B 3ayiesKHOCTI Bif 3Minu koHIeHTparnii Hy, CO, mapuiaabHOTO THCKY, OPTaHIiYHIX
KMCJIOT Ta MiHepaJbHUX N06aBOK) Ta OTPUMAHHA HAKOIIMYYBAJbHOI KYJIbTYPHU 3a OTPUMAHHA OYTAHOJY, IK
aJIbTepPHATUBHOTO natnBa. [IoKasaHO MOKJIMBICTE BUKOPUCTAHHA CUHTE3-Ta3a K cy0cTpaTa JJId 3MEHITIeHHA
BUKHUIIB B aTrMoc(epy B mpoiieci pepMmerTaIrii. 3aIponoHOBAHO HAIPSAMOK 30iJbIIIeHHA IPOAYKTUBHOCTIL
MITaMiB-IPOAYIIEHTIB OyTAHOJY AJISA CTBOPEHHS KOHKYPEHTHOCHPOMOYKHOI MPOMMCJIIOBOI TeXHOJIOTiI
OyTaHOJIY.

Knwuosi cnosa: mraMu-npoayIieHTH, 6iomaanBo 6i06yTaHoJI, alleTOHOOYTHUI0BE OPOMiHHA.
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Aim. To analyze modern approaches to mathematical modeling of respiratory and blood circulatory
systems of human organism.

Methods. Comprehensive review of scientific literature sources taken from domestic and foreign
resources, databases.

Results. Historical information and contemporary data concerning mathematical modeling of
functional respiratory and blood circulatory system were summarized and analyzed in present review;
current trends in approaches to the construction of these models were revealed.

Conclusions. Two main approaches to the mathematical modeling of respiratory and blood circulatory
systems exist for today. One of them is the construction of models of mechanics of respiration and blood
circulation. They were based on the models of mechanics of solid deformable body, thermomechanics,
hydromechanics, and mechanics of continuum media. This approach supposes the use of complex
mathematical apparatus, including Navier-Stokes equation, which makes it possible to obtain a number
of theoretical results, but it is hardly usable for real problems solutions at present time. The second
approach was based on the model of F. Grodins, who represented the process of the breath as controlled
dynamic system, written using ordinary differential equations, in which the control was carried out
according to the feedback principle. There was significant number of modifications of this model, which
made it possible to simulate various disturbing influences, such as physical activity, hypoxia and
hyperemia, and to predict parameters characterizing functional respiratory system under these
disturbing influences.

Key words: mathematical model of respiratory system; mathematical model of blood circulatory
system; hypoxic state; theoretical analysis.

Human lives in the Nature during all his life
and interacts with the environment. During this
human receives various disturbing influences,
both external (changes in gas composition
and pressure of inhaled air, temperature
of environment) and internal (changes in
metabolism, viral infections). A number of
laboratory and instrumental methods are
developed to analyze the state of organism, with
which one can get information about his current
state, but nothing more. The task of adequate

modeling of processes in living organism is
one of the most relevant for contemporary
medicine. The processes that ensure the
viability of human organism are so complex and
interrelated that the closest possible interaction
of mathematicians, biologists and physicians is
necessary for their modelling.

The purpose of the work was to analyze
modern approaches to mathematical modeling
of respiratory and blood circulatory systems of
human organism.
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Physical formulations of problems
that arise during the study of normal and
pathological processes in human organism
have become significantly more complicated
in contemporary reality [1]. Along with the
expanding capabilities of computer modeling,
the requirements for mathematical models
that describe the processes occurring in
human organism have increased. The objects
of modern mathematical modeling are almost
all major human systems and organs —
respiration and blood circulation, heat
exchange and thermoregulation, central and
peripheral nervous systems, digestion, kidneys
and liver, immune system and carbohydrate
metabolism system, musculoskeletal system,
organs of hearing, vision, leather, and etc.
Simultaneously, modeling can be carried out
at the cellular and gene levels. Mathematical
models that allow the simulation of
mechanisms of the start and course of diseases,
from wounds and oncological diseases curing
to issues of immunology, drug delivery, and
the creation and functioning of various organs
were of considerable interest too. Mathematical
models of a number of organs and parts of
organism (skin, bones, muscles, etc.) were
based on mechanical models known from the
mechanics of a solid deformable body. For the
problems of hemodynamics, functioning of
respiratory system, digestion, and excretory
system, hydrodynamic formulations based
on the Navier-Stokes equations were used.
Significant part of mathematical models of
thrombosis, functioning of stomach, skin, and
treatment of a number of diseases by thermal
or chemical effects was based on the equations
of reaction-diffusion and heat conduction.
The dynamic systems of ordinary differential
equations formed the basis of models of
respiratory and blood circulatory system,
transmission of nerve impulses, cellular
interactions, functioning of gene networks,
and etc. Naturally, hybrid models that take
into account the fullest possible interaction
and interrelationships of the processes under
the study were the most in demand.

The most characteristic numerical
models for a number of biomedical processes
constructed using the classical theory of
continuum mechanics had been analyzed in
review [1]. Reviews of this class of problems
were included into [2—-18] too; they were
interesting, although partially not very recent
ones. Brief, but rather capacious review was
presented in [19].

Evolutionary models were of great
interest too; they allowed simulating various
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disturbances in organism and predicting
its stationary state at a given level of
disturbances. It was possible to manage various
influences, consider their combination, study
and predict the functional state of human
organism under various extreme influences by
simulating these influences on mathematical
model. Currently, this is especially important
when choosing a strategy and tactics for
medical cure of organism affected by the SARS
CoV-2 virus.

Today, mathematical and simulation
models are used widely to study the regulations
of physiological processes. Mathematical
modeling is an effective tool that allows
simulating extreme disturbances on human
organism and predicting its reactions to
disturbances in the internal and external
environment, while modern diagnostic
methods characterize only the current state of
organism. The advantage of using simulation
models is the ability to obtain information
at the level inaccessible to modern invasive
methods. An overview of mathematical
models of various organs and systems of
organism one can find in [1, 20]. This direction
was based primarily on the works of P.K.
Anokhin [21, 22], whose main ideas were the
theory of functional systems and application
of systematic approach to the study of
physiological functions. F. Meyerson built a
coherent theory of organism adaptation, in
which, among other functional systems, the
respiratory and blood circulatory systems were
singled out as most noticeably responding to
the changes of human life conditions [23, 24].
It was also demonstrated [25—27] that if the
human organism was presented as a chain with
“weak link” in terms of reliability theory, the
respiratory and blood circulatory system can
be seen as such “weak link”.

Widespread computerization had
formed the bases for the development of
theoretical foundations of any phenomenon
or process by simulating this phenomenon
or process using computer. It is clear that
for the development of computer model the
development of mathematical model had
to be done previously. This is especially
true for physiology and medicine. If in
physics and chemistry the experimenter
deals with inanimate objects with which
any experiments can be performed, then
here, in addition to ethical standards, there
are quite a few limitations associated with
inability to experiment with various extreme
perturbations and limitations of diagnostic
methods. Mathematical modeling allows
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Goals of constructing of mathematical models of

organism functional systems
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Fig. 1. Goals of modeling of organism functional systems

us to control various influences, study and
predict the behavior of such complex system
as human organism. The complexity of the
task of mathematical models constructing of
organism functional systems was primarily
due to the extreme complexity of considered
biological system, functioning of which
depends nonlinearly on large number of
factors, on almost every element of living
organism, and these dependencies largely
remain unformalized even at the level of
physiological descriptions. Therefore,
analytical methods of solution can be applied
in rather narrow scope, and the main means
for studying of real problems related to the
study of respiratory and blood circulatory
systems are computational methods for
problems solution with computer.

When choosing and formulating a
mathematical model, the determining factors
are the object, purpose, method and methods
of modeling [Anokhin]. For mathematical
modeling methods of dynamic systems theory
are used. Means — differential and difference
equations, methods of qualitative theory of
differential equations, computer simulation.
The goals of mathematical modeling of
organism functional systems were shown on
Fig. 1.

The main principle of mathematical
modeling of complex systems is the principle
of optimality [28]. It is necessary to note that
the principle of optimality has been used for a
long time in biology.

Methods of theory of optimal control

in physiology

The methods of the theory of optimal
control of respiration had aroused the constant
interest of researchers of physiological
systems, primarily due to the ideas about
the perfection of regulatory mechanisms in
living systems. The specificity of application
of methods of the theory of optimal control
in the study of physiological systems is that
the criteria for their optimality are unknown.
The task of the study was to establish whether
given physiological system was an optimal
control system and what exactly the criterion
for its optimality was. Accordingly, such
studies include the following steps:

— selection of the control object and the
construction of its mathematical model;

— selection based on the data of
experimental studies of a hypothetical
optimality criterion;

— construction of mathematical model of the
optimal control system, including the control
subsystem (optimizer) and the control object;

— study of the model of control in order to
verify its adequacy.

At each of these stages, significant
difficulties arise, both experimental and
theoretical. Therefore, the number of works on
this issue were insignificant and they had been
done only recently [29, 30]. The indicators,
linked with energy transformation in organism
the most often played the role of criterion of
optimality, since the economy of physiological
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functions in general case is beyond the doubt.
The model of regulation of parameters of
external respiration and organism blood supply
developed by Yu.M. Onopchuk, was based on
the assumption concerning the optimality of
the system for regulation of organism oxygen
regimes [31]. The criterion for optimality
of the functional state of oxygen transport
system (OTS) can be the sum of energetic costs
of organism [32]:

W=Wy+W,+Wy+ Wy,

where Wy, W;, W, are the values of
power consumed by the heart, lungs and
hematopoietic system, respectively, W, —
is the power of extraction in the absence
of physical activity. The valuesW,, W,,
Wy, Wip are the functions of parameters ¢y,
characterizing the functional state of the
OTS. The optimal values of these parameters
ZLV =0 can be determined by solving equations.
? Based on this approach, it is possible
to investigate how close the OTS control
algorithms are to optimality and within what
limits of changes in the conditions of oxygen
transport this closeness is maintained.

An adaptive neural network model had
been developed; it detected the optimality and
homeostatic characteristics of respiratory
control system [33]. The theoretical analysis
of the effect of main parameters changes of
the inhaled air flow on the distribution of air
and mean barometric pressure in the lungs
was made [34]. A method has been developed
to differentiate the process of lung ventilation
into two images: the first characterizes the
optimal distribution of inhaled air for each of
the ventilated lungs; the second characterizes
the optimal perfusion, which corresponds to the
lowest possible average alveolar pressure. Using
the concept of the work of the heart based on
the end-systolic volume-pressure dependence,
the conditions for optimal interaction of the
left ventricle with the arterial system were
determined [35]. A mathematical model of the
left ventricle of the heart has been developed,
reflecting both hemodynamics and the processes
of myocardial enlargement depending on the
load and metabolic conditions [36]. The model
was used to determine the optimal myocardial
function for given arterial load and vice versa.
The optimal size of the left ventricle was
determined from the conditions of maintaining
normal oxygen consumption under the different
conditions of chronic load on the heart rate. A
mathematical model of the human circulatory
system, which includes a description of
the systemic and pulmonary circulation
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and baroreflex regulator for heart rate and
peripheral circulation [37], was used for
theoretical analysis of the problem of optimal
control of blood circulation with complete
replacement of the heart or its partial unloading
after the connection of auxiliary pump. An
optimality criterion for blood circulation
control was proposed. This criterion was based
on minimizing the deviations of variables of the
model state, for them the arterial and venous
pressures in the systemic and pulmonary
circulation were chosen. In Murray’s model of
optimal branching of vessels [38], the radii of
the vessels were related to the viscosity, the
rate of vascular exchange, and the rate of blood
circulation in such a way as to minimize the
overall (hydraulic and metabolic) work of the
system.

In [39], the problem of optimal structural
and functional organization of the external
respiration and circulatory system was
mathematically formulated as optimization
problem with chosen objective function and
restrictions. As a result of its solution, the
optimal values of structural and functional
parameters were found, which can be compared
with the corresponding experimental values.

We would like to mention the work [40] as
well, which analyzes publications related to
extremal principles in mathematical biology.

Mathematical models
of the respiratory system

According to [41], two approaches can
be used for the mathematical analysis of
physiological functions: the data models
and system models. In the first case, the
task is to build mathematical function that
describes a set of input data more accurately,
for example, a statistical data model. But
physiological features of the structural and
functional organization of the modeled object
are not taken into account at all in it. Models
of the second type are based on physiological
principles and hypotheses regarding the
structural and functional organization of the
modeled object. The purpose of modeling is
to test the physiological hypothesis, which
is the basis of the model, and to study basic
physiological mechanisms of the phenomenon
or process under investigation. It should be
noted that usually the results of analysis
of physiological experiment with the
construction of data models were used as initial
data for the next stage of investigation —
systemic analysis of these data models and
development of mathematical model of studied
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system functioning, aimed on studying of
fundamental physiological mechanisms
underlying its functioning.

Among the models of the respiratory
system, a real breakthrough was the model of F.
Grodins [42], in which the respiratory system is
represented as dynamic system, so, this allows
using appropriate mathematical apparatus.
There are a large number of mathematical
models of respiratory system, which are based
on Grodins model, in which rather complex
mathematical apparatus is used. Without
touching of models of “black box” type, which
also have the rights to exist because they allow
us to identify cause-and-effect relationships and
reliable dependencies at the population level,
but do not allow us to analyze the processes
occurring within the system, we will pay more
attention to structural models. Such models
were developed on the basis of the laws and
hypotheses on the structuring and functioning
of biosystems. Mathematical models of
respiratory system differ depending on the
purpose of investigations. There are widespread
such models of respiratory mechanics, in which
the lungs are represented by elastic shells
connected to the atmosphere by a tube with
some hydraulic resistance [43], which make it
possible to obtain the simplest relationships
between physical parameters characterizing the
functioning of the lungs, but do not take into
account spatial diagnostics in human lungs.

One of the most developed approaches was
based on quasi-one-dimensional hydraulic
models on graphs [1]. Detailed description of
such models one can find in [44, 45], where a
complex model of the respiratory system and
closed model of blood flow was built on the
basis of distributed dynamic system on graphs.
The elastic properties of the tube walls, which
determine the relationship between the
pressure in the tube and its cross section, are
determined by additional equation of state.
Dynamic model of air entering the alveoli from
the external environment with each breath
(alveolar volume) was presented also in [45].

Brief review of human lung models that vary
in complexity, starting from the simplest, which
were presented as rigid container contacted
with the atmosphere, to a model in which the
volume and pressure that change under the
influence of muscle work, taking into account
gas exchange with blood and perfusion blood
had been suggested in [46]. Two-chamber lung
model consisting on alveolar space through
which the blood was perfused and anatomical
dead space was described in [47]. This model
is used to estimate the minute volume of blood

circulation. One-dimensional model of air
transfer from trachea to alveoli was analyzed
in [48], taking into account the gas exchange of
respiratory gases with blood and blood perfusion.
An assumption about the correct dichotomy
of airways and laminar flow of the air, and the
explanation of the reasons of existence of exactly
23 generations of airways was done, although
the Weibel model by itself was proposed much
earlier [49]. However, we have to note that
the assumption about laminar flow in airways
was substantiated by domestic scientists on
mathematical model [50] much earlier. Similar
results were described too in [51]. With intensive
development of computational methods of gas
dynamics and means of their implementation
three-dimensional models of air flow had
been started to develop, the air by itself was
considered as multicomponent mixture of gases.
A review of these models can be found in [52].

The models that describe the process
of gas exchange in the lungs and operate
with averaged parameters were much more
interesting. In [53], other version of the
model was proposed in which the total mass
of the lungs and chest were assumed to be
distributed over the surface of any reservoir
of variable volume. The mechanical properties
of such reservoir were determined by integral
characteristics that described the resistance
of airways, the inertia of the air in them, the
elasticity of the lungs and chest. The model
was based on the ideal gas equation under
isothermal conditions, the equation of the
motion of reservoir shell and the integral
equation of air movement in respiratory
tract. This model was developed further in
[562], where the equation of the model [53] was
written not for the entire volume of the lung,
but only for its individual elements, into which
air enters through one of respiratory tubes.

It was written in [1] that in recent years,
the flow of air in the upper respiratory tract
and in whole respiratory tract had been studied
intensively using realistic 2D and 3D [54—56].
The study of air movement in nasal cavity, in
particular, has many analogies with classical
problems of aerohydrodynamics and is of great
interest to contemporary medicine. This is due
to the facts that now new methods of drugs
administration through the nose by inhalation
into the lungs or directly on the mucous
membrane of the nasal cavity are being actively
developed. In [56] such studies were carried out
on the basis of Navier-Stokes equations with
reproduction of real geometry of respiratory
tract, obtained on the basis of analysis of the
results of computer tomography.
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Mathematical model of human respiratory
system was proposed in [562], which contained
a set of three connected sub-models that
describe the breathing process as a set of
synchronized gas dynamics processes in
large airways, air movement in a deformable
saturated porous medium, and gas exchange
(diffusion) through biological membrane. This
model was positioned by the authors as sub-
model of multilevel model of the entire human
organism.

Linear graphs were uses for the
development of dynamic model in dissertation
[67]. Line graphs of respiratory system have
been developed to include all energy domains
with sensors linking them together to represent
complex dynamic system. Mathematical
model of lung mechanics had been developed,
including the properties of alveolar tissue
and surfactant, which created acceptable
values of pulmonary pressure and volume in
comparison with the data of healthy patients,
patients with acute respiratory distress
syndrome (ARDS). The model described time-
varying alveolar compliance, which provided
better understanding of lung diseases. Using
analysis of sensitivity, it was shown that the
concentration of surfactant and the parameter
of collagen stiffness influenced strongly on
the variables of lung mechanics. In addition,
the model was proved to be stable and reliable
under various perturbations. The model
was a set of ordinary differential equations
that could be implemented to allow testing
of scenario “what if” by changing certain
parameters. Using patient data and method
of parameters estimation, a personalized
version of the model can be obtained. One
step more was done to personalized medicine
in this dissertation with other physiology-
based model and optimization algorithms that
improve patient health estimation, diagnosis,
and therapy. The dynamic system of the lungs
was described, including:

« a module of lung mechanics that
described quantitatively the changes in lung
pressure and volume;

- alveolar elasticity module which determined
alveolar compliance as a function of surfactant
concentration and lung fiber elasticity;

« module of the respiratory and thoracic
mechanics, which calculated chest movement
and pleural pressure changes in process of
respiratory muscles contraction and relaxation
during breathing (diaphragm and intercostal
muscles);

- system of microcirculatory exchange,
described the transport of fluid (water) and
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mass (protein) between alveoli and pulmonary
capillaries;

+ lung gas exchange system, which
quantitatively described the transport of
carbon dioxide and oxygen from the lungs into
the blood of pulmonary capillaries;

« pulmonary circulation module;

Each module was developed basing on
the latest knowledge of lung physiology
and validated using patient data when they
were available, or published and validated
physiology-based models when these data
were not available. This dynamic respiratory
system could be used to describe the state
of healthy people and people with various
pathologies. The model made it possible to
enter individual patient data and test various
therapeutic scenarios in order to select optimal
therapy for the patient. In addition, systems
identification techniques can be applied to
this model or part of it to achieve personalized
medicine for better diagnosis and treatment
of diseases. For the estimation of the state of
lungs health of particular patient, a simplified
model of lung mechanics had been developed.
Using this simplified model, the parameters
which reflected the state of lung health and
functionality, i.e. the mechanical properties of
the lungs (resistance and compliance) and the
efforts of patient’s breathing, it was possible
to evaluate pulmonary syndromes or diseases
such as ARDS and COPD (chronic obstructive
pulmonary disease); these diseases caused
changes in lung resistance and compliance.
Tracking of these two parameters can lead
to better diagnostic of disease and easier
monitoring of respiratory disease progression.
Non-linear, model-based, constrained
optimization algorithm has also been developed
to estimate lung resistance, lung compliance,
and patient inspiratory effort caused by
inspiratory muscle activity.

The author also suggested to use linearized
version of this model and system identification
methods to evaluate not only changes in
compliance, but also the properties of the fiber
or surfactant that caused these changes. Thus,
the model can also mimic the condition of some
COVID 19 patients with ARDS. According
to [58], 20—-30% of patients with COVID 19
admitted to the Department of intensive
therapy had severe hypoxemia associated with
low values of corresponding parameters.

In some literature sources [59] one can find
also such approaches to study of respiratory
system as [60—78]: modeling of lung mechanics
was given in [69, 70], and modeling of gas
exchange — in [71, 72, 75]. Articles [70, 73,
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74] provided examples of the development of
controllers for the regulation of respiratory
system and virtual laboratories designed to
simulate the respiratory and cardiovascular
systems [65, 66]. The article [569] suggested
a simple model that provided a linearized
description of pulmonary ventilation and gave
some equations that described the basics of
chemical regulation of pulmonary ventilation.
The processes associated with lung ventilation
were discussed, and this formed a basis for
overview of other respiratory functions and
physiology of some respiratory diseases [65].
The main role was to provide oxygen, which is
essential for tissue metabolism, and to remove
metabolic by-products such as carbon dioxide.
In the nature, complete gas exchange is
achieved by passive diffusion through the air-
blood barrier between capillaries and alveoli.
This requires, in the case of changing load
conditions, the maintenance of an appropriate
pressure gradient across the barrier, which
is achieved by changing the rate of entry of
fresh air into the alveoli. As a result of this
exchange, the blood flowing from the lungs
through the pulmonary veins contains a high
O, concentration and a low CO, concentration.
The reverse process of metabolism is carried
out in the tissues, where O, is consumed
and CO, is produced as well as metabolic by-
products. Four main parts of the respiratory
process were being considered:

« Pulmonary ventilation, which includes
the flow of air between the atmosphere and
alveoli of the lungs in both directions.

+ O, and CO, diffusion between alveoli and
perturbed elements of the blood

+ O, transport and CO, ejection in blood
and body fluids to the cells and from them.

+ Regulation of ventilation and other
aspects of breathing.

Only processes related to lung ventilation
were discussed in [59]. One of the models
describing the human cardiovascular
system was represented by the system of
13 differential equations [61—-63]. The model
consists on two series-connected circuits
(systemic blood and lung) and two pumps (left
and right ventricle).

Mathematical models
of circulatory system

As for mathematical models of blood
circulatory system, there are many
investigations in framework of this topic exist
too. First of all, this is due to the fact that the
study of physiological and pathophysiological
processes in cardiovascular system is a relevant

topic of many contemporary studies [79].

The main functional role of cardiovascular
system is blood transportation. The heart
provides blood flow in the system of blood
vessels. The blood vessels through which the
blood flows from the heart to periphery form
arterial system. The vessels that collect blood and
carry it to the heart form the venous system. A
detailed description of the circulatory system and
the formulation of the corresponding tasks was
given in [4, 5]. In these monographs mechanical
behavior of blood, mechanical behavior of the
heart, static and dynamic properties of the
heart, microcirculation, transcapillary transport
of substances, mechanical properties of blood
vessels and blood movement in them, as well
as mechanics of pulmonary circulation were
described.

The blood circulatory system is one of the
most popular objects in medicine for all who
study blood hydrodynamics [1]. Possible physical
problem statements were associated with the
description of general blood circulation in human
organism [80—-86], blood circulation in individual
vessels [83, 87] and organs — in heart, kidneys,
brain [80—-82, 88, 89] for healthy organism or
damaged one. To study the general patterns of
blood flow in organism and individual organs,
the most popular models on graphs are currently
used. Classical hydrodynamic formulations
based on the Navier-Stokes equations were
primarily associated with 2D and 3D modeling of
blood flow in large and small vessels, taking into
account the elasticity and multilayeredness of
vessel walls, multicomponent blood and complex
rheology.

In review [1], the models of cardiovascular
system were divided into such classes (Fig. 2).

Over the past thirty years, several key
approaches have been formed. They made
us possible to describe local and systemic
processes associated with blood flow,
which have different degrees of spatial
representation, which depends on the
applied problem being solved. Usually, for
this was used mathematical apparatus, that
included algebraic and differential equations
[90]. Averaged models of this type are not
demanding on computational resources and
contain small number of parameters that are
easily determined for particular organism; but,
unfortunately, it reflects general physiological
patterns only [79]. More complex models
require the use of more complex mathematical
apparatus. Thus, a detailed description of the
blood flow in large vessels was carried out
using the Navier-Stokes equation in two or
three measurable approximations [91].
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Fig. 2. Models of the cardiovascular system analyzed in [1]

The methods for solving of nonlinear
partial differential equations in three-
dimensional domains of complex shape were
used in this approach [92, 93]. In this case, the
problem of constructing of three-dimensional
geometry corresponding to the shape of vessel
or vascular bed aroused. The use of two-
dimensional or three-dimensional models also
required the setting of boundary conditions at
the boundaries through which blood flows, the
tasks of rheological properties of blood, taking
into account the mobility of the vascular wall,
the elastic properties of the wall, the pressure
of surrounding tissues, etc. All this makes
the use of such models quite inefficient; in
addition, it requires the use of significant
amount of computing resources. Although the
area for the application of following models is
typical: three-dimensional analysis of blood
circulation parameters in aorta [94], in the
main cerebral vessels [95], in aneurysm [96].

Current information on the functional
interaction of respiratory and blood circulatory
systems under various conditions of organism’s
vital activity was presented in [97]. Particular
attention was paid to adaptive changes in
respiratory and hemodynamic parameters
in extreme conditions. Basing on the data
from literature sources and our own research,
physiological parallels were done between
intersystem relationships of biomechanics of
respiration and hemodynamics under conditions
of normal gravity and weightlessness.

It was stated that all systems of organism
are involved in maintaining of homeostasis at

30

adequate level for metabolism, but external
respiration and blood circulation play
decisive role. These systems demonstrate
certain independence, characteristic patterns
of functional organization and they are in
close connection with other parts of the gas
transmission system. The often manifested
synchronism in changes in respiratory
movements and blood pressure under various
influences indicates the anatomical and
functional relationship between respiratory
and vasomotor centers.

In[98] was represented mathematical model
of hemodynamics under mechanical influence
on the vessels, proved the existence of a smooth
solution on the edge, presented numerical
implementation of the model, discretized
the compatibility conditions, verified the
convergence of the numerical solution in
uniform norm. There were also tested and
numerically simulated following problems: test,
autoregulation in separate vessel, occlusion
test, blood flow in the coronary arteries, blood
flow was also modeled in the lower extremities
when running and walking, blood flow was
simulated in stenosis of the femoral artery,
blood flow in the coronary artery was simulated
with increased external counterpulsation, the
calculation of the fractional blood flow reserve
with using a model of coronary circulation,
calculations of coronary hemodynamics in
multivessel lesions of the coronary arteries
before and after stenting. In the model there
were united such components as: models of
the muscle pump, autoregulation, enhanced
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external counterpulsation, as well as coronary
circulation, taking into account the functioning
of myocardium. The model is based on the
previously developed one-dimensional model of
hemodynamics and supplemented with models
of mechanisms of autoregulation, elasticity of
the vascular wall, coronary circulation, with
increased external counterpulsation and muscle
pump. The disadvantages of proposed model
include the discreteness of the recalculation of
parameters of vascular elasticity, while in real
organism autoregulation occurs continuously.
Input data were obtained from clinical
examination, in particular angiography,
computed tomography and magnetic resonance
imaging, as well as the data of medical
diagnoses. The lack of information about the
structure of the networks was proposed to be
solved by replacing the entire large circle with
one integral vessel, which will have the same
effect on the arteries of the heart as the entire
network of vessels had.

The dissertation work [99] attracts the
great interest because it represents developed
global model of cardiovascular and respiratory
systems. The cardiovascular part of this model
was based on the four-component Grodins
model and included modifications by Kappel
and Peer. Respiratory part was based on
two-chamber model developed in [100]. The
basic models had been revised, expanded
and generalized. As subsystems, the model
included: systemic and pulmonary circulation,
left and right ventricles, tissue and pulmonary
compartments. Mechanisms such as Frank-
Starling law, the Bowditch effect, and
variable cerebral blood flow were included.
In particular, the model was adapted to the
situation of dynamic exercises. The initial
anaerobic energy supply, the mechanism
of metabolic autoregulation in peripheral
regions, dilatation of pulmonary vessels were
taken into account. In the model, the control
parameters were the heart rate and alveolar
ventilation. Simulation of rest and physical
activity was possible. The disadvantage of
this model was that it takes into account the
control of the functional respiratory system
only by linear feedback, in which the quadratic
cost functional is minimized, while there are
other control loops existed — by perturbation,
by anticipation, etc. [101],

Integral mathematical model of the human
cardiopulmonary system was presented
in [102, 103], in which were described the
problems of interaction between cardiovascular
and respiratory systems. It should be noted
that this approach was applied by a few

authors only, and these works were a pleasant
exception. Integrated cardiorespiratory
model has been developed for mathematical
description of interaction between the
cardiovascular and respiratory systems, as well
as their main short-term control mechanisms.
The model was compared with the data from
open-data sources of human and animal
investigations. Article [102] was devoted to the
development of models for normophysiology.
It includes cardiovascular circulation,
respiratory mechanics, tissue and alveolar
gas exchange, and short-term neural control
mechanisms acting on both cardiovascular and
respiratory functions. The model has hundreds
of parameters and variables representing
physical and physiological properties of human
cardiopulmonary system. It can simulate
many dynamic states and scenarios. The model
was able to simulate physiological variables
commonly registered for adults under normal
and pathological conditions and to explain the
main mechanisms and dynamics.

Further development of this approach was
[103], which emphasizes the importance of
testing the model for abnormal or pathological
conditions in order to prove its consistency
and validates the model under conditions of
hypercapnia and hypoxia. The authors of this
article had focused themselves on testing of
cardiopulmonary model under the conditions
of hypercapnia and hypoxia by comparing
the results of the model with population-
averaged cardiorespiratory data presented in
literature. The utility of this comprehensive
model was demonstrated by testing of
internal consistency of modeled responses for
significant number of cardiovascular variables
(heart rate, blood pressure, and cardiac
output), respiratory variables (respiratory
volume, respiratory rate, minute volume,
alveolar ventilation), and partial pressures and
stresses CO, over a wide range of perturbations
and conditions; namely, hypercapnia at 3-7%
CO, levels and hypoxia at 7-9% O, levels with
controlled CO, (isocapnic hypoxia) and without
control (hypocapnic hypoxia). Finally, the
analysis of sensitivity was done to identify the
role of main mechanisms of cardiorespiratory
control triggered by hypercapnia and hypoxia.

Another extension of the Grodins model
was the development described in [104], which
is a computational model of human respiratory
control system, which is the extension of the
model in [105]. The model combined an accurate
description of installation with new design
of the control part, which considers minute
ventilation as the sum of central and peripheral
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components. To ensure that the developed model
was stable and enough reliable to serve as a test
platform for ventilation control hypotheses,
the authors modeled a number of complex
physiological conditions, in particular, the
response to eucapnic hypoxia, development of
periodic breathing during hypocapnic hypoxia,
and the open-loop response to hypercapnic
step. These stationary and transient responses
of the model were compared with the results
of similar physiological experiments. It was
assumed that for a certain value of arterial pO,,
the steady-state difference between cerebral
and arterial pCO, remained approximately
constant depending on arterial pCO,. The
model shows that hypoxia-induced changes in
cerebral blood flow contribute significantly to
the reduction in ventilation observed during
eucapnic hypoxia. The model demonstrates
periodic breathing caused by hypoxia, which
can be eliminated by small increase of carbon
dioxide in breathing mixture. The dynamics of
hypercapnic ventilation response of the open
model approximated well the experimental data.

To predict changes in ventilation, blood
gases, and other critical variables under
conditions of hypocapnia, and these conditions
in combination with hypoxia, a model [106] was
developed, which was based also on the model
[105]. Refinements of the model concerned the
description of:

- influence of blood gases on cardiac output
and cerebral blood flow;

+ acid-base balance in blood and tissues;

+ binding of O, and CO, with hemoglobin;

« respiratory-chemostatic controller.

The controller consisted on the central and
peripheral parts. The ventilation response was
induced by the central chemoreceptor, and it
is a linear brain function of pCO, above the
threshold. The peripheral response had both
a linear term, similar to that for the central
chemoreceptors, but depending on carotid body
pCO, and with other threshold, and a complex,
non-linear term, including the multiplication
of individual terms, including the carotid body
pO, and pCO,. Being together, these terms
form “bent-leg” ventilation curves plotted in
dependence on pCO,, which form a fan-shaped
family for various values of pCO,. With this
chemical regulator, the model accurately
describes a wide range of experimental data
under conditions of exclusively pCO, changes
and under conditions of short-term hypoxia
combined with pCO, changes. This model can
be used for precise descriptions of changes in
ventilation and breathing gases during the
ascent and brief-term stay at altitude.
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Complex mathematical model [107] was
proposed to simulate the exchange, transport,
and accumulation of oxygen and carbon
dioxide in adults; and model ability to provide
realistic responses under various physiological
conditions was evaluated. The model is three-
compartmental (i.e. lungs, body tissues and
brain tissues) and includes control part that
regulates alveolar ventilation and cardiac
output; the model integrated dynamically
the stimuli from peripheral and central
chemoreceptors. New realistic dissociation
curve for CO, was included; it based on
two-buffer model of acid-base chemical
regulation. In addition, the model takes into
account relevant physiological factors such
as buffering, non-linear interaction between
chemoreceptor reactions for O, and CO,, lung
shunt, dead space, variable time delays, and the
Bohr and Haldane effects. When simulating
hypoxia and hypercapnia modes using this
model, obtained results were consistent with
those obtained experimentally in the state of
n as with dynamic, rest, load and recovery in
terms of such parameters as kA ventilation
and partial pressures of gases, concentrations
of pCO,4, HCO4, and hydrogen ions in the blood.

The model [108] allows simulating the
response of respiratory and blood circulatory
system to aerobic exercise for healthy
individuals and individuals with heart failure.
Physiological response to exercise is seen now as
an important tool that can help in diagnosis and
treatment of cardiovascular disease. That is why
several mechanisms are needed to ensure higher
cardiac output and higher oxygen delivery to
the tissues. The paper presented fully closed
cardiorespiratory simulator that reproduced
the main physiological mechanisms occurred
during aerobic exercise. The simulator provided
also insight into the impairment of these
mechanisms in heart failure and their impact on
portability limitation of physical exercises. The
simulator consists on a model of cardiovascular
system, including the left and right part of the
heart, the circles — pulmonary and systemic
blood circulation. This latter was divided into
exercising and non-exercising compartments
and it is controlled by baroreflex and metabolic
mechanisms. In addition, the simulator includes
breathing model that reproduces gas exchange
in the lungs and tissues, ventilation control and
the effect of its mechanics on cardiovascular
system. The simulator had been tested and
compared with literature data at three different
workloads while cycling (25W, 49W and 73W).
The results demonstrated that the simulator was
able to reproduce the reaction to the load in terms
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of: heart rate (from 67 to 134 bpm), cardiac
output (from 5.3 to 10.2 1/min), blood flow in
the legs (from 0.7 to 3 .0 1/min), peripheral
resistance (0.9 to 0.5 mmHg/(cm3/s)), central
arteriovenous oxygen difference (4.5 to
10.8 ml/dL), and ventilation (6,1-25.5 1/min).
The simulator was adapted further to reproduce
the main disturbances observed in heart failure,
such as reduced sensitivity of baroreflex and
metabolic control, decreased perfusion in
the training area (from 0.6 to 1.41/min) and
hyperventilation (from 9.2 to 40.2 1/min).
Thus, the simulator is a useful tool for describing
the basic physiological mechanisms that operate
during the training. The model can reproduce
how these mechanisms interact and how their
damages can limit physical performance in case
of heart failure. Thus, the simulator can be used
in future as testbed for various therapeutic
strategies aimed at improving of physical
performance in patients with cardiopathy.

In [109], an original mathematical model
was proposed for studying the response of
cardiovascular system to dynamic load,
including pulsating heart, pulmonary
and systemic blood circulation, separate
description of wvascular bed in active
tissues, local metabolic vasodilation in
these tissues, and the mechanical effect of
muscle contractions on venous return. In
addition, the model provides a description of
respiratory response to exercise and various
neural regulatory mechanisms that affect
cardiovascular parameters. All parameters
in the model were given in accordance with
physiological data from scientific literature
sources. The model was used to simulate a
stationary value of main cardiorespiratory
values at various levels of aerobic exercise
and time pattern in transition phase from the
rest to moderate exercises. The results showed
that, with appropriate parameter settings,
the model was able to mimic accurately the
cardiorespiratory response over the entire
range of aerobic exercises. The model may
be useful for improving of understanding of
exercise physiology and as educational tool for
analyzing the complexity of cardiovascular
and respiratory regulation.

Integrated mathematical model [110] focused
on predicting the response of healthy person at
rest and aerobic exercise to study the response
of cardiorespiratory system to physical activity.
The paper outlines the construction of the model
and carried out comparative analysis with known
models, like integrated cardiorespiratory model.
The model includes cardiovascular circulation,
respiratory mechanics and gas exchange system,

as well as cardiovascular and respiratory
regulators. Each system was based on previously
recorded physiological models and includes
known mechanisms related to the dynamics of
aerobic exercise. The simulation results were
compared with experimental data in steady state
and transient conditions. Predictions of proposed
model replicate closely the experimental
data, showing overall the smallest prediction
error (10.35%), the fastest settling time for
cardiovascular and respiratory variables, and
overall the fastest and most similar transient
responses. These results indicate that the
proposed model was suitable for predicting the
cardiorespiratory response of healthy adults
under the conditions of rest and aerobic exercise.

An analysis of mathematical modeling of
the response of blood pressure and heart rate
to submaximal loads was carried out in [111].
Cardiovascular homeostasis was studied at rest
and during physical loading.

Mathematical model of CO, influence on
cardiovascular regulation was proposed in
[112]. The effect of CO, pressure changes in
arterial blood on cardiovascular system was
analyzed using mathematical model. This
model is an extension of previous one [109],
which already included the main reflex and
local mechanisms triggered by changes in O,
and CO,. New aspects covered by the model
included 0,-CO, interactions at peripheral
chemoreceptors, the effect of local changes
of CO, on peripheral resistance, direct
response of central nervous system (CNS) to
CO,, and control of central chemoreceptors
on ventilation and respiratory movements.
volume. Statistical comparison of the results
of model simulation with various experimental
data was carried out. This comparison
suggests that the model is able to mimic the
acute cardiovascular response to changes
in blood gases under various conditions
(normoxic hypercapnia, mechanically
ventilated hypercapnia, hypocapnic hypoxia,
and hypercapnic hypoxia). The model relates
registered responses to complex overlay of
many simultaneously operating mechanisms
(baroreflex, peripheral chemoreflex, CNS
response, lung stretch receptors, local effect of
gas tension), which can be activated differently
depending on the specific studied stimulus.
However, while some experiments can be
reproduced using one basic set of parameters,
reproducing of other experiments requires a
different combination of mechanism strength
(in particular, different local mechanism of
CO, strength on peripheral resistances and
CNS response to CO,). Based on these results,
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some suggestions were presented to explain
the striking differences reported in scientific
literature. The model can provide reliable
support for the interpretation of physiological
data on acute cardiovascular regulation and
can cause the synthesis of conflicting results
into a single theoretical setting.

Integrated model of human ventilation
control system was developed to determine
the response to hypercapnia [112], which
included such chains of mass transfer and
mass exchange of respiratory gases as lungs,
brain tissues, other tissues, and various types
of feedback mechanisms. All these chains
included peripheral chemoreceptors in carotid
body, central chemoreceptors in medulla
oblongata, and central respiratory depression.
The latter acted by reducing responses of
central nervous system to afferent activity of
peripheral chemoreceptors during prolonged
hypoxia of brain tissue. In addition, the
model takes into account local adjustments in
blood flow in response to O, and CO, changes
in pressure in arterial blood. In this study,
the model was validated by simulating the
response to quadratic changes of alveolar pCO,
at various constant levels of alveolar pO,. The
results demonstrated good agreement with
the data given in scientific literature sources.
Subsequently, the analysis of sensitivity of the
main feedback mechanisms in the response of
ventilation to CO, was performed. The results
showed as well that the ventilatory response
to CO, stimulation in hyperoxia can be almost
entirely attributed to the central chemoreflex,
while in normoxia peripheral chemoreceptors
also made some contribution. Contrary to
this, the response to hypercapnic stimuli
during hypoxia involved complex overlay
of various factors with incommensurable
dynamics. Thus, the results indicated that the
ventilatory response to hypercapnia during
hypoxia is more complex than that provided by
simple empirical models, and the distinction
between central and peripheral components
based on time constants can cause mistakes in
understaning.

The same authors [113] developed an
integrated model of human ventilation control
system: to study the response to hypoxia, they
simulated long-term isocapnic hypoxia on it at
normal alveolar pCO, (40 mm Hg = 5.33 kPa)
shows the occurrence of a two-phase response,
characterized by an initial peak and subsequent
hypoxic decrease in ventilation.

Improved dynamic model of respiratory
response to physical activity was described
in [114]. Modeling of respiratory system had
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been studied comprehensively in stationary
conditions to simulate sleep disorders,
predict its behavior in respiratory diseases
or irritants, and model of its interaction with
mechanical ventilation. The purposes of this
study were following. Firstly, to analyze both
the dynamic and static responses of two known
breathing patterns to stimuli with physical
loadings, using a sequence of increasing
exercise stimuli (to analyze the response of
the model when applying stepwise stimuli)
and experimental data (for the estimation
of possibility predictions by each model).
Secondly, to propose changes in the structures
of the models to improve their transient and
stationary characteristics. Universalism of
the resulting model compared to other two
models was shown in accordance with the
ability to mimic ventilatory stimuli such as
exercises, with proper regulation of arterial
blood gases, suitable time constant, and better
adaptation to experimental data. The proposed
model corrected the breathing pattern in
each respiratory cycle using an optimization
criterion based on minimizing the work of
breathing by regulating the respiratory rate.

The monograph [78] provides a brief
overview of human respiratory system and
qualitatively describes the processes and
components that will be combined for modeling.
Ventilation was described by a linear differential
equation with lumped parameters, taking into
account of resistance R and elasticity E. Further
expansion of the model assumed inertia, non-
linear elastic behavior, variable resistance and
some other characteristics. Future this model
was integrated into more complex structures.
The lung there was imagined as a set of
interconnected pipes through which, according
to Poiseuille’s law, a viscous liquid flows, while
the flow rate is proportional to the decrease of
the pressure. The model also takes into account
the inertia, which plays significant role in upper
respiratory tract. The airways were divided into
different zones and Navier-Stokes equation was
solved in the upper zone. Further, phenomena of
the movement of oxygen from the lungs into the
blood were considered; further were taken into
account the phenomena of diffusion through
different barriers, and saturation of hemoglobin
with oxygen.

Let’s observe separately such aspect of
circulatory system modeling as hemorrhagic
shock. Concerning this the small review
[115] attracted our attention; where seven
mathematical models of hemorrhagic shock
were analyzed. The authors noted that although
the mathematical modeling of pressure and
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flow dynamics in cardiovascular system had
long history, finding an appropriate model for
particular experimental situation was often
a challenge by itself. The ideal model should
be relatively easy to use and reliable, as well
as ethically acceptable. In addition, it would
help the pathogenic features of cardiovascular
diseases that need to be investigated. No
universal model had been identified, although
many models had been developed. The
purpose of the review was to describe several
of the most relevant mathematical models
of the cardiovascular system: to explain the
physiological features of the dynamics of blood
circulation and to compare their mathematical
formulations. The focus was on whole-
organism mathematical models that map the
subject’s response to hypovolemic shock. The
models contained in this review differed from
each other both in the accepted mathematical
methodology and in described physiological
or pathological aspects. In fact, each model
mimics different aspects of physiology and
pathophysiology of cardiovascular system
to varying degrees: some of these models
were aimed to better understanding of the
mechanisms of vascular hemodynamics, while
others focus more on disease states in order to
develop therapeutic standards of care or test
new approaches.

Continuation of these problems studying
one can find in [116]. Hemorrhagic shock is
the leading reason of the deaths of militaries
on the battlefield as well as civilian injuries.
This article presents an updated version of
Zenker model (2007) for hemorrhagic shock,
called the ZenCur model, which allows better
description of the time course of phenomena
relevant observations. The study provides a
simple but realistic mathematical description
of the dynamics of cardiovascular system,
which may be useful in estimation and
predicting of hemorrhagic shock. This model
was able to reproduce changes in mean arterial
pressure, heart rate and cardiac output after
the beginning of bleeding (as observed in four
experimental laboratory animals). It provided
a reasonable compromise between too detailed
description of relevant mechanisms, on the
one hand, and the simplicity of the model,
on the other. The first one was required
significant modeling and entail cumbersome
interpretations. From clinical point of view,
the goals of new model were to predict survival
and optimize the timing of therapy in both
civilian and military scenarios.

Finally, an article [117] two different
cardiovascular models in hemorrhagic shock

scenario were compared. Hemorrhagic shock
is a form of hypovolemic shock caused by rapid
and large loss of intravascular blood volume and
is the world’s leading cause of death, whether
on the battlefield. or in civil traumatology.
For this reason, the ability to prevent
hemorrhagic shock remains one of the largest
challenges in medicine and technology. The
use of mathematical models of cardiovascular
system had expanded the possibilities: on one
hand, for predicting the risk of developing
hemorrhagic shock, and, on other hand, for
determining effective treatment tactics. This
article presents material of comparison between
two mathematical models that model multiple
hemorrhagic scenarios. Guyton and Zenker
models were observed. In the vast panorama of
existing mathematical models of cardiovascular
system, we decided to compare these two models
because they seem to be extreme cases due to
their complexity and details of information they
analyze. The Guyton model is complex and well-
structured model that represents a milestone in
the investigation of cardiovascular system; the
Zenker model is newer, developed in 2007, and
it is relatively simple and easy to implement.
Comparison of these two models opens us new
prospects for improving of mathematical models
of cardiovascular system, which may be more
effective in the study of hemorrhagic shock.
Thus, the development of mathematical
models of physiological processes in healthy
organism at rest and under various disturbing
influences is rapidly developing area of
mathematical modeling. At the same time,
numerical simulation seems to be exceptional in
terms of its efficiency and availability of tools
for studying the problems of physiology and
medicine. An analysis of literature has shown
that the complexity and detailed elaboration
of physical and mathematical formulations of
the problems in modern conditions is directly
related to the rapid growth of computing
resources, and the revolution in the field of
instrumental and diagnostic equipment plays
significant role too, providing penetration to
fundamentally new levels of understanding of
the processes occurring in human organism.
At the same time, modern invasive methods,
no matter how perfect they are, give only some
“slice” of the current state of a person, while in
modern society, in particular, in occupational
medicine and sports, there is a request to predict
the functional state of a person under the
certain or other extreme disturbing influences.
In addition, there is a gap between works in
which the fundamental scientific component
comes to the fore and works that can be used in
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real time to solve applied problems in medicine
and physiology.

Summarizing all above written, it can be
argued that the proposed models require the
use of rather complex mathematical apparatus
and significant computational resources. In
addition, they were not always justified from
mathematical point of view, they were based on
a number of significant limitations, and there
were also issues of checking the adequacy of
such models. In particular, the adequacy of such
models was checked by comparative analysis of
the temporal implementations of the models and
data from natural experiment in healthy subjects
and patients. Therefore, the scope of their
application seems to be rather limited, there are
certain difficulties in the practical application of
such models associated with obtaining of input
data. In addition, such models, at least some of
them, although they were parts of more complex
formations, it was not clear how they took into
account the interaction and mutual influence
with other functional systems of organism.
At the same time, there was specific request
for mathematical models on which it would
be possible to study the processes occurred in
human organism at the level of predicting the
stationary state of organism during disturbances
of various etiologies, the input data for which
would be obtained from experiment.

The emergence and development of models
of individual oxygen transport systems of
organism naturally led to the consideration
of their interconnected holistic functioning,
united by common task — to ensure an adequate
supply of oxygen to organism. In this regard
the concept of Profs. A. Z. Kolchinskaya and
N. V. Lauer about oxygen regimes of organism
and mechanisms of their regulation were
formulated in time [17]. Based on the analysis
of large amount of experimental data, they
had concluded that the regulation of oxygen
regimes of organism was carried out by single
system that coordinates the most complex work
of wide variety of mechanisms and subordinates
them to the main task of maintaining of oxygen
parameters at optimal level throughout the
entire path of oxygen in organism — for the
most economically, efficiently, effectively, and
reliably matching of oxygen delivery to tissue in
accordance to demands in oxygen.

This approach is currently in demand.
In particular, automated workstations for
functional diagnostics were developed [ta
2019AKk], in [Masha],

Basing on this concept, a simulation model
of the dynamics of gases in organism was
developed, which described the mass transfer

36

of respiratory gases in human organism by
all oxygen transport systems in the dynamics
of respiratory cycle [22, 23]. Regulation in
the system is carried out according to the
principle of the optimal choice of control
parameters (respiration volume, duration
of respiratory cycle, volumetric velocities
of systemic and regional blood flows), i.e.,
the problem of regulation was formulated as
classical optimization problem according to
given criterion, which is the minimum squared
deviation of O, delivery value from oxygen
request. The model was used to study the
dynamics of respiratory gases mass transfer
in organism under the conditions of hypoxic
hypoxia, physical activity, and hyperbaria
[24—-26]. Transient processes were studied
during changes in the composition of inhaled
air, as well as for the transition from the rest
to exercise — so, conversely, pressure changes,
and the process of controlling the level of
gas homeostasis in organism. A qualitative
analysis of the model was carried out: the
existence and uniqueness of solutions, non-
negativity, boundedness, and asymptotic
stability were demonstrated. This model was
used to solve a number of applied problems of
occupational medicine and sports.

Currently, there are two main approaches
to mathematical modeling of respiratory and
blood circulatory systems. One of them was
the construction of models for the mechanics
of respiration and blood circulation, which
were based on models of mechanics of rigid
solid deformable objects, thermomechanics,
hydromechanics, and continuum mechanics.
This approach supposes using of complex
mathematical apparatus, including Navier-
Stokes equation, which makes it possible to
obtain a number of theoretical results, but it
is hardly possible for real problems solutions
today. The second approach was based on the
model of F. Grodins, who imagined the process
of the breath as controlled dynamic system,
described using ordinary differential equations,
in which the control was carried out according
to the feedback principle. There are significant
numbers of modifications of this model, which
make it possible to simulate various disturbing
influences, such as physical activity, hypoxia
and hyperemia, and to predict the parameters
characterizing the functional respiratory
system under these disturbing influences.

The study was funded under the
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MATEMATHUYHI MOJEJII CHCTEMHU JINXAHHSA I KPOBOOBITY
H.I. Apaﬂoeal, O. M. Kniouko®, B. 1. Mauuciul, I. B. Mawkina®, II. Paasiﬁoecbrci4, M. Padsiiioscvra®

1IHCTI/ITYT Ki6epHeTuku im. B.M. I'nymkosa HamionanpHoi akagemii Hayk Ykpainu, Kuis
?Hanionaspauit aBianifiauit yuiBepcurer, Kuis, YKpaina
3KuiBcbKuit yHiBepcurer imeHi Bopuca I'pinuenka, Ykpaina
‘Konemx memaroriku ra tepanii Kasimipa MinamoBcbKoro, ITosuaub, [ToabIina
YeHCTOXOBCHKUU TEXHOJOTiUHNN yHiBepcuTeT, Iloabiia

E-mail: aralova@ukr.net

Memoro 11ieil po6oTHu 0yJI0 MPoaHATiI3yBaTH CyUYacHI MiAX0AU 0 MATEMATUUYHOTO MOJEII0BAHHS CUCTEMU
IUXaHHA Ta KPOBOOOITY.

Memodu. Y sarocTi MeToAiB OyJM BHKOPHCTAaHI KOMIJEKCHMII aHaAJi3 Ta OrJAAL JiTepaTypu 3
BUKOPUCTAHHAM BiTUM3HAHUX Ta 3apyOisKHUX 0a3 JTaHUX.

B pesyavmami BukoHaHOI po60TU B OTJIAAl OyJI0 y3arajJbHEHO Ta IIpoaHai3oBaHO icTopuyHi BijomocTi
Ta cydacHi IaHi, [0 CTOCYIOThCA MaTEeMaTHUUYHOT'O MOJEJIIOBaHHA (DYHKI[IOHAJIBPHUX CUCTEM NUXAaHHA Ta
KPOBO000iry, BUSBJIEHO CyUacHi TeHAEHIIII ¥ MiAxXomax 10 MoOyLOBY IIUX MOJeel.

BucHosku. B pesyabraTi He06XigHO 3p00J€HO BUCHOBKHY IIPO Te, IO B JaHUI yac iCHye JBa OCHOBHUX
OigXoAu A0 MaTeMaTHUYHOTO MOJENIOBAHHSA CHUCTEM AUXaHHSA Ta KPoBoobiry. Oamu 3 HUX — I1e ImooymoBa
Mozesell MexXaHiKM AMXaHHS Ta KPOBOOOiry, Imo I'pyHTYIOThCA Ha MOAENAX MeXaHiKM TBEepPIOTro
nedOpMOBAHOTO Tijla, TepMOMEXaHiKM, rifpoMexaHiky, MexaHiKu cyminpHUX cepenmoBuln. Ieit migxin
nepenbavae 3aCTOCYBaHHSA CKJIAIHOTO MaTeMaTHUUYHOTO alapary, 30Kpema i piBuanua Has’e-CTokca, 110
II03BOJISE OTPUMATH HUBKY TEOPETUUHUX PE3yIbTaTiB, ajie HaBPSAJ UM BiH € MOKJIUBUM HUHI /IS BUPIIITeHHA
peasbHUX 3aBHaHb. pyruit miaxig momarae B mogeai @. I'poxginsa, AKWI IpeACcTaBUB IPOIEC AUXAHHA IK
KepoBaHYy IUHAMIUHY CUCTEMY, 3alIMCAHY 3a JOIOMOI'0I0 3BUUANHNX IU(pePeHIiHHNX PiBHAHD, YIIPABIIHHI
y AKili 3MilICHIOEThCSA 32 IPUHITUIIOM 3BOPOTHOTO 3B’ I3KY. IcHY€e 3HaUHAa KilbKicTh Mogudikariii mmiei mozgei,
AKi Ja0Th MOMKJIMBICTE iMiTyBaTH pisHi 30ypioBaJIibHI BILIUBU, TaKi AK ()isuuHe HaBaHTaKeHHS, TiIIOKCid,
rinepKmnHiA I COPOrHO3yBaTHU IapaMeTpPH, 10 XapaKTepu3yioTh QYHKIIIOHAJIBLHY CUCTEMY AUXAHHA IIPU ITUX
30ypIOBAJbHUX BILJINBAX.

Knwuoei cnosa: maTeMaTuIHa MOJIENIb TUXAJBHOI CUCTEMU; MAaTeMaTUYHA MOJEJIb CUCTEMU KPOBOOOITY;
TiIIOKCUYHUY CTaH; TEOPETUYHUH aHAaTi3.
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The aim of this study was to identify the Propoxazepam metabolites, formed by suspension of
human cryopreserved hepatocytes using the method accurate mass LC-MS/MS analysis. A suitable
chromatographic method was developed for the profiling of Propoxazepam and its metabolites.
Samples were analyzed using a Waters Vion high resolution LC-MS/MS instrument and data
examined using Waters Unifi software to determine the identity of the most abundant metabolites.
Following a 4 hour incubation with human hepatocytes, Propoxazepam accounted for 96.0% of the
profile. The most abundant metabolite formed was oxidized Propoxazepam (3-hydroxyderivative),
which accounted for approximately 2.5% of the total peak response in the 4 hour sample. Two minor
components were also observed, each accounting for <10% of the total peak response. Glucuronic
conjugates have not been found under these conditions. All metabolites formed represented less than
10% of the total chromatographic peak response. The data obtained indicate the absence of reactive

electrophilic derivatives among the metabolites of Propoxazepam.

Key words: Propoxazepam; human hepatocytes; metabolism; LC-MS/MS analysis.

Introduction

A number of 3-substituted 1,4-benzo-
diazepines have been synthesized at the
A.V. Bogatskiy Physico-Chemical Institute of
the National Academy of Sciences of Ukraine,
and their structure—activity relationships
studied. Their pharmacological effect was
unusual, because unlike most drugs in
this class, in the models of nociceptive and
neuropathic pain these substances showed
significant analgesic activity [1]. One of them,
Propoxazepam, 7-bromo-5-(o-chlorophenyl)-3-
propoxy-1,2-dihydro-3H-1,4-benzodiazepin-
2-one, is considered a promising drug and is
undergoing preclinical studies [2]. Similar to
gabapentin and pregabalin, which are well-
known drugs used in general medical practice
in the treatment of neuropathic pain [3],
propoxazepam also has an anticonvulsant

effect [4, 5], which explains the analgesic
component in the pharmacological spectrum
of compound. Our data suggest that the
mechanism of propoxazepam analgesic and
anticonvulsant properties includes GABAergic
and glycinergic systems [6, 7].

Metabolism (biochemical transformation)
is an essential biological process that converts
xenobiotics including medicines to water-
soluble substances, and eliminates toxic
compounds from the body. As a result of
metabolism process, the parent compound
can be converted to more (activation) or less
(deactivation) active. To investigate how
metabolites act in body, screening systems
require in vitro and in vivo metabolism
methods. Human in vivo toxicity data for new
chemicals are usually not full and require
preliminary data, obtained in a variety of in
vitro models. One key initiative is the National
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Toxicity Program (NTP), a U.S. federal
government organization, started in 1978 to
coordinate toxicological testing programs for
the strengthening of toxicological sciences and
development and validation of methods for
testing of metabolites with potential toxicity.
Various in vitro approaches have been described
in the literature to screen for toxicity [7, 8].

Hepatocytes suspension can be used for
short-term assays in a collagen-coated 24-well
plates [9] or culture tubes [10]. In addition,
hepatocytes demonstrated strong correlation
between in vitro and in vivo hepatotoxicity
studies [11]. Activity of different cell
enzymes (cytochrome P450 (CYP), UDP-
glucuronosyltransferase (UGT), and
sulfotransferase (ST) have been characterized
for their ability to be cultured in vitro.

The study was aimed to determine
Propoxazepam metabolism in human
hepatocytes. The metabolic profile of
Propoxazepam and its metabolites analyzed
by LC-MS/MS instrument. Our results will
provide a reference for the clinical safety and
rational use of this drug.

Materials and Methods

Propoxazepam and 3-hydroxy derivative
(7-bromo-5-(2chlorophenyl)-3-hydroxy-
1,3dihydro-2H-1,4-benzodiazepin-2-one,
major metabolite) was synthesized according
to the method described in [12]. Using the
IR, mass spectroscopy and X-ray diffraction
analysis the structure of the substance was
determined and approved. Chemical purity
was confirmed by elemental analysis (99%).
General purpose reagents and solvents were
of AnalaR® grade (or a suitable alternative).
LC/MS grade reagents were used for
preparation of mobile phases with developed
chromatographic conditions for parent
compound and reference standard. Samples
were analyzed using reverse phase LC-MS
analysis to generate high and low energy mass
spectra (MSE). Each sample was analysed using
accurate mass LC-MS to determine relative
levels of parent compound at each time-point
to determine the profile of metabolites formed.
Appropriate no cells control samples were also
analyzed.

All cryopreserved hepatocytes were
obtained from BioIVT (formerly Bioreclama-
tion IVT) and delivered stored frozen in liquid
nitrogen. On receipt, the hepatocytes were
transferred to permanent storage in liquid
nitrogen. Human hepatocytes were supplied
as a mixed-gender pool. The required vials of

14

cryopreserved hepatocytes were removed from
storage in liquid nitrogen. They were then
immersed in a water bath set at 37 °C = 1 °C
for approximately 75-90 sec. The contents of
each vial were then decanted directly into a
tube which contained 15 mL of pre-warmed
(837 °C = 1 °C) in vitro GRO™ hepatocyte
thawing medium per vial of hepatocytes
with further re-suspension by gentle tube
inverting followed by centrifugation at 50 g
for 5 min at 20 °C. The supernatant was
then poured off and the cell pellet was then
loosened and then re-suspended in a total
of ca 1.5 mL of supplemented Williams’
Medium E per vial of thawed hepatocytes.
Cells were kept on ice while not being actively
prepared. Supplemented Williams’ Medium
E comprised Williams’ Medium E (500 mL)
supplemented with 10 mM dexamethasone
(5 nL) and cell maintenance ‘cocktail B’
(solution of penicillin-streptomycin, ITS
(insulin, transferrin, selenium complex) + BSA
and linoleic acid), GlutaMAX™, and HEPES,
20 mL) which had been pre-gassed with (95%
0,/C0,) for 30 minutes at room temperature.
The cell suspensions were then made up to give
required cell density at 1x10° cells/0.990 mL
with supplemented Williams’ Medium
E. Trypan blue exclusion methods were used to
determine the cell viability and density. Cell
viability in the hepatocyte preparations was
>70%.

The incubation components were mixed
together in untreated 12-well plates as follows:
Supplemented Williams’ Medium E containing
1.52x105 viable cells in 1485 nL; Well plates
were maintained at 37 °C = 1 °C using a heated
well plate incubator; Propoxazepam (15 uL of
10 mM solution in DMSO: Super pure water
(1:1, v/v)) for hepatocyte-containing samples.
Following the final addition of Propoxazepam,
the well plates were then placed on a tilting
mini rocker-shaker in an incubator (maintained
at 37°C =1 °C, 5% C0O,/95% 0O,) to commence
the incubation. At the requisite incubation
period, for Propoxazepam samples, an aliquot
(500 nL) was removed from each incubate and
transferred to an aliquot of chilled acetonitrile
to stop the reaction (incubation : acetonitrile
ratio = 1:1 (v/v)). Each sample was vortexed
and then sonificated in an ultrasonic bath for
approximately 10 minutes to fully disrupt the
cells. The samples were then stored at —70 °C
+ 10 °C prior to transfer to the test site for
analysis.

For the main incubation, a stock solution
of Propoxazepam was prepared nominally
at 2 mM in DMSO, followed by 1:1 dilution
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with ultrapure water to give 1 mM stock
solution. The 1 mM stock solution gave a final
concentration of 10 uM in the final incubation
and 0.5% (v/v) organic content. A portion
of the stock solution was added to separate
portions of the incubation mixture. For the
remainder of the Propoxazepam samples after
4 hours incubation, the residual incubates,
a further 1 mL aliquot of chilled acetonitrile
added, mixed with a pipette and 2x1 mL
aliquots were transferred into microcentrifuge
tubes and treated as described above. These
additional samples were prepared for the
development of a suitable analytical method
check/method development for the analysis of
parent compound and metabolites. True’ time
zero incubations were prepared in parallel.
Hepatocyte suspensions of each species
(495 pL) were placed in a clean microcentrifuge
tube followed by the immediate addition of
500 pL of chilled acetonitrile and vortex-
mixing. Propoxazepam (5 nL) was then added
to the hepatocyte suspension/acetonitrile
mixture and then sonicated in an ultrasonic
bath for approximately 10 minutes to fully
disrupt the cells. The following control
incubations were conducted in 12-well plates,
in duplicate, in parallel to the main incubation:
Incubation of Propoxazepam for 4 hours in the
absence of hepatocytes.

Positive control samples incubating
7-ethoxy[3'*C]Jcoumarin (7-EC) at a
concentration of 50 uM for 4 hours in
duplicate with hepatocytes. All samples
were stored at —70 °C = 10 °C. The samples
incubated with test item were then transferred
(frozen on dry ice, at —80 °C) to test site for

MS

H
M

<.

Br 4 \—\

THy
=] :

wa | Son

H s
N
OH
N

!

-

M1

o

characterization of parent and metabolites in
the incubation medium by LC-MS/MS analysis
[13]. The percentage of sample radioactivity
associated with 7-EC and known metabolites,
7-hydroxycoumarin glucuronide (7-HCG),
7 hydroxycoumarin sulphate (7-HCS) and
7 hydroxycoumarin (7-HC) was determined for
all samples

The nature and identity of Propoxazepam
and its metabolites, present in representative
aliquots of the incubation medium from human
samples at ‘true’ zero and 4 hours as well as
parent were investigated using accurate mass
spectrometry LC-MS/(MS) analysis. A suitable
chromatographic method was developed for the
profiling of Propoxazepam and its metabolites.
Samples were analysed using a Waters Vion
high resolutions LC-MS/MS and data examined
using Waters Unifi software to determine the
identity of the most abundant metabolites.
Samples were analyzed using reverse phase
LC-MS analysis to generate high and low
energy mass spectra (MSE). Each sample
was analyzed using accurate mass LC-MS to
determine relative levels of parent compound
at each time-point, and determine the profile
of metabolites formed. Appropriate no cells
control samples were also analyzed. Liquid
chromatography-tandem mass spectrometry
(LC-MS/MS) was used for detection and
characterization of reactive metabolites due
to the high sensitivity and selectivity of this
combined technique and its ability to separate,
detect, an identify metabolites in the presence
of endogenous materials [14].

No statistical analyses were performed on
this study.
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Fig. 1. Theoretical scheme of Propoxazeam metabolism routes
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Results and Discussion

Based on the concept of regioselectivity
and stereoselectivity of xenobiotic
biochemical transformation [15], we proposed
theoretically possible metabolism route of
propoxazepam.

According to the results of previous studies
[16], Propoxazepam metabolism leads to
formation, at least, the following metabolites:
3-hydroxyderivative (M1) and aromaticaly
oxidized (hydroxylated) parent compound
(M3) as well as its methoxyderivative (M4)
and oxidized in the alcoxyradical (M2). The
presence of corresponding quinazolinone (M5)
and benzophenone (M6) is also possible.

In this metabolite profiling data are
comparative only, as these values were not
generated using quantitative analytical
methods. The proportions of parent compound
and its metabolites assume equivalent
mass spectrometer detector response. As
the ionization characteristics of the parent
compound and its metabolites are likely to
be different; the actual proportions of these
components cannot be confirmed, but the
data can be considered to be comparable
across metabolites. In addition to the accurate
masses associated with the parent compound,
the LC-MS data from the study samples were
also examined for the possible metabolite
transformations.

An extracted ion chromatogram (EIC) for
Propoxazepam and 3-hydroxyderivative (M1)
in a standard solution are presented in Fig.
2. EICs for selected 4 hour incubations are
presented in Fig. 3. The peak response for each
component was determined from the relevant
EICs and was expressed as a percentage of the

Item name: B455-192 Analysis2 Run 19

total evaluated peak response. These results
are presented in Table 2.

In addition to the parent compound
3 metabolites were detected across the
samples analyzed, these were assigned as
M1, M2 and M2N based on retention time.
Only Propoxazepam was observed following
incubation of the test substance for 4 hours
in the absence of hepatocytes, indicating that
it was stable under the test conditions and
absence spontaneous nonenzymatic (chemical)
transformation.

Proposed structures, parent masses and
characteristic fragment ions of metabolites
observed in matrix samples are presented in
Table 1.

A summary of representative accurate
mass data is presented in Table 2.

Consequently Propoxazepam underwent
moderate biotransformation in human
cryopreserved hepatocytes after 4 hour
incubation. Overall three metabolites
were identified (M1, M2, M2N). All these
metabolites formed represented less than
10% of the total chromatographic peak
response.

The changes in levels of parent
7-ethoxycoumarin (positive control) and
formation of associated Phase I and Phase
II metabolites indicated that all hepatocytes
were metabolically viable and were capable
of integrated Phase I/II metabolism under
the incubation conditions used on this
study. Therefore, the results generated for
the incubation of these hepatocytes with
Propoxazepam considered valid.

Earlier we have analyzed the Propoxazepam
metabolites formed in the organism of animals
using the synthesized [2!“C]Propoxazepam [13,
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Fig. 2. Extracted ion chromatogram from the analysis of a 2 ng/mL standard solution of Propoxazepam
(retention time 6.10 min) and 3-hydroxyderivative (retention time 4.66 min)
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Fig. 3. Extracted ion chromatogram of human hepatocyte incubation of Propoxazepam (4 hours).
Retention time: 4.53 min Propoxazepam+0 (M2); 4.55 min 3-hydroxyderivative (M3);
4.78 min Propoxazepam+0 (M4); 5.98 min Propoxazepam

Table 1. Summary of protonated molecular ions and characteristic fragment ions for Propoxazepam and
identified metabolites

Peak %etentiqn M +H]+ Structure Characteristic Fragment
ime, min Ions
H O
N
SO
Parent 6.12 407 " ~ 347%, 319, 273, 239, 205
Propoxazepam : ’ ’ ’ >
crr
H O
N
M1 O \§7°H
(3-hydroxyderiva- 4.69 365 Br ~ 347%,273, 194
tive) O cl
H o]
N
@SN
M2 4.66 423 Br = 347*, 319, 239, 205
(Propoxazepam +0) ' > > ?
O cl
W 0
N
SO
M2N Br = \—\ -
(Propoxazepam +0) 4.91 423 347*, 319, 239, 205
O cl

Note: Retention times are representative and may differ from extracted chromatograms
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Table 2. Summary of representative accurate mass data for Propoxazepam and identified metabolites

Peak Measured m/z The;)':';e:ical Pmpf(.)os::u?fautral AmDa Appm
M2 423.0101 423.0106 C1gH;¢BrCIN,O5 -0.5 -1.2
M1 364.9676 364.9687 C15H;oBrCIN,O4 -1.1 -3.0
M2N 423.0107 423.0106 C1gH¢BrCIN,O5 0.1 0.2
Propoxazepam 407.0155 407.0156 C,gH;6BrCIN,0, -0.1 -0.2

Note: values are representative unless otherwise stated AmDa = (Measured Mass — Theoretical Mass)*1000

Appm = (AmDa/Theoretical Mass)*1000

17]. Using UPLC-MS/MS method [18] it was
found that M1, M2, M3, M4 metabolites are
formed in rat organism. Thus, only metabolites
M1 and M2 are similar for human and rat.

The molecule of Propoxazepam has some
reaction centers, which undergo transformation
during metabolism. In theory any structural
fragment or functional group can be a reaction
center, but in particular enzymatic reaction
it is formed by the limited quantity of atoms,
what is due to the nature of reaction center
and the nature of its nearest environment. The
particularities of structural selectivity and
stereochemical changes are valuable criteria for
determination of reaction mechanism.

Each reaction of Propoxazepam metabolites
formation has its own mechanism (Fig. 1).
So the main metabolite M1 is formed during
the oxidative dealcylation of the aliphatic
moiety of molecule, which is facilitated by
the transformation of stable ether group
to ester one, which is more capable for
hydrolysis, during which the formation of
3-hydroxyderivative takes place (Fig. 4).

There is a possibility that one of
intermediates (either M7 or M8) in this scheme
is metabolite M2N (Table 2).

This process differs from the process of
3C-hydroxylation of 1,4-benzodiazepindes
with methylene group in the position “3”
of heteroring, which is catalyzed with the
corresponding monooxygenazes CYP3A4
and CYP2C19 [19]. In this case takes
place the stereoselective formation of
3-hydroxymetabolites due to the asymmetrical
carbon in position “3”.

M2 metabolite formation proceeds through
the aliphatic oxydation of methylene group. In
the simplest way nonactive carbon of the alcyl
group undergoes hydroxylation, catalyzed
by CYP. The penultimate position -1 is the
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preferred site, but hydroxylation can also
take place at the ultimate position or in
another positions in case of spatial difficulties
of with specific cytochromes as in case of
Propoxazepam. Based o the isotope exchange
data [20] during the aliphatic hydroxylation
the reaction mechanism involves the inclusion
of singlet oxygen in the bond carbon-oxygen.

The enzymatic oxidation of
Propoxazepam, which takes place only in vivo,
passes through the epoxides stage. It can be
the way of direct intrusion of oxygen in the
bond carbon-hydrogen with the formation of
corresponding phenol, or by joining of oxygen
to the formally-aromatic double bond with
subsequent epoxide isomerization to phenol
[15]. Aromatic structures hydroxylation
according to the electrophilic substitution
does through the joining of CYP450-
activated oxygen to m-electron system and
the orientation of the formed compound
is determined with the nature of already
existing substituent [19] — either to ortho- or
para- positions.

Methoxyderivative of Propoxazepam(M4)
belongs to rare enough metabolites of
xenobiotics. The mechanism of its formation is
unknown but possibly the first step is aromatic
hydroxylation followed by methylation
performed by methyltransferase [15].

Both in present study and in previous one
[13] metabolites M5 and M6 haven't been
found (Fig. 1). We have earlier identified in
the rat organism the processes of narrowing
of seven-membered heterocyclic ring of
1.4-benzodiazepines to six-membered
quinazolinone (M5) and the mechanisms of
this transformation were described [19, 21].
The hydrolytic cleavage to the corresponding
2-aminobensophenones had also been
detected in the organism of rats [22].
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Fig. 4. Scheme of Propoxazepam transformation to 3-hydroxyderivative (M1)

Despite the presence of both UDP-
glucuronosyltransferase (EC 2.4.1.17) and
sulfotransferase (EC 2.8.2.29) in human
hepatocytes, catalyze the conversation of
7-ethoxycoumarine (positive control) to
glucuronide and sulfate, the corresponding
conjugates of 3-hydroxymetabolite haven't
been found. The possible explanation of this
is that this reaction goes through phenolic
types of conjugates but in our studies such
metabolites (M3) doesn’t form.

The common purpose of metabolism is
adding of ionozable groups and formation
of compounds with lower lipophilicity. This
allows the faster elimination (detoxication)
of xenobiotics from the body. Metabolites are
commonly less toxic than the corresponding
parent drug, though in some cases the more
reactive electrophilic compounds, possessing
higher toxicity are formed (bioactivation).

One of isoforms of cytochrome P450
(CYP3A4) is the predominant isoform in liver
and metabolizes more than 50% of the clinical
drugs commonly used. However, CYP3A4 is
also responsible for the formation of reactive
metabolites of nitrobenzodiazepines, such as
flunitrazepam, nimetazepam, nitrazepam, and
clonazepam [23]. Flunitrazepam was reported
to induce hepatotoxicity and nitrazepam and
clonazepam were reported to cause drug-
induced liver injury [24]. In the reductive
pathways from nitro to the reduced amine
catalyzed by P450 and/or reductase, several
reactive metabolites including nitroso-
and N-hydroxylamine derivatives could be
produced. Such reactive metabolites seem
to bind covalently to nucleophile targets of
proteins and nucleic acids, leading to the
cytotoxic effects [25]. On the other hand,
electrophilic N-hydroxylamine reacts with
intracellular molecules, which induce various
types of toxicity including hepatotoxicity.

Reactive metabolites are often short-
lived and are not usually detectable in

circulating blood/plasma. In vivo (acute and
chronic toxicity, gene mutations) approaches
are generally employed to examine the
bioactivation potential of drug candidates,
which may provide some indirect but valuable
information that drug undergo bioactivation
to form reactive electrophilic species. LDy,
of Propoxazepam is greater than 5000 mg/kg
and, therefore, it belongs to the category V of
relatively non-toxic substances according to
the GHS [26]. In our studies [27], the possible
induction of gene mutations by the effects
of Propoxazepam on the S. typhimurium
TA98 (frameshift mutation type) and TA 100
(mutations of the base substitution) without
and with metabolic activation (fraction S9)
showed that Propoxazepam did not the ability
to induce gene mutations in the test system
used by us. The metabolic activation was also
not effective, that is, Propoxazepam is neither
a “direct” nor an “indirect” mutagen for Ames
strains. Thus, the data obtained during the
microplate version of the Ames test (Muta-
ChromoPlate kit) on the strains Salmonella
typhimurium TA 98 and TA 100 indicate that
mutagenic activity of Propoxazepam in the
concentrations studied is not revealed.

Conclusions

Under in vitro conditions Propoxazepam
showed relatively high metabolic stability
with ~90 % of unchanged compound after
4 hours incubation with human hepatocytes.
The main detected metabolites detected were
3-hydroxyderivative and oxidized in alcoxy
moiety. At the same time, no glucuronic or
sulfate conjugates were found. The presented
data indicate the absence of reactive chemicals
among the metabolites of Propoxazepam.

Data on financial support

The study was conducted under the
financial support of SLC “INTERCHEM”.
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METABOJITYHUU ITPO®PIJIb TA MEXAHI3MHU PEAKIIII TAMK-PEIIEIITOP
OPIECHTOBAHOTO ITPOIIOKCASEIIAMY B IEITATOIIUTAX JIOAWHHA

M. I'onosenxo®, A. Pedep?, B. Iapionos®, C. Andponamil

l®isuko-ximiunnii imctuTyT iMm. O.B.Borarchkoro HAH Vkpainu, Oxeca
2TIB «IHTEPXIM>» Ogneca

E-mail: n.golovenko@gmail.com

Mema. BuaBiaenus wmeraboJitiB IIpomokcaszemaMy, II[0 YTBOPIOIOTHCA CYCIIEeH3i€o0
KPiOKOHCEepBOBAHUX TeIaTOIUTIB JIOAUHH, 38 HOIIOMOTOI0 MeTOAy TOouHOro macoBoro LC-MS/MS
aHami3y.

Memoou. [aa nmpodintoBauua [Ipomokcasemamy Ta #oro MeTaboaiTiB po3pobsieHO BigmoBigHM
xpomaTorpadiuauii MmeTon. 3pasdky aHaNidyBaJlu 3a momoMoror mpuiaany WatersVion Bucokoi
posnminbHOi 3martHocti LC-MS/MS, orpumaHi gaHi 06pobaAaaM 3a MOIOMOTOI0 IPOTPAMHOTO
sabesneuenua WatersUnifi gisa BusHaueHHs Ta imenTudikaIii HaitGiJbIIT MOMTUPEHUX MeTabO0JIiTiB.

Pesynvmamu. Ilicna 4-roguuHoi iHKy6arii 38 rematonuramu Joguau [IpomokcasemnamMm cCTaHOBUB
%96,0 ckmanmy Big BuximHol kimbkocTti mpemapary. Halimomwupemimum mertabosaiTom, AKUM
yTBOpUBC:, 0yB okucHeHU# [Ipomokcasenam (3-TiApoKCUIIOXiaHe), [0 CTAHOBUJIO Npubausuo 2,5%
3arayjbHOI MiKOBOI peakIii y 4-rommHHOMY 3pasKy. TaKoK clocTepiraju ABa MiHOPHI KOMIIOHEHTH,
KOsKeH 3 aKux craHoBuB MeHIine 10% sarambuoi miorri mikiB. ['IoKypoHOBI KoH’foraTu 3a IUX
yMOB He OyJio ifeHTu(dikoBaHo. Yci yrBopeHi meraboaitu cramoBuau meHinre 10% saraabHOI
xpomaTorpadiuHoi IiKoBOI BiAIOBifi.

Bucnosrxu. Orpumani gaHi cBiguaTh mpo BigcyTHicTb cepen meraboaitiB IIpomokcasemamy
peaxIiiiHo 3JaTHUX eJIeKTPOPIIbHUX MOXiTHUX.

Knwouosi cnosa: Ilporokcasenam; rermaTonuTu Joauuam; meraboaism; LC-MS/MS anauria.
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Objective: The aim of this study was to investigate the cardioprotective effect of dalargin, a
synthetic leu-enkephalin.

Methods: The induction of myocardial infarction in rats, which were kept on a diet with excess fat
and calcium/sodium salts for two months, by the use of immobilization stress. The experimental results
indicated that the applied model allowed to induce the development of myocardial infarction within one
three days, which was confirmed by electrocardiography, enzyme-linked immunosorbent assay and
histological examination.

Results: Pre-treatment of rats with dalargin had no prevented myocardial infarction, however, it
increased the resistance to immobilization stress and reduced infarction-induced myocardial lesions.
Simultaneous administration of naloxone, an opiate receptor antagonist, together with dalargin
eliminated its cardioprotective effect in experimental animals.

Conclusion: The use of synthetic leu-enkephalin dalargin significantly reduced the risk of myocardial
infarction caused by excessive neuromuscular stress. The dalargin effect on the myocardium was

mediated by opiate receptors.

Key words: myocardial infarction; immobilization stress; dalargin.

The diseases of cardiovascular system
comprise one of the biggest problems of
modern medicine. The most common forms of
cardiovascular disease include hypertension,
atherosclerosis, coronary heart disease
and myocardial infarction [1]. There are
many common links in the etiopathogenesis
of cardiovascular diseases. Thus, the
pathogenesis of ischemic heart disease is
based on the impaired microcirculation in the
heart muscle due to atherosclerotic vascular
damage. Myocardial infarction occurs when
the level of heart muscle supply does not
correspond to the increased functional load
on the bloodstream. Myocardial infarction is
an acute irreversible ischemia, mostly due to
coronary artery thrombosis with insufficient
compensatory function of the collaterals,
resulting in the necrosis of a certain portion
of the heart muscle. All myoglobin-bound
and physically dissolved oxygen is consumed
during 8-10 seconds in the ischemic area,
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when the later occurs due to absolute or
relative insufficiency of coronary blood flow
[2]. The main factors increasing the risk
of myocardial infarction are the following:
1) imbalanced nutrition, in particular, with
the excess of fats and sodium/calcium salts;
2) increased carbon dioxide concentration
and decreased oxygen concentration in the
air inhaled by a person; 3) hypodynamia and
prolonged stay in a confined space, usually
attributed to the occupational activities;
4) infectious diseases; 5) psychological and
emotional stress; 6) excessive neuromuscular
tension. The efforts of many researchers
were aimed at creating therapeutic means
and methods that can increase the resistance
of the myocardium to these factors in at
risk patients (i.e., those having ischemic
heart disease, cardiosclerosis). This would
enable minimizing myocardial infarction
area and reducing the risk of complications,
including lethality. A significant number
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of biopharmacological studies are focused
at the study of cardioprotective properties
of biologically active substances of peptide
nature, derived from animal and plant tissues
and cells [3—6].

Noteworthy, the publications on the
cardiotropic properties of low molecular
weight peptide fractions derived from tissues
of cold-adapted animals are scarce [7T—9]. One
can assume that the cardioprotective effect
of those fractions, at least in part, is due to
the presence of biologically active peptides
in their composition. It is known that an
important role in curbing stress-induced
pathological processes is played by anti-
stress substances, such as, i.a., endogenous
opioids. Their protective effect on the cell
is mediated by opiate receptors, which are
found in the membranes of cardiomyocytes
[10-12]. Regulatory neuropeptides play an
important role in the adaptation of animals
to environmental factors. Opioid peptides
play, in particular, a significant role in the
regulation of hibernation. Quite a number of
peptides acting as endogenous regulators of
seasonal physiological changes in hibernating
animals are known: bombesin, opioids,
neurotensin, cholecystokinin, and others. The
ability to hibernate has evolved in mammals
as a special condition of energy preservation
in unfavourable environmental conditions.
The winter (or, in some species, summer)
hibernation is inevitably accompanied by
depletion of energy reserves, intracellular
acidosis and hypoxia, similar to those that
occur in ischemia. However, despite the
presence of all those potentially detrimental
factors, the myocardium remains undamaged
for months. While circulating opioid peptides
are known to increase dramatically during
deep sleep, they are potential substances which
may provide resistance to hypoxia in cells and
tissues in hibernating animals. This opens up
the prospect of using the protective potential
of opioids against ischemia or hypoxia[12, 13].
There is an evidence of participation of such
neuropeptides as leu- and met-enkephalins
in the maintenance of hibernation [14]. The
group of leucine enkephalins also includes
the synthetic hexapeptide Lei-Tyr-D-Ala-
Gly-Fen-Lei-Arg, known as dalargin [12].
Kyotorphin, a Tyr-Arg dipeptide having an
analgesic effect, is considered to be one of the
endogenous regulators of the transition of
hibernating animals from active wakefulness
to hibernation, which is a kind of tolerant
strategy of the adaptation to unfavorable
environmental conditions [15, 16]. Although

kyotorphin is unable or almost unable to
interact with opiate receptors directly, it
interacts with them indirectly by stimulating
the release of methionine enkephalins into the
bloodstream where they interact with opiate
receptors, [17]. The study of cardioprotective
effects of low molecular weight extracts of
umbilical cord blood and tissues of newborn
animals could also be a promising area of
modern biopharmacology; this is supported
by the studies of the biological activity of
those substances [18—21]. Elevated levels of
endogenous opiates (B-, a- and y-endorphins,
leucine- and methionine-enkephalins) are
known to be present in the fetus blood at
birth, which is considered to be a reaction that
protects newborn from the pain and oxygen
deficiency, i.e. potentially damaging factors
of so-called intranatal hibernation. Therefore,
the cardioprotective effect of those extracts
and low molecular weight fractions may also
be due to the presence of neuropeptides.

According to the aforementioned, the
excessive neuromuscular tension is one of the
common causes of myocardial infarction in
at-risk patients. Given this fact, the aim of
this work was to study the cardioprotective
effect of enkephalins under conditions of
immobilization stress.

Matherials and Methods

In this study we used our own model of
myocardial infarction [22]. Provided that the
mechanism of human myocardial infarction
pathogenesis in almost all cases involves
sclerotic changes in the heart muscle and blood
vessels [23], rats were pre-kept on a special
electrolyte-fat diet until they developed
hyperlipidemia and a critical increase in
atherogenic index.

The animals were pre-divided by their
behavior: low-active — supposed to be highly
sensitive to exogenous influences, highly
active — supposed to be low-sensitive, and
moderately active — supposed to be moderately
sensitive [24]; the latter group accounted for
the vast majority of tested animals and were
selected for the further experiment. To that
end, 60 Wistar rats at the age of 6 months
weighing 240-270 g had been selected. Animal
fats in the amount of 10% of the total feed
weight were added to the standard diet for
rats. Instead of water, 0.9% NaCl solution
was poured into the drinkers, thus provoking
excessive consumption of sodium by animals,
which is harmful to the cardiovascular
system. The rats received 20 mg of calcium
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gluconate (PJSC “Kyivmedpreparat”, Ukraine)
orally per animal per day. Vitamin D, was
also administered at 2,000 IUs per animal
(PJSC “Vitamins”, Ukraine). Normally,
ergocalciferol favors the absorption of
calcium by bone tissue, but in conditions of
hypervitaminosis it causes excessive calcium
accumulation in the blood [25]. There is a
known positive association between high
serum calcium levels and the incidence of
cardiovascular diseases, including myocardial
infarction [26, 27]. In particular, the risk of
coronary artery calcification increases, which
contributes to the formation of atherosclerotic
plaque. It was also borne in mind that systemic
inflammation may be one of the reasons for the
initiation of proatherogenic modification of
blood lipoproteins, and vascular calcification
[28]. To induce the systemic inflammatory
process during the 8" week animals were
twice injected intraperitoneally with the
bacterial lipopolysaccharide “Pyrogenal”
(N. F. Gamaliia RIEM, Russia) with the
interval of three days, at a dose of 5 ng of
dry weight of the substance per animal. The
development of systemic inflammation was
monitored by the rectal temperature at a depth
of 1 cm. Within three days after the second
injection of «Pyrogenal», a steady increase
in body temperature, by approximately 1.5
degrees (39.2-39.7 °C), was registered in all
rats. During the implementation of the model
in rats, their blood samples were periodically
collected from the tail vein to study the lipid
profile. Starting from the 58" day of the
experiment, the stressful impact was applied
on the rats. To that end, animals were subjected
to immobilization stress, by immobilizing the
four limbs and lower jaw in the abdominal
position for 3 hours daily, with the break
of 24 hours.

The animals were divided into 6 groups.
Group 1 consisted of animals kept on a
standard balanced diet (normal group), and
group 2 consisted of the rats, in which the
state of blood hyperlipidemia was reproduced
by keeping them on a special diet. Animals
from groups 1 and 2 were not subjected to
immobilization stress. The immobilization
stress to the group 1 rats was not applied due
to the fact that in those completely healthy
animals the risk of myocardial infarction due
to the stress was much lower than in rats from
the other groups, and therefore the duration
of stressful impact should be many times
longer. This could lead to the death of the
animals due to the stress-induced ulcers of the
stomach and intestines. Rats of groups 1 and
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2 were used to determine the serum content
of cardiac troponin I in normal (group 1) and
in hyperlipidemic animals, i.e. before the
applying of the stressful impact (group 2).
In addition, rats from group 2 were used for
histological examinations of the impact of the
pathogenic diet only (without immobilization
stress) upon the myocardium state. Rats from
group 3 were injected with 200 pl of 0.9%
NaCl immediately before the immobilization.
Group 4 consisted of rats, which received
dalargin in the form of 0.25% solution of
the pharmaceutical substance (“Peptidnyie
Tekhnologii”, RF) at a dose of 100 ng/kg body
weight immediately before the immobilization.
Group 5 consisted of rats, which, together
with dalargin, were injected with naloxone,
an inhibitor of opiate receptors, in the form
of naloxone hydrochloride (“Sigma-Aldrich”,
USA) at a dose of 500 ng/kg body weight.
Groups 1-3 included 10 rats each; groups 4 and
5 included 5 rats each. An electrocardiogram
was registered in rats immediately after
immobilization, and every hour during the
immobilization and before the release of the
animal. The cardiography used three standard
(I, II, III) and three augmented (aVR, aVL,
aVF) leads. Cardiograms were analyzed for
abnormalities indicative of the occurrence
of acute cardiovascular pathology. Such
deviations were as follows: the appearance of
a negative Q-wave, a significant decrease or
absence of the R-wave (QrS or QS complexes),
displacement of the ST complex relative
to the isoline, high-amplitude «coronary»
T-waves. The detection of these abnormalities
in several leads was considered as the reason
for a preliminary diagnosis of acute coronary
syndrome, and the stressful impact on the
animal was stopped. Eighteen hours later,
blood sample was collected from the rat’s
tail vein, and serum was prepared from it, in
which the content of cardiac troponin I was
determined by enzyme-linked immunosorbent
assay using the “Rat Cardiac Troponin I (cTn-I)
ELISA kit” (Cusabio Technology LLC, USA).
The increase of the serum cardiac troponin I
in rats, that was at least 2-fold higher than the
predetermined average value for the animals
kept on a pathogenic diet but not exposed to
immobilization stress (group 2) provided a basis
for the diagnosis of a myocardial infarction.
After that, the animal was excluded from
the experiment by decapitation under ether
anesthesia, its heart was removed and fixed
in 10% neutral formalin (pH 7.4), followed by
tissue processing and embedding in paraffin.
Histological sections of 5—7 pum thickness
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were cut and stained with hematoxylin and
eosin [29]. Slide mounts were photographed
and analysed using an “Axio Observer Z1”
microscope (Carl Zeiss, Germany) in bright
field mode. For comparison, histological
samples were analyzed from the hearts of
animals kept on pathogenic diet but not
exposed to immobilization stress.

Experimental data were processed
statistically using the statistical module
of the “Excel” software (Microsoft, USA).
Differences between the samples were
estimated using Student’s two-sample t-test.
The data were presented as «sample mean =+
sample standard deviation» (X % s).

Results and Discussion

The results published earlier [21] showed
that rats kept on a diet rich in fats and sodium/
calcium salts for two months developed a
hyperlipidemia. The level of total cholesterol
in the blood from rats used for the heart
infarction modeling exceeded that in animals
kept on a standard diet by almost a quarter
(3.32 = 0.17 vs. 2.67 = 0.19), and the content
of low-density lipoprotein was almost three
times higher (1.34 = 0.09 vs. 0.49 + 0.08). As
a result of such changes in the lipid profile, the
atherogenic index was twice as high as normal
(1.84 = 0.35vs. 0.91 = 0.13).

During the first minutes of immobilization
stress the cardiograms of all animals without
exception showed signs of severe tachycardia.
Analysis of the cardiograms of animals from
the control group (group 3) 1 hour after the
onset of stressful impact revealed the changes
in the width and amplitude of the T-wave in
9 out of 10 animals. In five rats, the T-wave
was reduced or smoothed, and in four rats it
was biphasic. Such changes in the cardiogram
indicate the occurrence of myocardial
ischemia.

Two hours after immobilization, the
cardiogram of one of the rats showed a
negative Q-wave in combination with a
positive high-amplitude “coronary” T-wave
(a sign of transmural infarction), on the basis
of which a preliminary diagnosis of “acute
coronary syndrome” was made, and this
animal was released and transferred to a cage.
Six animals had T-wave changes: four rats
showed a negative symmetrical “coronary*
T-wave, and two others had elevations above
the ST-segment isoline. These changes could
indicate unstable angina, myocardial damage,
or even necrosis, so the immobilization of those
animals was stopped. Cardiograms of other

animals had signs of myocardial ischemia
(T-wave was broadened and lowered, and was
smoothed in one rat). An hour later, another
rat was pre-diagnosed with acute coronary
syndrome. The reasons were the same as in the
first case: a negative Q-wave in combination
with a positive high-amplitude “coronary”
T-wave. No changes allowing to diagnose
acute coronary syndrome were detected in the
cardiograms of the two other rats, and after
3 hours of immobilization stress they were
returned to the cages (after the application
of the stress, all rats were kept in separate
cages), and the next day they were repeatedly
subjected to immobilization stress. However,
the QS complex (with negative Q- and no
R-wave) was detected in the cardiogram of
one of those rats, which occurred in the first
minutes after immobilization. That rat was
released, and its blood was immediately tested
for troponin I. In the remaining animal, the
pathological changes in the cardiogram, which
allowed to pre-diagnose an acute coronary
syndrome (negative symmetric «coronary»
T-wave) were detected three hours after the
onset of the repeated immobilization stress.

Administration of dalargin to rats
significantly increased the resistance of
their hearts to excessive neuromuscular
load, as evidenced by the increased duration
(by 1.5—-2 times) of their ability to resist
the immobilization stress before the acute
coronary syndrome was registered (Fig. 1).
Simultaneous administration of dalargin and
naloxone, the opiate receptor antagonist, to
the animals (group 5) eliminated the protective
effect of the leu-enkephalin in that test. This
was evidenced by both the reduction of the
time during which animals from those groups
were able to resist immobilization stress
until they were preliminary diagnosed with
an acute coronary syndrome (Fig. 1); and the
increase in cardiac troponin I in the blood to
the levels found in control (group 3) animals.
Micromorphological analysis also supported
these findings (see below).

In the group of rats treated with dalargin
before the onset of stress impact (group 4),
the acute coronary syndrome was diagnosed
in two cases during the second immobilization
stress, and in three cases during the third
immobilization stress. Preliminary diagnosis
was based on the following abnormalities in the
cardiograms: negative Q-wave in combination
with positive high-amplitude “coronary”
T-wave (3 cases), or lowered R-wave and
the elevation above the ST segment isoline
(2 cases).
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Fig. 1. The effect of dalargin and naloxone on the total duration of rats resisting the impact of immobiliza-
tion stress until the moment of registration of acute coronary syndrome signs in the cardiograms

Note: * — statistically significant differences compared to the group 3 and group 5, P <0,01.

It is known that QS and QrS cardiogram
complexes may indicate large focal transmural
myocardial infarction. Sera cardiac troponin
I levels (Fig. 2) in the rats from all groups
which were preliminarily diagnosed with
acute coronary syndrome were significantly
increased in all animals without exception,
as compared to both the intact animals and
animals kept on a pathogenic diet but not
exposed to stress. This allowed us to refine
the diagnosis and suppose that those animals
had suffered a myocardial infarction (the
preliminary diagnosis was an “acute coronary
syndrome”). It should be noted that animals
that were not exposed to stressful impact after
being kept on a pathogenic diet also had a
significant increase in this indicator compared
to intact animals, but those changes were much
less pronounced (16.2 = 1.9 vs. 6.62 = 0.29,
P <0.05). Lower (38.19 = 1.09 vs. 54.08 =
4.01; P < 0.05) levels of cardiac troponin I
in the blood of rats injected with dalargin
(group 4), compared with animals from the
control group (group 3) may indicate a smaller
heart damage.

Histological examination of heart tissue
showed that keeping animals on a diet with
high fats and calcium/sodium salts caused
changes in the myocardium and blood
vessels which increase the risk of myocardial
infarction. Thus, the microphotographs
clearly demonstrated the signs of myocardial
dystrophy in the form of small intermittent
groups of slightly hypertrophic or atrophic
cardiomyocytes (Fig. 3, a). Myocardial muscle
fiber bundles were thinned due to the atrophy,
or demonstrated a wavy deformation. Cross
sections of some cardiomyocytes showed
that the cytoplasm contained small round
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whitish vacuoles which were similar to fat
droplets. The areas with poor blood supply,
and the foci of venous-capillary congestion
occured intermittently. It could be seen
that large and small intramural coronary
arteries had uneven wall thickening due to
mild coronary sclerosis and initial stages
of perivascular cardiosclerosis. Clusters of
lymphocytes around blood vessels, and focal
infiltration of the myocardial stroma were also
detected. Apparently, both atherosclerotic
and myocardial forms of cardiosclerosis were
present, as injection of bacterial liposaccharide
(“Pyrogenal”) induced systemic inflammation
in the animals.

Because the aforementioned pathological
abnormalities in the cardiograms in rats from
all groups occurred in the leads I and aVL, and
in their reciprocal leads III and aVF, those
findings indicated the infarction located in
the lateral wall of the left ventricle and the
thrombosis of the anterior descending artery.

Histological examinations confirmed that
all rats subjected to immobilization stress had
a large focal transmural myocardial infarction.
Myocardial tissues demonstrated similar
pathological changes: focal hemorrhages,
congested vessels, loss of striated muscle fibers
(individual muscles took the form of so-called
“minced meat”), and vascular thrombosis
(Fig. 3, b, ¢ and d). Necrotic muscle cells in
the infarction area lacked nuclei. Blood flow
in the necrotic area was completely absent,
and congestion in the veins and sinuses, and
blood stasis in the capillaries were registered
in peri-infarct zone. Areas of intermuscular
hemorrhage have been found in many tissue
samples. A small focal parenchymal dystrophy
of cardiomyocytes, and clusters of lymphocytes
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Fig. 2. The content of cardiac troponin I in the sera of rats
Notes:
1) Numbers on the abscissa denote groups of experimental animals;
2) a — statistically significant differences compared to the group 1, P <0.01; b — statistically significant
differences compared to the group 2, P <0.01; ¢ — statistically significant differences compared to the group
3, P <0.01; d — statistically significant differences compared to the group 5, P <0,01

Fig. 3. Left ventriclular tissue sections from rat hearts, stainined with hematoxylin-eosin:

a — the animal was on a pathogenic diet, but not exposed to immobilization stress (group 2); b — the animal
with developed myocardial infarction as a result of immobilization stress (group 3); ¢ — the animal received
dalargin before the application of immobilization stress (group 4); d — the animal received naloxone and dalargin
simultaneously (group 5)
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were seen. In the samples from rats which
didn’t receive dalargin (Fig. 3, c¢) before the
onset of immobilization stress, or received
dalargin and naloxone simultaneously (Fig.
3, d), the organized thrombi in epicardial
coronary artery and small subendocardial
arteries were clearly visible, as well as
the destruction of cardiomyocytes in the
infarction area, and formation of collaterals
in peri-infarct zone. In the rats which received
dalargin without concomitant administration
of naloxone prior to immobilization stress
(Fig. 3, ¢), the resorptions and recanalizations
of the thrombi in epicardial coronary artery
and in individual small subendocardial
arteries were significantly more frequent. The
collaterals in the peri-infarct zone were also
formed oftener.

Many previous studies have shown that
dalargin acts on the cells through opiate
receptors [30, 31]. Therefore, the inhibition
of this opiate receptor agonist by naloxone,
an opiate receptor antagonist, was rather
predicted.

Thus, based on the results obtained, we
can conclude that enkephalins possess a
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mieTi 3 HAAJIUIITKOBUM BMiCTOM KHUPiB Ta COJiell KaJIbI[ifo i HATPy, iHiIifOBaaM IIJIAXOM 3aCTOCYBaHHSA
iMmMmobinisgarifinoro cTpecy. Pe3yabTaTu eKCIiepuMeHTiB CBiJUaTh IO Te, 1[0 3aCTOCOBaHA MOIEJb T03BOJIMIA
OPOTATOM OJHOTO-TPHLOX MHIB BUKJHKATHU PO3BUTOK iH(MAPKTYy Miokapma, AKHUil OyJ0 IiATBEPIKEHO
MeToAaMU eJieKTpokapaiorpagdii, iMMyHOEH3MMHTOTO aHAJIi3y Ta IiCTOJOTiYHUM.

Pesyavmamu. Ilonepenne BBeeHHA HigAOCHAiIHMM TBapmHaM Jgajapriny, xodya ¥ He 3amobiraJio
iH(QapKTy, HiJBUITYBAJO BUTPUBAJICTh A0 BIJIMBY iMMOOinIi3aIifiHOTO cTpecy Ta 3MEHIIYBAJO CTYIiHb
ypaskeHHA Miokapaa. BBemeHHA MiAJOCHAiTHMM TBapmHaM pa3oM 3 AaJapriHOM aHTAroHicTa oIiaTHUX
PeIenTopiB HAJOKCOHY yCYBaJ0O KapAioIPOTEKTOPHY Aif0.

Bucnosrku. BukopucTaHHs CHHTETHUUYHOTO Jel-eHKedaliHy majgapriHy iCTOTHO 3MEHIIIYE PUBUK
iH(apKTy MioKapay BHACIITOK HAAMiPHOTO HEPBOBO-M S30BOr0 HaBaHTaKeHHA. [[is qamapriny Ha miokapna
oIrmocepesKOBaHa OIiaTHUMU PeIelITOPpaMU.

Knwuosi cnosa: inpapkT Miokapzaa; imobinisalfitinuii cTpec; gajapriu.
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Peganum harmala L., known as '"Harmel’, is a plant widely used in the traditional Algerian medicine.

Aim. The purpose of this work is to study the antioxidant, antiproliferative and antimicrobial poten-
tial of Peganum harmala extracts.

Methods. Colorimetric methods were used to quantify phenolic compounds, while the antioxidant
activity was estimated in vitro using DPPH/ABTS radical scavenging assay, ferric reducing power,
B-carotene bleaching assay, total antioxidant capacity, and ferrous iron chelating assay. The agar well
diffusion and the broth microdilution method were used to evaluate the antibacterial activity and the
MTT assay was used to test the cytotoxicity of the extracts.

Results. The ethanolic extracts of Peganum harmala L. showed the highest polyphenols content and
the potent antioxidant, gave a good activity against Gram+ and Gram— bacteria and good antifungal
effect and were more cytotoxic to the HeLa cell line.

Conclusions. It is concluded that selected plants could be a potential source of bioactive compounds
with antioxidant, antimicrobial and antiproliferative potential. Hence, it is indicated to further investi-
gate this plant in vitro as well as in vivo for new drug discovery.

Key words: Peganum harmala; polyphenols; antioxidant activity; antimicrobial effect; cytotoxic

effect.

Natural products are attracting growing
interest by phytotherapy researchers due
to their safety and medicinal properties [1].
Medicinal plants have been used for many
years as remedies for both human and animal
ailments [2]. Aromatic and medicinal plants
as the key source of complementary and
alternative medicine have been recently bring
many hopes in alleviating of symptomatology
and curing associated with so many diseases
[3]. The World Health Organization (WHO)
reported that around 80% of the world’s
population uses traditional medicine for their
primary health care [4]. The beneficial health
effects of these plants are mainly related to the
presence of phenolic compounds [5].

Polyphenols of medicinal plants are powerful
antioxidants capable of fighting against free
radicals (Reactive Oxygen Species — ROS),
which are involved in the appearance of several
pathologies such as cancer, diabetes, Alzheimer’s
disease, and cardiovascular disorders [6].
Polyphenols present a wide range of other
bioactivities, including anti-inflammatory,
anticarcinoma, antiviral and cardioprotective
effects [7]. Phenolic compounds may also play a
critical role as antimicrobial agents, a property
that has received increased attention due to their
potential effects against antibiotic-resistant
bacteria [8].

Algeria, given its ©privileged
biogeographical position and its extent

61



BIOTECHNOLOGIA ACTA, V. 15, No 1, 2022

between the Mediterranean and sub-Saharan
Africa, is considered among the countries
known for their floristic diversity to which is
added a secular tradition of traditional use of
plants. Among the medicinal plants, the genus
Peganum commonly called harmel, is a plant
of the family Zygophyllaceae [9], is widely
distributed in arid and semi-arid regions [10].

Peganum harmala L. is known for its wide
use in folk medicine for the treatment of various
diseases including diabetes and hypertension,
lumbago, asthma, colic, hepatitis B, jaundice, and
as an emmenagogue stimulant [11]. P. harmala
has anti-carcinogenic [12], vasodilator, anti-
protozoal, and anti-inflammatory effects [13,
14]. Because of their analgesic and antibacterial
properties [15], their fruits are used in
traditional medicine. In addition, alkaloid
from P. harmala has antihemosporidian,
antinociceptive and antineoplastic effects
[16]. The seeds of P. harmala contains a large
number of alkaloids and B-Carboline alkaloid
and used in fever,abortion, red dye, diarrhea
and many other human chronic diseases [17].
Peganum harmala seeds also comprises a large
extent of total phenolic and total flavonoids
component and act as strong antioxidant
plant [18].

The main objectives of this study were
to determine the antioxidant, cytotoxic and
antimicrobial activities of extracts of the plant
P. harmala L.

Materials and Methods

Plant material

Peganum harmala L. (Zygophyllaceae)
seeds were collected during flowering stage El
Hammadia, wilaya of Bordj Bou Arreridj. The
identification of the plant was carried out by
Pr. Boudjelal Amel and a voucher specimen
(No. AB-65, 2018) was deposited at the
University Mohamed BOUDIAF —M’Sila. The
seeds of P. harmala L. were dried in dark, at
room temperature for two weeks and powdered
using electrical grinder and resulting powder
was then stored until use.

Extracts preparation

To obtain the aqueous extract (AqE)
of P. harmala L. following the method of
Mbiantcha et al. [19] maceration has been
made with 50 g of the seed powder in 500 mL of
distilled water for 3 days. The ethanolic extract
(EtE ) was prepared from a mixture of 50 g of
P. harmala L. powder in 200 mL of ethanol
80% ; the mixture was shaken for 8 h and
incubated overnight at room temperature.
The decoction extract (DcE) was prepared
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according to the method of Robeson and
Strobel [20] with some modification; 50 g of
powdered plant material were mixed with
boiling distilled water (200 mL) for 1 hour.
All extracts were filtered through a Whatman
No. 3 filter paper and evaporated using a
rotary evaporator under vacuum at 40 °C until
completely dried, to obtain AqE, EtE and DcE,
which were stored at 4 °C until use.

Spectrophotometric estimation of phenolic
compounds

The total phenolic content of the various
extracts of P. harmala L. was determined using
the Folin-Ciocalteu reagent. The results were
expressed in ng of Gallic acid equivalent per
mg of dry extract (ug of GAE/mg extract) [21].

Total flavonoid content was determined
following the trichloride aluminum assay [22].
The results were expressed as pug quercetin
equivalent per mg of dried extract (ng of
QE/mg extract).

Total flavonols content in P. harmala
L. extracts were determined according to
the method of Kosalec et al. [23]. 0.5 mL of
standard solution or extracts was separately
mixed with 1.5 mL of ethanol and 0.1 mL of
10% methanolic aluminum chloride solution,
then 0.1 mL of sodium acetate and 2.8 mL
of water were added and incubated for
30 min at room temperature. The absorbance
was measured at 415 nm. The results were
expressed as 11g of quercetin equivalent per mg
of dried extract (1g of QE/mg of extract).

Antioxidant activity

The antioxidant activity was measured
by using the phosphomolybdenum assay [24],
which is based on the reduction of Mo (VI) to
Mo (V) by the extract and subsequent formation
of a green Phosphate / Mo (V) complex at acidic
pH. The greenish color is measurable at 695
nm in the presence of reducing agent. The
total antioxidant capacities were expressed as
a pg equivalent of ascorbic acid per mg of dry
extract (ng AAE/mg).

The 1.1-diphenyl- 2-picrylhydrazyl radical
(DPPH) were also used for antioxidant
activity. 375 puL of extracts or standard
at the various concentrations was mixed
with 125 pl of a methanol solution of DPPH
(0.004%). After 30 min of incubation,
the absorbance was recorded at 517 nm
[25]. L’hydroxyanisolebutylé (BHA),
L’hydroxytoluénebutylé (BHT) and Quercetin
were used as standards; the scavenging activity
was calculated according to equation (1):

Inhibition ((yO) = [(Abscontrol - Abssample)/
AbScontror] x 100. 1)
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To assess the scavenging activity of the
extracts against the ABTS radical cation
(2,2'-azino-bis (3-ethylbenzothiazoline-6-
sulphonic acid)),the reaction mixture included
ABTS (7 mM) and potassium persulfate
(2.45 mM). The extracts or standard (100 pL)
were homogenized with 1.9 mL of ABTS
solution and incubated for 7 min. The
absorbance was measured at 734 nm [25].
The capacity of the extract to scavenge the
ABTS radical was calculated according to
the previous formula (1). Trolox was used as
positive control, and the results were expressed
in pmol g ! of Trolox-equivalent antioxidant
capacity (TEAC).

To assess the extract antioxidant
properties in mechanisms involving iron, both
ferric reducing power (FRP )and ferrous iron
chelation assays were used. FRP was used
to assess the extracts capability to reduce
iron ions [26]. The absorbance was recorded
at 700 nm and the ECj, value (effective
concentration for that has an absorbance of
0.5) was calculated.

To evaluate extract-iron interaction, the
ferrozine test was performed following the
method of Decker and Welch [27], modified
by Le et al. [21]. The red chromophore of
the Fe'2-ferrozine complex was measured
spectrophotometrically at 562 nm against
a blank. Ethylene diamine tetra acetic acid
(EDTA) was used as reference chelator.
The inhibition of ferrozine-Fe?' complex
formation was calculated according to equation
(1). An IC;, value is defined as the inhibition
concentration of tested material, which
produces 50% of the maximal scavenging
effect.

To assess the extracts antioxidant
properties in lipidic like-systems, the -
carotene/linoleic acid assay was used. The
antioxidant capacity of each extract was
evaluated by measuring the inhibition of the
volatile organic compounds and the conjugated
diene hydro-peroxides arising from linoleic
acid oxidation [28]. The antioxidant activity
of samples and standards BHT (2 mg/mL) are
calculated after 24h at 490 nm according to the
following equation (2):

AA% = (AbSy; / Absgyr) x 100 (2)

where Abs.: Absorbance of the extract;
Absgyp: Absorbance at t = 0 in the presence of
positive control BHT.

The results were expressed as IC;, (the
concentration required to inhibit 50% of the
B-carotene bleaching). Synthetic antioxidant
BHT was used as positive control and methanol

and distilled water were used as a negative
control.

Antiproliferative activity

HeLa cells(cervical cancer line, adherent)
were used to investigate the cytotoxicity
effect of P. harmala extracts, using MTT
reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) [29]. The
cells were grown in RPMI 1640 medium
(Gibco) supplemented with 10% (v/v) feetal
calf serum(FCS) and 2 mM L-glutamin with
400 pL antibiotic 50 U/mL of gentamycin
and penicillin and 50 pg/mL of streptomycin
(Sigma). The cultures were then maintained at
37 °Cin an incubator at 5% CO, and saturated
with water vapor 95%.

HelLa cells (4.44x10° cells/well) were seeded
in 96-well cell culture plates for 48 hours in
the presence or absence of extract (10 pL).
After this period, 10 puL of MTT solution
(1 mg/mL in phosphate-buffered saline; PBS)
were added to each well and incubated for
4 h at 37 °C in a CO4-incubator. 180 uL of the
medium was removed from every well without
disturbing the cell clusters. Formazan crystals
were dissolved using 180 pL methanol/
DMSO solution (50:50), and the preparations
were thoroughly mixed on a plate shaker for
30 min in the room temperature with the cell
containing formazan crystals.

Finally, after the dissolution of all crystals,
the absorbance of each well was determined
with a microplate reader (ELx 800) at 570 nm.
The results were expressed as a percentage
inhibition of cell proliferation and calculated
according to the following formula (3):

% Inhibition= 100 — % viability, 3)

where % viability = (AbSgtract X 100)/ADbS ontrol

The IC;, of the extracts was determined
as the drug concentrations that reduced
cell number by 50% in treated compared to
untreated cultures.

Antimicrobial activity

Microbial strain

The antibacterial activity was determined
using clinical referenced strains bacteria,
including Gram (+) and Gram (—) bacteria from
the American Type Culture Collection (ATCC)
standards. The strains were Escherichia coli
(ATCC25922), Salmonella thyiphimurium
(ATCC13311), Proteus mirabilis (ATCC35659),
Staphylococcus aureus (ATCC25923), Bacillus
cereus (ATCC10876) and Micrococcus luteus
(ATCC469). All the strains were obtained
from the Laboratory of Bacteriology at Setif
hospital, Algeria. Plant pathogenic fungus:
Fusarium culmorum, Aspergillus carbonarius
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(M333), Aspergillus flavus (NRRL 3251),
Penicillium glabrum were obtained from the
Laboratory of Applied Microbiology at the
Ferhat Abbas University of Sétif, Algeria.

Antibacterial activity

The agar well diffusion method
was employed for the determination of
antibacterial activities of extract [30]. The
extracts were dissolved in DMSO to obtain the
doses of 9, 6 and 3 mg/well and sterilized by
filtration trough 0.22 pym Nylon membrane
filter. The bacterial strains were cultured
in sterile distilled physiological water for
24 h. Petri dishes of sterile Mueller-Hinton
agar were inoculated by the method of streak
with the appropriate bacterial suspension
(0.5 McFarland). Wells were cut into the agar
and were loaded with 10 uL of extract.

Additionally, and for comparative
purposes, standard gentamicin (10 mg/disc)
and chloramphenicol (30 mg/disc) is used in
the test as positive controls. All the plates were
incubated at 37°C for 24 hours. Antibacterial
activity was evaluated by measuring the zone
of inhibition in millimeters.

Determination of minimal inhibitory
concentration (MIC ) and minimal bactericidal
concentration (MBC)

The values of MIC, which represent the
lowest extract concentration that completely
inhibits the growth of microorganisms, were
determined by a micro-well dilution method
[31]. Briefly, 100 nL. of Mueller Hinton
broth (MHB) containing 0.02 g/L phenol red
was dispensed into each well of a -96 well
microplate. 100 uL of extract is then added to
each well in the first column of the microplate
except that of the second row. Serial twofold
dilutions were carried out until the 12" well of
each row. Then, 100 uL of MHB without red
phenol were added in the first well of the second
row before diluting (positive controls). All the
wells were inoculated, except those in the first
row (negative controls), by introducing 100 nL
of bacterial suspension (10 CFU)/mL). On the
other hand, MHB without red phenol was put
in the first row’s wells. The microplate was
wrapped loosely and then incubated at 37 °C
for 24 hours. The appearance of a yellow color
indicates a bacterial multiplication, while the
persistence of the initial red color means the
contrary.

To determine MBC, the broth was taken
from each well without visible microbial
growths from the MIC are re-isolated on
Muller-Hinton agar. The wells from the
positive and negative control rows were also
seeded on the same agar to ensure no bacteria
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growth in the wells. After 24 h of incubation
in an oven at 37 °C, the number of colonies
on the streaks was compared to those of the
control dish seeded with streaks of dilutions of
the bacterial inoculum. On reading, the lowest
concentration of extract for which no microbial
colony is observed (99.99% destruction)
corresponds to MBC.

Antifungal susceptibility test

Antifungal activity was tested against four
fungal strains using the agar diffusion method.
The fungal suspension was obtained from
spores after seven days at 28 °C and prepared
in sterile distilled water (OD 0.12—-0.15 at 525—
530 nm). An aliquot of 0.1 mL of this fungal
suspension was spread over the surface of the
agar plate. Wells (7 mm diameter) were cut
into the agar and impregnated with extracts (9,
6 and 3 mg/disk) or with positive controls like
Rifampicin (5ug/well). The petri dishes were
placed in an oven at a temperature of 28 = 2 °C
for a period of incubation of 10 days. For the
determination of the effect of P. harmala L.
extracts on radial growth against the tested
fungus, the diameter of the disc growth was
measured every 48 hours of incubation for
10 days.

Statistical analysis

The results are expressed as mean *= SD
of triplicate measurements. The GraphPad
Prism Software (version 8.00) was used for
statistical analysis. Data were analyzed using
Student’s t-test and one-way analysis of
variance (ANOVA), followed by Dunnett test
for multiple comparison. The differences were
considered significant at P < 0.05.

Results and Discussion

Quantitative analysis of phytochemicals

The extraction was performed using
ethanol 80%, and water. The yield of
extraction of the P. harmala L. extracts was
significantly different (P < 0.05) (Table 1).
The yield of extraction of the AqE and the EtE
was similar to that found by Zainab et al. [32].
The extraction yield appears to be influenced
by the several factors such as the polarity of
the solvent [33].

Polyphenols, flavonoids and flavonols
are very important compounds in plants
because their therapeutic interest and their
antioxidant activity have attracted most
attention. The results obtained in this study
(Table 1) showed a high level of phenolic,
flavonoids and flavonols compounds in EtE.
The DcE and AqE have average amounts of
these compounds.
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Table 1. Yield and secondary metabolites content from P. harmala L. extracts

et | oo | Toalphphewls | ol | Toal o
Ethanolic 12.8 = 0.40° 102.68 =1.61°¢ 30.33 =1.06° 108.05 = 1.88°¢
Aqueous 12.56 = 0.67°¢ 65.92+1.23° 15.51 = 0.50° 46.39 =0.23°
Decoction 10.62 = 0.70° 80.62 = 0.59° 20.45 +1.06° 52.81 +0.87°

Values were expressed as means + SD (n = 3). Different letters in the same columns indicate significant
difference (c: P < 0.0001). GA: Galic acid equivalents; QE: Quercetin equivalents.

Concerning the content of polyphenols in
EtE and AqE it was almost similar that found
by Zainab et al. [32]. It can be concluded that
the phenolic or flavonoid compounds contained
in the extracts were influenced by their
solubility in the solvent used for extraction.

Antioxidant activity

The antioxidant properties of the extract
of P. harmala was assayed in vitro using
different antioxidant methods covering these
mechanisms. The TAC of various extracts was
estimated using phosphomolybdate assay.
The present study reveals that the Ethanolic
extract (EtE) showed higher antioxidant
activity than aqueous extract (AqE and DcE)
(Table 2).

Results showed that the extracts of
P. harmala L. were able to decolorize the
stable, purple-colored DPPH radical into
yellow-colored DPPH-H. From the ICj,
values obtained, the DcE and EtEwas found
to exhibit the greatest scavenging activity
compared to AqE. All extracts showed lower
DPPH scavenging activity than BHT, BHA
and quercetin used as standards antioxidants
(P< 0.01). The comparison of our results with
other works, shows that the EtE of the seeds
of Algerian P. harmala showed a significant
scavenging effect to what is obtained by
the EtE from the Libyan P. harmala (I1Cy,:
179.62 = 7.32 g/mL) [34]. The results are also
compared with the IC;, of the ethanolic extract
of P. harmala reported in Morocco by Khadhr
et al. [35](53.64 = 0.5 g/mL).

Similarly, to DPPH assay, ABTS assay
revealed that EtE exerted a significantly
higher antioxidant capacity (P < 0.05). In
contrast, Wang et al. [36] found that some
compounds, which have ABTS scavenging
activity, did not show DPPH scavenging
activity as in the case of the DcE.

The reducing power is associated with
antioxidant activity; it may serve as a
significant indicator of electron donating
ability of phenolic compounds. P. harmala L.

extracts showed considerable reducing power,
indicating that they can act as electron donors
and could react with free radicals to convert
them into more stable products. The result
showed that the EtE exhibited the highest
reducing capacity followed by AgE and DcE.
The reducing power of all extracts was lower
than that of ascorbic acid, BHA and quercetin
(P < 0.01) (Table 2). The chelating capacity of
our extracts is important and probably due to
the presence of antioxidant molecules capable
of complexing with ferrous ions, it helps
inhibit peroxidation. From the IC;, values
obtained (Table 2), the potency of ferrous
iron-chelating ability of DcE is statistically
lower than those of the EtE and AqE extracts.
IC,, values show that DcE exhibited potent
chelating activities, but remained inferior to
that of EDTA (P <0.01).

Furthermore, the extracted phenolic
compounds presented also the capacity to
inhibit lipid peroxidation in the B-carotene/
linoleic acid system. Results showed that all
extracts gave a high inhibition and exhibited
a high capacity to prevent the bleaching
of B-carotene after 24 h of incubation as
compared to the positive control (Fig. 1). In
the present work, it was found that the EtE
(73.98 = 0.21%) were more powerful
in inhibiting the p-carotene bleaching
than AqE and DcE (38.61 = 0.19% and
43.34 = 0.89%, respectively). Ehanolic
extracts of P. harmala L. containing higher
amount of compounds which have a role in
lipid peroxidation, compared with aqueous
and decoction extracts. This results are in
accordance with that found by Baghiani et al.
[837]. The strong antioxidant effect of these
compounds may be explained by the “polar
paradox” phenomenon [38].

Antiproliferative activity

The effect of different concentrations
of the extracts on HeLa cells survival was
studied using the MTT reagent. The results
obtained suggest that EtE potently suppressed
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Table 2. The in vitro antioxidant activity of P. harmala L. extracts, BHA, BHT, Gallic acid,

ascorbic acid and EDTA
Sample DPPH - (11&1 El’l(‘)?gj-l Iron chelating Total antioxidant Reducing power
IC50 (ng/mL) TEAC) IC59 (mg/mL) | activity (ng AAE/mg) ECs¢ (ng/mL)
Ethanolic | 61.16+0.824 | 2.107+0.01¢ | 1.127 + 0.06P 123 + 0.96P 828 +0.134
Aqueous 178 +0.304 | 1.26+0.01¢ | 1.478 = 0.05P 65.47+ 2.192 848 + 0.32d
Decoction 108 +0.749 | 1.37+0.018¢ | 0.74 +0.05P 37.31 + 1.05b 969 + 0.804
BHA 5.14 +0.174 / / / 34.01 = 1.334
BHT 28.10 = 0.17 / / / /
Quercetin | 1.13+0.014 / / / 45.85 = 0.414
EDTA / / 0.023 = 0.05P / /
Ascorbic acid / / / 22.71 = 0.2d

Values were expressed as means = SD (n = 3). Different letters in the same columns indicate
significant difference (c: P < 0.0001). GA: Galic acid equivalents; QE: Quercetin equivalents.
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Fig 1. Kinetics of B-carotene bleaching in the presence of AqE, EtE, DcE, water,
methanol and BHT during 24 h
AqE: aqueous extract, EtE: ethanolic extract, DcE: decoction extract,
BHT: butylatedhydroxytoluene, MeOH: methanol

the proliferation of HeLa cells: 36.48% at
0.015 mg/mL and to 97.99% at 2 mg/mL
(Fig. 2), this shows that they are potent
inhibitors of cancer cell growth. While the
growth of the same cells exposed to aqueous
and decoction extracts was not significantly
reduced. The ICy, values of EtE, DcE and
AqE were evaluated to 0.028 = 0.004 mg/
mL, 0.242 = 0.040 mg/mL and 0.230 =+
0.014 mg/mL, respectively.

The EtE induced a significant decrease
in cell viability and presented lower ICy,
(< 30 ng/mL) for HeLa cell compared to AqE
and DcE, so we can consider them as active and
potential source of cytotoxic molecules toward
HeLa cancer cells. While, the aqueous and

66

decoction extracts can be considered as poorly
cytotoxic for HeLa cells since the IC;, values
are in the range (100—1 000 pg/mL). Cytotoxic
effects of the crude seed extract of this plant,
such as aqueous and hydro-alcoholic extracts
have been previously reported, indicating
considerable cytotoxic potential [39]. These
cytotoxic natural products may be able to
play a vital role in treating selected cancers
by working in synergy with conventional
chemotherapeutic drugs [40].

Antibacterial activity

Faced with the problems of bacterial
resistance to synthetic antibiotics, much
work has been done on the antimicrobial
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Fig. 2. P. harmala L. extracts inhibited the viability of HeLa cell line in a dose-dependent manner
Cell viability was determined using MTT assay and expressed as means + SD.
AqE: aqueous extract, EtE: ethanolic extract, DcE: decoction extract

power of natural plant extracts. The in
vitro antibacterial activity of AqE, EtE and
DcE was evaluated using the agar diffusion
method. Based on the results obtained, it
is observed that the zones of inhibitions
increase with the increase in the dose of the
extracts. In addition, all our extracts were
effective against all bacterial strains examined
compared to the commercial antibiotics
(gentamicin and ciprofloxacin) (Fig. 3). These
results are in agreement with the bibliographic
data of Guergour [41]. According to Biyiti et
al. [42], an extract is considered active if its
inhibition zone is greater than or equal to
10 mm. From these results, it can be seen that
the Gram— bacteria possess strong resistance
compared to Gram+ bacteria, which can be
attributed to the difference in the morphology
of the cell wall [43]. The hydroalcoolic extract
was found to be the most effective of the tested
solvents, with maximum activity (zone of
inhibition) against all strains tested compared
to the aqueous extracts. Similar results were
observed by Djarmouni et al. [44], they also
used different solvent extracts against a wide-
range of microorganisms.The same results
was also reported by Arif et al. [45], and the
antimicrobial activity was tested on four
different bacteria using a disc diffusion assay.

The results of MIC and MBC of P. harmala L.
extracts are shown in Table 3. As can be noted in
this finding, EtE showed a higher antibacterial
activity against S. thyiphimurium and M. luteus
with a MIC value of 1.5625 mg/mL. The results
indicate that the CMB / MIC activity ratio is
less than or equal to 4 for each given extract,
when the CMB/MIC ratio of a substance
is less than or equal to 4, this substance is

considered to be bactericidal, while it is said
to be bacteriostatic if this ratio is greater
than four [46]. These results states that all
the extracts tested are bactericidal against the
bacterial strains tested. With the exception
of AqE appear to have a bacteriostatic effect
on Bacillus aureus and bactericidal on S.
thyiphimurium and M. luteus.

Antifungal susceptibility test

Fungi and yeasts may cause serious
pathologies that affect humans, among
which we can mention mycotoxicosis. The
results obtained, show that after 48 h of
incubation at 28 °C, all extracts inhibited
fungal growth except that of A. flavus. The
incubation time of fungal cultures treated
with P. harmala L. extracts is calculated
during a period of 10 days. During this
period, it appears that the zones of inhibition
produced by extracts against filamentous
fungi tested remained clear during the 10
days of incubation. EtE manifested a strong
activity by diameters of inhibition varying
between 20 to 9 mm. However, the DcE and
AqE only inhibited A.carbonarius during
the entire incubation period by diameters of
inhibition varying between 10 to 20 mm and
9 to 13 mm, respectively. On the other hand,
absence of inhibition on the 6% day and
for the entire remaining incubation period
against F.culmorum and P. glabrum fungi
who developed resistance against DcE and AqE
with the disappearance of the inhibition zones
due to sporulation of the fungus. It should be
noted that the positive control (Rifampicin) is
not active against all fungi tested with a dose
of 5 ng/disc. Our results are in agreement with
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Table 3. The minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) values
(mg/mL) of the P. harmala L. extracts against three human pathogen bacteria strains tested

in microdilution assay

Extracts CMI and CMB B. cereus S.thyiphimurium M. luteus
CMI 3.125 1.5625 1.5625
Ethanolic CMB 6.25 6.25 1.5625
CMB/CMI 2 4 1
CMI 3.125 12.5 3.125
Aqueous CMB 200 3.125 12.5
CMB/CMI 64 0.25 4
CMI 3.125 12.5 12.5
Decoction CMB 12.5 12.5 12.5
CMB/CMI 4 1 1
B
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.E. 30 mm Ciprofloxacine E, a0 B ; f a = Ciprofloxacine
§ = 8 mgiwel £ . == 9 mglwell
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Fig 3. Zone of inhibition of the P. harmala L. seeds extracts and control (ciprofloxacin, gentamycin)
against six bacterial strains
Values were expressed as means = SD (n = 3). Analysis of variance (ANOVA) revealed significant effect
(P < 0.05). Different letters (b, ¢ and d) significant difference while 'a’ indicate a non-significant difference
(P >0.05)

those of Diba et al. [47] and Guergour [41]
who showed a greater effect of the alcoholic
extract of P. harmala L. on the sporulation
of the yeast Candida and most species of the
genus Aspergillus. Decreases in inhibition
diameter, by prolonging the incubation time,
may indicate that the fungi have adapted to the
constituents of the P. harmala L. extracts and
began to develop resistance to the extracts.
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Conclusion

In conclusion, Peganum harmala L. seeds
were extracted with various solvents including
water and ethanol. From the present work, it
could be concluded that the solvent play an
important role in the extraction of the plant
constituents. P. harmala L. extracts were
found to be rich in phenolic compounds and
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flavonoids. In terms of antioxidant activity,
it is concluded that P. harmala L. extracts
possessed potent antioxidant activity and
could be utilized as new natural antioxidant
in food and therapeutics. The cytotoxic and
antiproliferative effect show that the extracts
have significant in vitro cytotoxic activity
on HeLa cell line. The results of the present
investigation suggest that P. harmala L.
extracts have a significant antitumor activity,
and could be an important basis for the
design and synthesis of new antitumor drugs.
This study showed that P. harmala L. may
be a potential source of antimicrobial drug
against the strains tested. This is particularly
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OUTOTOKCHYHA, AHTUOKCUJAHTHA TA AHTUMIKPOBHA NI EKCTPAKTIB
Peganum harmala L.

Dehiri Mouniral, DiafatAbdelouahabl , Fatmi Widad?, Ben Mansour Riadh®, Bouaziz Farid", Bahloul Ahmed?

1Laboratory of Characterization and Valorization of Natural Products, Faculty of Nature
and Life Sciences, University El-Bachir El-Ibrahimi, Bord jBou Arreridj
2Labomtory of Health and Environment, Faculty of Nature and Life Sciences,
University El-Bachir El-Ibrahimi, Bord jBou Arreridj
3Laboratory Analysis, Valuation of Food Securities, Biotechnology Research Group and Pathologies,
National School of Engineering of Sfax (ENIS), Tunisia

Peganum harmala L., Bitoma sixk « Harmel», € pocnHOI0, 1110 11 IITPOKO BUKOPUCTOBYIOTH ¥ TPAIUIIAHI I
AJKUPCHbKiA MeaquITuHi.

Mema. BuBunuTH aHTUOKCULAHTHUH, aHTUIIPOJi(hepaTUBHUI Ta aHTUMiKPOOHUIT ITOTEHITiaT eKCTPAKTiB
meraHy rapMaJiu.

Memodu. Ona KinbKicHOTO BU3HAUEHHA (PEHOJBHUX CIIOJYK BUKOPHCTOBYBAJIW KOJOPUMETPUUHI
METOIM1, TOAi AK aHTHOKCHUAAHTHY aKTUBHICTDL OI[IHIOBAJM iNn Vilro 3a HOMOMOTOI0 aHAJI3y IIOTJIMHAHHSI
pagurasis DPPH/ABTS, BigHOBIIOBaSIbHOI cujiu 3ajiisa, aHaIi3y BinOimtoBaHHA -KapOTHHY, 3araJbHOI
AHTHUOKCHUIAHTHOI B3JaTHOCTI Ta aHaJi3y XejJaTyBaHHS [JBOBAJIEHTHOTO 3aJjida. J[lyiAa oOIiHIOBaHHA
aHTHOAKTepiaabHOI aKTUBHOCTI BUKOPUCTOBYBAIMW AU(MPY3if0 3 JIYHKHU 3 arapoM i MeToJ MiKpOpO3BeAeHHA
OyJIBIIOHY, a /I ePeBipKU MMUTOTOKCUYHOCTI eKCcTpaKTiB 3acTocoByBanT MTT-anamis.

Pesyaemamu. EranonbHi ekcrpaktu Peganum harmala L. noxkasanu HawBUINuUi BMicT mosridheHOTIIB
i TOTYsKHUIT aHTUOKCUIAHT, BUCOKY aKTUBHICTh npoTu I'pam-mosutuBHUX i ['pam-HeraTuBHUX OaxkTepiit i
XOPOIINII TPOTUTPUOKOBUI e(heKT i 6yiu GBI ITuTOTOKCUYHUMY A5 JTiHii kaitua HelLa.

BucHosrku. OOpaHi pOCIMHM MOMKYTh OyTH IOTEHIIHHUM [IKepesoM OiOaKTUBHUX CIIOJIYK 3
AHTUOKCUTAHTHUM, aHTUMIKPOOHUM Ta aHTUIIPOJi(hepaTUBHUM IOTeHIiaaoM. TakuM YMHOM, ITOKA3aHO
moaJIbIlle JOCJIiAKeHH i€l pocaunHu in vitro, a TakKoXK in VIVO OJIS BIIKPUTTA HOBUX JiKiB.

Knwmouwosi cnosa: Peganum harmala, mosripeHOIN, aHTUOKCUAAHTHA aKTUBHICTh, aHTUMiKPOOHA Ais, IUTO-
TOKCUYHUH e(DEKT.
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Aim. Evaluationof biotechnological aspects of the production of a liquid formulation of the
multifunctional antiseptic preparation of microbial origin, which can be typified as an enzybiotic;
characterization of the enzymes pecificity of the studied formulation, stabilization methods, its ability
to affect microbial biofilms.

Methods. Gel-filtration and electrophoresis were used to study the component composition and the
specificity of the enzyme complex of the Streptomyces albus UN 44producer strain. Proteolytic and
staphylolytic activities of individual fractions were determined. The Pseudomonas aeruginosa biofilm
and its formation under the effect of various drug formulations werequantitatively evaluated by
spectrophotometry.

Results: The stability of the liquid formulation of the enzybiotic biosynthesized by S. albus UN 44
was demonstrated. Activity of the formulation could be prolonged and additionally stabilizedby adding
of 0.5% polyvinyl alcohol. Fractionation of the formulation enzyme complex usinggel-filtration
revealed the presence of at least three proteinases of different molecular weights (80-100, 24—-35 and
20 kDa) and lysoenzymes (18-22 kDa). The effectiveness of the developed liquid antibiotic formulation
for the destruction and inhibition (8—10 folds) of the biofilm formation by clinical strains of
P. aeruginosa was shown.

Conclusions: Thebroad spectrum, multidirectional mechanismsof antimicrobial and regenerative
action of enzybiotic drug, and the possibility of its production directly from the biotechnological
process determine the prospects of its manufacturing and use as a multifunctional surface
antiseptic.

Key words: antibiotic, antimicrobial action, Streptomyces albus, liquid formulation, biofilms,
pathogens.

Common features of the inflammatory
processes (wounds, postoperative healing,
burns) are the germination of microbial
pathogens of various groups, formation
of their biofilms and tissue necrotization
[1-3]. All those complications, along
with the problem of antibiotic resistance
of pathogens, which has already became
critical nowadays, complicate the treatment
and determine the need for the development
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of multifunctional antiseptics. Therefore,
modern compositions of antiseptic drugs
most often combine antibiotics and
enzymes or substances of chemical origin,
whichensuresa wide spectrum of their
antimicrobial action and high efficacy
[4—6]. This approach was implemented,
for example, in the commercially available
drugs “Iruksol”, “Iruksol-mono” (Germany),
“Irucsan” (Ukraine), and the like.
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However, the creation of such combined
antiseptics involves the use of numerouspre-
manufactured commercially available
active ingredients, which requires long-
timemanufacturing processand results
in high costs of the drug production. A
special feature of microbial biosynthesis
is its capacity to simultaneously produce
a complex of lysoenzymes and broad-
spectrum antibiotics [7-9]. The advantages
of biotechnological developments using
microbial producers are the ability to
obtain a ready-to-use for mulation of a
multifunctional antiseptic preparation
directly from the biotechnological
production. Obviously, this approach is
more cost-efficient, since it eliminates the
need to use numerous pre-manufactured
substances.

In addition to the strategy of treating
multi-speciesand multi-resistant pathogens
with combined antiseptics, drug developers
and researchers have recently focused
at a specific class of compounds called
“enzybiotics” [10, 11]. This term is now
applied to antimicrobial substances
(bacteriocins, cathelicidins, bacteriophages,
immunobiotics) with a specific mechanism of
action. Many authors outlinethe advantages
and broad prospects of such drugs, which
can significantly increase the efficacy of
antimicrobial effect, without causing the
development of resistant pathogenforms.
In fact, the largest group of enzybiotics is
formed by enzymes that can disrupt specific
bonds of the cell wall of microorganisms, such
as muramidase, N-acetylglucosaminidase,
amidase, peptidases, and some others.
Known for quite a long time as bacteriolytic
(lytic) enzymes, today they are also
considered as objects for creating advanced
antibiotics [12, 13].

Lytic enzymeshave long been found among
the metabolites of the Streptomyces albus
culture (originally Streptomyces recifensis
var. lyticus), which stimulated long-term
research and development of several antiseptic
preparations for various purposes [14, 15].
Recently, however, a specific S. albus UN
44 strain (deposited as IMB Ac-5030) was
established to have the capacity to synthesize
a complex of antibiotics with high activity
against Candida albicans [16].

Therefore, the aim of the presented
work was to create a liquid formulation of

the enzybiotic which could be synthesized
by S. albus UN 44, and to evaluate its
biopharmaceutical characteristics, and
determine the prospects for using this drug
as a multifunctional surface antiseptic for
veterinary and medicine.

Materials and Methods

The producer strain of Streptomyces
albus UN 44 from the museum collection of
the Department of Industrial Biotechnology
and Biopharmacy of Igor Sikorsky Kyiv
Polytechnic Institute was used in the work.
S. albus culture synthesizes a complex of
biologically active substance sincluding
glycosidases, lytic endopeptidases,
muramidases, non-lytic proteinases, amylases,
as well as antifungal and antibacterial
drugs[14, 16].

Liquid formulation of the enzybioticdrug
were produced according to the following
scheme: cultivation of the producer was
performed in 750 mL rolling flasks with
150 mL of nutrient medium based on glucose
and soya flour, for 72 h at 28 =1 °C and
stirring at 180 rpm [17]. After completion
of the biosynthesis process, the biomass
was separated by centrifugation, and the
supernatant was sterilized, concentrated and
purified from macromolecular compounds by
microfiltration.

Fractionation of the formulation by
gel-filtration was performed according
to standard methods with the following
process parameters: material — Sephadex
(Superdex SF-75 (2000-70 000 D), flow
rate — 1 mL/min, pressure — 0.33 MPa, pH
buffer 7.0 (0.1 M (NH,),HCO,), volume of the
fractions — 5 mL. Adjacent fractions were
combined according to protein concentration.
Electrophoretic analysis of the drugproteins
was performed by denaturing electrophoresis
in 12.5% polyacrylamide gel at 10 mA
and 100V for 230 min using Techware
PS 252-2 power supply (Sigma-Aldrich).
The markerswere as follows(Mws in kDa):
a-lactalbumin (Mw = 14.2), chicken egg
albumin (Mw = 45.0), carbonic anhydrase
(Mw = 29.0), bovine serum albumin (monomer
Mw = 66.0 and dimer Mw = 132.0), urease
(trimer Mw = 272.0 and hexamer Mw =
545.0)(Sigma MW-ND-500). At the end of the
process, the developing gel plate was stained
with amide black solution A-8181 (1% in 7%
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acetic acid) (Sigma) and washed in 7% acetic
acid.

As stabilizers of the experimental
formulation, the methylcellulose, polyvinyl
alcohol and polyacrylamidewere used, added at
a concentration of 0.5% . The obtained samples
of formulations were poured into glass vials
and stored at 4-10 °C.

For the study of antimicrobial activity
of the experimental formulation samples
we used testcultures from the museum
collection of the Laboratory of Medical
Microbiology with the Museum of
Pathogenic Human Microorganisms of SI
“Institute of Epidemiology and Infectious
Diseases. L. V. Gromashevsky National
Academy of Medical Sciences of Ukraine”:
clinical strains of Pseudomonas aeruginosa
(Ne 233, Ne 430, Ne 452, Ne 183, Ne 278) and
museum strain of Staphylococcus aureus
ATCC 25923.

The lytic activity (LA) of the
experimental formulation samples was
determined by the turbidimetric method
according the lysis ability of S. aureus
suspension and was expressed in IU/mL.
1 IU unit of LA comprised the amount of
enzyme that reduced the optical density
of the testculture suspension by 0.001 per
1 min in 1 mL of the reaction mix [18, 19].
To 4 mL of the testculture suspension,0.2
mL of a sampleformulation was added and
incubated for 15 min at 37 °C. As a control,
0.2 mL of distilled water was added to the
test culture and incubated under the same
conditions. The level of LA was determined
by the difference in optical density of the
suspension before and after incubation.
The optical density was determined by a
photocolorimeter KFK-3 at A = 540 nm in
a 0.5 cm cuvette againstdistilled wateras a
background.

The proteolytic activity (PA) was
determined using azocasein. The method

included hydrolysis of the substrate by
proteolytic enzymes, stopping the reaction
by adding trichloroacetic acid, colorimetric
determination of unprecipitated stained
tyrosine-histidine-containing peptides [19].
The unit of activity was taken as the amount
of enzyme that forms 1 pmol of free amino
groups in 1 min.

The ability to destroy microbial biofilms
of P. aeruginosa was determined according
to the method of Romanova et al. [20].
The culture was grown in trypticase soy
broth at 37 °C in flat-bottomed plates for
enzyme-linked immunosorbent assay for 48
h to form a biofilm. After that test samples
were added, and incubation was continued
for 24 h. Then the contents of the wells
were removed, the plates were washed with
distilled water, filled with 1% alcohol
solution of the dye violet crystal and kept
for 45 min. The dye was removed, the wells
were washed with distilled water, filled with
250 nl of ethyl alcohol and left for 45 min
at room temperature. Stained ethylextracts
were collected for spectrophotometric
assay. The amount of formed biofilm
was evaluated by the intensity of the
ethylextractcolorationat 630 nm, and
expressed in optical densityunits. To
visually assess the biofilm formation, the
cultures were incubated in a similar manner
in plates on coverslips, which were then
washed with distilled water and stained
with gentian violet solution. The results
were evaluated by light microscopy at 40-
fold magnification.

Experimental data were statistically
processed by conventional methods with
the calculation of standard deviation,
error of arithmetic mean;the differences
between mean values were assesses using the
“Biostat” softwareby the Student’s ¢-test,
taking into account the level of significance.
Differences between mean values were

Biosynthesis of Purification and sterilization
enzybiotic »| Separation of the liquid | of the supernatant by
by S. albus UN 44 phase by centrifugation microfiltration

Fig. 1. Stages of the producing the prototype liquid enzybiotic formulation from S. albus UN 44

74



Experimental articles

— —
(=1 o
(=] o

=]
(=]

.
o

Protein molecular weight, kDa
] [=3
o o

0 5 10 15 20

Fraction number

——Molecular mass of
protein, kDa

—Proteolytic activity,
IU/ng protein

—— Lytic activity,
IU/ug protein

Lytic, proteolytic activity, IU/ugprotein

45.0 kDa

29.0 kDa

14.0 kDa

Markers
Example of electrophore

Fraction 13

Fig. 2. Profiles of S. albus UN 44 culture enzymes separated by gel-filtration
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considered significant at the significance
level P < 0.05.

Results and Discussion

The method of lysoenzyme biosynthesis
using the test S. albusculture, as well as
the technology for producing a number
of lyophilized (dry) formulations of
enzybioticshad previously been developed
by the authors using baromembrane method
for product separation and purification [15,
17]. Baromembrane method is the efficient
way to separate enzymes while minimizing

the negative impact on the product structure
and allowing simultaneous sterilizing of end
product; the refore, this method was chosen
to obtain a prototype of the liquid enzybiotic
formulation (Fig. 1).

To determine the specificity of individual
enzymes of S. albus enzybiotic complex, the
sample was fractionated by gel-filtration
using SUPERDEX SF-75, and the molecular
weights of proteins in individual fractions were
determined electrophoretically. The data shown
on Fig. 2 indicate the presence of enzymes with
molecular weights from 20 to 110 kDa in the
enzyme complex of the producer strain.

75



BIOTECHNOLOGIA ACTA, V. 15, No 1, 2022

Enzyme fractions with molecular
weights of 80-100, 24-35 and 20 kDa were
characterized by high proteolytic activity.
The highest lytic activity of enzyme complex
(toward S. aureus) was shown by a fraction
of lysoenzymes with molecular weights
of 18-22 kDa. Since the intended use of
the developed formulation is an antiseptic
drug, the specificity ofindividual enzymes
of enzyme complex was not analyzed. It is
obvious howeverthat lysoenzymes are not
associated with the activity of proteinases or
peptidases contained in the product fraction
with molecular weights of 18-22 kDa.
Their absence in other fractions of enzymes
(80—-100, 24—-35 kDa) caused the absence
of detectable lytic effect on cells of the
testculture of S. aureus. The high proteolytic
activity of the antiseptic formulation is
important in the complex treatment of
superficial wounds of various etiologies,
as it causes the destruction of necrotic
tissues, cleanses the wound and accelerates
granulation and healing.

The advantages of liquid antiseptic
formulations over dry dosage forms are their
lower costs and the possibility to use without
additional preparation of the solution;
however, such formulation sinevitably have
a shorter shelf life. Therefore, the stability
of the experimental formulations during
the storage, and the effectson the shelf-
life duration of certain excipients, which
wereadded in a concentration of 0.5%,
were determined. The choice of this specific
concentration and the substances themselves

101
102

g 3

Lytic activity, %
b=

9 — §

0 0.5 | 1.5 2

(polyacrylamide, methylcellulose, polyvinyl
alcohol) was based on the analysis of similar
developments, and their safety and potential
ability to stabilize and prolong the action of
biologically active substances.

The stabilities of the obtained native liquid
formulation and formulations with added
stabilizers were determined by the dynamics
of lytic (staphylolytic) activity during the
irstorage for 3 months at +4 °C (Fig. 3).

Some of the excipients led to the binding of
the enzyme complex and subsequent decrease
in its activity by 5 to 8% immediately after
their addition (initial data are shown on the
ordinate axis at “0” time point). Analysis of
the staphylolytic activity of the formulations
during theirstorage shows that the use of teste
dexcipients had virtually no effect on lytic
activity dynamics. In all variants, the decrease
in the activity compared to the initial value in
the same formulation was within the margin of
error (5%), principally remaining at the same
level.

It is obvious that for 3 months the lytic
activity of the native liquid formulation
remains stable, which makes it possible
to predict an insignificant decrease in it
during the year, and therefore the possibility
of storing the liquid antiseptic drug for
external use without the supplementation
of stabilizers. However, polyvinyl alcohol,
which had no negative effect on enzymatic
activity, can be used as an auxiliary substance
to increase the efficacy of the formulation.
Thus, wecan, for example, anticipate the
prolonged effect of the drug formulation

—+—Control
—+—Polyvinil alcohol
—s—Polyacrylamide
—+—Methylcellulose

25 3 35
Storage time, months

Fig. 3. Dynamics of staphylolytic activity of liquid enzybioticformulations with various excipients
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containing those substances after application
to the wound, since they will slow down the
drying of the liquid drug formulation and
facilitate its spread over skinsurface. The
antimicrobial spectrum of this enzybiotic
drug, shown in our previous studies,
includes the main representatives of wound
microflora, including E. coli, S. aureus,
P. aeruginosa, C. albicans [15-17]. So, the
liquid formulation of enzybioticsfromsS.
albus UN44 can be considered as an efficient
antiseptic drug in a formulation without a
stabilizer, or as a prolongedliquid formulation
with the supplementation of 0.5% of
polyvinyl alcohol. Such formulations can be
used to wash infected wounds or soak wipes
rightbefore applying to the affected skinarea.

Since one of the most important
problems in medical practice is the fight
against infectious agents that form biofilms
on medical instruments, after surgical
interventions, etc., some of the developments
are focused on the destruction of those

structures. Thus, the combination of an
antimicrobial enzyme and a fluoroquinolone
antibiotic has been shown to cause a
synergistic effect against S. aureus, which
was based on the disruptionof the biofilm
layer by theenzyme, and subsequent
bactericidal effect of the antibiotic [7].
A similar mechanism was used in the
development of a new drug Dispersin, which
acts on biofilms by disruptingthe cementing
substance of the biofilm matrix — poly-N-
acetyl-glucosamine [21].

The ability to destroy P. aeruginosa
biofilm and prevent its formation had
previously been shown by us for other
formulations of the enzybioticproduced by
the studied culture (dry native Cytorecifen
and immobilized Cytorecifen-M) [22].
This was the basis for determining such
activity of the prototype enzybioticliquid
formulation, which also contains a complex
of antibiotics, and has primarilyantifungal
effects (therefore referred to as

a

b

c

Fig. 4. Effectof various enzybiotic formulations on the P. aeruginosa 278 biofilm formation:
a — control; b — with Cytorecifen-M; ¢ — with Streptofungin
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Fig. 5. Quantitative assessment of the formation and destruction of biofilms formed
by different P. aeruginosa strains:
for 48 h incubation without test enzybiotic formulations (48 h), and with addition of Cytorecifen (C),
Cytorecifen-M (CM), or Streptofungin (S) after 48 h and further incubation during 24 h
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Streptofungin), and comparing its
effectiveness with previously obtained
enzybiotic formulations.

To that end, we used clinical strains of
P. aeruginosa isolated from wounds of patients
with infected surgeryarea. The effects of
Cytorecifen, Cytorecifen-M and Streptofungin
on the formation of P. aeruginosa biofilm were
compared.

Analysis of antimicrobial action of various
formulations of the S. albus enzybiotic, i.e. the
suppression (Fig. 4) and destruction (Fig. 5)
of the P. aeruginosa biofilm,showed their
high efficiencies, which were expressed in
the averagely 8—10—fold inhibition of biofilm
formation, and the destruction of all studied
clinical strains.

The use of tested enzybiotic formulations
can be recommended in the treatment of
infected wounds in veterinary and medicine
(after appropriate safety studies), as well as for
the treatment of reusable medical instruments
and accessories, especially those that cannot
be subjected to thermal sterilization. The
latter is more related to the immobilized form
of the antiseptic Cytorecifen-M, which has a
prolonged effect and is more stable in use than
native liquid formulations.

It was found that clinical strains of
P. aeruginosa form a biofilm in amounts from
0.18 = 0.015 units (strain Ne 183) to 0.56 =+
0.035 units (strain Ne 233) after 48 h of culture
(Fig. 5).

Further incubation of teststrains
together with various drug formulations
resulted in significantly less biofilm
formation. Thus, strain Ne430 cultivated
for 24 hours in the presence of Cytorecifen
formed a biofilm, which was smaller by 20.9
folds, Ne 452 — by 9.6 folds, Ne 233 — by 6.7
folds, and the strain Ne 183 — by 3.6 folds.
Cytorecifen-M reduced biofilm formation
by 9.8-3.6 folds, and Streptofungin — by
15.5—-4.5 folds for different strains, as
compared to their incubation without test
formulations.

The data obtained indicate that all
antiseptic formulations actively destroy and
inhibit the formation of biofilms in tested
clinical strains of P. aeruginosa, on average,
8—10 times. The shown strain-specificity of
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the tested enzybiotic formulations indicates
the need for individual selection of drugs in
the treatment of patients.

When analyzing the average amount
of biofilm formed by P. aeruginosa strains
during 24 h cultivation in the presence of
the studied formulations, no significant
difference in exposure was found. Therefore,
we can state high efficacy of all studied
formulations to prevent the formation
of, and to destroy P.aeruginosa biofilms,
including the proposed liquid formulation.
Significant advantages of the liquid
formulation of the enzybiotic, in addition
to lower cost, prolonged action and ease of
use, are its manufacturability. This drug
formulation can be obtained directly from
the biotechnological production, which will
eliminate the stage of drying, and enables
direct pouring of the formulation into vials
of 100-200 mL.

Conclusions

Analyzing the previously shown
antimicrobial profile of the S. albus
UN44enzybiotic complex, it is obvious that
the combined action of bacteriolytic enzymes
and antifungal and antibacterial drugscan
provide broad specificity of the antiseptic
formulations based on it.The enzyme
complex of the producer strain contains at
least three proteinases of different molecular
weights (80-100, 24—-35 and 20 kDa) and
lysoenzymes (18—22 kDa).

A liquid formulation of the
multifunctionalenzybioticantiseptic
Streptofungin based on lysoenzymes and
antibiotics of S. albus UN44is proposed.
The stability of the liquid enzybiotic
formulation during the storage, and the
possibility of shelf-life prolongation due
to the supplementation of 0.5% polyvinyl
alcohol were established. The ability of
the enzybioticto inhibit 8-10 times the
formation of, and to destroy P. aeruginosa
biofilm was shown. Presence of proteinases
in enzybiotic antiseptic determines its
additional capacity to clean wounds
from necrotic tissues, and to accelerate
granulation and healing.



Experimental articles

REFERENCES

. Pirvanescu H., Balasoiu M., Ciurea M. E., Ba-
lasoiu A. T., Manescu R. Wound infections
with multi-drug resistant bacteria. Chirurgia
(Bucur). 2014, 109 (1), 73—-79. https://www.
revistachirurgia.ro/pdfs/2014-1-73.pdf

.Valencia I. C., Kirsner R. S., Kerdel F. A.
Microbiologic evaluation of skin wounds: al
armingtrendtowardantibioticresistanceina
ninpatientdermatologyserviceduring a 10-
year period. J. Am. Acad. Dermatol. 2004,
50 (6), 845—849. https://doi.org/10.1016/j.
jaad.2003.11.064

.Donlan R. M., Costerton J. W. Biofilms:
survival mechanisms of clinically relevant
microorganisms. Clin. Microbiol. Rev. 2002,
15 (2), 167-193. https://doi.org/10.1128/
CMR.15.2.167-193.2002

.Negut I., Grumezescu V., Grumezescu A. M.
Treatment Strategies for Infected Wounds.
Molecules. 2018, 23 (9), 2392. https://doi.
org/10.3390/molecules23092392

. Pilar R. F., Emaneini M., Beigverdi R.,
Banar M., van Leeuwen B. W., Jabalameli F.
Combinatorial effects of antibiotics and
enzymes againstdual-species Staphylococcus

aureus and Pseudomonasae ruginosa
biofilmsin the wound-likemedium. PloS
One. 2020, 15 (6). https://doi.org/10.1371/
journal.pone.0235093
. Nordmann P., Naas T., Fortineau N., Poirel
L. Superbugsinthecomingnewdecade; mu
Itidrugresistanceandprospectsfortreatme
ntofStaphylococcusaureus, Enterococcus
spp. And Pseudomonasae ruginosa in
2010. Curr. Opin. Microbiol. 2007, 10 (5),
436-440. https://doi.org/10.1016/j.
mib.2007.07.004
.Xu G., Zhao Y., Du L. Hfq regulates
antibacterial antibiotic biosynthesis and
extracellular lytic-enzyme production in
Lysobacter enzymogenes OH11. Microbiol.
Biotechnol. 2015, 8 (3), 499-509. https://doi.
org/10.1111/1751-7915.12246
. Genilloud O. Current approaches to exploit
actinomycetes as a source of novel natural
products. J. Ind. Microbiol. Biotechnol. 2011,
38 (3), 375—389. https://doi.org/10.1007/
$10295-010-0882-7
. Gurung N., Ray S., Bose S., Vivek R. A Broader
View: Microbial Enzymes and Their Relevance
in Industries, Medicine, and Beyond. Biomed.
Res. Int. 2013, V. 2013, P. 1-18. https://doi.
org/10.1155/2013/329121

10. Chakraborty A. K. Enzybiotics, A New Class

of Enzyme Antimicrobials Targetedagainst
Multidrug-Resistant Superbugs. Nov. Appro.
Drug. Des. Dev. 2017, 2 (4), 1-4. https://doi.
org/10.19080/NAPDD.2017.02.555592

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Tiwari R., Dhama K., Chakraborty S., Kapoor S.
Enzybiotics: New Weaponin the Army of
Antimicrobials: A Review. Asian. J. Anim.
Vet. Adv. 2014, 9 (3), 144-163. https://doi.
org/10.3923/ajava.2014.144.163

Sdo-José C. Engineering of Phage-Derived
Lytic Enzymes: Improving Their Potentialas
Antimicrobials. Antibiotics. 2018, 7 (2), 29.
https://doi.org/10.3390/antibiotics 7020029
Sudhakar G. K., Kamath V., Pai A.
Enzybiotics — A Review. Int. J. Pharmacol.
Res. 2013, 3 (14), 69-71. https://www.
researchgate.net/publication/307681509
Enzybiotics- A Review

Zhernosekova 1.V., Sokolova I. E., Kilochek T. P.
Characteristic of bacteriolytic enzyme
complex of Streptomyces recifensisvar.
lyticus 2P15-. Bulletin of the Institute of
Agricultural Microbiology. 2000, V. 7, P.
31-32. (In Russian).

Todosiichuk T. S., Pokas O. V.
Specificity analysis of finished form
sofantimicrobialdrugs from Streptomyce
salbus. Eastern European Journal of
Advanced Technology. 2015, 4/6 (76), 58—61.
(In Ukrainian). http://nbuv.gov.ua/UJRN/
Vejpte_2015_4%286% 29 12

Todosiichuk T. S., Klochko V. V., Savchuk Ya.I.,
Kobzysta O. P. New antibiotic substances of
the Streptomyce salbus enzybiotic complex.
Microbiol. J. 2019, 81 (5), 62—72. https://
doi.org/10.15407 /microbiolj81.05.062
Todosiichuk T. S. The development of
technology of hydrolytic enzymepreparation
Cytorecifen. Ph. D. dissertation. National
technical university “KSh”, National
University of food technologies. Kyiv, 2000.
Pavlova I. N., Zholner L. G., Zakharova I. Ya.
Serine proteinase with lytic properties.
Microbiology. 1988, 57 (3), 398 — 404.
Petrova 1. S., Vintsyunaite M. N. Determination
of the lyticandproteolyticactivityofenzymepre
parationsofmicrobialorigin. Prikl. Biochem.
Microbiol.1966, V. 2, P. 322—-327.

Romanova Yu. M., Alekseeva N. V.,
Smirnova T. A. Abilityt of ormbiofilmsinart
ificialsystemsinvariousstrainsof Salmonella
typhymurium. Zhurn. Microbiol. 2006, V. 4,
P. 38—-42.

Rios Colombo N. S., Chalon M.C., Navarro S. A.,
Bellomio A. Pediocin-likebacteriocins: newper
spectivesonmechanismofactionandimmunity.
Curr. Genet. 2017, 64 (2), 27—34. https://doi.
org/10.1007/s00294-017-0757-9

Pokas O.V., Polishchuk O. I., Todosiichuk T. S.
Influence of the enzymepreparation
“Cytorecifen-M” for the ability of formation
the biofilmby Pseudomonasae ruginosa
strains. Preventive medicine. 2011, 2 (14),
81-85.

79



BIOTECHNOLOGIA ACTA, V. 15, No 1, 2022

BIOTEXHOJIOTTYHI ACHHEKTH PO3POBKH PITKOI ®OPMU
IHOJI®YHRIIOHAJBHOT'O ITPEITAPATY EHSUBIOTHRA

T. C. Todociituyk', O. B. IToxac?, C. 0. Conosiios®, T. C. Pusxckosa®

1KIII im. Irops Cikopebkoro, Kuis
2I[Y «ImcTuTyT emmizemiosiorii Ta inermniitaux xBopob im. JI. B. I'pomanrescbkoro HAMH Yxkpainu», Kuis
Harmionanbuuit yHiBepcuTeT 0XopoHu 340poB’ g Yrpainu imeni IT. JI. Illynuka, Kuis

E-mail: todosiichuk.ts@gmail.com

Mema. BuBueHHs 610T€XHOJIOTIYHMX aCIIeKTiB CTBOPEHHS PiaKol (hopMu mOIi(pyHKITIOHATILHOTOAH-
TUCENTUKY MiKPOOHOI0O IIOXOAKEHH, IIT0 MOKe OyTH BiTfHeCceHUH N0 eH3uOiOTUKIB: XapaKTepuCcTuKa
cruenu@ivHOCTI €eH3MMiB JOCJIiZHOTO IpenapaTy, MeToAiB cTadizisalii, 3JaTHOCTI BIJINBATH HA MiKPOO-
Hi GioILIiBKH.

Memodu. [1ns1 nocigKeHHsa KOMIIOHEHTHOTO CKJIaAy Ta crernudivHocTi (pepMEeHTHOTO KOMILJIEKCY
npoxyueHTy Streptomyces albus UN 44 BUKOPUCTOBYBaJIU reJib-(hiabTpaliito Ta eaeKTpodopes, BU3HA-
YaJIu IPOTEOJITHUHY Ta CTAPiIoMiTUUYHY aKTUBHICTh OKpeMux (ppakiiii. KiapkicHy oiHKy GioIIiBKuT
Pseudomonas aeruginosa Ta BOuB Ha i1 (GOPMYBaHHS JOCTiJHUX 3Pa3KiB IPOBOAMJIN 38 OIITUUYHOIO
I'yCTHUHOIO CIIEKTPO(OTOMETPUYUHO.

Pesynrvmamu: BeranoBieHa crabisbHicTs pigkoi ¢hopMu mpemapaTty, OTPUMaHOTO B Pe3yJbTaTi
6iocuuTesdy S. albus UN 44, a Tak0X MOKJINBICTL MPOJIOHTAILil Aii Ta momaTKoBol cTrabisisarii 3a pa-
xyHOK BHeceHHs 0,5% moaiBimisoBoro cnupry. @pakilioHyBaHHS (DEPMEHTHOTO KOMILJIEKCY IIPOIY-
IIEeHTY reJib-(hiabTpaIico IoKasajao BMiCT II[OHAIMEHIIle TPhOX MPOTeiHas PidHol MOJIEKYJIAPHOI Macu
(80-100, 24—-35 Tta 20 kDa) Ta aizoeusumiB (18—22 kDa). ITokasana eeKTUBHICTH PO3POOJIEHOTO Pij-
KOro Ipemnapary eH3ubioTuKa 111010 pyiHyBaHHA Ta npuraivenns (y 8—10 pasiB) yTBopeHHsA 0i0ILIiBOK
KJiHiuHUX mramiB P. aeruginosa.

Bucrosrku: Illlupoxkuii cueKTp, Pi3HOCIPAMOBAaHI MeXaHiZMU aHTUMiKPOOHOI Ta pereHepyBaJabHOI
Iii, MOXKJIMBICTH OTPUMAHHSA Ipenapary 0e3mocepesHbO B X041 0i0TeXHOJIOTiYHOTO IIPOIecy O0YMOB-
JIIOIOTh IePCIEeKTUBU MOT0 BUPOOHUIITBA Ta 3aCTOCYBAHHA AK IMOJIi(DYHKIIIOHAJHBHOT'O aHTHUCEITUKA II0-
BEePXHEBOT'0 IPU3HAYECHHSA.

Kntouwosi crosa: eH3ubioTuK; aHTUMIKpPOOHA nist; Streptomyces albus; pigka dopma; 6iomiiBKu; maro-
TeHU.
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—The manuscript has not been submitted to more than one journal for simultaneous consideration.

— The manuscript has not been published previously (partly or in full), unless the new work
concerns an expansion of previous work (please provide transparency on the re-use of material to
avoid the hint of text-recycling (“self-plagiarism”)).

— A single study is not split up into several parts to increase the quantity of submissions and
submitted to various journals or to one journal over time (e.g. “salami-publishing”).

— No data have been fabricated or manipulated (including images) to support your conclusions.
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— No data, text, or theories by others are presented as if they were the author’s own
(“plagiarism”). Proper acknowledgements to other works must be given (this includes material
that is closely copied (near verbatim), summarized and/or paraphrased), quotation marks are used
for verbatim copying of material, and permissions are secured for material that is copyrighted.
Important note: the journal may use software to screen for plagiarism.

—Consent tosubmit hasbeen received explicitly from all co-authors, as well as from the responsible
authorities - tacitly or explicitly — at the institute/organization where the work has been carried
out, before the work is submitted.

Editorial procedures and peer-review

The articles are reviewed — single-blind peer review - by two independent experts who are
appointed by the Editorial Board and do not have conflicts of interest with the authors. By submitting
a manuscript to the Editorial Board, authors agree to the review process. All submitted manuscripts
are checked to determine whether they fit the scope of the journal, follow the ethical policies and are
properly prepared. Manuscripts with insufficient originality or lack of significant message, as well
as if they are not prepared as per journals instructions will be rejected or returned to the authors for
revision and resubmission. After a preliminary assessment and acceptance of the subject of the paper
as compliant with the profile of the journal, the paper is registered and the register number is handed
over to the authors. The manuscripts which are found suitable for publication in Biotechnologia
Acta are sent for single-blind review (authors’ identities are known to reviewers). The comments and
suggestions received from reviewers are conveyed to the corresponding author. If required, the author
is requested to provide a point by point response to reviewers’ comments and submit a revised version
of the manuscript. This process is repeated till reviewers and editors are satisfied with the manuscript.
Based on the comments and advice of reviewers the Editorial Board takes a decision to accept, reject or
forward the manuscript to alternative reviewer. The final decision is made by the Editor-in-Chief. Once
accepted, the manuscript will undergo professional copy-editing, English editing, proofreading by the
authors, final corrections, pagination and publication. Block-diagram of peer-reviewer procedure.

Authorship

Our authorship policy accommodates diverse types of research, providing a framework that
makes clear the contributions of each author.

Author Contributions Section: To make author contributions transparent, all research articles should
include an Author Contributions section. Please describe the contributions concisely and use initials to
indicate author identity. An Authors Contributions section is not required for front-matter articles.

Corresponding Author and Lead Contact: You must designate at least one corresponding author
and only one lead contact.

Corresponding Author: We prefer that each paper have a single corresponding author because we
think that the ownership and responsibility that are inherent in corresponding authorship will pro-
mote best practices in design and performance of experiments, analysis of results, organization and
retention of original data, and preparation of figures and text.

That said, we understand that, for some studies, particularly for interdisciplinary ones, mul-
tiple authors may bear the responsibilities of a corresponding author. If you feel strongly and have
compelling reasons, you may include additional corresponding authors. We may ask you to explain
your rationale and to verify that all corresponding authors understand their responsibilities (listed
below). We ask that you describe each corresponding author’s specific contributions in the Author
Contributions section.

Lead Contact: The lead contact is the corresponding author who is also responsible for commu-
nicating with the journal (before and after publication) and accountable for fulfilling requests for
reagents and resources and for arbitrating decisions and disputes. For research papers with multiple
corresponding authors, please designate one (and only one) corresponding author as the lead contact.
If there is only one corresponding author, then that author is automatically also the lead contact.
You should denote the lead contact with a footnote in the author list (e.g., “Lead Contact”).

Responsibilities of the Corresponding Author and Lead Contact

All corresponding authors bear responsibilities 1-8 below; the lead contact additionally bears
responsibility 9.

1. Supervising the work

2. Being responsible for all data, figures, and text
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3. Ensuring that authorship is granted appropriately to contributors

4. Ensuring that all authors approve the content and submission of the paper

5. Ensuring adherence to all editorial and submission policies

6. Identifying and declaring conflicts of interest on behalf of all authors

7. Identifying and disclosing related work by any co-authors under consideration elsewhere

8. Archiving unprocessed data and ensuring that figures accurately present the original data (see
Data Archiving section)

9. Communicating with the journal (before and after publication), being accountable for fulfil-
ling requests for reagents and resources, and arbitrating decisions and disputes

Equal Contributions: The lead contact is the only designation that we strictly limit to one author.
In addition to noting corresponding authors with an asterisk, you may use numbered footnotes to
designate senior authors and otherwise equally contributing authors. The following footnote should
be used for authors who have made equal contributions: “These authors contributed equally”. Senior
authors can be designated with a footnote, e.g., “Senior author”. Please use the Author Contribu-
tions section of the manuscript to more fully describe each author’s specific contributions.

Authorship Disputes: All authors should discuss and agree on author order and authorship desi-
gnations. We expect that everyone listed as an author contributed substantively to the paper.

We do not adjudicate authorship disputes. These disputes should be resolved by the researchers
involved and/or their institutions. If we become aware of a dispute we will suspend consideration of
the paper until the dispute is resolved. In this case (and when authors request changes to authorship)
authorship should be approved in writing by all authors.

Basic requirements to the articles are novelty, relevance and validity of the given facts,
reproducibility of the experimental data on the reported methods and drawing up of the manuscript
according to the journal requirements. Citations to unpublished data and personal communications
cannot be used to support significant claims in the paper. Papers will be held for publication until all
“in press” citations are published.

Article submission

Submission of a manuscript implies: that the work described has not been published before; that
it is not under consideration for publication anywhere else; that its publication has been approved
by all co-authors, if any, as well as by the responsible authorities — tacitly or explicitly — at the in-
stitute where the work has been carried out. The publisher will not be held legally responsible should
there be any claims for compensation.

Authors wishing to include figures, tables, or text passages that have already been published
elsewhere are required to obtain permission from the copyright owner(s) for both the print and online
format and to include evidence that such permission has been granted when submitting their papers.
Any material received without such evidence will be assumed to originate from the authors.

The following documents are provided via E-mail biotech@biochem.kiev.ua:

« full text of the article (including a summary in three languages, tables, figures and their
captions placed as mentioned in the text and a list of references as well). This file should be named
after the first author (family _name.doc);

« color illustrations;

« full names, first names and patronymics of all authors and full postal addresses of their
institution should be given, including post codes, in Ukrainian, Russian, and English languages.
The corresponding author/s should be indicated, including their e-mail and telephone;

« copyright contract signed by all authors (see the Licennse Agreement on the Journal site). No
part of the Journal publications may be reproduced, stored in a retrieval system or transmitted in
any form without the prior permission of the publisher. If the Editorial Board rejects the article the
Licennse Agreement automatically loses its force. Signing the Licennse Agreement by the authors
means that they are familiar and agree with the terms of the contract.

General requirements to manuscript

The editors reserve the right to return the manuscripts that are not in accordance with the follow-
ing instruction

The date of the paper receipt is the date of arrival of its last, correct version to the editorial office.

The materials should be submitted in the Microsoft Word-supported format, page size of A4,
book-oriented, font Times New Roman, at 14 point size, of one and a half spacing.

The manuscript (including tables, list of references, figures, and figure captions) should not
exceed 30 pages (60 thousand symbols) for review articles, 20 pages (40 thousand symbols) for
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experimental one, 8 pages for short reports, 5—6 pages for current events and reviews. Figure volume
is 1/4 of the article. Pages should be numbered consecutively, including tables, references, figure
captions, summaries, etc. All tables, figures and their captions should have a concise title and serial
number. The notes on the table are placed straight under the table. Footnotes can be used to explain
abbreviations.

Figures and images should be in one of the electronic formats *.tiff, *.bmp, *.jpg (300dpi).

For equations please use MathType or Microsoft Equation Editor 3.0 (recommended font size
10.5, 8.5, 7.5, 14, 10).

Editorial procedures and peer-review

Each paper is subject to a review. By submitting a manuscript to the Editorial Board, authors
agree to the review process. All submitted manuscripts are checked to determine whether they fit
the scope of the journal, follow the ethical policies and are properly prepared. Manuscripts with
insufficient originality or lack of significant message, as well as if they are not prepared as per
journals instructions will be rejected or returned to the authors for revision and resubmission. After
a preliminary assessment and acceptance of the subject of the paper as compliant with the profile
of the journal, the paper is registered and the register number is handed over to the authors. The
manuscripts which are found suitable for publication in Biotechnologia Acta are sent for single-blind
review (authors’ identities are known to reviewers). The comments and suggestions received from
reviewers are conveyed to the corresponding author. If required, the author is requested to provide
a point by point response to reviewers’ comments and submit a revised version of the manuscript.
This process is repeated till reviewers and editors are satisfied with the manuscript. Based on the
comments and advice of reviewers the Editorial Board takes a decision to accept, reject or forward the
manuscript to alternative reviewer. The final decision is made by the Editor-in-Chief. Once accepted,
the manuscript will undergo professional copy-editing, English editing, proofreading by the authors,
final corrections, pagination and publication. Block-diagram of peer-reviewer procedure.

Section article
Experimental articles should have the following scheme:
- Title page;
+ Structured abstracts;
- Text of the article;
« Acknowledgements (where applicable);
- Data concerning financial support (where applicable);
« References.
Title page:
« UDC (Universal Decimal Classification);
- article title;
+ full names of all the authors;
- name and postal address of the institution which each author works in;
- e-mail of the corresponding author.
Article title should be brief (not more than 8-10 significant words), informative, contain keywords
and cover adequately the content of the article.
Names of all authors should be given in full. Each author should list an associated department, university,
or organizational affiliation and its location, including city, state/province (if applicable), and country.
Name of the institution: If there are some authors and they work in different institutions, it
needs to show in Arabic (indices) the names of the authors of the appropriate institutions.
Structured abstracts:
Abstracts up to 1,500 characters with spaces should contain:
- article title;
- names of all authors;
- text of the abstract for experimental articles should be carefully structured and contain the
following sections: aim, methods, results, conclusion;
- keywords (not more than ten).
In addition, an abstract should:
- explain how the study was done which includes any model and organisms that were used,
without getting into methodological specifics;
- summarize the most important results and their significance.
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Abstracts should not include:

- citations;

- abbreviations.

Text of the article

Experimental articles should have the following sections (headlines):

+ introduction (not entitled),

+ materials and methods,

 results and discussion,

+ conclusion (not entitled)

- acknowledgements

- reference list

Introduction

State the objectives of the work and provide adequate background, avoiding a detailed literature
survey or a summary of the results.The relevance and purpose of the study is formulated in the
introduction.

Materials and Methods

Provide sufficient details to allow the work to be reproduced. Methods already published should
be indicated by a reference. Only relevant modifications should be described.

Results

Results should be clear and concise and describe the outcome of the study. Data should be
presented as concisely as possible, if appropriate in the form of tables or figures, although very large
tables should be avoided.

Tables

All tables are to be numbered using Arabic numerals.

Tables should always be cited in text in consecutive numerical order.

For each table, please supply a table caption (title) explaining the components of the table.

Identify any previously published material by giving the original source in the form of a refer-
ence at the end of the table caption.

Footnotes to tables should be indicated by superscript lower-case letters (or asterisks for signifi-
cance values and other statistical data) and included beneath the table body.

Figure Numbering

All figures are to be numbered using Arabic numerals.

Figures should always be cited in text in consecutive numerical order.

Figure parts should be denoted by lowercase letters (a, b, c, etc.).

If an appendix appears in your article and it contains one or more figures, continue the consecu-
tive numbering of the main text. Do not number the appendix figures, “Al, A2, A3, etc.” Figures in
online appendices (Electronic Supplementary Material) should, however, be numbered separately.

Figure Captions

Each figure should have a concise caption describing accurately what the figure depicts. Include
the captions in the text file of the manuscript, not in the figure file.

Figure captions begin with the term Fig. in bold type, followed by the figure number, also in bold type.

No punctuation is to be included after the number, nor is any punctuation to be placed at the end
of the caption.

Identify all elements found in the figure in the figure caption; and use boxes, circles, etc., as
coordinate points in graphs.

Identify previously published material by giving the original source in the form of a reference
citation at the end of the figure caption.

Figure Placement and Size

Figures should be submitted separately from the text, if possible.
When preparing your figures, size figures to fit in the column width.

Discussion

This section should highlight the significance and novelty of the presented results. A combined
Results and Discussion section is often appropriate. Avoid extensive citations and discussion of
published literature.

Data concerning financial support

It needs to add some words concerning source of funding for the reported research because it is
important to avoid any perception of conflicts of interest. This information could be placed at the end
of the text before the references.
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References

The list of references should only include works that are cited in the text and that have been
published or accepted for publication. Personal communications and unpublished works should only
be mentioned in the text. Do not use footnotes or endnotes as a substitute for a reference list.

|On the common techniques it is enough to give references to publications. All the designations
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Names of companies and countries producers of the reagents and materials used in the experiments
should be given. The number and species of the used animals as well as the methods of anaesthetization
and euthanasia should be defined.

Authors should describe statistical methods with enough detail to enable a knowledgeable reader
with access to the original data to verify the results. All quantitative datarequire statistical analysis.
Its results should be given in the tables and figures. Data validity is shown as follows: * — P <0.05.

Latin name of the genus and species of the organisms should be given in italics. Mentioning
firstly, it is given full specific name (preferably with indication of taxon author), and subsequently
the name of the genus could be given shortly with one letter, unless it concerns species belonging
to different genera with the same first letter. Latin names of taxons are given according to current
sources. It needs to use only standard abbreviations of names for measures, physical, chemical and
mathematical variables and terms, all other abbreviations have to be interpreted.

If materials, methods, and protocols are well established, authors may cite articles where those
protocols are described in detail, but the submission should include sufficient information to be
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IIPABUJIA J]JIA ABTOPIB

3arajabpHa iH(opMaIis

WKypuan «Biotechnologia Acta» ny6iikye pe3yJbTaTy HAYyKOBUX AOCIiAKeHb 3 Pi3HUX HapAMiB
cyuacHOI 6ioTexHoJI0rii, OrJIsANOBi, eKCIIepUMeHTaIbHI CTATTi, HOBi METOAUKM, KOPOTKi MOBiJOMJIEHHS,
Te3u MOOmOBife#r i crarti, mpucBsdeHi icropii GioTexHoJiorii, a TaKOMK COI[iaJbHUM, IIPABOBUM,
MOpPAJIbHUM 1 eTUYHUM IpobJemMam Iriel raaysi HayKu.

CraTTi B KypHaJl TPUNMAOTBCI YKPAiHChKOI0 Ta AaHIIiHCBKOI MOBaMH’, NIYOIiKYIOTHCA
AHTJIIICHKOIO Ta CYIPOBOMKYIOTHCA iTEHTUUHNMY 32 3MiCTOM pe3ioMe YKPaiHCHKOI0 MOBOIO.

Ilnara 3a pegakmiiiny oO0po0OKy i my0aikaIliro BiZcyTHs.

Bioernuni Hopmu

JKypHan opieHTyeThca Ha IpaBmiia, PEKOMEHIOBAHUX E€BPOIENCHKOI0 KOHBEHIIIEI PO 3aXUCT
XpebeTHUX TBapUH, III0 BUKOPUCTOBYIOTHCA AJIA AOCJAIAHMUX Ta iHINMMX HayKoBux Iijeit (CtpacOypr,
1986), a rako:x MiskHapogHIM KoMiTeToM pemaxkTopiB Meguunux KypHaiaiB (ICMJE).

Bei mpormeaypu, 1110 ONKUCYIOTH €KCIIEPUMEHTH i3 3a/JIyUYeHHAM Ja00paTOPHUX TBAPUH, OYIb-IKUX
MaTepiasiB JIOACHKOTO MOXOAKEHHsS ab0 yJacTio MJOHOPiB i/abo mallieHTiB HeOoOXiAHO MPOBOAWTH,
Kepyouuch HopmaMmu 6ioetuku. IIpu onuci ekcriepuMeHTiB 3 J1a0OPaTOPHUMU TBaApUHAMU HEOOXiTHO
BKas3aTu AKUM PEeKOMeHJIaIisaM 1o poOoTi 3 TBapuHaMu (IHCTUTYTCHKUM, HAI[iOHAJbHUM) CJIiTyBaJIN
IPHU IPOBEAEHHI IIUX IPOIEeay].

Ao icHye cymMHIB B TOMY, 1[0 AOCJiMKeHHs OyJIO IpoBeAeHO BimmoBigHo mo I'eabciHKCBKOI
nexsgapairii 1964 poxy abo MOpiBHAHHUMU CTAHAAPTAMMU, ABTOPY IIOBUHHI MOSCHUTH IPUUYUHUA CBOTO
OigX0Ay Ta HPOAEeMOHCTPYBATH, 110 He3aJeKHUM KOMiTeT 3 eTUKM a00 iHCcTUTyIiliHa HATJIAI0Ba pajaa
ABHO CXBaJIMJIa CYMHiIBHI aCIeKTH IOCJIiIKeHHA.

Do Texcty mepen poamisom «IlocumaHHs» MalOTh OyTHM BKJIIOUEHI Taki TBepm:KeHHsA. ¥ pasi
CxsanenHs Eruunoro KomiTeTy moBuHHO OyTU HACTYIHE TBePIKEHHS:

1. Bci mpomenypu, BUKOHAHI B JOCTiMKeHHSX 3a ydYacTiO JIoAel, BiAIOBiZarTh eTUUYHUM
CTaHZAPTAM iHCTUTYIIHOTO Ta/ab0 HaIliOHAJBHOTO JOCTiHUIIBKOTO KOMiTeTy, a TakoK ['eTbCiHKChKO1
PeTPOCIeKTUBHUX AOCTiAKeHb o(illiiiHol 3roau He ITOTPiGHO.

2. 3agBa PO 3aXUCT IIPAB TBAPUH:

HeoOxigno 3abesmeumTu O6JIaromOJayYds TBAPHUH, III0 BUKOPUCTOBYIOTHCA MHJIA HOCJiIKEHb.
IloBigoMnstoun mpo eKCIepMMEHTH Ha TBapwHaX, aBTOPW IIOBUHHI BKasaTH, YW JOTPUMYBAJIUCS
Mi’KHapoAHi, HAI[iOHAJbHI Ta/ab0 iHCTUTYI[iOHAJBbHI IHCTPYKIII IMOAO0 AOTJIALY ¥ BUKOPWCTAHHS
TBapUH, i II10 OCIIKeHHs OyI1 CXBaJIeHI KOMITeTOM 3 eTUKHU JOCTIiAKeHb B YyCTaHOBi a00 mMpaKkTHIIi,
B AKil OyJsiu TpoBeieHi JoCcHaiyKeHHs (AKIIo Takuil KoMiTeT icHyE ).

SAKmro crarTi He MicTATH AOCHiM)KeHb 3a YUacTIO Jiofell abdo TBapUH, IIPOBEJEHUX KUM-HeOyIb
3 aBTOPiB, BUOEPiTh OAHe 3 HACTYIIHUX TBepPAsKeHb: «I[d cTaTTa He MiCTUTH AOCIiI)KeHb 3a YyYaCTIO
Jrofeit abo TBapuH, BUKOHAHUX OYAb-KUM 3 aBTOPiB».

Eruuna BigmoBigajgbHiCTh aBTOPIB

Biotechnologia Acta mparae migTpuMyBaTH BHCOKY PEIyTallil0 HAYKOBUX MOCIiIKeHb. 1K wieH
Kowmirery 3 eruku nyoaikariit (COPE), :xypuan 6yze caigyBatu pekomenzpaiiam COPE mrono Toro, gk
0OPOTUCS 3 MOTEHIINHUMY ITOPYIIIEeHHAMY €TUIHUX HOPM.

ABTOpU MOBUHHI YyTPUMYBATHCS BiJi CIIOTBOPEHHS Pe3yJbTATiB JOCHIIKEHb, AKi MOMKYTh 3aBIATH
MIKOAU AOBipi 0 KypHAJyY, IIOCTABUTHU IIil CYMHIB IIpod)ecioHaidaM aBTOPiB KypHATY, i TUM caMUM
IUCKPEeINTyBaT HAYKOBY AiAJIbHICTS y ITisiomy. IlinTpumMKa BuCOKOI perryTalii HAayKOBUX HOCTiIKeHb
Ta IX OMUCY MOKYTD OYTHU JOCATHYTI IIJISAXOM JOTPUMAHHS IPaBUJI JOOPOCOBiCHOI HAYKOBOI HPAKTUKH,
AKi BKJIIOYAIOTh:

- Pykonuc He TOBUHEH HAACUJIATUCA Ha PO3TJIAJ OibIlle HisK 40 OJHOTO JKYPHAJITY.

- Pykomnuc He moBuHEH OyTu Omry0JiKOBaHO paHiIe (HOBHiCTIO ab0 YacTKOBO), AKIIO TiJILKM HOBA
poboTa He PO3IIUPIOE 3MICT ITOIlepeAHBOI poboTH. Byasb jlacka, B TAKUX BUIIAAKaX YiTKO BKaKiTh,
AKi 3 MaTepiasliB BUKOPUCTOBYIOTHCA BaMU MMOBTOPHO, IOOY Ile He BUIVISAAAJO0 AK camoIniariar (text
recycling).

- OgHe moCHigKeHHS He MOBMHHO PO30MBATUCA HA YACTUHU, IOOHW INITYUYHO 30iJbIIYBATH YMCJIO
PYKOIIUCiB, CIPAMOBAaHUX 0 APYKY B OAMH a00 pisHi :KypHaau (salami-publishing).

- Higki naui (BKIOuUaroun 300paskeHHA) He IIOBUHHI 0y Ty chabpuKoBaHi a00 HaBMIUCHE IIepeKpyYeHi
3 MeTOI0 OOI'PYHTYBaHHA BUCHOBKIB, 3p00JIEHX aBTOPaMMU.
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- Haui, orpuMmaHi iHIIIUMH, a TaKOXK TeKcT abo Teopii, aBTOpaMmu SKUX € iHII ZOCHiZHUKU, He
MOBUHHI OyTH IIpeAcCTaBJEHI B PYKONWCH TaK, Haue BOHU OyJM BJIACHUMU OAaHUMH, TEKCTOM a0o0
TeopiAMU aBTOPiB, 110 Hagicaa u pykonuc («miariar»). IlopuuHi 6yTH HagaHi BigmoBigHi mocuaanus
Ha iHIIi poboTH, y TOMY YmMCJIi MaTepiasi, AKUM CKOIIilioBaHO (MaiiiKe TOCIiBHO), y3araJbHeHO i / abo
nepedpasyBano. JIaTKku BUKOPUCTOBYIOTHCA AJIA JOCJIBHO CKOIIilloBaHOTO TeKcTy. A marepiaiis,
3aXUIIEeHNX aBTOPCHKUM IIPABOM, ITIOBUHHO Oy TH OTPUMAHO A03BiJ HaA IX BiATBOpPEHHS.

- Io mogaui po6oTy Mae OyTU OTPUMAaHO 3TOAy Ha IoJauy PYKOIIMCH BiJl BCiX CITiBaBTOPIiB, a TAK0OXK
sABHe a00 HesIBHe J03BiJj BiJl yIIOBHOBaYKeHUX BiAMOBiJaJIbHUX iHCTAHIIIN B oprauisaiiii, ge pobory 0yJio
BUKOHAHO.

OcHOBHIi BUMOTH [0 CTaTeli: HOBU3HA I OOrPyHTOBaHICTh (DAKTUUYHOrO MaTepiaay, BiATBOPIOBaHiCTh
eKCIIEPUMEHTAJbHUX JAaHUX 334 HaBEeLEHUMU MeTomaM, O(hOopMJIEHHS PYKOIMCY BiAIIOBiHO KO BUMOT
SKypHAIY.

ITogamusa craTTi

Ha esleKTpOHHY HOIITY pemakiii biotech@biochem.kiev.ua HaICHIAIOTHCA:

- IToBHUI TeKcT cTaTTi, (KyAU BXOAATH pe3loMe TphOMa MOBaMU, TaOJIUIli, PUCYHKH 1 IiATIMCH 10
HUX, PO3MiIlleHi o Mipi sragyBaHHA B TEKCTi, a TaKOMK Iepesik Jiteparypu). Lleit daitn ciain
Has3BaTH IIpisBuireM mepiroro aBropa (family name.doc).

- Koaboposi imrocTpairii.

- Tndopmanisa mpo aBTopis: mpisBume, iM g, 10 6aTHKOBI (IIOBHICTIO) KOKHOTO aBTOPA, IXHi Iocagu,
HAYKOBi cTyIleHi Ta 3BaHHs, TeiaedoH (i3 3a3HaUeHHAM KOAy Micra), e-mail, micie poboru Ta
MIOIIITOBY aJfpecy opraHisallii Bcix aBTOPiB aHTJIiChKOI0, YKPAaiHCHKOIO Ta POCifICbKOI0 MOBAMU.
Bynaws smacka, BimsHauTe aBTOpa s JIMCTYBaHHSA, BKA3aBIIMU HOT0 KOHTAKTHUMN (MOOIIBHMIT)
TeaedoH.

- JoroBip mIpo nepefavy aBTOPChKUX IIPaB, AKUI Ha0yBa€ YMHHOCTI JIUIIIE HMiC/Id OIPUAHATTA CTATTL
mo nyo6urikarmii. #ogma vactuHa myOIiKallii He Moske OyTH BUKOPHCTAHO 3 KOMEPI[iHiHOI MeTO0
0e3 103BOJIy BUAABHUIITBA. [Ipy BiAXUJIEHH] CTATTi peKoIerieio ;KypHaay JOTOBip aBTOMATUYHO
BTpauae cwiry. Ilinmucanusa 1oroBopy aBTOpoM (aBTOpaMu) O3HAYAE, M0 BiH (BOHM) O3HANOMJIEH]
Ta TOTO[PKYIOTHCS 3 YMOBAMHU JOTOBODY.

ITopAamok peleH3yBaHHS

Kosxuuii pykomuc migasarae mpoienypi pemensysanns. Ilepengarooun pyKoIuc 40 pegaKiiii, aBTropu
MMOTO/PKYIOThCA 3 IIPoIlecoM perieHsii. Bei mpeacraBieHi pyKoImucu mepeBipaioThbes, 1001 BUSHAUNUTH,
YU BiAMIOBiZaI0Th BOHU IPO(iI0, eTUYHIN MOMITHII :KYPHAIY Ta UM HAJEKHUM YNHOM MiATOTOBJIEHI.

Henanme:xHUM YMHOM MiATOTOBJEHI pyKomucu OyAyTh BigxumyeHi abo MOBEpPHYTiI aBTOpaM AJsA
JIOOTIpaIIOBAaHHA i MOBTOPHOTO mofaHHA. [licyia momepegHbOTO OI[iHIOBAHHSA 1 IPUUHATTA PYKOMIUCY,
CTaTTsS PEECTPYEThCA, i HOMEP peecTpallili MmoBigoMJaseThcAa aBTopaM. IlpuiiHaTi aaa myOsikarrii
PYKOIIMICHU CIIPSIMOBYIOThCA Ha PEIleH3ito0.

Pemnensenramu € mocBigueHi ¢axiBii — ugeHum penroJierii abo croporHi (axismi. Ilig uac
pelleH3yBaHHA OIIHIOIOTHLCA BiAMOBiAHICTH cTaTTi Ta i HasBa TeMaTHUIl KYPHAIY, aKTyaJlbHIiCTh
1 HayKOBUM piBeHb, IepeBaru i HENOJiKMW, BiATOBiAHICTHL OQOPMJIIEHHS CTATTiI BUMOTaM pemaKIrii.
Hanpukiniii poOuThCcA BHCHOBOK PO AOIiAbHiCTH myOJsikaitii. Perensis mamaeTbca aBTOPY CTaTTi
3a iforo 3amumToM 0e3 MmiAmucy, MpisBuUINa, mocaau i Miciig poOOTH peleH3eHTa. SIKI0 PereH3eHT
PEeKOMeHIy€e BUIIPAaBUTHU ab0 JOOIIPAIIOBATHA CTATTIO, PEJAKIIiA BiATIpaBisge aBTOPY TEKCT pelleHsii aas
BHECEHHs B POOOTY BiJIOBiIHUX 3MiH.

ABTOpy, crarTd sSKOTO He OyJjla mpuiiHATa OO IyOJikarii, 3a HOro 3amMTOM BiIIpaBIAETHCS
MOTHBOBaHAa BigMoOBa.

Ha mizcraBiB 3ayBaskeHb i peKOMeHJaIlill PereHs3eHTiB PeaKoJIerisa mMpuiiMae pileHHa IPUHHATH,
BigxmimTu abo HaJicjaTH PYKONMC IO aJIbTEPHATUBHOTO perneH3eHTa. OcTaToyHe PIiIlleHHS IIPO
myO0JIiKalIlito cTaTTi IpUAMAETHCS TOJIOBHUM PEIaKTOPOM.

Ilicia Toro, AK pYKoOOWC IIPHUNHATO, IIPOXOAUTL HOpodeciliHe pemaryBaHHA, pemaryBaHHSA
aHTJIIICBKOI MOBY, KOPEKTYypPa aBTOPaMU, BHECEHHS OCTATOUHMX ITOTPABOK i myOJrikarisa.

OdopmyIeHHS PyKOIICY

Penakiris sanuiae 3a co0010 IpaBo MOBEPTATHU He TPaBUJILHO 0(hOpMJIEHUH pyKomuc 6e3 peecTpairii
Ta PO3IJIAAY B pasi BiIMOBM aBTOPiB 100(OPMUTH PYKOMINC.

IlaTo0 OTpUMAaHHSA PYKOIIMCY BBAKAETHCS JaTa HAAXOMKEHHS MHOr0 OCTAHHBLOI, HPaBUJILHO
odopmiieHOI Bepceii o pemakirii.
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Marepianu moBuHHI OyTu mogaHi y ¢gopmari, mio miarpumyerbesa Microsoft Word, KHMKKOBOI
opienrairii, mpudrom Times New Roman, 14 KerJyb, IOJYTOPHUN MisKPAIKOBUIM iHTepBaJI.

O6csar pyxkonwmcy (y TomMy 4Ywuci TaOJaWIli, COMCOK ITMTOBAHOL JIiTepaTypu, PUCYHKU, HiAIKUCH
JI0 PUCYHKiB) He IIOBUHEH MEPEBUIIYBaTU: AJA oryAanoBux crareii — 30 cropinok (60 Tuc. 3HaKiB),
nas ekcuepuMmeHTaabHUX — 20 crop (40 THc. 3HAKiB), AJaa XPOHiKMU i pereusiii — 5-6 crop; obeAr
pucyHKiB — 1/4 o6cary crarrti. CTopiHKY MOBUHHI MaTH CYIiJIbHY HyMepallifo, BKJIOYA0UN Ta0JInIIi,
CIIMCOK JIiTepaTypHu, IIiAINCH 40 PUCYHKIB, abcTpaKT Toirmo. Tabauili, pucyHKu i miaAmucu 10 HUX CJIi
PO3MIiITyBaTH! B MOPAAKY 3TayBaHHA iX y TeKCcTi. BOHM TOBMHHI MaTH! 3aT0JI0BOK i TOPAKOBUHM HOMED.
IIpumiTKY 10 TaOIUITL PO3MITITYIOThCA Ge3mocepeqHbo mig HuMu. He MoskHa 1y6I0oBaTH OMHI ¥ Ti cami
pesyJbTaTu B TAOJMUIIAX 1 Ha pUCYHKaX. SIKIIO ¥ cTaTTi BUKOPUCTOBYIOTHCA iyIfocTpariii, omy0srikoBami
iHIIMMHU aBTOPaAMU, AaBTOP PYKOIIKCY 30008’ I3aHUM HAZATU PeJaKIlil JOKYMeHTaJbHE MiATBePI KeHH
JI03BOJIY HA BUKOPUCTAHHSA ITUX 1JI0CTPAIliil Bil BIaCHNKA aBTOPChKUX IIPaB.

Homyctumidopmaru 300paxens: . tiff, * .bmp, *.jpg (300dpi). dnsorasaiBiexkcuepuMeHTaAIbHIX
cTareil AOIMyCTUMO He OijbIile 6 PUCYHKIB; AJA KOPOTKHX IIOBigoMJieHb He Oinbie 4. Iligmucu mo
PUCYHKIB He BKJIIOYAIOTHCA B CAM PUCYHOK i IIOIaI0OTHCSI OKPEMO.

Insa pieaaab Bukopucropyiite MathType a6o Microsoft Equation Editor 3.0 (pexkomenmoBanmii
poawmip mpudry 10,5, 8,5, 7,5, 14, 10).

Crpykrypa crarri

ITpu opopmiieHH] cTaTel HEOOXiAHO JOTPUMYBATHUCS TaKOI IIOCIiJOBHOCTI:
« TurysnbHa CTOPiHKA;

- CTpykTypoBaHi pesoMe (TpbOMa MOBaMM);

« Texkcr cTaTTi

« Ilogakw;

« Haui nmpo iHAHCOBY HMiATPUMKY;

« Coucox Jiteparypu

TurynbHa cTOpiHKAa:

- YIK;

* 3ar0JIOBOK CTaTTi;

« aBTOPU: IPi3BUIIA Ta iHiMiaau BCixX cIiBaBTOPiB;

+ Ha3Ba Ta MOIITOBA aJpeca yCTaHOBU, B AKil MpaI0e KOXKEH aBTOD;

- e-mail aBTOpa M1 TUCTyBaHHS.

30roJIOBOK cTaTTi Mae OyTu KopoTKuM (He Oinbime 8—10 3Hauymwmx ciiB), iHpopMaTUBHUM,
MiCTHUTH KJIOYOBI cJI0Ba ¥ TOUHO BimoOpaskaTu 3MicT ctaTTi. ¥ mepeKJiaAi Ha3B cTaTell Ha aHTJIIHACBKY
MOBY He IIOBUHHO OyTH HiIKUX TpaHCIiTepalliii 3 ykpaiHchbKoi ab0 pocificbKol MOB, KpiM Has3B BJIaCHUX
imeH, IO He IepeKJAafalThCcAd, IPUJIALiB, HAIMeHyBaHb (hipM, IO MalOTh ByacHiI Ha3Bu. Ile Takox
CTOCYETHCS a0CTPAKTIB i KJIIOUOBUX CJIiB.

IIpisBuInia aBTOPiB cTaTEl MOAAIOTHCA B OAHIN 3 IPUHUHATUX MiKHAPOIHUX CUCTEM TPaHCIiTepaIrii.
ITorpi6HO 10 OTKCY CTATTi BHOCUTH BCiX aBTOPiB. SIKIO aBTOPiB AeKisbKa i BOHU IPAIIOIOTh Y Pi3HUX
yCcTaHOBaX, CJiJ TO3HAUUTH apabchbKuMu nudpamMu (iHAeKcaM1) YCTaHOBY, B IKUX BOHU IIPAIIOIOTh.

HasBa ycranoBu aHriIifichKOI MOBOIO: BCi 3HAUyIi cjoBa (KpiM apTUKJIIB i IpUAMEHHUKIiB)
MOBUHHI NOUYMHATHUCS 3 BeJIUKOI JiTepu. HasBu, 1110 He ImepeKJiafaloThCs Ha aHTJIIICHbKY MOBY, TaIOThCS
B TPaHCJIiTepOBAaHOMY BapiaHTi.

CTpyKTypOBaHe pe3omMe

Pesiome 06’emom g0 1500 3HaKiB 3 mpobijtlaMu MiCTUTD:

* 3ar'0JIOBKU CTATTi;

+ IpisBwuIa Ta iHimiaam Bcix criBaBTOPiB;

* TEKCT a0CTPaKTy eKCIIePHMEHTaJbHUX CTaTeil IIOBHHEH OyTH CTPYKTYPOBAHUM i 000B’SI3KOBO
mictuTu caoBa Mera, Metonu, PesynbraTtu, BucHOBKHY;

+ KJIIOUOBIi cjioBa (He OiJIbIlle JecATH).

Oco0simBy yBary cJiji IpUAiJIATHA HANIKUCAHHIO Pe3lOMe CTATTi aHTJIINChKOI MOBOIO. [Jjid IIHOTO
JOIiJIFHO KOPUCTYBATHCS HMOCJIyraMu KBadihikoBaHUX (paxiBIliB-JIiHIBICTIB 3 MOZANBIIINM HAYKOBUM
peraryBaHHSM TEKCTY aBTOPOM (aBToOpamm).

Texrct cTarTi

B excmepuMeHTaIbHUX CTATTAX MAalOTh OyTHM Taki poaminu (3arosoBKu): BeTym (0e3 HasBu);
MarTepiasu i MeToau; pe3yabTaTu Ta OOTOBOPEHHS; BUCHOBKU.

¥ BcTyni o0 PYHTOBYETHCS aKTYaJbHICTD Ta (POPMYJTIOETHCA METa JOCTiIKEeHHS.
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MeTom a60 MeTOZOJIOTiI0 IIPOBEJeHHA POOOTH MOIIJILHO OIMMCYBATH B TOMY BUHAAKY, SIKIIIO BOHU
Bipi3HAIOTHCA HOBU3HOIO ab0 ABJIAIOTE iHTEepec 3 TOUKHU 30py Iiei poboTu. Ha 3araibHoBigoMi meToau
IOCHUTH JATH IIOCHJIAHHS Ha IyOaikarrii.

Ha saranbHOBimoMi MeTogu 4OCTAaTHLO AaTu mocudaHHA. OTuHUI PisUUHUX BeJIMUYNH HABOOATHCA
3a Misxkunapoguoio cucremor CI. AMiHOKHMCIOTH ITO3BHAYAIOTHCA CKOPOUYEHO CUMBOJIAMU 3 TPHOX
JaTUHChKUX OYKB a00 B onHoOyKBeHoMy popmati FASTA. HazBu ensumiB i ixHi mudpu HaBOAATHCS
3riguo 3 pekomenmamnisasvmu Mixuaapogaoro 6ioximiunoro rosapucrsa (Enzyme Nomenclature. — San
DiegoNew York: Acad. Press., 1992; Supplement, 1993-2005. Iudgopmaiiia na caiiri http://www.
chem.qmul. ac.uk/iubmb/enzyme/). Heobxigno HaBomuTu Has3Bu (GipM-BUPOOHUKIB peaKTHBIB i
MaTepiajis, 110 BUKOPHCTOBYBAJINUCH y HOCTIiaxX, 3 HOCUJIAHHAM Ha Kpainy. O00B’A3K0BO BKa3yIOTHCHA
BUJ, KiJIbKiCTh TBapUH i MeTOAM 3He00II0BAHHSA Ta eBTaHasii.

Vei kinekicui mami moTpebyioTs craTmcTHUHOI 00pO6KHM. IXHi pesympratm ciixm mogaBatm y
BigmoBimHmMX Tabauiax i pucyHkKax. I[oCTOBipHiCTH maHWMX BiI3HAYAETHCA HACTYIITHUM UYWHOM:
* — P <0,05.

JlaTrHCbKi HA3BU POAY i BUAY OPraHidMiB TOTPiOHO BUAiAATH KypcuBoM. ITpu mepiiromy sragyBaHHi
HaBOAUTHCA MOBHA BUAOBA HasBa (0asKaHO i3 3a3HAYEHHSIM aBTOpa TAKCOHiB), a IPU IIOBTOPHOMY —
HaliMeHyBaHHSA POJY MOYKHA IIPUBECTH CKOPOUYEHO OAHi€I0 OYKBOIO, AKIIO He HAeThCsd IIPO BUAHU, IO
BiTHOCATBHCSA IO Pi3HUX POIiB 3 OOMHAKOBOIO IEPIIOI0 JiTeporo. Togi BUKOPUCTOBYIOTH CKOPOUEHHS 3
IeKinbKOX JriTep, Hampukrigan Staph. aureus, Str. lactis. JlaTmHCHKI Ha3BW TaKCOHIB HABOAATHCH
BigmoBimHO 10 cydacHOoi cucrematuku. HeoOXiZHO BUKOPUCTOBYBATHU TiJIBKW 3araJIbHOTPUNAHATI
CKOPOUYEHHsS HAa3B 3axXO0MiB, (PidsMYHMX, XIiMiYHMX i MaTeMaTUYHUX BEeJWUYUH i TepMiHiB, yci imrmi
CKOpPOUYEeHHs NOoTPiOoHO posmudpoyBaTtu. He BapTo HaBOAUTU CKOPOUEHHA (KPiM 3arajibHOBiIOMUX) ¥
TabJIUIAX i B migTIucax 10 PUCYHKIB.

OOroBopeHHs 3aBepUIYETHCSI (OPMYJIOBAHHAM OCHOBHOTO BHCHOBKY, B SIKOMY IIOTPiOHO maTu
KOHKPETHY BiAIOBiAb Ha MTUTAaHHA, IIOCTaBJeHe y BeTyIri. IIpu BUKOpUCTaHHI 1JIF0CTpAaIliii 3 TUTOBAHUX
my0OJikalifiti 0008’ A3KOBUM € He TiJIbKM MOCUJIAHHSA Ha IKepeJsio iTrocTpailrii, a i ;03Bija iX aBTOpPiB Ha
myOaikarlito (3a3Buuait Takuit 3anuT poouUThCa [HTepHETOM). ¥ KiHITi CTATTi BUCJIOBIIOETHCS MOAAKA
MPUBATHUM 0co0aM, CIiBpOOITHHMKAM ycTaHOB i (OHAIB, AKi CIPUASM IPOBEAEHHIO JOCJiIKEeHb i
OiATOTOBIII CTATTi, a TAKOXK BKA3yIOThCA IAKepesa (piHaHCYBaHHS POOOTH.

PesyabraTé pobOTH CJIifi OTMCYBATH TPAHUYHO TOYHO Ta iH()OPMAaTUBHO 3 IPUBEJeHHAM OCHOBHUX
(haKTUYHUX NAaHUX, BUABJIEHUX B3a€MO3B’A3KiB i 3aKOHOMipHOCTeli, YHUKAIOUM 1X IOBTOPEHHS Yy
rabaunax. Caig BKasaTu Meski TouHOCTI i HagiliHOCTI JaHuX, a TAKOXK CTYIiHb iX OOI'PDYHTYBaHHI.

BucHoBKu (6e3 Ha3BM) MOKYTDb CYIIPOBOAKYBATUCA PEKOMEHAAIIiAMY, OIIiIHKaAMU, IIPOIIO3UIIiAMH,
ONMCAHUMU B CTATTI.

Haui mpo hiHaHCOBY MiATPUMKY

Hatu KOpOTKYy imdopmariiro mpo mkepeso (imaHcyBamHS poObOTHU, MO0 YHUKHYTH KOHQMIIKTY
iHTepecis.

Cnucox JsiTeparypu

Jlirepatypa (References) HaBOAUTHCA B MOPAAKY IIUTYBaHHA AKEpesl Yy TEKCTi i mo3HauaeThbCcsA
nudppamMm y KBaApaTHUX OAy:KKaX. BUKOPMCTAHHS TillepOoocHJaHb Y CIHUCKY JiTepaTypu He
monycKaeTbesd. OCKibKY KYypHAJI OPUNAHATO AJA iHAEeKCYBaHHA MisKHAPOAHUMH 0OasaMu JaHUX,
CIIMCOK JIiTepaTypHu IOJaeThCA A0 PeJaKIlii 1BOMAa OKPEeMUMU OJIOKAMM:

Bioxk 1 (JliTepaTypa) — COUCOK JiTepaTypu MOBOIO OPUTiHATY.

Bioxk 2 (References) — Toil camuii COMCOK JiTepaTypu, B AKOMY HOBTOPIOIOTHCA MOCUJIAHHSA Ha
iHOBeMHI IrKepesa, a MOCUJIaHHA, HATMCAHI KUPUJINUIEI0, HABOAATHCSI B POMAHCHKOMY (JIATUHCHKOMY)
ayngagirti. IIpisBuina aBTopiB, HA3BU KYPHAJIB MOJAIOTHCS 3TiJHO 3 OJHIE€I0 3 MiKHAPOIHUX CHUCTEM
TpaucaiTeparii. Hassu craTeii B mocuIanHAX 000B’ A3K0BO IIE€PEKJIAJAIOTHCA HA aHTJIIICBKY MOBY.

ABTOpU HeCcyThb IIOBHY BiAIIOBia/IbHICTh 32 KOPEKTHICTh HaBeJeHHA MMepIoaKepes. [lonycKaeTbes
MUTYBAHHA TiJIbKU ONyOJiKOBAaHMX 1 JIETKO AOCTYIIHUX IJIs YKUTAYiB MaTepianiB: craTTi, KHUTH,
MaTepianu KoH(EPeHIill, fucepraiii, maTeHTH.

Peromenmarrii oo cKyIagaHHA TOCUJIAHb B POMaHChKOMY aadaBiTi B aHTJIOMOBHI# wacTmHi cTaTTi
Ta mpucTaTteiinii 6i6miorpadii, mpusnauenoi aasa sapyobiskaux BIl:

1. CxigyBaTu mpaBuaM, Io JO3BOJAIOTH JIETKO iTeHTU(iKyBaTu 2 OCHOBHUX €JIeMEeHTHU OIIUCIiB —
aBTOPIB 1 gyKepeJio.

2. He mepeBanTasKyBaTH IOCUJIAHHS TPAHCIiTepaIlie€io Ha3B CTaTel, CJIiL JaBaTU TiJIbKHU iX IepeKJIan.

3. [lomep:KyBaTucsA OHi€l 3 MOMIMPEHUX CUCTEM TPaHCJIiTepallii Mpi3BUII aBTOPiB i Ha3B AKepe.

4. Tlpu mocujaaHHI Ha CTATTi 3 POCIMCHKUX KYPHAJiB, IO MalOTh IepeKJAIHy Bepciio, Kpailie
IaBaTH NOCUJIaHHA Ha IIePeKJIagHy Bepciio cTaTTi.
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Ha caiiri http://www.translit.ru/ mosxua 6e3KO0IIITOBHO CKOPUCTATHICS IIPOrPaMOIO TpaHCIiTepaIrii
TEKCTY, HAllMCAHOTO KUPUJINUIIEI0, B JIATUHUILIO.

ITpukaanu opopMIeHHSA MOCUJIAHHSA Y CIUCKY JIiTepaTypu

Ons xkypHany «Biotechnologia Acta» pexomeHAyeTbCcsT Taka CTPYKTypa 6i6aiorpadiumoro
IOCUJIAHHA:

Cmammi

BarajpHui (popmar: mpisBuIa Ta iHimiaam aBTOpiB (TpaHCiTEpallisg, BUALIAETHCA KYPCHUBOM),
mepeKJIaJ Ha3BU CTATTI HA aHTJIIACBKY MOBY OPAMUM HIpu(TOM, KpamnKa, (g iHOBeMHUX I:Kepel
micad Ha3BU CTATTiI aHIVIIMCHKOI0O MOBOIO B KBaJpaTHUX AY:KKaX HABOAUTHCS Ha3Ba CTATTi MOBOIO
OpUTiHAJYy TUM caMUM IITpu()TOM), Kpalka, Ha3Ba I:Kepea (TpaHcaiTepallisg BUIIIA€ThCA KyPCUBOM),
CTaBUTHCA KpamKa, IOCJiJOBHO BUXifgHI maHi craTrTi — pik, ToM, HOMep (Y Ay’KKaxX), CTOPiHKU, AKi
BiJoKpeMJI0I0ThCs KomMaMmu. O00B’ A3K0OBO 3a3HAYAETHCS MOBA OPUTIHATY.

Ile mocuianHA € 3pO3yMiJuM i 3pYYHUM [JIA HOIIYKY B 6asax maHux. Ile — HAWOiJIbIT TOBHUMN
BapiaHT omucy. ¥ 3apyb6iskuiit BI] mpocTa TpaHciiTepallia 3arojioBKa cTaTTi 6e3 #oro mepekJany Ha
aHTJIiNICBKY MOBY HE Ma€ CeHCY.

ITpurnagn:

Cmammi:

AralovaN.I.,KlyuchkoO.M.,MashkinV.1.,Mashkinal.V.,Semchyk T.A.Integrated mathematical
model for imitation of the course of viral disease and correction of induced hypoxic stat. Biotechnol.
acta. 2020, 13 (3), 30—39. https://doi.org/10.15407 /biotech13.03.030

IIpukxnad onucy cmammi 3 eLeKMPOHHO20 HYPHALY

Hindorff L. A. (sci asmopu ). A Catalog of Published Genome-Wide Association Studies. Available
at http://www.genome.gov/gwastudies (accessed, September, 2012).

Mamepianu kKoHpeperuiil

Riabinina A. A., Berezina E. V., Usoltseva N. V. Surface Tension and Lyotropic Mesomorphism
in Systems Consisting of Nonionogenic Surfactant and Water. Lyotropic Liquid Crystals and
Nanomaterials: Proceedings of the Seventh Intern. Conf. Ivanovo: Ivanovskii Gos. Univ., 2009. (In
Russian).

ITpukxnad onucy cmammi 3 eleKMPOHHOL eHYUKL0nedil

Containerization. In Encyclopedia Britanica. Retrieved May 6, 2008, from http://search.eb.com

Ilocunannsa Ha KHU2Y:

npizeuw,a ma iHiyianau agmopie (TpaHcaiTepallif, BUIIIAETbCI KYPCUBOM, KpamKa, mpobin),
IOBHA HAa3Ba KHUTHY B IIepeKJaal Ha aHIVIIHICbKY MOBY IPAMUM IITPU(PTOM, KpamKa, Ipoois, mpissuire
BifmoBimaibHOTO pemaKTopa, Has3Ba BUIAaBHUIITBA (TpaHCIiTepallid, BUIIISETHCA KYPCUBOM,
HaBOJIUTBLCs 0€3 CKOPOUeHb, KpalKa, IIpo0i), pik BUAAHHSA i HOMepa IIepIlIol Ta OCTaHHBLOI CTOPiHKHI
IIUTOBAHOI pOOOTH, MOBA BUAAHHSI.

ITocunannsa Ha agsmopegepamu

Williams J. O. Narrow-band analyzer. Ph.D. dissertation, Dept. Elect. Eng., Harvard Univ.,
Cambridge. MA, 2010.
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ITamenumu

3azanvHuil popmam:

Asmop (yci asmopu), HasBa narenty. [lep:xkasa. [lamenm x xxX xxX (Homep). Micans geHsp, pik.

ITpurman:
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Koportki noBimomiaeHnus
WKypuan nyb6aikye menIi 3a o6caAroMm cTaTTi, AKi MaioTh 0e3yMOBHY HOBU3HY i 3HAUYIIICTh AJIA
6iorexnoJorii. ITi cTaTTi IPOXOAATH IPHUCKOPEHEe PelleH3yBaHHA i MyOIiKYIOThCA B KOPOTKi TepMiHn.
3araJabHUIM 00CAT KOPOTKOTO MOBifOMIeHHA oOMeskeHni 10 MalTMHOMUCHUMY CTOPiHKAMHU, KiTbKiCTh
puCyHKiB i/ab60 TabauIih — He 6inbIle 3, a CIMCOK BUKOPUCTAHUX JiTepaTypPHUX MKepes He TOBUHEH
mepeBuIyBaTu 15.
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Posainm KOpoTKOTo MOBiJOMJIEHHS aHAJIOTiUHI PO3AijlaM OpUTiHAJIBHOL CTATTi, ajIe He BUAIIAITHCA
3aroJIOBKaMM i IIi13aroJIOBKaMu; Pe3yabTaTh MOKYTh Oy TH BUKJIaeHi pa3oM 3 00TOBOPEHHSIM.

HorinpHicTh TaKoI m03aueproBoi myo ikailii mae 6yTu OOTI'PYHTOBAHA B JIUCTI, II[0 HAACUJIAETHCS
TosoBOMY pemaxTOpOBi aBTOPOM [Jid KOPECIOHIeHINI. ¥ pasi mpuiiHATTA Taka poboTra MoyKe OyTu
ony0OJiKoBaHa IIPOTATOM 3—4 MicAIiB.

Ipumimka

VY 3BepcTraHomMy BapiaHTi cTaTTi aBTOpaM MOKHA BUIIPABJATH TiJIbKM IIOMiueHi moMmiaku 0e3
BHECEHHA CTPYKTYPHUX 3MiH i TOIIOBHEHb.

Penakirifina paga Mmae mpaBo BiAMOBUTH y Ty0JIiKaIlii pyKOIIMCiB, 110 MiCTATh paHiIe ony0aiKoBaHi
IaHi, a TaKOXK MaTepiaau, AKi He BiAmoBigaoTh (haxy KypHAIY, a00 MaTepiain JOCIiKeHb, 1110 OyJIu
IIPOBEIEH] 3 MOPYIIIEHHAM €TUYHUX HOPM.

Pyxkonucu HafcUIaHTH 10 peaKIlii 3a eJIeKTPOHHOIO afpecoio — biotech@biochem.kiev.ua
Ten. + 380 44 235 14 72.

ITomaroum cTaTTiO OO KypHAJy, aBTOp TUM camMuM mnepegae BumaBieBi (© Imcturyry 6Gioximii
im. O. B. INannagina HAH VYkpainu) BuKJIIOUHE IpaBO pelaryBaTiH, IIepeKJafaTH iHIIO0H MOBOIO,
PeIrpoayKyBaTH Ta BUAABATA POOOTY B 00pPaHOMY BHAABIIEM KYPHAJIY BUTJISALIL i (popmari.
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93





