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Abstract. The study was aimed at investigating the relationship between the chemical structure of phenolic compounds
from medicinal plants Curcuma longa, Hypericum perforatum and Salvia officinalis and their anti-inflammatory activity. The
research was conducted at the Educational and Scientific Institute of Applied Pharmacy, National University of Pharmacy
(Kharkiv, Ukraine), between September and December 2024. Using high-performance liquid chromatography and mass
spectrometry, 12 bioactive compounds were identified, including curcumin, rutin and rosmarinic acid. Experiments on
macrophage cells demonstrated that curcumin reduced tumour necrosis factor-alpha levels by 72 * 3% and interleukin-6
by 65+2% (at a concentration of 50 uM) through inhibition of the transcription factor kappa-B (55+4%) and p38 kinase
(60£5%). Rutin, despite its stability in blood plasma (half-life 4.2 hours), showed a lower permeability coefficient across
cell membranes (2.1x10° cm/s). Salvia officinalis extract increased the level of the anti-inflammatory interleukin-10 by
20 3%, while the correlation between the number of hydroxyl groups in the molecules and interleukin-6 inhibition
was 0.89. Curcumin exhibited cytotoxicity at concentrations above 100 puM, reducing cell viability by 40%. The results
confirmed that the anti-inflammatory effect depends on the presence of ortho-dihydroxyl groups and glycosylation,
with the highest potential observed in curcumin. These findings highlighted the importance of structural analysis and
comprehensive methods for developing plant-based preparations with targeted activity. The results may be applied by
pharmaceutical companies and research laboratories in the creation of new anti-inflammatory agents of natural origin

Keywords: Salvia officinalis; curcumin; Hypericum perforatum; ortho-dihydroxyl groups; pharmacokinetic profile

INTRODUCTION

Phenolic compounds of medicinal plants remain the
subject of intensive research due to their antioxidant,
anti-inflammatory, and immunomodulatory properties.
Between 2020 and 2025, interest in their application as
alternatives to synthetic drugs has increased, particularly
against the backdrop of the global prevalence of chronic
inflammatory diseases such as arthritis, atherosclerosis,
and autoimmune disorders. Despite significant progress
in investigating the bioactivity of phenols, unresolved
issues remain concerning the relationship between their
chemical structure and mechanisms of action at the mo-
lecular level. In particular, the role of specific functional
groups, such as ortho-dihydroxyls, in modulating inflam-
matory signalling pathways — including nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«kB)

Suggested Citation:

and mitogen-activated protein kinase (MAPK) - is still in-
sufficiently explored.

Research highlighted the potential of phenolic com-
pounds as multitarget agents. For example, W. Liu et al. [1]
systematised data on the anti-inflammatory properties of
bioactive peptides of plant origin, emphasising their abili-
ty to modulate pro-inflammatory cytokine production and
influence NF-xB and MAPK signalling pathways. The au-
thors underscored the potential of these compounds in de-
veloping new nutritional or pharmaceutical products with
anti-inflammatory action. Equally important are the find-
ings of A.V. Lopez-Corona et al. [2], who studied phenolic
components of raspberry (Rubus idaeus) and their impact
on oxidative stress in model systems. Extracts rich in ellag-
ic acid and quercetin were found to reduce levels of reactive
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oxygen species (ROS) and activate antioxidant enzymes,
indirectly contributing to anti-inflammatory effects.
A. Rakha et al. [3] made an important contribution to un-
derstanding structure-function relationships by summa-
rising the effects of dietary flavonoids as natural anti-in-
flammatory and antiallergic agents. Their work focused
on mechanisms such as inhibition of cyclooxygenase-2
(COX-2), suppression of histamine release, and regulation
of T-cell-mediated responses, underlining the significance
of flavonoids in nutraceutical prevention of inflammatory
conditions. However, these conclusions require further in
vitro empirical validation, particularly regarding transcrip-
tion factor suppression.

Gaps in current knowledge become apparent when
analysing studies devoted to specific medicinal plants.
O.V. Soroka et al. [4] examined bioactive compounds of the
genus Carlina, widespread in the flora of Ukraine, noting
the presence of phenolic acids and flavonoids with poten-
tial antibacterial activity. However, data on their anti-in-
flammatory properties remain fragmentary, and no evalua-
tion of their ability to modify the cytokine profile has been
carried out. S. Jongrungraungchok et al. [5] analysed the
antioxidant properties of mixtures of Thai plants and found
that combined extracts demonstrated greater effectiveness
than individual components. Phenolic compounds, in par-
ticular, were shown to reduce malondialdehyde (MDA) lev-
els, indicating a decrease in lipid peroxidation, although
the mechanisms of synergy remain unclear.

The mechanisms of action of phenols from species
common in Europe, such as Hypericum perforatum (St
John’s Wort) or Salvia officinalis (sage), remain insuffi-
ciently explained. In particular, the effect of glycosylation
on the bioavailability of flavonoids in these plants, and
whether their activity results from synergism of different
components, has not been thoroughly studied. I. Borysi-
uk et al. [6] demonstrated the promise of in silico modelling
for predicting the biological activity of natural compounds,
particularly in relation to enzymatic targets. However, the
authors pointed out that empirical data on the efficiency
of various extraction methods remain limited, which may
affect the reliability of in silico conclusions.

The study of anti-inflammatory mechanisms is par-
ticularly relevant in the context of emerging medical
challenges. For example, F. Shahzad et al. [7] showed that
phenols can modulate immune responses during viral in-
fections, including Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), by affecting the expres-
sion of pro-inflammatory cytokines such as interleukin-6
(IL-6) and tumour necrosis factor-alpha (TNF-o). This
demonstrates the potential of phenolic extracts as adju-
vant therapies in viral infections, although clinical con-
firmation remains limited. I. Mssillou et al. [8] identified
the wound-healing potential of phenolic extracts through
suppression of pro-inflammatory cytokine activity and
stimulation of collagen production in dermal fibroblasts.
Their study demonstrated that even local application of
phenols can modulate inflammatory processes, although
mechanisms of interaction with receptor structures re-
quire further research. L. Toma et al. [9] emphasised the
epigenetic effects of phenols in cardiovascular diseases,
particularly their impact on DNA methylation and gene
expression associated with inflammatory reactions. How-

ever, their influence on NF-kB-dependent signalling cas-
cades in the context of extracts such as St John’s Wort or
sage has yet to be sufficiently empirically substantiated.
A review of the literature indicated that previous stud-
ies have mainly focused on individual aspects of phenol
bioactivity, whereas a comprehensive approach combining
chemical analysis, in vitro experiments and structure-ac-
tivity evaluation remains rare. For example, O.S. Nwozo et
al. [10] summarised data on antioxidant activity, phyto-
chemical composition and therapeutic potential across a
wide spectrum of medicinal plants. The authors empha-
sised the roles of polyphenols, alkaloids and terpenes as
key compounds mediating protective effects against oxida-
tive stress, inflammation and metabolic disorders. Howev-
er, they did not examine specific mechanisms of interac-
tion between individual phenolic molecules and signalling
pathways, leaving a significant niche for further research.
Thus, the necessity of this study stems from the need
for a systematic approach to investigating phenolic com-
pounds, combining advanced chemical-analytical methods
with biological models to predict their therapeutic effec-
tiveness. The aim of this study was to conduct an empirical
analysis of the chemical structure of phenolic compounds
from three medicinal plants (Hypericum perforatum, Salvia
officinalis, Curcuma longa) and their influence on key inflam-
matory mechanisms in vitro. The hypothesis was based on
the assumption that anti-inflammatory activity depends on
three main factors: the presence of ortho-dihydroxyl groups
in the phenolic ring, the degree of glycosylation, and the
ability to inhibit NF-xB-dependent cytokine transcription.

MATERIALS AND METHODS

The study was conducted between September and Decem-
ber 2024 at the Educational and Scientific Institute of Ap-
plied Pharmacy, National University of Pharmacy (Kharkiv,
Ukraine). The experimental work comprised three stages.
The first stage — preparation of plant samples - lasted from
May to July 2024: sage (Salvia officinalis) was collected in
May, the aerial part of St John’s Wort (Hypericum perfora-
tum) in June, and standardised rhizomes of turmeric (Cur-
cuma longa) were imported at the beginning of July. The
second stage, dedicated to chemical analysis of phenolic
compounds, was carried out in July-August 2024. The third
stage (August-September 2024) involved evaluation of the
anti-inflammatory activity of the obtained extracts using in
vitro methods. The plant materials represented three spe-
cies: Hypericum perforatum (collected in May 2024 in an eco-
logically clean area of Poltava region), Salvia officinalis (cul-
tivated under controlled conditions in the botanical garden
of the National University of Pharmacy), and Curcuma longa
(rhizomes imported from India, certified under DSTU ISO
22000:2019 [11]). The selection of these species was justi-
fied by their long history of use in both traditional and mod-
ern medicine as sources of bioactive phenolic compounds,
as well as by the reproducibility of results and the avail-
ability of standardised methods for component analysis.

Extracts were obtained using maceration, which en-
sures stable extraction of thermolabile phenolic com-
pounds. The crushed raw material (particle size 0.5-1 mm)
was immersed in a hydroethanolic solution (70% ethanol,
30% deionised water) in a ratio of 1:10 (w/v). The choice
of 70% ethanol as the solvent was justified by its ability to

Bulletin of Medical and Biological Research. 2025. Vol.7, No.3
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effectively extract both hydrophilic and lipophilic compo-
nents. The mixture was incubated at 40°C in a thermostat-
ic chamber with periodic stirring (100 rpm) for 48 hours.
These conditions minimised degradation of thermolabile
compounds (e.g., curcuminoids) and ensured complete
saturation of the solvent with target components. After
incubation, the suspension was filtered through nitrocel-
lulose membrane filters (pore size 0.45 um) under vacuum
(500 mbar) to remove plant matrix residues. The filtrate
was concentrated on a Heidolph vacuum evaporator (Ger-
many) at 200 mbar and 50°C to 20% of the initial volume.
Final solvent removal was performed by lyophilisation us-
ing a FreeZone 2.5 (Labconco, USA) at -50°C and 0.01 mbar
for 24 hours. The resulting dry extracts were stored in her-
metically sealed containers with silica gel at 4°C until fur-
ther analysis.

Phenolic profiles were determined using high-per-
formance liquid chromatography (HPLC) on an Agilent
1260 Infinity II system (USA). A Zorbax Eclipse XDB-C18
column (4.6x150 mm, 5 ym) was employed with a mobile
phase consisting of acetonitrile (A) and 0.1% aqueous or-
thophosphoric acid (B). Gradient elution was performed
at a flow rate of 1 ml/min: the proportion of acetonitrile
increased from 10% to 50% over 1-25 minutes. Detection
was carried out on a UV detector at 280 nm. To confirm
compound structures, liquid chromatography-mass spec-
trometry (LC-MS) was performed on a Shimadzu LCMS-
9030 (Japan) with electrospray ionisation (ESI+) in the
100-2,000 m/z range. Identification of components was
based on comparison with spectra from public databases
(PubMed) and commercial standards (quercetin — Q4951-
5MG, gallic acid — G7384-25G, curcumin — 34589-100MG).
For each identified phenolic compound, structural analy-
sis considered the number of hydroxyl groups, particularly
ortho-dihydroxyl configurations, and the presence of gly-
cosidic residues. Structures were verified against LC-MS
spectra using PubChem (USA) and the Human Metabolome
Database (HMDB) (USA). Functional groups were manually
quantified using ChemDraw (PerkinElmer, USA).

Anti-inflammatory activity was studied in RAW 264.7
macrophages obtained from the American Type Culture
Collection (ATCC, USA). Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, USA) supplement-
ed with 10% foetal bovine serum (FBS, Gibco, USA) and 1%
penicillin-streptomycin mixture at 37°C and 5% CO,. To
induce inflammation, cells were treated with lipopolysac-
charide (LPS, Sigma-Aldrich, USA) at a concentration of 1
pg/ml for 24 hours. After induction, cells were treated with
extracts (10-100 pm) or isolated compounds (curcumin,

rutin) for 12 hours. Levels of pro-inflammatory cytokines
TNF-0 and IL-6 were measured using commercial ELISA
kits (R&D Systems, USA) following the manufacturer’s
protocol; optical density was determined on a Multiskan
Sky microplate reader (USA) at 450 nm. For analysis of
NF-«B p65 and phosphorylated p38 MAPK protein expres-
sion, western blotting was performed: cell lysates were
separated on sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to nitrocellulose
membranes, and incubated with primary antibodies (Cell
Signaling Technology, USA) at 1:1,000 dilution. Signal de-
tection was performed using Clarity Max chemilumines-
cent substrate (Bio-Rad, USA) and visualised with a Chem-
iDoc MP system (Bio-Rad, USA). Data analysis was carried
out using SPSS 26.0 (USA). One-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test was used for
group comparisons. Correlation between the number of hy-
droxyl groups in phenol molecules and cytokine inhibition
was assessed using Pearson’s coefficient. Statistical sig-
nificance was considered at p <0.05. Each experiment was
repeated five times (n=5) to ensure reproducibility. The ex-
perimental protocol was developed in accordance with the
recommendations of the European Pharmacopoeia [12].

RESULTS
Chemical composition and antioxidant activity. The
chemical profile of medicinal plants is a key factor deter-
mining their biological activity, particularly antioxidant
and anti-inflammatory properties. Within the present
study, it was established that antioxidant activity directly
correlates with both the quantitative content and structur-
al features of phenolic compounds. There is a direct rela-
tionship between the chemical structure of phenols - pri-
marily the presence of ortho-dihydroxyl groups, the degree
of glycosylation, and the ability to influence molecular tar-
gets such as the NF-«B pathway — and the intensity of the
anti-inflammatory effect. Using HPLC and LC-MS methods,
12 phenolic compounds were identified in the extracts of
the studied plants (Table 1). These compounds belong to
various classes of polyphenols, including flavonoids, phe-
nolic carboxylic acids, depsides and diterpene derivatives.
The highest polyphenol content was recorded in the extract
of Curcuma longa — 218+ 5 mg/g — which can be attributed to
the presence of curcuminoids. These demonstrated strong
antioxidant properties due to the presence of two ortho-di-
hydroxyl groups in the phenyl ring. Such groups promote
chelation of transition metal ions that catalyse the forma-
tion of reactive oxygen species (ROS), as well as efficient
neutralisation of free radicals through electron transfer.

Table 1. Phenolic compounds identified in extracts of the studied plants

Molecular Molecular Concentration
No. Compound Source plant Structural features formula mass (g/mol) (mg/g)
1 Curcumin Curcuma longa Two orth%:(yiif;?;;yl groups, C,,H,,0q 368.38 120+4
2 Demethoxycurcumin | Curcuma longa One ortho-dihydroxyl group C,oH,30; 338.36 65+3
3 | Bisdemethoxycurcumin | Curcuma longa No methoxyl groups C,,H,0, 308.33 33+2
. Hypericum Quercetin glycoside N
4 Rutin perforatum (rhamnose + glucose) CartlsyOs 610.52 85+2
. Hypericum Naphthodianthrone, N
> Hypericin perforatum conjugated system CanllisOs d04.44 401
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Table 1. Continued

Molecular Molecular Concentration
No. Compound Source plant Structural features formulal [ mass (2 mol) (ng/g)
6 Quercetin [I){e}; ?S;%TH Rutin aglycone, 3 OH-groups C:H,,0, 302.24 20+1
L . A Depside (caffeic + "
7 Rosmarinic acid Salvia officinalis 3,4-dihydroxyphenyllactic acid) C,gH,,0, 360.32 45+2
. R Diterpene phenol, "
8 Carnosol Salvia officinalis ortho-quinone structure C,,H,O, 330.42 25+1
9 Carnosic acid Salvia officinalis | Triterpene phenol, carboxyl group | C,H,,0, 332.43 15+1
10 Luteolin Salvia officinalis Flavone, 4 OH-groups C,H,,0, 286.24 8+0.5
11 Chlorogenic acid ;Ieyr l}grr;%’; Ester of caffeic and quinic acids C,H,;0, 354.31 12+0.8
12 Caffeic acid Hypericum Hydroxycinnamic acid, CH,0, 180.16 100.6
perforatum 2 OH-groups

Source: compiled by the author

Table 1 summarised the data on phenolic compounds,
including their sources, structural features, molecular mass
and concentration. For example, curcumin (C,,H,,0,), the
principal polyphenol of Curcuma longa, is characterised by
a B-diketone structure and the presence of two ortho-dihy-
droxyl groups, which underpin its strong ability to inhibit
inflammatory cascades. Its structural analogues — demeth-
oxycurcumin and bisdemethoxycurcumin — demonstrate
similar, though somewhat reduced, activity due to the ab-
sence of methoxyl or hydroxyl groups. In Hypericum perfo-
ratum, flavonoids predominate, including rutin (a glycoside
of quercetin), hypericin (a naphthodianthrone derivative)
and the aglycone quercetin. Glycosylation of phenols, as in
the case of rutin, enhances hydrophilicity, bioavailability
and affinity for cell membranes, positively influencing an-
tioxidant activity. Hypericin, with its extended conjugated
system, shows photosensitising capacity and inhibition of
pro-inflammatory enzymes.

Compounds from Salvia officinalis are also of particu-
lar importance. Rosmarinic acid, a depside, exhibits dual
antioxidant activity by both inhibiting ROS formation and
stabilising free radicals. Carnosol and carnosic acid - di-
terpene phenols — exhibit not only antioxidant but also
anticancer activity, associated with their quinone-like
structure and their ability to influence gene expression in
inflammation. Luteolin, a flavone, also acts as an effective
antioxidant capable of inhibiting nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, the prima-
ry source of superoxide anion in immune cells. Thus, the
data demonstrate that variability in chemical structures
of phenolic compounds determines the spectrum of their
biological activity. Ortho-dihydroxyl groups and glycosid-
ic fragments play particularly critical roles, shaping both
physicochemical properties and molecular targets of bi-
oactivity. These results support the hypothesis that the
antioxidant effect is multifactorial, dependent not only on
redox potential but also on the ability to regulate cellular
signalling pathways such as NF-kB, MAPK and nuclear fac-
tor erythroid 2-related factor 2 (Nrf2).

Anti-inflammatory activity and mechanisms of
action. To assess the anti-inflammatory activity of phe-
nolic extracts from the studied medicinal plants, a mod-
el of LPS-induced inflammation was applied using RAW
264.7 murine macrophages at a concentration of 1 pg/ml.
Extracts were tested across a wide concentration range

(10-100 pm), allowing assessment of dose dependence
and effective thresholds. A 12-hour incubation was select-
ed as the optimal interval for activation of inflammatory
mediators without cytotoxic consequences. Curcumin, the
principal bioactive component of Curcuma longa, demon-
strated the strongest anti-inflammatory activity. At 50 pm,
it significantly reduced production of key pro-inflamma-
tory cytokines: tumour necrosis factor-alpha decreased by
72 %3%, and IL-6 by 65 *2%. These results indicated inhi-
bition of both early and late phases of the inflammatory
response. This effect is characteristic of compounds with
strong redox activity and the ability to directly modify sig-
nalling proteins regulating cytokine transcription.

Rutin, isolated from Hypericum perforatum, exhibited
moderate anti-inflammatory effects, reducing TNF-o by
60+£2% at the same concentration (50 pm). This confirmed
a capacity to modulate inflammatory responses, likely by
stabilising cell membranes and reducing endothelial per-
meability to inflammatory mediators. Of the compounds
tested, rosmarinic acid (Salvia officinalis) showed the weak-
est activity, reducing TNF-a by only 45 *4%. Despite its
strong antioxidant potential, its anti-inflammatory effects
were less pronounced, possibly due to weaker interactions
with transcription factors of inflammation.

Western blot analysis of key signalling proteins con-
firmed these findings. Curcumin significantly inhibited NF-
kB activation (55 * 4% reduction relative to LPS control),
blocking nuclear translocation and suppressing transcrip-
tion of pro-inflammatory cytokine and enzyme genes (e.g.,
iNOS, COX-2). Rutin reduced NF-«B activation by 40 * 3%.
Furthermore, curcumin strongly suppressed phosphoryla-
tion of p38 MAPK - a critical mediator that activates tran-
scription via ATF-2 and Elk-1 — by 60 * 5%, compared to
35+3% for rutin. These data indicate that curcumin targets
multiple signalling cascades, including both NF-kB- and
MAPK-dependent pathways, consistent with its broad an-
ti-inflammatory spectrum.

The obtained results confirmed that inhibition of NF-
kB p65 activity closely correlates with the reduction in
TNF-a levels (correlation coefficient r=0.92, p<0.001), in-
dicating a causal relationship between the transcriptional
activity of this factor and cytokine secretion. A high cor-
relation was also established between the number of hy-
droxyl groups in the structure of phenolic compounds and
the degree of IL-6 inhibition (r=0.89, p<0.01), highlighting
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the important role of polar functional groups in ensuring
the anti-inflammatory effect through antioxidant and sig-
nalling modulation. Thus, the study demonstrates a clear
dose-dependent anti-inflammatory activity of phenolic ex-
tracts, with curcumin showing superiority due to its mul-
ti-component action on key cellular signalling pathways.
These findings confirmed the hypothesis that the effective-
ness of natural compounds in anti-inflammatory therapy is
determined not only by their ability to neutralise free radi-
cals, but also by their direct influence on transcriptional and
post-transcriptional regulation of inflammatory processes.

Structure-function relationships of the phenolic
compounds. An in-depth comparative analysis of the struc-
tural organisation of the phenolic compounds examined in
this experiment revealed several patterns that determine
their biological activity, particularly anti-inflammatory po-
tential. The focus of the study was on functional groups,
bond types, and the overall chemical architecture of the
molecules, which are crucial for interaction with cellular
molecular targets, membrane permeability, stability in bi-
ological fluids, and the ability to initiate cellular responses.

One of the most important factors defining antiox-
idant and anti-inflammatory activity is the presence of
ortho-dihydroxyl groups in the aromatic ring. Curcumin,
which contains two ortho-positioned OH groups on each
phenolic fragment, exhibited 30% higher bioactivity com-
pared to rosmarinic acid, which has only one such group.
This structural feature greatly enhances the molecule’s
ability to chelate divalent metal ions (Fe?", Cu?*), which in
turn blocks the activity of metalloenzymes that catalyse
ROS formation. Hence, ortho-hydroxyl groups not only en-
able direct neutralisation of free radicals but also modulate

secondary signalling pathways associated with stress-in-
duced transcription factor activation.

Another significant aspect is the degree of glycosyla-
tion, which determines the pharmacokinetic profile of the
molecule. Rutin, a glycoside of quercetin, proved more sta-
ble in plasma, showing a prolonged half-life (t,,=4.2 h),
more than double that of its aglycone form — quercetin
(t,,= 1.8 h). This stability is explained by the hydrophilic
nature of the glycosidic moiety, which shields the reactive
centres of the flavonoid structure from rapid metabolism.
However, glycosylation markedly reduces membrane per-
meability, limiting diffusion across lipid bilayers of cellu-
lar membranes. This is evidenced by permeability coeffi-
cient (Papp) values: 2.1x10°¢ cm/s for rutin compared with
8.7x10° cm/s for quercetin. Thus, there is a trade-off be-
tween metabolic stability and cellular availability, which
is critical for optimising the structure of potential thera-
peutic agents.

Particular attention should also be drawn to the pres-
ence of conjugated m-systems in the structure of curcumin.
Its system of conjugated double bonds between two phe-
nolic rings facilitates delocalisation of m-electron density
along the entire molecule. This not only enhances antiox-
idant potential but also promotes activation of apoptotic
cascades in inflamed cells, since such delocalisation facil-
itates interactions with key cytoplasmic and nuclear pro-
teins. Moreover, similar conjugated systems are capable of
DNA intercalation and epigenetic modulation, which may
also be relevant to chronic inflammatory processes. To il-
lustrate these structure-function relationships, Table 2
compared inhibition of key pro-inflammatory cytokines
and IC,, values for each of the three studied plants.

Table 2. Comparative effectiveness of plants

Plant TNF-a inhibition (%) IL-6 inhibition (%) IC,, (uM)
Curcuma longa 72+£3 65%2 184
Hypericum perforatum 60+2 553 32.7
Salvia officinalis 45+4 38+2 49.1

Source: compiled by the author

According to these data, Curcuma longa showed the
lowest IC,, reflecting high efficacy even at low concentra-
tions — a direct result of its optimal structural configura-
tion, particularly the combination of dihydroxyl groups, a
conjugated bond system, and amphiphilic properties. By
contrast, Salvia officinalis, despite possessing some active
fragments, demonstrated the highest IC,,, indicating that
higher concentrations are required to achieve a marked
biological effect, and thus a lower therapeutic potential.
Hence, structural features of phenolic compounds directly
influence their bioactivity, and these relationships must be
taken into account when designing natural anti-inflamma-
tory agents with predictable pharmacodynamic and phar-
macokinetic properties.

Hypothesis validation and mechanistic insights.
The experimental results confirmed the initial hypothesis
that the presence of ortho-dihydroxyl groups in phenolic
structures is a key structural determinant of anti-inflam-
matory potential. Molecules with two adjacent hydroxyl
groups on the benzene ring, such as curcumin, displayed
significantly higher bioactivity due to their ability to

stabilise phenoxyl radicals and efficiently chelate transi-
tion metal ions. These properties indirectly reduce ROS
generation — a key promoter of the inflammatory response
at the cellular level. In addition, experimental data con-
firmed the role of glycosylation as a determinant of the
pharmacokinetic profile. Rutin, the glycosylated form of
quercetin, demonstrated increased stability, resulting in a
longer-lasting effect. At the same time, reduced membrane
permeability of the glycosylated form suggests that glyco-
sylation represents a balance factor between bioavailabil-
ity and metabolic stability, requiring further optimisation
to maximise therapeutic efficacy.

The study also confirmed that suppression of NF-«B is
the principal molecular mechanism of anti-inflammatory
action of the extracts, particularly curcumin and rutin. De-
creased expression of NF-kB p65 correlated with reduced
secretion of pro-inflammatory cytokines such as TNF-a
and IL-6, consistent with the existing literature. However,
inhibition of the MAPK pathway - particularly phosphoryl-
ated p38 — also proved significant, especially for curcumin,
which exhibited a dual influence at both transcriptional
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and signalling levels. This points to the multi-component
nature of curcumin’s action, making it a promising candi-
date for further investigation as a multifunctional modula-
tor of inflammation.

Unplanned or unexpected observations, though not
part of the initial hypothesis, are also of considerable im-
portance for interpreting the results and generating new
research questions. Notably, the extract of Salvia officinalis,
despite showing the lowest activity in inhibiting pro-in-
flammatory cytokines, promoted an increase in the an-
ti-inflammatory cytokine IL-10 by 20+ 3%. This effect may
indicate potential immunomodulatory properties of the
extract, possibly via activation of regulatory T cells or mod-
ulation of alternative signalling pathways associated with
TGF-p or IL-10-linked transcriptional profiles. This aspect
merits further in vivo investigation, since IL-10 elevation
can have both therapeutic and immunosuppressive effects
depending on the inflammatory context.

Another important finding concerned the cytotoxic
properties of curcumin at high concentrations. Specifical-
ly, at doses exceeding 100 pm, curcumin reduced the via-
bility of RAW 264.7 cells by 40% (assessed by MTT assay:
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide). This indicated a narrow therapeutic window that
must be considered when designing dosage regimens. The
cytotoxic effect is likely associated with induction of the
mitochondrial apoptotic pathway, which could be advan-
tageous in anticancer therapy but poses potential risks
for prolonged use in anti-inflammatory strategies. Thus,
the experimental part of the study not only confirmed the
pre-formulated hypotheses but also revealed new phenom-
ena, indicating the complex, multi-component nature of
plant phenol action.

DISCUSSION

The findings confirm a direct relationship between the
chemical structure of phenolic compounds from Curcuma
longa, Hypericum perforatum and Salvia officinalis and their
anti-inflammatory activity. Specifically, the presence of or-
tho-dihydroxyl groups in the phenolic ring and the degree
of glycosylation determine the effectiveness of inhibiting
key inflammatory markers such as TNF-o and IL-6. These
conclusions are consistent with the results of B.M. Raza-
vi et al. [13], who showed that curcumin suppresses the
NF-«B pathway, reducing pro-inflammatory cytokine lev-
els. However, the present study extended understanding of
curcumin’s mechanism of action by identifying its ability
to stabilise radicals through its conjugated m-system. This
effect is supported by the findings of S.N.H. Jamil et al. [14],
where structural analogues lacking ortho-dihydroxyl
groups demonstrated significantly lower activity.

An important aspect is the cytotoxicity of curcumin
at concentrations above 100 um, confirming the observa-
tions of M. Cozmin et al. [15], who pointed to the narrow
therapeutic window of this compound - the limited range
between effective and toxic doses. Their study showed that
curcumin, despite high bioactivity, can reduce cell viability
at concentrations above 80-100 um, particularly by induc-
ing apoptosis through caspase-3 activation and mitochon-
drial membrane depolarisation. This creates potential risks
in therapeutic use without prior standardisation of dosing.
A similar effect was observed in the present study, where at

100 um cell viability decreased by about 40%, underscor-
ing the need for strict dose control during pharmaceutical
development. Unlike T.S. Vo et al. [16], who focused on cur-
cumin’s antibacterial properties (notably against Staphy-
lococcus aureus and Escherichia coli), this study examined
its immunomodulatory potential in greater detail. It was
found that curcumin at 50 um significantly increased ex-
pression of IL-10, a key anti-inflammatory cytokine. This
suggests that one mechanism of action may involve ac-
tivation of regulatory T cells (Tregs), which play a role in
dampening excessive inflammatory responses and estab-
lishing tolerance. However, the mechanism of IL-10 induc-
tion remains insufficiently studied and requires further ex-
ploration using specific signalling pathway inhibitors.

For Hypericum perforatum, a key finding was the high
stability of rutin in plasma, consistent with data from
Y. Tumbarski et al. [17], who reported a half-life of 4-5 hours
depending on experimental conditions. This high stabili-
ty is attributed to the glycosidic structure, which protects
the compound against metabolic degradation. At the same
time, the present study revealed markedly reduced perme-
ability of rutin’s glycosylated form across cell membranes
(Papp=2.1x10° cm/s), potentially limiting its bioavailabil-
ity in target tissues. This phenomenon is linked to the high
hydrophilicity of glycosidic forms, which poorly traverse li-
pid bilayers, hindering efficient intracellular delivery. Con-
sequently, there is a need for nano-carriers or liposomal
formulations to enhance rutin delivery in biological sys-
tems. This is particularly relevant in the context of gastro-
intestinal disorders, where pharmacological correction of
peristalsis remains widespread, as evidenced by outpatient
drug consumption data from Ukraine and neighbouring
countries [18].

These observations are consistent with the review
by E. Blonska-Sikora et al. [19], who emphasised the im-
portance of optimising flavonoid pharmacokinetics using
nanotechnological platforms such as polymeric nanopar-
ticles, solid lipid nanoparticles, and microemulsions. They
demonstrated that encapsulation of flavonoids in such
systems can overcome cellular transport barriers, improve
stability in biological environments, and enhance targeted
delivery to inflamed tissues.

With regard to Salvia officinalis, the observed 20+ 3%
increase in IL-10 levels in macrophage cultures indicates
an immunomodulatory effect not widely reported previ-
ously for this species in the context of anti-inflammatory
activity. This finding contrasts with the results of M.Y. Bo-
ufadi et al. [20], where the main focus was antioxidant ac-
tivity assessed via DPPH analysis, without in-depth explo-
ration of cytokine profiles. Such differences may arise not
only from variations in experimental models (in vitro vs
in vivo) but also from methodological approaches to bio-
active compound extraction. In the present study, unlike
S. Purovié et al. [21], who applied hydrodistillation, macer-
ation at 25°C for 48 hours was used, enabling better pres-
ervation of thermolabile components such as carnosol and
carnosic acid.

Carnosol, as reported by M. Brindisi et al. [22], exhibits
dual bioactivity — both as an antioxidant and as an anti-
tumour agent, primarily due to its ability to inhibit phos-
phorylation of p38 MAPK, which is responsible for the
transcriptional activation of pro-inflammatory genes. In
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the experimental model of the present study, a significant
reduction in phosphorylated p38 levels by 18 = 2% was ob-
served, indicating a potential contribution of this compo-
nent to the mechanism of action of S. officinalis extract.
Compared with the study of R. Mokhtari et al. [23], which
investigated the antimicrobial properties of sage against
pathogenic strains of Candida spp. and Staphylococcus
aureus, the results obtained here broaden the spectrum
of sage’s bioactivity, highlighting its ability to influence
both pro- and anti-inflammatory pathways of the immune
response. In particular, the increase in IL-10 may result
from activation of the transcription factor STAT?3, or be a
secondary effect of NF-kB inhibition, which is consistent
with hypotheses about the synergistic action of phenolic
acids and terpenes within the plant extract. This approach
is corroborated by G. Margetts et al. [24], who found that a
combination of phenolic compounds (rosmarinic acid, caf-
feic acid) and monoterpenes (eucalyptol, thujone) in Salvia
officinalis significantly enhances inhibition of cyclooxy-
genase-2 (COX-2) activity, which plays a key role in prosta-
glandin synthesis during inflammation.

In the present study, a similar decrease in COX-2 ex-
pression by 25 = 4% was recorded, along with suppression
of NF-«xB activity, confirming the presence of a multi-tar-
get mechanism of action of the extract. Moreover, ros-
marinic acid, the dominant component of sage extract,
is known for its ability to inhibit nuclear translocation of
the NF-«B p65 subunit, thereby blocking transcription of
pro-inflammatory mediator genes (TNF-a, IL-1p). This en-
sures a balanced immune effect that does not cause exces-
sive immunosuppression but promotes the development
of a regulatory anti-inflammatory response, in particular
via IL-10. Overall, the results confirmed that the effect of
Salvia officinalis cannot be reduced to a single molecule or
function - its pharmacological activity is the outcome of
a complex interplay of multiple bioactive components ex-
erting both antioxidant and modulatory influences on cel-
lular inflammatory signalling pathways. This underscored
the importance of a phytocomplex approach in the study
of medicinal plants and the need for research targeting
cellular markers and transcriptional cascades, particularly
MAPK/NF-«B/STATS3.

Despite the considerable progress achieved, there are
limitations linked to the experimental conditions. Firstly,
the study was conducted in vitro, which does not account for
the influence of in vivo metabolic processes on bioavailabil-
ity, as noted in the works of T.S. Vo et al. [16] and F. Righi et
al. [25]. Secondly, the concentrations of extracts used (10-
100 pym) may not reflect physiological conditions, thereby
limiting clinical interpretation. This issue is also relevant
to the research of Y. Sharma et al. [26], where high doses
induced cytotoxicity. In the wider research context, the re-
sults obtained here complement the findings of E. Poulios et
al. [27] on the antioxidant potential of sage and highlight
the need for integration of structural analysis into phytop-
harmacology. At the same time, they reveal discrepancies
with some previous studies, particularly regarding the role
of glycosylation, which requires further clarification. For
example, the results of M. Pei¢ Tukuljac et al. [28] indicated
reduced bioavailability of glycosides, whereas the present
study established that glycosylation protects the molecule
from rapid metabolism, thereby prolonging its half-life.

M. Khatun et al. [29] found that different turmeric spe-
cies from Bangladesh vary in their curcuminoid content,
which directly correlates with their ability to neutralise
free radicals and suppress inflammation. The present
study also confirmed that curcumin is the key component
of Curcuma longa responsible for its effectiveness, par-
ticularly through NF-kB inhibition. However, unlike the
study of M. Khatun et al., which focused on antibacterial
activity, the main emphasis here was on immune modula-
tion via increased IL-10 levels, expanding understanding
of turmeric’s therapeutic potential. For Hypericum perfo-
ratum, the findings on the high stability of rutin and its
role in suppressing pro-inflammatory cytokines are con-
sistent with the work of M. Novelli et al. [30], who demon-
strated that hypericin and hyperforin from St John’s wort
inhibit inflammatory signalling pathways associated with
diabetes. However, in the present study it was observed
that flavonoid glycosylation, such as in rutin, not only en-
hances stability but also limits membrane permeability,
potentially necessitating auxiliary methods to improve
bioavailability.

These findings complement the work of P. Rychlewski et
al. [31], who compared commercial and wild samples of
St John’s wort: although both contained high levels of bio-
active compounds, the present study emphasises the need
for extract standardisation to ensure consistent pharma-
cological effects. Regarding Salvia officinalis, the data ob-
tained on its ability to modulate IL-10 levels and inhibit p38
MAPK phosphorylation align with the research of E. Napo-
li et al. [32], who analysed hydrodistillation by-products of
Lamiaceae plants. They found that phenolic components
in these by-products retain antioxidant activity, under-
scoring the importance of rational utilisation of plant raw
material. In contrast to E. Napoli et al., the present work
employed maceration to extract thermolabile compounds
such as rosmarinic acid, which preserved their bioactivity
and demonstrated a comprehensive effect on inflammato-
ry pathways. The results of the study showed that the an-
ti-inflammatory activity of the investigated plants is deter-
mined by their structural characteristics, in particular the
presence of ortho-dihydroxyl groups and glycosylation

The results of the study confirmed that the anti-in-
flammatory activity of Curcuma longa, Hypericum perfo-
ratum and Salvia officinalis extracts is associated with the
structural features of phenolic compounds, in particular
the presence of ortho-dihydroxyl groups and glycosylated
forms. It has been established that these factors affect the
levels of cytokines TNF-a, IL-6 and IL-10, as well as the ac-
tivity of key signalling pathways, in particular NF-«xB and
p38 MAPK. The data obtained confirm that the pharmaco-
logical effect of the studied plants cannot be reduced to in-
dividual molecules, as it is the result of the complex action
of several bioactive components.

CONCLUSIONS
The study confirmed that the anti-inflammatory and anti-
oxidant activities of phenolic compounds from medicinal
plants directly depend on their chemical structure. Twelve
bioactive compounds were identified, among which cur-
cumin from Curcuma longa demonstrated the highest effi-
cacy. Due to the presence of two ortho-dihydroxyl groups
and a conjugated m-system, it inhibited TNF-o by 72 = 3%
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and IL-6 by 65+ 2% (at 50 pum), primarily via inhibition of
NF-xB (55 *4%) and p38 MAPK (60 * 5%). These results
highlighted the role of structural features such as hydroxyl
group positioning and glycosylation in determining bio-
logical activity. For instance, rutin, a quercetin glycoside,
proved more stable in plasma (half-life 4.2 h) but less per-
meable across cell membranes compared with its aglycone.

The practical significance of the study lied in substan-
tiating the use of Curcuma longa as a basis for phytophar-
maceutical development. The high activity of curcumin, its
ability to influence several signalling pathways simultane-
ously, and its low IC,, (18.4 pym) make it a promising can-
didate for chronic inflammation therapy. Special attention
should be paid to the unexpected effect of Salvia officinalis
extract, which increased the level of the anti-inflammatory
cytokine IL-10 by 20 # 3%, suggesting immunomodulatory
properties. To further develop these findings, preclinical
trials on animal models are recommended to assess the in
vivo efficacy and safety of curcumin.

Nevertheless, the study has limitations. Firstly, ex-
periments were conducted in vitro, which does not re-
flect the influence of in vivo metabolism on compound

bioavailability. Secondly, curcumin exhibited cytotoxicity
at concentrations above 100 um, reducing cell viability by
40%, indicating a narrow therapeutic window. Thirdly, syn-
ergistic effects between extract components, which may
enhance or diminish their activity, were not investigated. A
promising direction would be the development of methods
to improve bioavailability, such as lipid nano-carriers or
micellisation. Furthermore, interactions between phenolic
compounds within complex extracts should be studied, as
their synergism may open up new therapeutic opportuni-
ties. Special attention should also be given to exploring im-
munomodulatory potential, particularly mechanisms un-
derlying the increase in IL-10 observed in Salvia officinalis.
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XiMiyHa CTpyKTypa Ta npoTu3ananbHi MexaHi3Mu gii
¢$eHONbHUX CNOJNTYK NiKapCbKUX POCNUH

Onekcin BpusuubKumn

Kangunoat dapMaueBTUYHMX HayK

HauioHanbHUIM dapMaLeBTUYHMIA YHIBEPCUTET
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AHoTauif. JJocmimkeHHS 6GYy/lo CIIpsSIMOBaHe Ha BUBYEHHS 3B’SI3Ky MK XiMiUHOIO CTPYKTYpOIO (DeHONTbHUX CITONYK
JikapchbKux pocauH Curcuma longa, Hypericum perforatum ta Salvia officinalis Ta iXHbOIO TPOTM3ATIATBHOI aKTUBHICTIO.
Po6oTa BMKOHaHA Ha 6a3i HaByasbHO-HAYKOBOTO iHCTUTYTY MpuKIaaHoi dapmarii HarioHaapHOTO (hapMalieBTMUHOTO
yHiBepcuTtety (M. XapKiB, YKpaiHa), TpoTsIroM BepecHs-rpynHs 2024 poky. 3a JOMOMOT0o0 BUCOKOePeKTUBHOI pisMHHOT
xpomatorpadii Ta Mac-crekTpoMeTpii Bu3HaueHo 12 6i0aKTUBHMX CIIOIYK, BKITIOUAI0UM KYPKYMiH, pyTUH i pO3MapyHOBY
KUCIOTy. ERcriepyMeHTH Ha KIiTMHaX MakpodariB mokasau, 1[0 KypKyMiH 3HMKYE piBeHb (akTopa HeKpo3y IMyXJIMH-
anbda Ha 723 % Ta iHTepreiikiny-6 Ha 65+ 2 % (mpu KoHIeHTpalii 50 MKM) uyepe3 MpUTHiYeHHST TPAHCKPUIILIITHOTO
dakTopa kanma-B (554 %) Ta kiHasu p38 (60 =5 %). PyTuH, He3BaxkarouM Ha CTaGiIbHICTD y M1a3mi KpoBi (mepion
HamiBposnanay 4,2 ToauHM), MaB HYDKUMI KoedillieHT MPOHUKHOCTI yepe3 KIiTMHHI Mem6panu (2,1x10° cm/c). EkcTpakT
1IaBiii JikapchbKOi MiJBUINMB piBeHb aHTU3AMaJbHOrO iHTepnelikiHy-10 Ha 20 *# 3 %, a Kopensuis MiX KiJIbKiCTIO
TiIPOKCUIBHUX TPYI Y MOJIEKy/JIaxX Ta iHriGyBaHHSM iHTepielikiHy-6 ckinana 0,89. BusiBieHO, 1[0 KypKyMiH IPOSIBIISIE
LMTOTOKCMYHICTh IPU KOHUeHTpanisx noHazn 100 MKM, 3HMKYIOUM XUTTE3LATHICTh KIiTMH Ha 40 %. Pesymbratu
MiATBEPOWIN, IO MPOTU3ANaJbHUN edeKT 3aJeXUTh Bif, HAsSBHOCTI OPTO-AUTiAPOKCUIBHMX TPYI Ta IIiKO3MOALi,
MIPUYOMY HAMBUIINI MMOTEHIIia/ BUSBIEHO Y KypkyMmu. OTpMMaHi JaHi MigKpewM BaXKIMUBICTh CTPYKTYPHOTO aHai3y
Ta KOMIUIEKCHUX METOMIB IJisi PO3POOKM POCTMHHUX MPEeNapariB i3 IiecnpsMoBaHOIO Ji€r0. Pe3ynbTaTu JOCTiIKeHHS
MOXYTb O6YTM BUKOpPUCTaHi GapMarieBTMYHMMM KOMITAHIsIMM Ta HAYKOBO-IOCTiIHMMU JIabopaTOpisSIMyU Mpu CTBOPEHHI
HOBMX IIPOTU3ANaJIbHMUX 32C00iB MPUPOTHOTO TTOXOIKEHHST

KntouoBi cnoBa: mmaBJiist TikapchKa; KypKyMiH; 3Bipo6iii 3BUUaitHNi1; OPTO-AUTiAPOKCUIIbHI TPYIN; hapMaKOKiHE TUYUHMIA
npodiab
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Abstract. This study aimed to identify the characteristics of degenerative changes in the proximal tibia, taking into
account the morphological variant of the knee joint. The analysis was based on radiographic examinations of 100 cases
of gonarthrosis, predominantly affecting the medial compartment. The mean age of the patients was 63.56 = 8.10 years.
Among the radiographic criteria assessed were the anatomical medial proximal tibial angle (MPTA) and the femorotibial
angle (FTA). In addition, morphometric parameters of the proximal tibia were evaluated relative to an axis drawn from
the intercondylar eminence to the tibial condyles (LTCA, LTPA, MTPA, MTCA), as well as relative to an axis tangential
to the condyles (LTCA2, LTPA2, MTPA2, MTCAZ2). The morphotypes of the knee joints were determined according to a
proprietary cluster-based classification system. Statistical analysis was conducted using Statistica 13 software. Statistical
significance was set at p<0.05. Changes in LTCA and LTCA2 observed in patients with morphotypes I, II, and III indicated
a medial deviation of the tibial axis. In patients with valgus deviation of the lower limb axis and knee joint morphotype IV,
the decrease in LTCA and LTCAZ2 values indicated further destruction of the bone and cartilage tissues of the tibial condyle
within the load-bearing area of the joint. It also reflected a shift of the axis tangential to the tibial condyles medially and
downward, along with an upward deviation of the axis drawn from the intercondylar eminence to the lateral condyle.
Changes in the LTPA, LTPA2, MTPA, and MTPA2 angles suggested a medial deviation of the tibia. An analysis of the MTCA
and MTCA2 angles in patients with morphotypes II, III, and IV confirmed a medial shift of the tibia. Conversely, a decrease
in MTCA and MTCA2 values in patients with morphotype I indicated further destruction of the bone and cartilage tissues
of the medial condyle, as well as a downward and medial displacement of both the axis drawn from the intercondylar
eminence to the medial condyle and the axis tangential to the condyles. These findings demonstrated a variation in the
morphometric parameters of the proximal tibia depending on the identified knee joint morphotype in the context of
degenerative-dystrophic conditions. The results may support the refinement of personalised approaches to orthopaedic
interventions in degenerative dystrophic diseases of the knee joint

Keywords: osteoarthritis; degenerative-dystrophic diseases; morphology; radiographic parameters; gonarthrosis

INTRODUCTION

The study of anatomical variability in the proximal tibia,
both under normal conditions and in the presence of de-
generative-dystrophic diseases, is of significant relevance
to orthopaedic practice. Assessing the shape of the tibia
and the spatial relationships within the knee joint is es-
sential for understanding the pathogenesis of degenera-
tive-dystrophic diseases, identifying factors contributing
to their progression, and selecting the most appropri-
ate treatment method. An analysis of the morphological

Suggested Citation:

features of degenerative-dystrophic changes in the prox-
imal tibia will support the development of individualised
implants and enhance the personalised planning of sur-
gical interventions such as proximal tibial osteotomy and
total knee arthroplasty.

Degenerative-dystrophic joint diseases represent one
of the most pressing challenges in modern orthopaedics
due to their high prevalence and progressive nature. They
are considered among the leading causes of chronic pain,
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functional limitations, and disability in the working-age
population. Among all joints of the human musculoskel-
etal system, the knee is the most frequently affected by
degenerativedystrophic changes [1-3]. Gonarthrosis is a
comprehensive joint pathology characterised by structur-
al alterations in the articular cartilage, subchondral bone,
Hoffa’s fat pad, synovial membrane, ligaments, and mus-
cles [4, 5]. Therefore, the study of morphological changes
in the knee joint under degenerative-dystrophic conditions
has become a subject of considerable scientific interest.

In most cases, tissue degeneration begins in the medi-
al compartment of the knee joint and, as the pathological
process progresses, leads to disruption of the lower limb
axis [6]. In the pathogenesis of gonarthrosis, particular
attention should be paid to the condition of the proximal
tibia, as its morphological changes determine the nature
and severity of the resulting deformity. Understanding the
anatomical variability and mechanisms of disease progres-
sion is key to improving existing treatment methods and
developing more effective approaches for the management
and prevention of gonarthrosis. The considerable variabil-
ity of joint structures has been confirmed by the findings
of A. Mullaji et al. [7], who, based on the analysis of 2,129
orthoradiographs, identified four phenotypic variations of
knee osteoarthritis associated with varus alignment of the
lower limb. The research group also demonstrated mor-
phological variability in knee joints with valgus deviation.

In a separate study, A. Mullaji et al. [8] analysed ortho-
radiographs of 233 knee joints exhibiting valgus alignment
and identified nine phenotypic variants of valgus knee os-
teoarthritis. Similarly, in a study by D. Yang et al. [9], five
subtypes of valgus knee deformities were established based
on the analysis of radiographs from 105 cases with valgus
lower limb alignment. According to the researchers, the
key factors contributing to the formation of distinct valgus
knee morphologies include the pattern of local bone loss
and deformation of the lateral tibial plateau, with or with-
out valgus angulation at the level of the metaphysis.

Degenerative-dystrophic diseases of the knee joint af-
fect not only the articular surface of the tibia but also cause
significant deformation of the metaepiphyseal region. In a
study by J. Tomczyk et al. [1], based on the analysis of com-
puted tomography data from 23 patients with knee osteo-
arthritis and varus deformity, high variability was observed
in the structural changes of the proximal epiphysis and
metaepiphysis of the tibia. Using mathematical modelling,
the researchers demonstrated significant differences in the
three-dimensional dimensions of the tibial plateau, its in-
clination angle, and the medial and lateral tibial condyles,
depending on body side and sex in patients with knee oste-
oarthritis and varus deformity. The study also confirmed a
higher risk of varus osteoarthritis in the presence of defor-
mation of the proximal tibial metaepiphysis.

Similar findings were reported by T. Ishibashi et al. [10],
who used a three-dimensional (3D) model to demonstrate
variations in the shape of the proximal tibia based on data
from 31 patients with symptomatic knee osteoarthritis.
The researchers found lower variability in the medial prox-
imal cortical layer of the tibial metaphyseal region com-
pared to the values for the tibial tuberosity area (p=0.004)
and the lateral cortex (p =0.020). This was attributed to
the greater load-bearing role of the medial compartment

of the knee joint in cases of varus deviation of the lower
limb axis. In contrast, the authors reported greater varia-
bility in the shape of the medial tibial plateau (1.46 mm)
compared to the lateral plateau (1.16 mm) (p=0.044), and
noted less damage to the lateral compartment of the knee
joint in patients with degenerative-dystrophic diseases.
The researchers found that, as osteoarthritis progresses,
cartilage destruction and bone erosion typically begin in
the anteromedial area of the tibial plateau, with the patho-
logical process subsequently extending posteriorly and lat-
erally. However, it remains unclear whether changes in the
proximal tibial metaepiphysis are a cause or a consequence
of osteoarthritis.

This issue was addressed in a study by S. Kuriyama et
al. [11], who used mathematical modelling of open wedge
osteotomy with programmed values of the medial proxi-
mal tibial angle (MPTA) ranging from 90° to 97° in 1° in-
crements. In all modelled scenarios, higher peak contact
forces during walking were recorded in the lateral com-
partment of the knee joint compared to the medial one.
The researchers demonstrated that an increase in MPTA is
associated with excessive elevation of contact forces in the
medial compartment and increased tension in the medial
collateral ligament during knee flexion. The authors also
observed non-physiological anterior rolling of the lateral
femoral condyle during squatting, and the absence of the
“screw-home” mechanism during knee extension in mod-
els with elevated MPTA values.

Morphological differences in the proximal tibia have
been confirmed by the findings of J. Itou et al. [12]. Based on
radiographic analysis of 109 knee joints, the authors iden-
tified three main types of tibial plateau shapes, according
to the inclination of the medial and lateral articular surfac-
es. The majority of cases — 52 knees (47.71%) — exhibited a
flat plateau (inclination up to 3°); a depressed shape was
observed in 38 cases (34.86%), while a convex or “pago-
da-shaped” form was identified in 19 knees (17.43%). The
researchers highlighted the clinical relevance of analysing
the morphology of the proximal tibia to improve outcomes
of orthopaedic interventions for degenerative-dystrophic
diseases of the knee joint.

Thus, most researchers share the view that a pro-
nounced inclination of the tibial articular surface, as de-
termined in the frontal plane, is associated with increased
loading of the medial compartment of the knee joint, while
the lateral compartment is subject to less stress. However,
despite the available evidence, the influence of proximal
tibial joint surface inclination on knee joint biomechanics
remains insufficiently explored. This study aimed to char-
acterise the morphological features of the proximal tibia in
patients with degenerative-dystrophic diseases of the knee
joint, according to knee joint morphotypes determined us-
ing a proprietary cluster-based classification system.

MATERIALS AND METHODS
This observational cross-sectional study analysed the ra-
diographic findings of 100 cases of degenerativedystroph-
ic knee joint disease, predominantly affecting the medial
compartment, in 70 patients who received inpatient treat-
ment at the Municipal non-commercial enterprise Vin-
nytsia City Clinical Emergency Hospital between 2017 and
2025. The mean age was 63.56%8.10 years. The study group
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included 26 men (37.14%) and 44 women (62.86%). Unilat-
eral degenerative-dystrophic involvement of the knee joint
was identified in 40 patients (57.14%), while a bilateral pat-
tern was recorded in 30 cases (42.86%).

Inclusion criteria for the study were as follows: pri-
mary knee osteoarthritis (osteoarthritis), Kellgren-Law-
rence grade II-III, with predominant medial compartment
involvement; secondary knee osteoarthritis with medial
compartment predominance, including cases following
aseptic necrosis of the medial femoral condyle; satisfacto-
ry condition of the lateral compartment of the knee joint
(intact meniscus and full-thickness articular cartilage); in-
tegrity of the knee ligamentous apparatus; ability to fully
extend the knee joint or presence of a flexion contracture
of less than 10°. Exclusion criteria for the study included:
total involvement of all compartments of the knee joint by
the degenerative-dystrophic process; secondary post-trau-
matic osteoarthritis following a tibial plateau fracture; pre-
vious surgical interventions involving the proximal tibia
(excluding arthroscopic meniscectomy); instability of the
knee ligamentous apparatus; presence of a flexion con-
tracture greater than 10°; secondary osteoarthritis caused
by dysplastic bone changes, metabolic or other disorders
(e.g. ochronosis, Gaucher’s disease, Paget’s disease, osteo-
petrosis); active infectious processes or latent infection.

The assessment of degenerative changes in the proxi-
mal tibia was carried out using standard (short) radiographs
of the knee joints, taken in the anteroposterior projection
under weight-bearing conditions. Among the radiograph-
ic criteria, the MPTA was evaluated. It was defined as the
angle between a line tangential to the proximal articular
surface of the tibia and the anatomical axis of the tibia,
measured from the medial side [13]. The angle between the
anatomical axes of the femur and tibia was defined as the
femorotibial angle (FTA). In addition to standard param-
eters, morphometric measurements of the proximal tibia
were taken concerning the axis drawn from the intercondy-
lar eminence to the tibial condyles (Fig. 1), including:

lateral tibial condylar angle (LTCA) - the angle be-
tween the line drawn from the intercondylar eminence to
the lateral tibial condyle and the line tangential to the out-
er surface of the lateral tibial condyle;

lateral tibial plateau angle (LTPA) - the angle be-
tween the line drawn from the intercondylar eminence to
the lateral tibial condyle and a line parallel to the longitu-
dinal axis of the tibia that intersects the horizontal axis at
its central point;

medial tibial plateau angle (MTPA) - the angle be-
tween the line drawn from the intercondylar eminence to
the medial tibial condyle and a line parallel to the longitu-
dinal axis of the tibia that intersects the horizontal axis at
its central point;

medial tibial condylar angle (MTCA) - the angle be-
tween the line drawn from the intercondylar eminence to
the medial tibial condyle and the line tangential to the in-
ner surface of the medial tibial condyle.

Morphometric parameters of the proximal tibia were
also evaluated in relation to the axis tangential to the tibial
condyles (Fig. 2):

LTCA2 - the angle between the line drawn along the
proximal articular surface of the tibia and the line tangen-
tial to the outer surface of the lateral tibial condyle;

LTPA2 - the angle between the line drawn along the
proximal articular surface of the tibia and a line paral-
lel to the longitudinal axis of the tibia that intersects the
horizontal axis at the midpoint between the intercondy-
lar eminence and the outermost point of the lateral tibial
condyle;

MTPA2 - the angle between the line drawn along the
proximal articular surface of the tibia and a line parallel to
the longitudinal axis of the tibia that intersects the hori-
zontal axis at the midpoint between the intercondylar emi-
nence and the medial edge of the tibial condyle;

MTCA2 - the angle between the line drawn along the
proximal articular surface of the tibia and the line tangen-
tial to the inner surface of the medial tibial condyle.

Figure 1. Anteroposterior radiograph
of the left knee joint of patient M., aged 49
Note: diagnosis — primary osteoarthritis of the left knee,
grade III, predominantly affecting the medial compart-
ment. Knee joint morphotype — type II. LTCA - 88.6°;
LTPA - 91.9°; MTPA - 102.6°; MTCA - 83.9°
Source: author’s photo

Figure 2. Anteroposterior radiograph
of the left knee joint of patient M., aged 49
Note: diagnosis — primary osteoarthritis of the left knee,
grade III, predominantly affecting the medial compart-
ment. Knee joint morphotype — type II. LTCA2 — 81.6°;
LTPA2 - 83.6°; MTPA2 — 93.0°; MTCA2 - 76.6°
Source: author’s photo

The morphotypes of knee joints affected by the de-
generative-dystrophic process were determined using a
proprietary cluster classification system [14]. The study
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was conducted in accordance with the ethical principles
of the Declaration of Helsinki by the World Medical As-
sociation [15], the Convention on Human Rights and Bi-
omedicine [16], as well as the applicable national ethical
standards of Ukraine [17]. All participants were informed
about their involvement in the study and provided written
informed consent. To ensure confidentiality, all personal
data of the patients examined were anonymised.

Statistical analysis of the numerical data was performed
using the software package Statistica 13. Descriptive statis-
tical methods were used to evaluate and analyse quanti-
tative data. Continuous variables are presented as mean +
standard deviation (M SD), while categorical variables are
expressed as absolute numbers of observations (n) and cor-
responding percentages (%). For comparisons between in-
dependent groups, the non-parametric Kruskal-Wallis test
was applied. The functional relationship between variables
was assessed using Kendall’s tau (t) rank correlation coef-
ficient. The predictive value of the analysed parameters for
determining the morphotype of the knee joint affected by
degenerativedystrophic changes was evaluated using a bi-
nary logistic regression model, with odds ratios (OR) and
95% confidence intervals (CI) calculated. Statistical signifi-
cance for predictive accuracy was set at p<0.05.

RESULTS AND DISCUSSION
According to the proprietary cluster classification sys-
tem [14], four groups were identified among the ex-
amined patients, corresponding to four morphological

variants of knee joint structure in the context of degenera-
tive-dystrophic disease. Morphotype I was identified in 21
patients (21.00%), morphotype II in 38 (38.00%), morpho-
type IIT in 29 (29.00%), and morphotype IV in 12 (12.00%).
The mean FTA among all patients was 177.09° * 5.57°.
In patients with morphotype I, the mean FTA was
169.76°%1.48°, indicating varus deviation of the lower limb
axis. Varus deviation of the limb axis was also observed
in patients with morphotype II, whose mean FTA was
175.58°+1.32°. In patients with morphotype III, the mean
FTA was 180.14° £ 1.49°, corresponding to a neutral lower
limb alignment. Among individuals with morphotype IV,
the mean value of the measured angle was 187.33°+3.75°,
indicating valgus deviation of the axis. A comparison of the
mean FTA values across the groups revealed a statistically
significant difference (p<0.0001).

Assessment of the morphometric parameters of the
proximal tibia relative to the axis extending from the in-
tercondylar eminence to the tibial condyles showed that
the mean LTCA among all participants was 89.31°%7.09°.
The lowest angle values were recorded in individuals
with morphotype I - 86.12°+7.11°; in patients with mor-
photype II, the mean LTCA was 88.87° £ 6.09°; in those
with morphotype IV - 88.17°+7.08°; and the highest val-
ues were observed in individuals with morphotype III -
92.67°+7.26°. The differences between these values were
statistically significant (p=0.02) (Table 1). No significant
correlation was found between LTCA and FTA values
(t=+0.13, p=0.05).

Table 1. Characteristics of morphometric parameters of the proximal tibia relative
to the axis drawn from the intercondylar eminence to the tibial condyles

Variants of knee joint morphotypes
I(n=21) II (n=38) III (n = 29) IV (n=12) P
LTCA 86.12+7.11° 88.87+6.09° 92.67+7.26° 88.17+7.08° 0.02*
LTPA 89.57+5.47° 93.50+3.79° 95.52+2.97° 99.83+4.97° <0.00001*
MTPA 105.67+6.69° 101.79£10.07° 99.90+7.22° 98.83+4.59° <0.00001*
MTCA 77.74%6.14° 83.32%+6.33° 80.31%£6.67° 79.17+4.43° 0.02*

Note: * - statistically significant difference at p<0.05
Source: developed by the author

Analysis of the LTPA values demonstrated a statisti-
cally significant difference depending on the morphologi-
cal characteristics of the knee joint structure in degenera-
tive-dystrophic conditions (p < 0.00001). The highest LTPA
values were observed in individuals with morphotype IV -
99.83°£4.97°, followed by patients with morphotype III —
95.52° +2.97°, morphotype II — 93.50° + 3.79°, and mor-
photype I — 89.57°+5.47°. The overall mean LTPA among
patients was 94.02° = 5.07°. Moreover, higher LTPA values
were significantly associated with higher FTA values, as
confirmed by a direct correlation between the indicators
(t=+0.36, p<0.0000001).

The mean value of the MTPA among the participants
was 101.7°£8.33°. The highest MTPA values were observed
in patients with morphotype I - 105.67° £ 6.69°, followed
by morphotype II - 101.79° £ 10.07°, morphotype III -
99.90° # 7.22°, and morphotype IV - 98.83° + 4.59°.
Comparison of MTPA values based on the morpholog-
ical structure of the knee joint confirmed a statistically

significant difference (p<0.00001). It was established that
higher MTPA values are associated with varus alignment
of the lower limb axis and correspondingly lower FTA val-
ues (t=-0.37,p<0.0000001). The mean value of the MTCA
was 80.78°+6.49°. Among individuals with morphotype I,
the mean value of the MTCA was 77.74° £ 6.14°, in pa-
tients with morphotype II — 83.32° +6.33°, in those with
morphotype III - 80.31°+6.67°, and in morphotype IV —
79.17°+4.43°. These differences were statistically signif-
icant (p = 0.02). No significant correlation was found be-
tween MTCA and FTA values (t=-0.008, p=0.91).
Analysis of the morphometric parameters of the prox-
imal tibia relative to the axis tangential to the femoral
condyles revealed that the mean value of the LTCA2 was
80.78°%6.69°. The lowest values were observed in patients
withmorphotypelI-77.60°%£6.59°,whileinmorphotypeIlthe
mean was 80.17°+7.61°, in morphotype III — 83.03°£4.04°,
and morphotype IV — 82.83°+7.04°. The differences were
statistically significant (p=0.008) (Table 2). Furthermore,
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higher LTCA2 values were found in patients with valgus
alignment of the lower limb axis and correspondingly

higher FTA values, which were confirmed by a direct cor-
relation between the two indicators (t=+0.23, p=0.0009).

Table 2. Characteristics of morphometric parameters of the proximal tibia relative
to the axis tangential to the femoral condyles

Variants of knee joint morphotypes
I(n=21) II (n=38) III (n = 29) IV (n=12) 5
LTCA2 77.60%6.59° 80.17£7.61° 83.03%4.04° 82.83%7.04° 0.008*
LTPA2 80.43+3.23° 84.37+3.65° 86.29+2.78° 90.46+4.43° <0.00001*
MTPA2 98.36+5.34° 93.68+9.08° 93.53+2.89° 89.5+4.59° < 0.00001*
MTCA2 69.05+6.82° 74.39%6.96° 71.14%6.64° 70.67%4.06° 0.03*

Note: * — statistically significant difference at p<0.05
Source: developed by the author

A highly significant difference in LTPA2 values across
the groups was confirmed (p < 0.00001). The overall mean
LTPA2 was 84.83° + 4.49°. The highest values were ob-
served in individuals with valgus deviation of the lower
limb axis — 90.46° +4.43°, followed by patients with mor-
photype III — 86.29°+2.78°, morphotype II — 84.37°+3.65°,
and the lowest in morphotype I — 80.43° = 3.23°. A mod-
erate direct correlation was identified between the LTPA2
and FTA values (t=+0.53, p<0.0000001). The mean value
of the MTPA2 among the participants was 94.12° £ 6.92°.
The highest MTPA2 values were recorded in individuals
with morphotype I — 98.36° + 5.34°, followed by morpho-
type II - 93.68°+9.08°, morphotype III - 93.53°£2.89°, and
morphotype IV - 89.5°+#4.59°. These differences were sta-
tistically significant (p<0.00001). It was demonstrated that
higher MTPAZ2 values are associated with lower FTA values,

confirmed by a negative correlation between the two indi-
cators (t=-0.45, p<0.0000001).

Analysis of MTCA2 values across the groups con-
firmed a statistically significant difference depending
on the morphological characteristics of the knee joint
structure (p = 0.03). The mean MTCA2 value in patients
with morphotype I was 69.05°+6.82°, in morphotype II -
74.39°+6.96°, in morphotype III — 71.14° +6.64°, and in
morphotype IV - 70.67° £4.06°. The overall mean value of
this angle was 71.88° £ 6.80°. No statistically significant
correlation was found between MTCA2 and FTA values
(t=-0.01, p=0.87). The differences in morphometric pa-
rameters of the proximal tibia, as measured relative to the
axis drawn from the intercondylar eminence to the con-
dyles, and relative to the tangent to the tibial condyles, are
illustrated in Figure 3.
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Figure 3. Box plot of morphometric parameters of the proximal tibia
Note: a - relative to the axis drawn from the intercondylar eminence to the condyles; b — relative to the tangent to the

tibial condyles
Source: developed by the author

Based on the obtained data, it was established that
changes in the morphological configuration of the me-
dial condyle of the tibia played a key role in the develop-
ment of lower limb axis deviation. Significant destruction
of the medial tibial compartment in cases of pronounced
varus deformity was reported in the study by E.B. Demir et
al. [18]. The researchers found that patients with HKA an-
gle values greater than 20.6° had approximately a sixfold
increased risk of requiring medial augmentation during

total knee arthroplasty. In the study by H. Nilsson et al. [19],
a higher risk of developing medial compartment osteoar-
thritis of the knee was observed in patients with more se-
vere varus deformity and correspondingly lower HKA angle
values. Deformation of the medial femoral condyle in the
presence of varus alignment of the lower limb axis was also
confirmed by the findings of Z. Zhang et al. [20]. The au-
thors noted that correction of varus deviation through os-
teotomy and restoration of optimal mechanical MPTA and
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FTA values leads to a reduction in cartilage loading and a
shift in stress from the medial to the lateral compartment
of the joint. This, in turn, promotes redistribution of the
centre of gravity in the frontal plane.

Further support for this conclusion is provided by the
study of H. Zhang et al.[21], who used computer modelling to
develop three-dimensional simulation models of knee oste-
oarthritis with varying degrees of varus deformity (0°, 3°, 6°,
9°,12°,15°,18°). They analysed the distribution of Von-Mis-
es stress and peak stress values for the cartilage of the fem-
oral condyles and the medial and lateral tibial plateaus. The
researchers observed a marked increase in axial load on the
lower limb in the medial direction, as well as elevated peak
stress values in the medial compartment of the knee joint,
corresponding with the degree of varus deviation of the
lower limb axis. They identified higher levels of loading on
the medial cartilage and a greater frequency of damage in
areas of peak stress when the varus deviation exceeded 6°.

In an analysis of 1,158 computed tomography scans of
knee joints from 193 patients with osteoarthritis and 965
healthyindividuals, A.Siddiqi et al.[22] found significant dif-
ferences in several morphometric parameters. These includ-
ed the posterior condylar axis (0.3°*1.5° versus 1.2°+1.9°,
respectively), the medial-to-lateral posterior condylar off-
set ratio (1.01 +0.06 versus 1.04 = 0.07, respectively), the
medial-to-lateral condylar radius ratio (0.98 £0.07 versus
1.03+0.07, respectively), and the tibial slope in both sag-
ittal and frontal planes. Specifically, medial posterior pla-
teau slope was 8.4°+4.0° versus 9.2°+4.0°, lateral posterior
plateau slope was 9.2° £3.6° versus 7.2° *3.3°, and medial
frontal tilt was 82.1°%4.3° versus 83.9°+3.3°, respectively.

Distinct findings were reported in the study by S.H. Al-
ruwaili et al. [23], who assessed differences in the orienta-
tion of the joint lines of the medial and lateral tibial plateaus
about the horizontal line of the mechanical axis of the tibia
(TPD, tibial plateau difference) in 181 women with degen-
erative-dystrophic knee joint conditions (181 knee joints).
The researchers did not identify any statistically significant
differences in TPD values (p=0.662), the levels of the medial
and lateral femoral condyles (p=0.54), MPTA (p=0.169), or
the posterior slope of the tibial plateau (p=0.466) between
groups stratified by the severity of osteoarthritis. However,
the authors noted a statistically significant correlation be-
tween increased TPD and greater mechanical FTA (p<0.01).

The morphological characteristics of the lateral com-
partment of the knee joint in gonarthrosis, particularly in
relation to the alignment of the lower limb axis, remain
insufficiently studied. In the study by W. Ma et al. [24], the
authors observed lateral displacement of the tibial plateau,
curvature of the proximal fibula, and elevation of the fibular
head in cases of knee osteoarthritis accompanied by varus
deviation of the lower limb axis. In a retrospective study by
Z. Wang et al. [25], based on analysis of radiographs from
414 patients (789 knee joints), the researchers concluded
that varus deformity of the proximal tibia was linked to the
morphological features of the epiphyseal and metaepiphy-
seal regions. Among women, progressive and asymmetrical
subsidence of the tibial epiphysis was observed with age,
which, according to the authors, contributed to the devel-
opment of dynamic varus deformity of the proximal tib-
ia. In a separate study, M. Kulynych & Yu. Mochalov [26]
found that the degree of midface deformity in children with

congenital defects of the alveolar process of the maxilla
was directly proportional to the size of the defect. The an-
thropometric parameters of the nasolabial complex prior
to surgery are critically important for selecting the appro-
priate surgical approach and type of bone graft.

The findings of the present study are broadly consist-
ent with existing literature and confirm the morphological
variability of degenerative-dystrophic changes in the prox-
imal tibia across different knee joint morphotypes. More-
over, the results highlight the complex and multifactorial
relationship between the morphometric characteristics
of the proximal tibia and the alignment of the lower limb
axis. The identified morphometric differences support the
rationale for differentiating knee joint morphotypes in de-
generative-dystrophic conditions and underscore the need
to individualise orthopaedic treatment planning. This is
particularly relevant for corrective osteotomy, unicondylar,
and total knee arthroplasty.

CONCLUSIONS
The study established differences in degenerative changes
in the proximal tibia depending on the morphotype of the
knee joint, as classified using a proprietary clustering sys-
tem. In groups categorised according to the morphological
variant of the knee joint, statistically significant differences
were identified in the structural and spatial characteristics
of the proximal tibia. These included angular values meas-
ured relative to an axis drawn from the intercondylar emi-
nence to the tibial condyles — namely, LTCA (p=0.02), LTPA
(p<0.00001), MTPA (p<0.00001), and MTCA (p=0.02) — as
well as parameters measured relative to an axis tangential
to the condyles — LTCA2 (p=0.008), LTPA2 (p < 0.00001),
MTPA2 (p < 0.00001), and MTCA2 (p =0.03). Changes in
the morphology of the proximal tibia depending on the
alignment of the lower limb axis were confirmed by signif-
icant correlations between FTA values and LTPA (t=+0.36,
p < 0.0000001), MTPA (z =-0.37, p < 0.0000001), LTCA2
(t=+0.23, p=0.0009), LTPA2 (t=+0.53, p <0.0000001), and
MTPA2 (1=-0.45, p<0.0000001). The absence of significant
correlations between FTA and LTCA (r =+0.13, p =0.05),
MTCA (r=-0.008, p=0.91), and MTCA2 (t=-0.01, p=0.87)
indicates the complexity and multifactorial nature of the
spatial relationships among the components of the deform-
ity. It has been demonstrated that degenerative-dystrophic
changes in the proximal tibia in individuals with knee joint
morphotypes II and III are primarily associated with medi-
al deviation of the longitudinal tibial axis. In contrast, in
morphotypes I and IV, such changes are largely attributa-
ble to additional destruction of the cartilage and bone tis-
sues of the medial femoral condyle. These findings confirm
the appropriateness of a personalised approach when plan-
ning orthopaedic interventions for patients with degener-
ative-dystrophic knee joint disorders. Taking into account
the specific morphological variant of the knee joint allows
for more accurate prediction of pathological progression
mechanisms and provides a rationale for selecting the
most suitable surgical strategy. A promising direction for
further research is the analysis of morphological features
of the distal femur in degenerative-dystrophic knee con-
ditions, with consideration of the identified morphological
variant. Equally important is the assessment of structural
changes within the knee joint occurring in the sagittal and
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axial planes to enable a comprehensive understanding of FUNDING
joint biomechanics in three-dimensional space. None.
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Oco6nunBocTi gereHepaTUBHUX 3MiH MPOKCUMAalbHOro Bigainy
BE/IMKOIrOMIJZIKOBOI KiCTKM 3aneXHo Big MopdoTuny KoniHHoro cyrno6a

JTio60B KUIMMHIOK
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Meaun4yHmnin ueHTp «Angels Clinic»
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AHoTauif. MeTta po60TH mossraaa y BUsHaUeHHi 0COBIMBOCTE AereHepaTMBHOTO YPaskeHHSI MMPOKCUMAaTbHOTO Bigainy
BEJIMKOTOMIJIKOBOi KiCTKM, BpaxoByiouyu MOPGOIOTiUHMIT BapiaHT KOMiHHOTO cyrio6a. IIpoaHanmizoBaHO pe3ysibTaTu
pentreHorpadiunoro ob6crexkerHs: 100 BUIMAAKiB TOHAPTPO3y 3 IMEPEBAKHUM YpPaKEHHSIM MeAiaJibHOTO Bimmimy.
CepenHiii Bik — 63,56 + 8,10 poxiB. Cepeli PeHTre€HOJOTiYHUX KPUTEPiiB OIiHIOBAJIXCh AHATOMIUHMII MeialbHUIL
NpoKcuManbHMii BenukorominkoBuit xkyr (MPTA) Ta crerHoBo-rominkoBuii KyT (FTA). [JomaTKOBO OILiHIOBaJINCh
MOPGOMETPUYHI TTOKAa3HUKYU TMPOKCHMMAaJIbHOTO BiIJiJly BeIMKOTOMIJIKOBOI KiCTKM BiTHOCHO OCi, NpOBeIeHOi Bif,
MiKBMPOCTKOBOTO MiJABUILEHHSI 1O BUPOCTKIB BenukorominkoBoi kictku (LTCA, LTPA, MTPA, MTCA) ta BigHOCHO
oci, moruunoi mo BupocTtkiB (LTCA2, LTPA2, MTPA2, MTCA2). MopdoTun KOJiHHUX CyIJI06iB 6Gy70 BCTAaHOBIEHO
BiIMMOBiIHO 10 BiacHOi KiactepHOi cuctemu. CTAaTUCTUYHMIT aHAi3 6Y/I0 BUKOHAHO 3 BUKOPUCTAHHSM MTPOTPAMHOTO
3acoby Statistica 13. PiBeHb cTaTUCTUUHOI 3HAUYNIIOCTi BU3HaueHo rpu p < 0,05. BcraHoBseHi 3Minu nmokasHukiB LTCA
ta LTCA2 y mauiedTiB 3 mopdotunom I, II, III cBigumam npo BiAXmiIeHHs OCi BeIMKOTOMITKOBOI KiCTKM ZOCEpPeNHN.
V mainieHTiB 3 BaJbTyCHUM BiIXMIEHHSM OCi HUKHbOI KiHI[iBKM Ta MOPGOTUIIOM KOMIHHOTO cyrio6a IV 3HVKeHHS
noka3HukiB KyTiB LTCA ta LTCA2 BKa3yBajio Ha JOLATKOBe PYIIHYBaHHSI KiCTKOBOI Ta XpPsIIOBOI TKAHMH BUPOCTKA
BEJIMKOTOMIJIKOBOi KiCTKM OIOPHOI 30HM cymio6a Ta 3MillleHHSI OCi, MOTMYHOI JO BUPOCTKIiB BEIMKOTOMiIKOBOI
KiCTKM, JOoCepeVHM i JOHMU3Y Ta BiIXUJIEHHS OCi, MPOBeAEHOI BiJi MIXXKBMPOCTKOBOI'O MifABUILEHHS 10 JlaTepaJbHOTO
BUPOCTKA, moropu. 3minu kyTiB LTPA, LTPA2, MTPA Ta MTPA2 cBigumau npo BigxuaeHHS BeJMKOTOMIiJIKOBOi KiCTKMU
nocepenuuu. AHamizyioun 3HaueHHs1 KyTiB MTCA ta MTCA2 y nauieHTiB 3 mopdotumnom II, III ta IV, BcTaHOBIEHO
BiIXMJIeHHSI BeNMKOTOMIJIKOBOI KiCTKM JocepenuHu. HaTomicTb, 3MeHIIeHHS 3HaueHHS KyTiB MTCA ta MTCA2 y
naiieHTiB 3 mMopdorunom I cBimUMIO MPO MOAATKOBE PYMHYBaHHS KiCTKOBOi Ta XPSIOBOi TKAaHWH MeLiaJbHOTO
BUPOCTKA Ta 3Mill[eHHS SIK OCi, IpOBeIeHO0i BiJi Mi>kBMPOCTKOBOTI'O ITiABUIEHHS 10 Media/lbHOTO BUPOCTKA, TaK i oci,
OOTUYHOI O BUPOCTKiB, JOHM3Y Ta AocepeanHu. TakuM YMHOM, OBEAEHO BiIMiHHICTb MOP(HOMETPUIYHUX TTOKA3HIKIB
MPOKCYMMAJIbHOTO BiJJi/Ty BeMKOTOMITKOBOI KiCTKM 3a/Ie5KHO Bif, BCTAHOBIEHOTO MOP(MOTHUITY KOTIHHOTO Cyryioba mpu
JIlereHepaTUBHO-IUCTPOPiUHMX 3aXBOPIOBAHHAX. OTpMUMaHi faHi JO3BOJISTh YOOCKOHAJIUTY MepCOHipiKOBaHMII Tiaxiz,
[0 OPTOIEeIMIHOTO BTPYUYAHHS ITPU JereHePaTUBHO-IUCTPODIUHMX 3aXBOPIOBAHHIX KOJIIHHOTO CyT/ioba
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Abstract. Lung squamous cell carcinoma remains one of the most aggressive forms of non-small cell lung cancer with
limited options for personalised therapy, highlighting the need for new prognostic biomarkers. The purpose of this study
was to analyse the impact of somatic mutations and their co-mutations in key oncogenes (TP53, TTN, PIK3CA, and
KEAP1/NFE2L2) on the survival of patients with lung squamous cell carcinoma, considering the tumour immune subtype.
Data from open-access oncology repositories (TCGA, UCSC Xena, cBioPortal) were used for 419 patients with complete
clinical, immune, and mutational profiles. Patients were stratified by tumour immune activity (high/intermediate vs low
subtype), and the mutational analysis included both individual genes and co-mutations. Survival was assessed using the
Kaplan-Meier method with log-rank testing. It was found that TP53 mutations were significantly associated with improved
survival in both the high/intermediate immune subtype group (median 57.9 vs 27.8 months, p=0.0141) and the low
immune subtype group (p=0.0361). TTN mutations showed a positive trend in the high/intermediate group (p=0.0582)
and a statistically significant association with survival in the low immune activity group (p=0.0123). The strongest effect
was observed for the TP53+TTN co-mutation, which significantly improved survival in both immune subtypes (high/
intermediate: p=0.0065; low: p=0.0006). In contrast, PIK3CA and KEAP1/NFE2L2 mutations and their combinations did
not show a statistically significant impact on survival. Cluster analysis of the mutational profile revealed two primary
patterns, with TP53 and TTN mutations tending to cluster, though no clear visual association with survival status was
observed. Thus, the mutational status of TP53 and TTN, particularly their co-mutation, has substantial prognostic
value in patients with lung squamous cell carcinoma, especially when considered alongside immune microenvironment
characteristics. Isolated PIK3CA and KEAP1/NFE2L2 mutations showed no significant effect. These results emphasised
the importance of integrating mutational and immune profiling to guide personalised treatment strategies

Keywords: TP53; TTN; PIK3CA; KEAP1/NFE2L2; lung cancer; co-mutations

INTRODUCTION

Lung squamous cell carcinoma (LUSC) is an aggressive his-
tological subtype of non-small cell lung cancer, associated
with high mortality rates and limited options for targeted
treatment. Although immune checkpoint inhibitors have
significantly transformed the therapeutic landscape, clini-
cal outcomes in LUSC remain highly variable. This variabil-
ity is partly explained by the complex interplay between the

Suggested Citation:

tumour’s molecular background and its immune microen-
vironment. Consequently, identifying robust prognostic
biomarkers is essential for improving patient stratification
and developing personalised therapeutic approaches, es-
pecially in the context of immunotherapy resistance.
Increasing scientific attention has been devoted to in-
vestigating the role of somatic mutations in shaping the
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tumour microenvironment and determining survival out-
comes in patients with LUSC.]. Zhao et al. [1] described the
immune infiltration landscape in LUSC and emphasised
the impact of key oncogenic mutations on either enhanc-
ing or suppressing anti-tumour immune responses. Their
findings underscored the close relationship between ge-
netic alterations and the immunological behaviour of tu-
mours. In a comparative mutational analysis conducted by
C.Pop-Bicaetal.[2], TP53 (tumour protein p53) and TTN (ti-
tin) mutations were identified as dominant events in LUSC,
suggesting their relevance as molecular drivers. These mu-
tations were among the most frequent and may play a cen-
tral role in the initiation and progression of the disease.
Y. Xu et al. [3] examined the prognostic significance of
genomic variation, tumour mutational burden (TMB), and
programmed death-ligand 1 (PD-L1) expression in LUSC
patients treated with immunotherapy. Their study showed
a positive association between tumour protein p53 (TP53)
mutations and favourable treatment response. P.K. Paik et
al. [4] explored Kelch-like ECH-associated protein 1/nu-
clear factor erythroid 2-related factor 2 (KEAP1/NFE2L2)
mutations as potential therapeutic targets. Their trial in-
volving the target of rapamycin complex 1/2 (TORC1/2)
inhibitor TAK-228 revealed only limited clinical activity,
but highlighted the need for combination treatment strat-
egies in these molecular subsets. Meanwhile, D. Wang et
al. [5] developed a prognostic signature based on TMB,
which correlated with survival and immunotherapy effica-
cy in LUSC, particularly in patients with TTN mutations.

X.Deng et al. [6] investigated pyroptosis-related genes
and demonstrated their influence on the immune com-
position of the tumour microenvironment. Their study
provided evidence that specific genomic alterations can
shape distinct immune phenotypes in LUSC. J.A. Hellyer et
al. [7] similarly confirmed that KEAP1/NFE2L2 mutations
are associated with “immunologically silent” microenvi-
ronments and reduced response to PD-1 blockade. These
data highlighted the immunosuppressive potential of
NRF2-driven signalling pathways. C. Su et al. [8] identified
circulating TTN mutations in blood as potential markers
of immunotherapy response. The researchers showed that
TTN mutations increase tumour antigenicity and promote
immunogenic microenvironments, thereby enhancing the
likelihood of immunotherapeutic benefit. Overall, find-
ings from international studies emphasise the prognostic
importance of TP53, TTN, KEAP1/NFE2L2, and PIK3CA
(phosphatidylinositol-4,5-bisphosphate 3-kinase catalyt-
ic subunit alpha) mutations in LUSC and their influence
on treatment response. However, most available data rely
either on mutational analysis alone or on isolated assess-
ments of immune phenotype, without integrating both di-
mensions. This limits the clinical applicability of current
evidence in real-world settings.

Despite the limited number of studies on this topic
in Ukraine, a research group has already been formed in
the scientific community that is actively working in this
area. The Ukrainian cohort study by D. Kozakov et al. [9]
investigated the relationship between genetic alterations
and the immune contexture of NSCLC, laying the ground-
work for exploring the link between genomic profiles and
immune activation in lung cancer. Their findings provid-
ed an important national perspective and contribute to
the global understanding of tumour-immune interactions.

Additionally, in a related review by O. Sulaieva et al. [10], the
role of molecular biomarkers in guiding personalised man-
agement of NSCLC was discussed, emphasising the rele-
vance of integrated molecular and immune profiling. These
studies mark an important step toward establishing a na-
tional framework for translational research in lung cancer.

The purpose of this study was to analyse the associ-
ation between somatic mutations and co-mutations in
TP53, TTN, PIK3CA, and KEAP1/NFE2L2 and overall sur-
vival in patients with lung squamous cell carcinoma, taking
into account the tumour’s immune subtype.

MATERIALS AND METHODS

Patient selection criteria and procedure. This retro-
spective cohort study was conducted between January and
March 2025 at the Educational and Scientific Medical Insti-
tute of Sumy State University (Sumy, Ukraine). The analysis
was based on de-identified data obtained from publicly ac-
cessible oncological repositories: The Cancer Genome At-
las (TCGA) [11], the UCSC Xena Browser [12], and cBioPor-
tal [13]. These platforms provided comprehensive clinical,
immunological, and genomic information on patients with
various malignancies, including LUSC. The initial dataset
comprised of 504 patients diagnosed with histologically
confirmed LUSC and enrolled in the TCGA-LUSC project.
To ensure the completeness and reliability of the data, spe-
cific inclusion and exclusion criteria were applied. Eligible
patients were aged 18 years or older, had complete clini-
cal information (including age, sex, tumour stage, overall
survival time, and status), a defined tumour immune sub-
type according to the Pan-Cancer immune classification
by V. Thorsson et al. [14], and sequencing data for four key
genes: TP53, TTN, PIK3CA, and KEAP1/NFE2L2. Patients
were excluded if they lacked valid entries for age, survival
status, or follow-up time (n=44), if immune subtype data
were unavailable (n=33), or if mutation data were missing
(n=38). The final cohort included 419 patients who fulfilled
all eligibility criteria and had a complete set of clinical, im-
munological, and genomic variables.

The mean age of the study cohort was 67.0+8.53 years
(range: 39-84), and 74.7% of patients were male. Most pa-
tients were diagnosed at early stages: 43.2% were stage 1
and 29.6% were stage 2. Distribution by immune subtype
revealed that 41.3% of patients (n=173) belonged to the
high or intermediate immune subtype group (C2, C3, C6),
while 58.7% (n=246) were classified as low immune sub-
type (C1, C4). Regarding mutational status, TP53 muta-
tions were detected in 90.0% of patients (n=377), TTN mu-
tations in 85.0% (n=1356), and PIK3CA mutations in 13.4%
(n=56). KEAP1 and NFE2L2 mutations were combined into
a single variable due to their functional overlap and mutu-
al exclusivity, and were present in 27.9% of cases (n=117).
The most common co-mutation was TTN+TP53, observed
in 76.1% of patients (n=319), while TP53 + PIK3CA was
found in 11.5% (n=48). These frequencies did not signifi-
cantly differ between immune subtypes, except for KEAP1/
NFE2L2 mutations, which were more prevalent in the low
immune subtype group (p=0.012).

All datasets were fully anonymised and complied with
ethical standards for secondary data analysis. Thus, indi-
vidual informed consent was not required. Nevertheless,
the study adhered to the principles of the Declaration of
Helsinki [15], ensuring the protection of human dignity,
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privacy, and data integrity. The research protocol was re-
viewed and approved by the Bioethics Committee for Ex-
perimental and Clinical Studies at the Educational and Sci-
entific Medical Institute of Sumy State University (protocol
No. 3/12,approved on December 17,2024). Limitations of the
studyincluded its retrospective design and reliance on public
datasets, which may contain incomplete or heterogeneous
information. The lack of treatment data also limited inter-
pretability, particularly regarding immunotherapy effects.
Additionally, the small number of cases with high immune
activity reduced the statistical power of subgroup compar-
isons. External validation using independent cohorts with
detailed clinical data was necessary to confirm these results.
Methods of statistical data analysis. All statistical
analyses were performed using Stata software suite, ver-
sion 19.5 (StataCorp LLC, College Station, TX, USA). Prior
to analysis, all datasets were examined for completeness,
inconsistencies, and outliers. Continuous variables were
assessed for normality using visual inspection of histo-
grams and the Shapiro-Wilk test. Given the non-paramet-
ric distribution of age, results are presented as median and
interquartile range (IQR), and comparisons between age
groups were conducted using the Mann-Whitney U-test.
Categorical variables, including sex, tumour stage, muta-
tional status, and immune subtype, were expressed as ab-
solute counts and percentages. Their distribution across
groups was compared using Pearson’s chi-square test (y?),
with p-values <0.05 considered statistically significant.
Overall survival was the primary endpoint and was de-
fined as the time from diagnosis to death or last follow-up.
Survival curves were estimated using the Kaplan-Meier
method, and differences between groups were evaluated
using the log-rank test. Separate survival analyses were

performed for each gene (TP53, TTN, PIK3CA, and KEAP1/
NFE2L2) and for co-mutations (TP53+TTN and TP53 + PIK-
3CA) within both high/intermediate and low immune
subtypes to explore potential interaction effects between
mutational status and immune phenotype. To visualise
mutational patterns and potential patient clusters, a bina-
ry matrix was created to reflect the presence or absence of
mutations in each gene. This matrix was used to generate
a clustered heatmap using Ward’s method for hierarchical
clustering. Patients were colour-coded by survival status to
explore possible associations between mutation clusters
and outcomes. Although this was an exploratory, descrip-
tive component, it provided additional insights into the
molecular heterogeneity of LUSC. No multiple comparison
correction was applied, given the hypothesis-driven nature
of the analysis. Nonetheless, all interpretations were con-
textualised with caution.

RESULTS AND DISCUSSION

Comparative analysis revealed no statistically significant
differences in the frequencies of TP53 (p =0.910), TTN
(p=0.779), or PIK3CA (p=0.584) mutations between high/
medium and low immune subtypes. However, KEAP1/
NFE2L2 mutations were significantly more frequent in the
low immune subtype group (21.4% vs 32.5%, p =0.012),
suggesting a potential link with an immunosuppressive
tumour environment. Co-mutations of TP53 + TTN and
TP53+PIK3CA were similarly distributed across subtypes
(p=0.594 and p=0.713, respectively), indicating that their
occurrence is independent of immune phenotype. These
findings highlighted that among all examined mutations,
only KEAP1/NFE2L2 status may partially correlate with
immunological features of the tumour (Table 1).

Table 1. Associations between clinical, molecular-genetic features
and immune subtypes in patients with lung squamous cell carcinoma

Variables Total, n=419 | High / medium immune subtype, n=173 | Low immune subtype, n=246 | p-value
+ + +
Median age (years, range) 6(7;;_2;15)3 6(643_24(;8 6(7:;;_2;30 0.2497
Sex:
Female 106 (25.3) 49 (28.3) 57 (23.2) 0.232
Male 313 (74.7) 124 (71.7) 189 (76.8)
Stage:
I 181 (43.2) 74 (42.8) 107 (43.5)
I 124 (29.6) 53 (30.6) 71 (28.9) 0.977
111 58 (13.8) 22 (12.7) 36 (14.6) )
v 5(1.2) 2(1.2) 3(1.2)
Unknown 51(12.2) 22 (12.7) 29 (11.8)
Mutation TTN:
Present 356 (85.0) 148 (85.5) 208 (84.6) 0.779
Absent 63 (15.0) 25 (14.5) 38 (15.4)
Mutation TP53:
Present 377 (90.0) 156 (90.2) 221 (89.8) 0.910
Absent 42 (10.0) 17 (9.8) 25 (10.2)
Mutation PIK3CA:
Present 56 (13.4) 25 (14.5) 31 (12.6) 0.584
Absent 363 (86.6) 148 (85.5) 215 (87.4)
Mutation KEAP1/
NFE2L2: 0.012
Present 117 (217.9) 37 (21.4) 80 (32.5)
Absent 302 (72.1) 136 (78.6) 166 (67.5)
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Table 1. Continued

Variables Total, n=419 | High / medium immune subtype, n=173 | Low immune subtype, n=246 | p-value
Co-mutation TTN+TP53:
1:5:::; 319 (76.1) 134 (77.5) 185 (75.2) 0.594
100 (23.9) 39 (22.5) 61 (24.8)
Co-mutation
TP53+PIK3CA: 0.713
Present 48 (11.5) 21 (12.1) 27 (11.0) :
Absent 371 (88.5) 152 (87.9) 219 (89.0)

Source: The Cancer Genome Atlas (TCGA) [11], UCSC Xena [12], and cBioPortal [13]

In summary, comparative analysis showed that the
majority of gene mutations and co-mutations occurred
independently of immune subtype classification. The only
statistically significant difference was observed for KEAP1/
NFE2L2 alterations, which were more common in tumours
with low immune activity. These findings suggest a poten-
tial association between oxidative stress-related mutations
and an immunosuppressive tumour microenvironment,
warranting further investigation into their biological role
in immune escape mechanisms. A comparison of patient

1.004

0.754

0.50

Probability of survival

0.25+

0.00+

survival based on immune subtypes revealed that the me-
dian overall survival was 57.1 months in the high/medium
immune activity group, compared to 44.9 months in the
low immune activity group. Despite a trend toward better
survival in patients with higher immune activity, the dif-
ference between the groups was not statistically significant
(Log-rank test: ¥%(1) =1.14, p=0.2854). These results indi-
cate that immune subtype did not have a significant im-
pact on overall survival in this cohort of patients with lung
squamous cell carcinoma (Fig. 1).

—— Hight / medium immune subtype
—— Low immune subtype
Log-rank p = 0.2854

T T
0 50

100 150 200

Follow-up period, months

Figure 1. Kaplan-Meier survival curves for patients
with lung squamous cell carcinoma according to tumour immune subtype

Source: TCGA [11], UCSC Xena [12], and cBioPortal [13]

Among patients with lung squamous cell carcino-
ma classified as having high/medium immune subtypes,
stratification was performed based on the presence of mu-
tations in TP53, TTN, PIK3CA, KEAP1/NFE2L2, and their
combinations. Kaplan-Meier analysis with log-rank testing
revealed no statistically significant differences in surviv-
al associated with PIK3CA mutations (p=0.2913), KEAP1/
NFE2L2 mutations (p = 0.3796), or the TP53+PIK3CA
co-mutation (p=0.8296). In contrast, patients harbouring
TP53 mutations demonstrated significantly better overall
survival compared to those without such mutations (medi-
an survival 57.9 vs 27.8 months, p=0.0141). Similarly, TTN
mutations were associated with a trend toward improved
survival (median 57.9 vs 27.8 months), though this differ-
ence did not reach statistical significance (p=0.0582). The
most pronounced effect was observed for the TTN+TP53

co-mutation, which was significantly associated with bet-
ter survival compared to patients lacking this co-mutation
(median survival 63.7 vs 27.8 months, p=0.0065) (Fig. 2).
Among patients with lung squamous cell carcinoma
classified as having a low immune subtype, no statistical-
ly significant differences in survival were observed across
groups with mutations in KEAP1/NFE2L2 (p = 0.8091),
PIK3CA (p = 0.5478), or the TP53+PIK3CA co-mutation
(p = 0.7477), indicating a lack of prognostic impact for
these alterations in this cohort. In contrast, the presence of
TP53 mutations was significantly associated with improved
overall survival (p=0.0361), as was the presence of TTN
mutations (p=0.0123). The strongest prognostic effect was
observed in patients with co-mutations in TTN and TP53,
who demonstrated the highest survival rates (p =0.0006).
Overall, these findings suggest that mutations in TP53 and
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TTN - particularly in combination — may serve as favoura-  carcinoma, in contrast to isolated alterations in PIK3CA or
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Figure 2. Kaplan-Meier survival curves according to mutation status
in patients with lung squamous cell carcinoma and high/medium immune subtype
Source: TCGA [11], UCSC Xena [12], and cBioPortal [13]
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Figure 3. Kaplan-Meier survival curves according to mutation status
in patients with lung squamous cell carcinoma and low immune subtype

Source: TCGA [11], UCSC Xena [12], and cBioPortal [13]

In conclusion, survival analysis revealed that indi-
vidual mutations such as KEAP1/NFE2L2 and TTN, and
specific co-mutation profiles, have prognostic relevance
in LUSC. The effect of these mutations on overall sur-
vival was further modulated by immune subtype, em-
phasising the importance of integrating molecular and

immunological features when assessing patient out-
comes. To investigate the relationships between somatic
mutations in key genes among patients with lung squa-
mous cell carcinoma, a clustered heatmap was generated
based on mutations in TTN, TP53, PIK3CA, and KEAP1/
NFE2L2 (Fig. 4).
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Figure 4. Clustered heatmap of mutations in patients with lung squamous cell carcinoma

Source: TCGA [11], UCSC Xena [12], and cBioPortal [13]

During the analysis, notable heterogeneity in the mu-
tational landscape of LUSC was observed, allowing for the
tentative identification of two major patient clusters based
on shared mutational features. Mutations in TTN and TP53
were the most prevalent, occurring in over 76% of cases,
and frequently co-occurred. This co-occurrence appears
to define a substantial subgroup of patients with poten-
tially common molecular drivers. In contrast, PIK3CA and
KEAP1/NFE2L2 mutations showed a more scattered distri-
bution, appearing independently across patients without
consistent co-localisation. To explore possible prognostic
implications, patients were colour-coded based on surviv-
al status (green for surviving, red for deceased). Howev-
er, no distinct spatial clustering of deceased individuals
was evident on the heatmap. Patients with poor outcomes
were distributed throughout both clusters, suggesting that

mutational status alone does not fully account for progno-
sis. The lack of visually dominant patterns linking muta-
tional combinations to survival highlights the multifacto-
rial nature of disease progression in LUSC. These findings
emphasised the structural complexity and individual
variability of mutational alterations in LUSC. While TTN
and TP53 mutations may represent shared early events in
tumorigenesis, mutations in KEAP1/NFE2L2 - which are
known to affect oxidative stress pathways — may contrib-
ute to an immunosuppressive microenvironment. This un-
derscores the necessity for integrated molecular-immuno-
logical approaches and further stratified analyses to better
characterise prognostic subgroups and guide personalised
treatment strategies.

The analysis of the mutational landscape in LUSC re-
vealed intricate interactions between genetic alterations
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and the tumour immune microenvironment. A promi-
nent finding was the association between TP53 and TTN
co-mutations and improved overall survival, particularly
in patients with high or intermediate levels of immune
infiltration. This observation was consistent with findings
by K. Ying et al. [16], who demonstrated that TP53 + TTN
co-mutations are predictive of enhanced immunotherapy
responses in LUSC, likely due to increased tumour mu-
tational burden and elevated neoantigen load. S. Zou et
al. [17] further confirmed the prognostic value of TTN mu-
tations, showing their association with prolonged survival
and potential to stratify patients for immune checkpoint
blockade. These findings underlined the relevance of TTN
as a candidate biomarker for immunotherapy response
prediction. X. Xie et al. [18] attributed this association to
the ability of TTN mutations to drive immune activation,
including the upregulation of cytotoxic T-cell markers and
pro-inflammatory chemokines. Such immunogenic chang-
es may explain the enhanced sensitivity of TTN-mutant
tumours to immune checkpoint inhibition observed in
clinical settings. Consistent with these studies, authors’
analysis demonstrated that TTN mutations — particularly
in combination with TP53 — were associated with signif-
icantly better overall survival, reinforcing their potential
role in patient stratification. These immunostimulatory
effects may contribute to reshaping the tumour microen-
vironment, thereby increasing the probability of durable
response to immune checkpoint inhibitors in patients har-
bouring such alterations.

TP53, a canonical tumour suppressor gene, plays a cen-
tral role in maintaining genomic integrity. Z. Fan et al. [19]
reported that TP53-mutant tumours display distinct tran-
scriptional programs associated with immune activation,
including interferon signalling. These molecular features
may explain why patients harbouring TP53 mutations tend
to exhibit better immunotherapy outcomes. Moreover,
J. Yu et al. [20] emphasised the importance of TP53 co-sta-
tus with LRP1B, indicating that the absence of mutations
in both genes correlates with favourable prognosis in LUSC
patients treated with PD-L1 inhibitors. Collectively, these
findings support the notion that the mutational background
of tumours directly influences the efficacy of immunother-
apies. These insights also imply that biomarker-driven pa-
tient stratification should account for not only single-gene
alterations but also specific mutation combinations.

Importantly, the observed benefit of TP53 + TTN
co-mutations extended, albeit to a lesser extent, to pa-
tients within the low immune subtype group. This sug-
gests that even in immunologically “cold” tumours, the
underlying genomic architecture may confer some degree
of immunogenicity. L. Yang et al. [21] underscored the rel-
evance of integrating immune cell infiltration profiles with
molecular subtyping to better predict therapy respons-
es, reinforcing the concept that both immune and genet-
ic features must be jointly considered. A similar view was
presented by J. Wang et al. [22], who proposed that specific
autophagy-related gene signatures modulate immune in-
filtration and may underlie differences in survival among
molecular subtypes of LUSC. Such findings collectively
point to the necessity of combining mutational and immu-
nologic parameters when developing predictive models for
immunotherapy outcomes.

In contrast, mutations in the KEAP1/NFE2L2 pathway
were predominantly observed in tumours with low immune
activity. P.K. Paik et al. [4] demonstrated that alterations
in this axis contribute to resistance against TORC1/2 in-
hibitors and promote tumour progression by suppressing
oxidative stress responses. These findings highlighted the
complexity of redox signalling in NSCLC and the challenges
in targeting this pathway. J.A. Hellyer et al. [7] explored the
clinical relevance of KEAP1-NFE2L2 mutations and linked
them to immune silencing and reduced efficacy of immune
checkpoint inhibitors. This further emphasised the immu-
nosuppressive role of the KEAP1/NRF2 pathway. Support-
ing this, M. Sdnchez-Ortega et al. [23] showed that wild-
type NRF2/KEAP1 tumours exhibit higher oxidative stress
susceptibility, suggesting a potential therapeutic window
that is absent in mutant tumours. This finding underscored
the therapeutic relevance of redox imbalance and high-
lighted the importance of molecular subtyping when de-
signing targeted interventions. In the current cohort, the
higher prevalence of these mutations among low immune
subtype patients aligns with a model of immune evasion
mediated by aberrant antioxidant regulation. These in-
sights further confirm that KEAP1/NFE2L2 mutations not
only affect tumour metabolism but also alter immune es-
cape dynamics.

Mutations in PIK3CA, although not statistically signif-
icant in this analysis, have been the subject of extensive
investigation. Q. Huang et al. [24] characterised the muta-
tional landscape of PIK3CA in Chinese patients and report-
ed substantial heterogeneity in mutation co-occurrence
patterns. S. Cokpinar et al. [25] also highlighted the varia-
ble prognostic role of PIK3CA, emphasising that its clinical
implications may depend on the presence of co-mutations
such as TP53. In the present study, PIK3CA mutations ex-
hibited a dispersed distribution across immune subtypes
and were not linked to survival outcomes. However, their
potential role as modifiers in polygenic contexts warrants
further exploration. The interaction between PIK3CA and
immune signalling pathways remains an open area of re-
search, with implications for therapy resistance and im-
mune modulation.

Cluster analysis of the mutational heatmap provided
additional insights. Two main clusters of patients emerged,
reflecting distinct mutation combinations and partially
correlating with survival status. C. Su et al. [8] demonstrat-
ed that circulating TTN mutations can serve as dynamic
markers for predicting responses to immunotherapy in
advanced NSCLC. Similarly, D. Kozakov et al. [9] examined
Ukrainian patients with NSCLC and concluded that specific
mutation patterns shape the immune milieu of the tumour,
impacting clinical trajectories. These findings reinforce
the concept that the mutational composition of tumours
shapes immune interactions and may serve as a basis for
patient stratification. Moreover, they support the incorpo-
ration of genomic clustering analyses in the interpretation
of immune-related phenotypes.

From a broader perspective, the interplay between
immune contexture and genomic alterations in LUSC re-
flects a multifactorial and dynamic landscape. In their
seminal study, V. Thorsson et al. [14] proposed six pan-can-
cer immune subtypes based on transcriptomic features,
highlighting differences in leukocyte infiltration, antigen
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presentation, and expression of immune checkpoints. The
current results were congruent with this framework, par-
ticularly the observed heterogeneity among tumours with
similar mutational loads but divergent immune infiltration
patterns. Integrating such immune classification systems
into genomic profiling may enhance the precision of per-
sonalised therapies. This approach may be especially rel-
evant in tumours that lack conventional biomarkers but
exhibit atypical immune behaviour [26].

Several additional studies included in the reference
list provide complementary perspectives. For instance,
X. Deng et al. [6] utilised pyroptosis-related genes to mod-
el immunotherapy efficacy, demonstrating that cell death
pathways intersect with immune signalling in LUSC. Their
model highlighted the relevance of immune cell infiltra-
tion patterns in shaping treatment response. D. Wang et
al. [5] employed a multi-omics approach to build a prog-
nostic signature incorporating TMB and gene expression,
further supporting the integration of multiple data layers.
This approach underscored the importance of combining
genomic and transcriptomic variables to improve prognos-
tic accuracy. W. Tao et al. [27] reviewed the predictive value
of omics-derived markers in immunotherapy, advocating
for combinatorial models over single biomarkers. They em-
phasised that such models offer greater robustness in re-
al-world clinical settings. The researchers’ conclusions were
consistent with this integrative perspective, as it has been
demonstrated that combined consideration of mutation and
immune profiles improves the identification of prognosti-
cally significant subgroups in LUSC. Together, these stud-
ies reinforce the current findings and advocate for broader,
systems-level approaches to immuno-oncology in LUSC.

In terms of clinical translation, these insights suggest
that patient selection for immunotherapy in LUSC should
move beyond PD-L1 status and encompass genomic fea-
tures such as TTN and TP53 mutations, KEAP1/NFE2L2
status, and multi-parameter immune profiling. C. Pop-Bi-
ca et al. [2] noted the importance of comprehensive genom-
ic analysis via NGS in both NSCLC and SCLC, stressing that
divergent mutation profiles require tailored approaches.
Their findings also highlighted the potential of genomic
profiling to inform histology-specific therapeutic deci-
sions. Y. Xu et al. [3] and A. Burlaka [28] provided evidence
that PD-L1 expression alone does not capture the com-
plexity of immune responsiveness, reinforcing the need
for integrative biomarkers. Moreover, their study showed
that a combination of high TMB and TP53 mutation was
associated with improved clinical outcomes in patients
receiving immunotherapy. These observations were con-
sistent with authors’ findings, which indicated that TP53
co-mutations — particularly with TTN — may enhance sur-
vival specifically in immune-inflamed tumour phenotypes.
Overall, expanding the biomarker panel beyond PD-L1 may
improve therapeutic outcomes by identifying subgroups
most likely to benefit from immunotherapy.

Despite considerable progress in elucidating the
genomic and immunological features of LUSC, few stud-
ies have integrated these parameters in a comprehensive
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AHoTauif. IIToCKOKTITMHHA KapIMHOMAa JIeTeHb 3aIMIIAE ThCSI O Hi€F0 3 HAOibI arpecMBHUX (OpM He[IpiOHOKITI TMHHOTO
paky 3 OOMEKEHUMM MOKIMBOCTSIMM [JIsl TIepCOHATi30BaHOTO JIiKyBaHHS, IO 3yMOBJIOE TMOTpe6y Yy HOBUX
MIPOTHOCTUYHMX GioMapKepax. MeTa HOCTiIKeHHST — TPOAHaTi3yBaTy BIUIMB COMAaTUYHMUX MYTAIliil Ta iX KO-MyTalliii y
KimouoBux oHkoreHax (TP53, TTN, PIK3CA ta KEAP1/NFE2L2) Ha BUsKMBaHICTb XBOPUX Ha IJIOCKOK/IITUHHY KapIMHOMY
JiereHb 3 ypaxXyBaHHSIM iMYHHOIO MiJTUIY NYXJMHU. ByJI0 BUKOPUCTAHO 1aHi BifKPUTUX OHKOJIOTiYHMUX PENO3UTOPiiB
(TCGA, UCSC Xena, cBioPortal) pnst 419 mamieHTiB 3 MOBHMM KIiHIYHMM, IMyHHMM Ta MyTaliiiHUM Mpodinem.
MManienTiB crpatudikyBanu 3a piBHeM iMyHHOI aKTMBHOCTI NMyXJMHM (BUCOKMIl/cepelHiii abo HM3bKUIt MiATUIT), &
aHaji3 MyTallili OXOIUIIOBaB OKpeMi TeHM Ta KO-MyTalii. BiskuBaHicTh onjiHioBasiM 3a MeTomoMm Kamnana-Martiepa 3
JIOT-PAaHTOBMM TECTOM. By/io BCTaHOBJIEHO, 10 MyTallist TP53 acolitoeTbcst 3 JOCTOBIPHO KPal[o BMKMBAHICTIO SIK Y
TPYIIi 3 BUCOKOK/CepeaHbOI0 iMYHHOIO aKTMBHICTIO (MefiaHa 57,9 mpotu 27,8 mic., p=0,0141), Tak i B rpymi 3 HU3bKOIO
imyHHol0 akTuBHicTIO (p = 0,0361). Mytanis TTN mpomeMoHCTpyBaja IO3UTUBHY TeHMEHIIiI0 y TPyIi 3 BUCOKOIO/
cepenHbOIO aKTUBHICTIO (p=0,0582) Ta 1OCTOBipHMIT 3B’I30K 3 BMKMBAHICTIO Y TPYTIi 3 HM3bKOI0 akTMBHicTIO (p=0,0123).
HavicunbHimmit edekT BusiB/ieHO 17151 Ko-myTariii TP53 + TTN, sika 3HauyIle MOKpallyBajga BUKMBAHICTh Y TIAIIEHTIB 3
oboma iMyHHUMM TiATUIaMU (BUCcOKMIi/cepenHiii: p=0,0065; Husbkuii: p=0,0006). BomHouac myrariii PIK3CA, KEAP1/
NFE2L2 ta ix KoM6iHallii He TPOAEeMOHCTPYBaIM CTATUCTUYHO 3HAUYIIOTO BIUIMBY Ha BUKMBaHiCTh. KimacTepHuii aHasi3
MyTaIiifHoro npodiio BUIABMB IBa OCHOBHI marephu, ge TP53 i TTN myranii Manu TeHAEHINI0 A0 KiacTepu3allii.
BogHouac He 6y/i0 BUSIBJIEHO YiTKOi Bi3yasbHOI acoriaiii MiXk MyTaliiiHMMM MiATUIIAMM Ta CTATyCOM BUKMBAaHOCTI.
Takum YMHOM, MyTalliiiHnii cratyc rediB TP53 i TTN, a Takox ix Ko-myTaiiist TP53+TTN MaloTh CyTTEBE MPOTrHOCTUYHE
3HAUEHHS Y TMAIi€HTiB 3 TUIOCKOKJIITMHHOI KapUMHOMOIO JiereHb, OCOOIMBO y TOEAHAHHI 3 XapaKTepUCTMKaMM
iMmyHHOrO MikKpooToueHHs. HaTtomicTb i30nb0BaHi myTaiiii B PIK3CA ta KEAP1/NFE2L2 He Manu gOCTOBIpHOTO BILIUBY
Ha BICKMBaHiCTb. OTpMMaHi pe3y/nbTaTyl MiAKpewInIM BasKIUBICTh iHTerpallii MyTauiifHoro ta imyHHOro mpodinro as
bopmMyBaHHS TEPCOHANTI30BAHNUX CTPATETIii JIIKyBaHHS

Kniouoei cnoea: TP53; TTN; PIK3CA; KEAP1/NFE2L2; pak JiereHb; KO-MyTarlii
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Abstract. The integrity and functioning of intestine are crucial for the digestion and absorption of nutrients,
immunological homeostasis and the prevention of the ingestion of pathogens. Currently, the improvement and
development of new experimental systems for studying various functions of the intestine is a pressing task in biology
and medicine. The aim of this review was to describe modern experimental systems for studying various functions
of the intestine, focusing on their application, advantages and limitations. To achieve this goal, publications from
2019-2025 selected from PubMed and Google Scholar were analysed and summarised. Based on the analysis of
literature data and author’s experimental studies, it was established that methods such as “everted intestine” and
“Ussing chamber” are effective for studying the mechanisms of kinetics and absorption of drugs in the small and large
intestines. The “InTESTine™” system is a tool for assessing intestinal permeability and predicting intestinal absorption
of food and drugs. Systems such as “intestinal organoids”, “enteroid systems” and “gut-on-a-chip” used to study
dynamic processes, secretion, and absorption in the intestine have been analysed. It has been shown that transformed
and cultured “epithelial cell lines” (Caco-2, HT-29 and T84) have certain disadvantages in use and cancerous origin of
cells. An “epithelial cell suspension” was investigated, which is a simple and promising ex vivo system for studying the
direct and immediate effects of chemicals on the intestinal epithelium. The practical value of the work lies in comparing
experimental methods for studying the intestine, which can contribute to the effectiveness of preclinical research, the

improvement of medical care diagnostics, and the development of personalised medicine

Keywords: intestine; in vitro model; ex vivo mode; enterocytes; intestinal epithelial cell suspension

INTRODUCTION
Research into experimental systems for studying gastro-
intestinal (GI) functions is an important area in modern
physiology, gastroenterology and biomedicine. Improve-
ments in methods allow for a deeper understanding of the
mechanisms of digestion, nutrient absorption, microbiota
regulation, and the pathogenesis of various gastrointes-
tinal diseases (in particular, inflammatory bowel disease,
irritable bowel syndrome and cancer). One of the main
reasons for the relevance of this research is the high prev-
alence of gastrointestinal diseases. Using experimental
methods (in vitro, in vivo, ex vivo and in silico), researchers
model pathological conditions, test drugs, and analyse the
impact of various factors on intestinal function. Thus, the
development and improvement of experimental methods
for studying intestinal functions remains a relevant task

Suggested Citation:

that contributes to the progress of both fundamental sci-
ence and clinical practice.

Models for studying the human and animal digestive
systems have undergone significant improvements with
the aim of enhancing their predictive ability regarding the
bioavailability of various compounds, studying absorption
mechanisms, and investigating the immune response of
the intestine. In their work, R. Moerkens et al. [1] developed
a “small intestine-on-a-chip” model, which is character-
ised by its ability to self-organise into a villous structure
and includes mesenchymal and nerve cells. This platform
provided apical/basolateral access and demonstrated ma-
ture barrier and metabolic gene programmes. This ap-
proach promotes the development of personalised in vit-
ro modelling of intestinal physiology and drug response.
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In a study by S.M. Parigi et al. [2], spatial transcriptomics
was developed for the entire mouse colon. They revealed
previously underappreciated molecular regionalisation
and identified spatially organised healing programmes (in-
cluding p53-associated zones), providing a rich reference
atlas for intestinal regeneration studies. Comparing colon
tissues at rest and after mucosal healing (in treated mice),
spatial transcriptional processes of tissue repair, immune
cell activation/recruitment, pro-regenerative pathways,
and tissue remodelling were identified.

In a Ukrainian study by S. Soloviov et al. [3], the au-
thors created an in vitro model to assess how metabolites
derived from Lactobacillus modulate the course of enter-
ovirus infection in intestinal cells. This practical experi-
mental approach made it possible to analyse the interac-
tions between the host, the microbe and the virus, which
is important for studying the barrier function of the intes-
tine. In a research study conducted by M.N. Zhayvoronok
& V.M. Zalesky [4], ex vivo samples of human intestinal
tissue were used to investigate fibrogenesis in inflamma-
tory bowel disease. The authors demonstrated that the
accuracy of the obtained results strongly depended on the
quality of resected specimens, highlighting the potential
of such models for translational research. In a paper by
E.M. Holloway et al. [5], a vascular component was formed
in intestinal organoids, including endothelial cells. This
significantly increased their physiological plausibility and
potential for modelling tissue invasion or inflammation.
In the work of J. Kassis & Z. Wan [6] presented the inte-
gration of organoids and microfluidic intestine-on-a-chip
platforms for testing drug permeability — in particular,
a Caco-2 chip directly connected to mass spectrometry,
which allows for high-throughput parallel testing of drug
efficacy. M.R. Kuhn et al. [7] used hydrogels with a spe-
cific natural protein composition (collagen, fibrin, hyalu-
ron) that proved suitable for culturing human intestinal
organoids. These matrices promoted long-term growth,
were capable of differentiation, and maintained cellular
heterogeneity.

Generally, the studies presented demonstrated a wide
range of approaches, from microfluidic platforms to orga-
noid models with vascular and immune components. At the
same time, a number of problems remained: lack of stand-
ardisation of methods, limited reproducibility of experi-
ments, and the complexity of modelling the full interaction
between the microbiota, immune and nervous systems.
Therefore, the aim of this work was to describe, analyse and
systematise current experimental models used to study the
functions of the small and large intestines.

To achieve these goals, a detailed literature review was
conducted using the PubMed, Google Scholar and Scopus
databases only sources published within the last six years
were considered. Initially, about 120 sources (2019-2025)
were selected, of which 45 articles were retained for de-
tailed consideration after critical analysis. The selection
criteria included the originality of the data, the availabil-
ity of clinical or experimental results, and the novelty and
relevance of the research area. Experimental publications
describing methods for studying the gastrointestinal tract,
namely the processes of absorption, transport and absorp-
tion of nutrients and drugs, as well as review articles, were
analysed. A systematic search strategy was applied using
relevant keywords and search terms. The information was
systematised by model type (ex vivo, in vivo, in vitro, etc.),
which made it possible to identify the main trends and de-
termine the existing gaps in methods for studying intesti-
nal functions.

TYPES OF EXPERIMENTAL APPROACHES

TO INTESTINAL RESEARCH

There are many models of the GIT that allow the study of
transport mechanisms and predict the pharmacokinetics of
drugs. Establishing the in vitro — in vivo relationship is ex-
tremely important for patient-centered drug development
from a product quality perspective. This review summarised
and structured information about modern experimental
systems for studying various intestinal functions, focusing
on their application, advantages and limitations (Table 1).

Table 1. Modern experimental models for intestinal research

Model Description Examples of use
. Animal systems preserving systemic circulation . .
In vivo and neural pathways. Mice, rats, pigs, dogs, monkeys.
. Intestinal tissue sections isolated from animals, Everted gut sac, Ussing chamber, INTESTine™,
Ex vivo . e . . X
incubated under controlled conditions. intestinal suspension.
In vitro Intestinal epithelial cell lines cultivated on flat surfaces. Caco-2,HT-29, T84.

3D cell culture

Scaffold-based cultures mimicking the intestinal
microenvironment and cell architecture.

Hydrogel-based systems, ECM scaffolds.

Organoids

Mini-gut structures derived from stem cells.

Human intestinal organoids, enteroids.

Microfluidic devices

«Gut-on-chip» platforms simulating intestinal
mechanics, flow, and epithelial interactions.

Intestine-on-a-chip, enteroid chip.

In silico

Computational simulations of absorption, metabolism,
and barrier function based on biological data.

Physiologically based pharmacokinetic modelling,
Al-driven GI-simulations.

Source: compiled by the author based on A.P. Lytvynenko [8] and F. Abbas et al. [9]

Modern 3D bioprinting models of the intestine allow
the creation of complex three-dimensional structures with
crypt villi and laminated layers of epithelium and stroma.
In 2024, a tubular model of the intestine with bioinclu-
sions has been developed that independently generates
epithelial micromorphogenesis, which allows for in virto

modelling of drug cytotoxicity [10]. Bioprinting technology
made it possible to recreate a model of the human small
intestine. The process involved forming tubular structures
consisting of inner and outer layers formed by epithelial
cells. This ensured the integration of vascular endothelial
cells and smooth muscle cells necessary to reproduce the
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characteristic structure of the intestinal wall. The pro-
posed model is significantly closer to the natural architec-
ture of the small intestine and exceeds the level of struc-
tural similarity achieved in previous in vitro systems. Thus,
this method of coaxial bioprinting to construct 3D tubular
structures somewhat overcomes the limitations associated
with structural and functional similarity to native tissue. In
silico models provide mechanistic simulation of drug ab-
sorption, effectively predicting pharmacokinetic parame-
ters within 2-fold accuracy, which facilitates early bioavail-
ability assessment [11]. Nonclinical models of absorption
to study transport mechanisms, determine intestinal per-
meability, and predict plasma pharmacokinetic profiles are
extremely important.

Thus, modern microfluidic systems facilitate drug
testing by simulating intestinal absorption and barrier
function, providing greater relevance for pharmacokinetic
and toxicological studies. The development of new plat-
forms allows for the co-cultivation of intestinal epithelium
with immune cells, vascular endothelium, and microbial
communities to model host-microbiome interactions and
immunological interactions in vitro. The prospect of devel-
oping microfluidic devices requires their verification, test-
ing, and comparison with living native systems.

MODERN EX VIVO INTESTINAL

EXAMINATION METHODS
Ex vivo methods involve the use of functional tissues ex-
tracted from organisms and maintained under controlled
laboratory conditions; however, the absence of blood cir-
culation and neural regulation in such setups may influ-
ence the reliability of certain results. One of the earliest
and still widely used ex vivo models is the everted intesti-
nal sac, introduced by Wilson and Wiseman in the 1950s to
investigate the kinetics and mechanisms of drug absorp-
tion across various segments of the gastrointestinal tract.
This model remains relevant, especially for evaluating the
absorption rates of bioactive compounds in experimental
studies on rats [12]. The intestinal sac evisceration method
involves isolating a specific segment of the intestine (du-
odenum, ileum, or colon) and then thoroughly washing it
with saline solution. The intestine is then everted onto a
glass plate and filled with Krebs buffer solution in an ox-
ygenated incubation system at 37°C. The result depends
on age, sex, species, segment origin, and experimental fac-
tors (pH and temperature). Data obtained by K. Miyazaki et
al. [13] indicated that modifications such as removal of the
serous and muscular layers can improve permeability as-
sessment but lead to inaccuracy and biological variability.

Using an inverted intestinal sac model, it was found
that lanthanum interacts with iron during absorption. This
indicated pharmacokinetic barriers to the simultaneous
administration of these elements [14]. Ex vivo methods,
including isolated intestinal segments and tissue explants,
allow for accurate assessment of the effect of nanoparticles
on intestinal physiology without systemic in vivo exposure.
For example, using ex vivo perfused rat intestinal explants,
M. Qi et al. [15] assessed the effect of Ag nanoparticles on
neurotransmitter release (NO, serotonin) and local motility
in real time. It was noted that even short-term exposure to
metal nanoparticles can alter intestinal neuroregulation,
which is critical for understanding potential toxicological

risks. Based on this, S. Guo et al. [16] conducted a detailed
analysis of the absorption stages of model nanoparticles
of different sizes, surface charges, and levels of hydropho-
bicity or hydrophilicity. It has been proven that chemical
composition and physicochemical parameters influence
the interaction of nanoparticles with the intestinal barri-
er. Subsequently, research by Y. Zheng et al. [17] confirmed
that particle size and surface modifications play a decisive
role in trans-epithelial transport. The results obtained
point to potential strategies for improving the oral ad-
ministration of nanoparticle-based drugs by adapting the
surface properties of the particles. Additional evidence was
also obtained in studies using the inverted intestinal sac
method [18], which demonstrated that surface character-
istics may be a key factor determining absorption efficien-
cy. These findings support the view that ex vivo intestinal
models, despite their limitations, remain highly relevant
for the mechanistic assessment of nanomaterial safety.
Nevertheless, the model remains an accessible, reproduci-
ble, and effective method for studying the kinetics of trans-
port and absorption of drugs, including nanoparticles, in
both the small and large intestines ex vivo [19].

The Ussinger chamber was developed in the 1950s by
Hans Ussinger to measure GI-permeability using paracellu-
lar flow and electrical measurements and has been adapted
for both mouse and human tissues [20]. The chamber con-
sists of two compartments separated by monolayers of tis-
sue or cells, isolating the apical and basolateral sides of the
epithelium. The Ussinger chamber is used to measure per-
meability and ion transport through epithelial tissues and
cells. This led to the discovery of the Na+/K+ATPase pump.
Thus, it has been established that a decrease in mucosal
integrity is closely associated with the pathogenesis of ul-
cerative colitis, Crohn’s disease, and colorectal cancer [21,
22]. These disorders are accompanied by impaired barrier
function, which can subsequently cause chronic inflamma-
tion. In this context, S.C. Pearce et al. [23] emphasised the
value of the Ussing chamber as a versatile experimental
tool. Unlike many in vitro cell models, this system allows
researchers to measure permeability, tissue integrity, and
transport processes in intact intestinal samples under con-
trolled conditions. However, ex vivo tissue explants used
in Ussinger chambers are viable for five hours. Thus, the
Ussinger chamber remains a valuable tool for measuring
intestinal integrity (for measuring the permeability of ex
vivo colon tissue samples from mice and humans). This
method preserves tissue physiology, allowing for accurate
assessment of absorption, barrier function, and transporter
activity. Low throughput, laborious setup, and the need for
fresh tissue remain drawbacks of this system.

The InTESTine™ platform was developed to study
the passage and absorption of biological, nutritional, and
pharmacological substances through the intestinal barrier.
This system also uses different segments of the intestine,
such as the duodenum, jejunum, ileum, and colon. The seg-
ments are arranged in such a way as to maintain distinct
apical and basal-lateral divisions [23]. However, unlike a
traditional chamber, the INTESTine™ system is compati-
ble with standard 6- and 24-well plates, providing higher
throughput and simple horizontal positioning [24]. Due to
its practicality and convenience, this platform is well suit-
ed for ex vivo analysis of various gastrointestinal functions.
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Thus, viable intestinal tissue mounted in the INTESTine™
system can be used as a reliable tool for evaluating intes-
tinal permeability. This is suitable for predicting intestinal
absorption in humans of substances such as digested foods
and drugs and for studying complex intestinal processes
due to the presence of many cell types in the tissue ex vivo.

In study A. Fedi et al. [25] a suspension of small intes-
tinal epithelial cells was obtained from the upper parts of
villi. It has been shown that such enterocytes can be used
as an effective alternative for comparative analysis of the
characteristics of nutrient transport in the epithelium.
Light and immunofluorescence microscopy confirmed that
the isolated cells retain a differentiated phenotype, form
intercellular contacts and restore polarity, with a clear di-
vision into apical and basolateral domains. All experiments
were performed after 7-9 hours of incubation, when the
cells remained viable. Y. Kimura et al. [26] and A.P. Lytvy-
nenko et al. [27] described a method for obtaining func-
tional epithelium using differentiated enterocytes collect-
ed from the upper part of the villi of the small intestine
of adult mice. Three main types of differentiated intestinal
epithelial cells can be identified in the area of differenti-
ated villi: enterocytes, goblet cells and enteroendocrine
cells. The method allows the isolation of morphologically
identifiable intestinal epithelial cells: elongated columnar
and spherical cells. Columnar cells usually originate from
the tip of the villi, and spherical cells from the middle and
lower parts of the villi. Thus, the effect of dextran-poly-
acrylamide polymers, charged and uncharged, as well as
their carriers of gold and silver nanoparticles, on the regu-

lated cell death of ileal enterocytes in mice was evaluated.
Preparation of epithelial monolayers from freshly isolat-
ed mouse enterocytes allowed quantitative assessment of
fluid movement in the apical part of villi and paracellular
filtration. These processes depend on gap junctions and
their integrity. Thus, there is a direct mechanical link be-
tween intestinal motility and intestinal fluid regulation.
The isolation of enterocyte suspension is a simple meth-
od, although it has certain limitations, such as possible
mechanical damage to the cells. Therefore, to avoid signif-
icant deviations, the enterocytes are stained with trypan
blue and morphological assessment of cell viability is per-
formed. This method is authorised for use in experimental
research, testing and improvement.

2D and 3D cultures of GI-organoids are actively devel-
oping, so immunohistochemistry on ex vivo tissues is a rele-
vant area for improving these systems. C.M. Wang et al. [28]
have attempted to recreate the tissue environment, matrix,
and receptors that influence cell signalling, changing basic
cell phenotypes. S. Deyaert et al. [29] developed a dynam-
ic, long-term model of the ileal microbiota using SHIME®
technology. This system mimics a synthetic bacterial con-
sortium of 12 species. This provides representative model-
ling of the ileal bacterial community, facilitating the study
of microbiota dynamics and activity. This approach allows
the interaction between the food matrix, the microbiome
and the intestine to be modelled. However, the role of this
specific microbial community in influencing the absorption
of nutrients and drugs remains unclear. Table 2 summa-
rised the described methods for ex vivo intestinal research.

Table 2. Ex vivo intestinal examination methods

Method

Advantages

Disadvantages

Ex vivo models using resected tissues

high biological relevance;
preserved tissue architecture.

limited tissue viability;
donor variability.

Ussing chambers

classic method for epithelial ion transport;
barrier function study.

technically demanding;
requires fresh samples.

Intestinal epithelial cell suspension

simple method isolating enterocytes.

some mechanical damage to the cells.

Immunohistochemistry on ex vivo tissues

precise localisation of proteins
and cytokines;
preserved microenvironment.

static snapshot, lacks dynamic context.

Source: compiled by the author

Thus, ex vivo systems remain effective for studying
the mechanisms of kinetics and absorption of drugs in the
small and large intestines. Ex vivo models provide high bio-
logical relevance, but their use is complicated by the short
viability of tissues and the variability of donor material.
Ussing chambers remain the gold standard for analysing
barrier function and ion transport, but require high techni-
cal skills and access to fresh samples. The use of enterocyte
suspensions is a simple approach, but is accompanied by
mechanical damage to the cells. Immunohistochemistry on
ex vivo samples allows for clear determination of the locali-
sation of proteins and cytokines, although its static nature
limits the ability to study dynamic processes.

EPITHELIAL CELL LINES:
CACO-2, HT-29 AND T84
Immortalised cell lines derived from the human intestine,
such as Caco-2, HT-29 and T84, remain indispensable in
permeability and transport studies. Caco-2, first described

in 1977, consistently differentiated into polarised entero-
cyte-like monolayers containing microvilli and tight junc-
tions. It continues to serve as the gold standard for assess-
ing intestinal drug absorption, despite limitations such as
overly tight barrier, low hydrophilic permeability, limited
metabolism [30]. N. Panse & P.M. Gerk [31] have improved
its physiological characteristics by co-culturing with mu-
cin-secreting cells (HT29-MTX). Thus, although Caco-2 re-
tains its status as the “gold standard”, its limitations point
to the need for combined systems. Table 3 provided specif-
ic examples of co-cultivation. Combination with other cell
lines gradually improves the system, reduces the artificial-
ity of the model, and brings it closer to in vivo conditions.
T84, obtained from human colorectal carcinoma in the
1980s, is characterised by the formation of dense cell lay-
ers with a large number of intercellular contacts. This cell
line is actively used to study electrolyte transport and bar-
rier properties of the epithelium [32]. T84 does not repro-
duce the biochemical phenotype of mature small intestine
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enterocytes characteristic of Caco-2. Similar to Caco-2, T84
cells can form absorptive monolayers of epithelial cells and
are capable of differentiating into crypt-like structures [33].
The T84 line is less suitable for modelling nutrient

absorption, but it is valuable for studying electrolyte trans-
portand the functioning of tight junctions. At the same time,
its ability to form crypt-like structures opens up prospects
for researching regenerative processes in the intestine.

Table 3. Co-culture of Caco-2 epithelial cells

Caco-2 Caco-2 + HT29-MTX Caco-2 + HT29 + T84
R Mucus barrier model for nutrient Complex intestinal physiology
Application Drug transport model. uptake and bacterial adhesion. (barrier + mucus + Cl- secretion).
. e Closer to in vivo mucus interaction; Simulates inflammation, leaky gut;
Advantages High reproduc1b11} ty; w1dely_ modulates permeability via 90:10 cell | includes secretory and immune-like
accepted for permeability screening. - e
ratio. activity.
. No mucus layer; limited immune Incomplete MUC2 expression; Comple.x.culture set.up; low .
Disadvantages . . . throughput; interpretation requires
function modelling. variable transporter levels. caution

Source: compiled by the author based on M. Anjum et al. [34], S. Peddibhotla et al. [35], M. Belaid et al. [36],

D. Marescotti et al. [37]

HT-29, a colorectal adenocarcinoma cell line estab-
lished in 1964, can differentiate into heterogeneous epi-
thelial populations, including goblet cells that secrete mu-
cus. M.]J. Haddad et al. [30] have focused on the effects of
specific stimuli, such as methotrexate or sodium butyrate.
Co-cultures HT-29 with Caco-2 contribute to the creation
of more physiologically relevant epithelial models by com-
bining the barrier properties of mucus with absorptive
functions. Caco-2 and HT-29 cell lines have similar prop-
erties of enterocytes during differentiation, but they also
have some differences. While Caco-2 cells differentiate to
a monolayer of absorptive phenotype without mucus gran-
ules, HT-29 cells show high heterogeneity in the formation
of absorptive and goblet cells and, therefore, are capable
of producing mucus [31]. The unique ability of HT-29 cells
to form goblet-like cells makes them an important tool for
modelling the intestinal mucosa. Their use in co-cultures
with Caco-2 cells allows for the reproduction of more com-
plex barrier and secretory properties of the epithelium.

Transformed and cultured “epithelial cell lines” (Caco-
2,HT-29 and T84) have certain disadvantages: cancer origin,
lack of specific epithelial function, different expression, in
particular, of glucose transporter protein, the absence of a
mucosal layer, etc. Whereas, the ‘epithelial cell suspension’
of enterocytes collected from the upper part of the small
intestinal villi provides an alternative approach for com-
parative studies and responses to various conditions and
stimuli in the GIT. However, these cell systems continue
to evolve through new approaches of advanced engineer-
ing and co-culture strategies. These systems are very val-
uable in predicting drug permeability, mimicking epithe-
lial function and modelling intestinal barrier physiology.

3D CELL CULTURE, INTESTINAL ORGANOID

AND MICROFLUIDIC DEVICES

In 2023, microfluidic technologies have been intensively
developed to create organ-on-a-chip devices designed to
reproduce the three-dimensional topography of organs. A
new coaxial bioprinting of small intestine technique has
enabled the fabrication of multicellular 3D constructs that
show improved structure and gene expression compared to
traditional 2D monolayers [38]. New models with an open

apical surface of organoids facilitate the study of patho-
gen invasion and nutrient uptake. Advances in the field
of scaffolds for biomaterials have enabled the transition
from Matrigel to synthetic hydrogels based on polyethyl-
ene glycol and collagen. This improves reproducibility and
allows for the influence on the morphology and differenti-
ation of organoids [39, 40]. Such developments highlighted
the rapid advancement of 3D intestinal culture technolo-
gies. These models combine microengineering, advanced
biomaterials and automation to more accurately mimic
the in vivo gut environment. In 2021, the development of
three-dimensional culture systems known as organoids
has enabled the cultivation of cryptic villi that mimic many
aspects of intestinal physiology. Organoids are cellular ag-
gregates cultured in three dimensions and have the same
characteristics as the tissue of origin. Due to their ability
to self-renew and proliferate, organoids can be maintained
in culture for a long time. Organoids have become a key
platform for studying the intestinal barrier, tight junction
regulation, and epithelial renewal in virto. These systems
are suitable for studying permeability and inflammation
because they respond to external stimuli such as cytokines,
bacterial components, etc. [21, 41].

Organoid culturing has also been used I.A. Parente et
al. [42] to study GI-diseases, gut-microbe interactions,
and colorectal cancer. Organoids have proven to be valu-
able in the reproduction of inflammatory and neoplastic
intestinal disorders. It has been shown that the destruc-
tion of tight junction proteins, such as claudin-2, claudin-7
and claudin-15, in mouse organoids allows us to study the
mechanisms and causes of barrier disruption associated
with chronic intestinal inflammation. Organoids provide
a platform for researching infectious diseases, hereditary
pathologies and cancer using genetic engineering and
stem cell techniques. Moreover, transplantation of orga-
noids into animal models allows tissues to be reconstitut-
ed and their reactions to be monitored in vivo [43]. These
living biobanks offer insight into inter-patient variability
and facilitate the identification of personalised therapeutic
options. Thus, significant progress has been made in the
development of intestinal epithelial cell cultivation tech-
nologies. The intestinal organoid is a widely used model
system for studying the dynamic processes occurring at
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the host-microbe interface and the mutual interactions
between intestinal epithelial cells and cells of local im-
mune homeostasis. Despite the obvious advantages of
using multicellular “intestinal organoids” compared to
single-cell lines, organoids still lack certain parts of intes-
tinal physiology, such as the stroma, vasculature, immune
system and microbiome, which limits the representation
of the in vivo situation.

Intestine-on-a-chip allows for dynamic analysis of ep-
ithelial barrier function, providing simultaneous access to
the apical and basolateral sides. This platform maintains
continuous fluid perfusion, which promotes the develop-
ment of a mucus layer and the creation of an oxygen gradi-
ent, allowing the cultivation of intestinal cells simultane-
ously with commensal or pathogenic microorganisms [43].
Compared to 3D organoid cultures, the gut-on-a-chip
model more accurately reflects the duodenal transcrip-
tome in vivo. In addition, this system allows for real-time
sampling of light flux, which allows for monitoring mucus
production, nutrient absorption, and barrier integrity. In-
testine-on-a-chip allows for the formation of a protective
mucus layer and an oxygen gradient, which supports the
co-cultivation of cells and microbes for a longer time [44].
This model is technically complex and expensive, but it
allows for the integration of different cell types (epithe-

lial, stromal and microbial components), making it ideal
for multivariate studies of intestinal function and disease
mechanisms. Enteroid or mini-gut is derived from LGR5*
intestinal stem cells isolated from the small or large intes-
tine. It is a physiological model for the study of intestinal
transport and host-pathogen interactions, for the study of
viral, bacterial and protozoan parasitic infections [45]. This
model allows the study of secretion and absorption pro-
cesses in specific areas of the intestine under the influence
of various stimuli.

Organoids derived from the intestine serve as valua-
ble systems for studying dynamic interactions, including
host-microbe relationships and communication between
epithelial and immune cells. However, these systems do
not fully reproduce the physiology of the intestine, as
they lack components such as stromal tissue, blood ves-
sels, immune cells, and resident microbiota, which limits
their ability to completely mimic in vivo conditions. The
enteroid model of the intestine, in turn, allows the study
of segmental secretory and absorptive functions. Whereas
the “gut chip” system is a new approach to studying gas-
trointestinal functions by incorporating several cell types
and/or the intestinal microbiome into the system. Table 4
summarised the advantages and disadvantages of the sys-
tems described.

Table 4. Advantages and disadvantages of 3D organoids, Enteroid, Intestine-on-a-chip

Model 3D Organoids

Enteroid Intestine-on-a-chip

Three-dimensional cellular aggregates
capable of self-renewal and
proliferation; cultured from LGR5+
stem cells.

Key features

Models derived from small or large
intestine segments; LGR5+ cells.

Microfluidic systems with continuous
fluid flow, mucus layer formation, and
oxygen gradient.

Closely resemble the original tissue,

Segment-specific functional studies,

Dynamic modeling of intestinal

system, and microbiome.

Advantages | long-term culture possible, suitable early molecular events can be physiology, integration of multiple cell
for genetic studies. observed. types, realistic transcriptome.
Limitations Lack stroma, vasculature, immune Limited modelling of multicellular High technical complexity and cost.

interactions.

Source: compiled by the author

Thus, modern technologies allow reproducing three-
dimensional intestinal architecture with varying levels of
complexity. 3D organoids are a powerful tool for studying
cellular processes, barrier function, and pathogenic in-
fluences, while enteroids provide segment-specific func-
tional research. Innovative microfluidic platforms such as
intestine-on-a-chip allow the integration of multiple cell
types and microbiota, providing a more accurate model-
ling of intestinal physiology in vitro. At the same time,
none of the models fully reproduces all aspects of in vivo,
so their selection depends on the specific research goal,
and the results require accurate interpretation and com-
parison with living systems.

CONCLUSIONS
It has been found that modern models of intestinal re-
search allow for detailed study of intestinal physiology,
substance transport, and its barrier function. The analysis
showed that ex vivo tissues allow for accurate assessment
of absorption kinetics and ion transport. Suspensions of
enterocytes collected from the villi tip are a simple and

effective tool for studying the absorption of nutrients,
chemical reagents, and nanoparticles. Co-culture of epi-
thelial cells, such as Caco-2 with HT29-MTX or T84, has
been shown to improve physiological fidelity by combining
absorption, secretory, and barrier functions. Studies have
shown that 3D organoids and enteroids reproduce the ar-
chitecture of the intestine and segment-specific function-
ality, allowing the study of interactions with the microbiota
and early molecular events during infections. Microfluidic
intestine-on-a-chip platforms further enhance modelling
accuracy by integrating multiple cell types, forming oxygen
gradients, and co-culturing with microbes over extended
periods. It has been proven that no single model can ful-
ly reproduce the physiology of the intestine in vivo, which
emphasises the need for combined approaches. In addition,
the problem of standardising methods and reproducibility
of results between laboratories remains relevant. Promis-
ing areas for improving gastrointestinal research methods
include the use of enterocyte suspensions in preclinical
studies of intestinal effects, personalised organoid models,
and the use of multi-omics approaches. This will deepen
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AHoTtauifa. IlimicHicTh Ta GYHKI[IOHYBAaHHS KMIIEYHMKA MalTh BUpillaJbHE 3HAUYEHHS [JIs1 TepeTpaB/ieHHS Ta
MTOMIMHAHHS TTOKMBHUX PEYOBYH, IMyHOJOT{YHOTO TOMEOCTa3y Ta 3armo6iraHHIO MOTPATUISTHHS IIKiIJMBUX aHTUTEHIB.
BrmockoHanmeHHs Ta po3p0o6Ka HOBUX €KCIIEPUMEHTATbHNUX CUCTEM JIJISI BUBUEHHS Pi3HOMaHITHUX GYHKIi/ KUIIeYHUKA
€ aKTyaJIbHMM 3aBJaHHAM 6iosiorii Ta MeguuyiHK. MeTO 1aHOoi cTaTTi 6YB OMMC CyUYaCHUX eKCITIEPUMEHTaTbHUX CUCTEM
IJIST BUBUEHHS Pi3HMX (DYHKIIiVi KMIIEUHMKA, 30CEPEeIKYIOUNCh Ha iX 3aCTOCYBaHHi, mepeBarax Ta oomMexkeHHSX. st
IOCATHEHHS METU MPOBEeHO aHali3 Ta y3araJbHeHHHs myomikaniit 2019-2025 pp., Bizi6panux y PubMed Ta Google
Scholar. Ha ocHOBi aHami3y maHux JliTepaTypyu Ta aBTOPCHKUX €KCIIePUMEHTATbHUX AOCTiAKeHb BCTAHOBJIEHO, IO
TaKi MeTOAM SIK «BMBEPHYTa KUIIKa» Ta «Kamepa YceHra» € eeKTUBHUMMU [JISI BUBUEHHSI, MeXaHi3MiB KiHETUKU Ta
BCMOKTYBaHHS JIiKiB y TOHKi} i B ToBcTiit kuui. Cucremu «InTESTine™» € iHCTpyMEHTOM [Jis OL[iHKM KUIIKOBOL
TIPOHMKHOCTI ¥ 151 MPOTHO3YBAHHS KMIITKOBOTO BCMOKTYBaHHSI 13Ki Ta JTIikiB. [IpoaHani3zoBaHO TaKi CMCTeMM SIK «KUIITKOBI
OpraHoign», «CUCTeMa eHTEepOoidy» Ta «KUIIeYHMK Ha Yilli», 110 BUKOPUCTOBYIOTHCS AJIS1 AOC/iIKeHHS OMHAMIUYHUX
npoiieciB, cekpeliii Ta BCMOKTYBaHHSI B KuIIeUHMKy. [lokazaHo, o TpaHcPoOpMoOBaHi Ta KyJIbTMBOBAaHI «IiHii
enitenianbHUX KIiTUH» (Caco-2, HT-29 i T84) maoTh NeBHi HeJOJiKM Y BUKOPUCTAHHI Ta pakoBe MOXOKeHHS KIiTUH.
Byno gocmigkeHo «CyCIieH3ito emiTeniaqbHNX KIITUH», SIKa € ITPOCTO0 MePCIIeKTUBHOK CUCTEMOIO ex Vivo IJ1sl BUBUEHHSI
MPSIMOTO Ta HEraiHOTro BIUIMBY XiMiUHMX PEUOBMH Ha KMUINKOBMUIA emiTesniii. [IpakTuUuHA I[iHHICTh pO6OTU MOJISTAE B
MOPiBHSHHI €KCIIepUMMEHTa/JbHUX METOAIB BMBUEHHSI KUIIEUHMKA, 10 MOXEe CIUSITU e(EeKTUBHOCTI MOKIiHIYHUX
IOCTioKeHb, yIOCKOHAIeHHS JiaTHOCTUKY MeIVNYHOI JOTIOMOTH Ta PO3BUTKY IIepCOHaIi30BaHO1 MeqUIIMHU
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Abstract. Diabetic foot ulcers are among the most debilitating complications of type 2 diabetes mellitus, often leading to
persistent infections and lower limb amputations. Microbial colonisation and biofilm formation contribute significantly
to the chronicity and antibiotic resistance observed in these wounds. This study aimed to investigate the spectrum of
microorganisms isolated from diabetic foot ulcers, assess their antibiotic susceptibility, and evaluate the biofilm-forming
capacity of Staphylococcus aureus strains. Microbiological examination of wound discharge was performed for 68 patients
with clinically diagnosed diabetic foot syndrome. A total of 78 microbial isolates were identified using morphological
and biochemical methods. Most wound infections were monocultures (85%), with mixed infections identified in 10 cases.
Antibiotic susceptibility was tested using the Kirby-Bauer disk diffusion method. Biofilm formation in Staphylococcus aureus
isolates was assessed under static conditions using gentian violet staining and semi-quantitative scoring. Gram-positive
bacteria predominated (73%), with Staphylococcus aureus and Staphylococcus haemolyticus being the most frequently
isolated. Among Gram-negative organisms (27%), Klebsiella spp. and Pseudomonas aeruginosa were common. Antibiotic
susceptibility testing revealed moderate methicillin sensitivity in Staphylococcus aureus (40%) and Staphylococcus
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haemolyticus (44%), while vancomycin and tigecycline showed the highest activity. Macrolides were largely ineffective,
and Corynebacterium spp. demonstrated extensive resistance. Gram-negative isolates displayed higher resistance overall,
with Klebsiella spp. resistant to most tested antibacterials. Biofilm formation analysis of 25 Staphylococcus aureus isolates
revealed biofilm formation in 48%, including weak (58%), moderate (17%), and strong (25%) producers. Routine screening
for biofilm-producing pathogens may improve clinical management and outcomes in diabetic foot infections

Keywords: antibiotic susceptibility; chronic wounds; multidrug resistance; S. aureus; wound microbiota

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is one of the most wide-
spread endocrine disorders globally, characterised by
chronic hyperglycemia resulting from impaired insulin ac-
tion and relative insulin deficiency. The global prevalence
of T2DM continues to rise at an alarming rate, driven large-
ly by aging populations, sedentary lifestyles, and increas-
ing rates of obesity. According to the International Diabe-
tes Federation, cited by A. Kumar et al. [1], over 530 million
people worldwide are currently (2024) living with diabetes,
with T2DM accounting for the vast majority of cases, and
this number is projected to exceed 643 million by 2030. By
K. Nabrdalik et al. [2] this chronic condition poses a grow-
ing public health concern, significantly increasing the risk
of cardiovascular disease, kidney failure, neuropathy, and
other long-term complications. In addition to the medical
burden, T2DM represents a substantial economic challenge
for healthcare systems globally due to the high cost of on-
going treatment, complication management, and disabili-
ty-related care.

B. Stancu et al. [3] stated that among the many com-
plications associated with diabetes mellitus, diabetic foot
ulcers (DFUs) represent one of the most serious and prev-
alent outcomes, significantly contributing to patient mor-
bidity and healthcare burden. These lesions often result
from a complex interplay of factors, including peripheral
neuropathy, peripheral arterial disease, and impaired mi-
crocirculation, all of which compromise wound healing
and tissue integrity. Reduced sensation in the feet leads to
unnoticed trauma, while diminished blood supply hinders
immune response and tissue regeneration. According to
Z. Moore et al. [4] and K. Parveen et al. [5] if not properly
managed, DFUs can progress rapidly to soft tissue and bone
infections, gangrene, and ultimately, limb amputation. In
severe cases, systemic infection and sepsis may occur, pos-
ing a direct threat to the patient’s life.

Diabetic foot ulcers are particularly susceptible to mi-
crobial colonisation due to compromised tissue integrity,
impaired immune responses, and poor vascularisation.
According to I. Volch et al. [6], chronic diabetic foot ulcers
are often colonised by a wide range of microorganisms, in-
cluding both Gram-positive and Gram-negative bacteria.
Among them, Staphylococcus aureus and Klebsiella spp. were
found to predominate, but other frequently isolated path-
ogens included Staphylococcus haemolyticus, Pseudomonas
aeruginosa, Corynebacterium spp., Escherichia coli, and Pro-
teus spp., as well as opportunistic fungi such as Candida
spp. Similarly, A.C. Afonso et al. [7] documented a polymi-
crobial nature of diabetic foot infections, noting that the
pathogens involved may range from aerobic to anaerobic
species and include both Gram-positive and Gram-nega-
tive bacteria. Reported biofilm-producing organisms in-
cluded members of the Enterobacteriaceae family (E. coli,

Klebsiella pneumoniae, Klebsiella oxytoca, Proteus mirabilis,
Proteus vulgaris, Morganella morganii, Citrobacter spp., and
Vibrio spp.), as well as P. aeruginosa, Acinetobacter bau-
mannii, and other Acinetobacter spp. Among Gram-positive
isolates, S. aureus (including MRSA), coagulase-negative
Staphylococcus spp., Streptococcus spp., Enterococcus faeca-
lis, and Corynebacterium spp. were highlighted. In a sepa-
rate study, Y.V. Ivanova et al. [8] also reported a wide micro-
bial spectrum in chronic diabetic foot ulcers, with frequent
recovery of S. aureus, A. baumannii, E. coli, K. pneumoniae,
and Candida albicans. Importantly, the authors emphasised
that these clinical isolates exhibited markedly higher ad-
hesive properties than reference strains. Once colonised,
bacteria in diabetic foot ulcers may adopt survival strate-
gies that include the development of antibiotic resistance.
As highlighted by M. Piksa et al. [9], this complication is
of particular concern because the diabetic foot provides a
favorable environment for chronic infection, sometimes
extending to the bone, and is frequently associated with
pathogens resistant to conventional therapy. Another im-
portant mechanism described by T. Naaz et al. [10] is the
ability to form biofilms, which are complex, structured
communities of microorganisms surrounded by a self-pro-
duced extracellular matrix, composed of polysaccharides,
DNA, and proteins. As stated by N.Y. Kravets et al. [11],
within these biofilms, bacteria are protected from various
environmental stresses, including host immune defenses
and antimicrobial agents, making them significantly more
difficult to eradicate than planktonic cells.

The biofilm mode of growth has been strongly associ-
ated with chronic, recurrent infections and increased anti-
biotic resistance, particularly in individuals with diabetes,
whose compromised healing capacity further exacerbates
the risk. According to C. Pouget et al. [12], biofilm-associ-
ated infections often do not respond to conventional anti-
biotic therapy, leading to prolonged treatment courses and
frequent recurrence. Consequently, identifying and char-
acterising biofilm-producing clinical isolates from diabetic
foot ulcers is crucial for guiding more effective treatment
strategies. Despite its clinical relevance, biofilm formation
is not routinely assessed in microbiological diagnostics,
potentially contributing to persistent infections in patients
who repeatedly fail to respond to antibiotic therapy alone.
The purpose of this study was to assess the antibiotic re-
sistance and biofilm-forming ability of pathogens isolated
from diabetic foot ulcers.

MATERIALS AND METHODS
This study builds upon authors’ previous research on the
microbiota of diabetic foot ulcers and its patterns of anti-
biotic resistance [6]. It included 68 patients diagnosed with
type 2 diabetes mellitus and diabetic foot syndrome, who
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were treated at the Municipal Non-Profit Enterprise “Ter-
nopil City Emergency Hospital” in 2024-2025. The inclu-
sion criteria were: patients of both sexes, age over 18 years,
verified diagnosis of type 2 diabetes mellitus, presence of
diabetic foot syndrome. The exclusion criteria were: pres-
ence of chronic diseases in the acute phase or in the phase
of decompensation, current treatment with glucocorticos-
teroids, pregnancy, mental disorders, confirmed or sus-
pected cancer. All included patients were diagnosed with
complicated diabetic foot syndrome, characterised by puru-
lent-necrotic lesions and ulcers, and were indicated for sur-
gical intervention. As part of the preoperative assessment,
microbiological testing of wound discharge was performed.

Sterile cotton swabs were used to collect samples
from the wound discharge under aseptic conditions. The
collected material was inoculated onto selective culture
media and incubated at 37°C for 24-48 hours. Pure mi-
crobial cultures were identified based on their morpho-
logical characteristics and a series of biochemical tests.
Gram-negative rods were identified using the following
assays: fermentation in Kligler Iron Agar, Simmons’ citrate
agar (Farmaktiv, LLC, Kyiv, Ukraine), indole production,
catalase activity, and motility testing. Gram-positive coc-
ci were identified by evaluating catalase, lecithinase, and
coagulase activity (Biolik Pharma LLC, Kharkiv, Ukraine).
In addition, blood agar (Farmaktiv, LLC, Kyiv, Ukraine) was
used to assess hemolytic activity. The antibiotic suscepti-
bility of the isolated microbial strains was assessed using
the Kirby-Bauer disk diffusion method on Mueller-Hinton
agar, following standard protocols. The tested antibiot-
ics included ciprofloxacin, ceftazidime, chloramphenicol,
amikacin, azithromycin, ceftriaxone, doxycycline, erythro-
mycin, methicillin, tigecycline, vancomycin, and ertapen-
em. Zone diameters were measured after incubation and
interpreted according to CLSI [13].

The ability of the isolated strains to form biofilms was
studied under static conditions by growing the cultures
on sterile glass coverslips. After incubation, the cover-
slips were stained with gentian violet and examined un-
der a light microscope (TM MICROmed, Poltava, Ukraine),
which was equipped with a Swift 5.0 Megapixel Digital

Camera (Swiftmicroscopes, China). Biofilm formation
was semi-quantitatively evaluated using a 0-3 point scale
based on the density and morphology of adherent cells [14,
15]. S. aureus was selected as a representative Gram-posi-
tive pathogen for biofilm assessment due to its high preva-
lence and well-established role in diabetic foot infections.
The collected data were organised and tabulated using Mi-
crosoft Excel (Microsoft Corporation, Redmond, WA, USA).
Descriptive statistics were applied, and the results were
presented as percentages and proportions.

This study was conducted in accordance with the prin-
ciples outlined in the UNESCO Universal Declaration on
Bioethics and Human Rights [16] and the Declaration of
Helsinki “Ethical principles of medical research involving
human subjects” [17]. The research was approved by the
Ethics Committee of Ternopil National Medical University
(Protocol No. 81, April 3, 2025), and all participants pro-
vided written informed consent prior to participation. This
study focused on biofilm formation in S. aureus isolates
only, despite the presence of other clinically relevant spe-
cies such as S. haemolyticus and P. aeruginosa. The selection
was based on the high prevalence and clinical importance
of S. aureus in diabetic foot infections. Additionally, micro-
bial identification was qualitative in nature, and therefore
the presence of a microorganism does not necessarily im-
ply a causative role in infection.

RESULTS AND DISCUSSION

Microbiological testing was performed for all 68 patients
enrolled in the study, resulting in a total of 78 microbial
isolates. The majority of patients (n=58) had monoculture
infections, while mixed infections involving two distinct
pathogens were identified in 10 cases. Gram-positive bac-
teria predominated, accounting for 57 isolates (73.08%),
while 21 isolates (26.92%) were Gram-negative. Staphy-
lococcus spp. were the most prevalent Gram-positive or-
ganisms, with S. aureus and S. haemolyticus being the most
commonly isolated species. Among the Gram-negative
bacteria, Klebsiella spp. were the most frequently detect-
ed. The complete distribution of isolated pathogens is pre-
sented in Table 1.

Table 1. Distribution and frequency of pathogens isolated from diabetic foot ulcers

Pathogen Number of isolates Frequency of isolation, %
Staphylococcus aureus 25 36.76
Staphylococcus haemolyticus 25 36.76
Klebsiella spp. 9 13.24
Corynebacterium spp. 7 11.76
Pseudomonas aeruginosa 8 10.29
Escherichia coli 4 5.88

Source: compiled by the authors

This distribution of pathogens reflects the well-recog-
nised predominance of Gram-positive cocci, particularly
Staphylococcus spp., in diabetic foot infections, while the
presence of Gram-negative organisms such as Klebsiel-
la spp. highlights the role of encapsulated bacteria that
complicate host immune clearance and contribute to the
chronicity of these wounds. Antibiotic susceptibility test-
ing revealed distinct resistance patterns among Gram-pos-
itive and Gram-negative pathogens isolated from diabetic

foot ulcers (Table 2). Among the Gram-positive isolates,
S. aureus and S. haemolyticus demonstrated moderate sen-
sitivity to methicillin (40% and 44%, respectively), with
tigecycline and vancomycin showing the highest activity.
In contrast, macrolides such as erythromycin and azith-
romycin exhibited poor efficacy, with only 36% of strains
being sensitive. Corynebacterium spp. exhibited resistance
to the majority of tested antibiotics, showing full suscep-
tibility only to tigecycline and amikacin. This finding of
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extensive resistance in Corynebacterium spp. is notewor-
thy, as this organism is often underestimated in clinical

practice yet may contribute substantially to treatment fail-
ures in chronic wounds.

Table 2. Antibiotic sensitivity of pathogens isolated from diabetic foot ulcers

Antibiotic S. aureus S. haemolyticus | Klebsiella spp. | Corynebacterium spp. | P. aeruginosa E. coli
(n=25) (n=25) n=9) n=7) (n=28) (n=4)
Methicillin 10 (40.0%) 11 (44.0%) R R R R
Tigecycline 25 (100%) 22 (88.0%) 4 (44.4%) 7 (100%) R 4(100%)
Vancomycin 22 (88.0%) 24 (96.0%) 1(11.1%) 3 (42.9%) 8 (100%) R
Ciprofloxacin 14 (56.0%) 14 (56.0%) R R 8 (100%) 4 (100%)
Ceftazidime 13 (52.0%) 12 (48.0%) R R R 2 (50.0%)
Levomycetin 17 (68.0%) 20 (80.0%) R 5(71.4%) R 4 (100%)
Amikacin 21 (84.0%) 19 (76.0%) 4 (44.4%) 7 (100%) 7 (87.5%) 3 (75.0%)
Azithromycin 9 (36.0%) 9 (36.0%) R R R 4(100%)
Ceftriaxone 17 (68.0%) 14 (56.0%) R R R R
Erythromycin 9 (36.0%) 9 (36.0%) R R R R

Note: R - all tested isolates were resistant (0% sensitivity)
Source: compiled by the authors

Gram-negative isolates showed a higher degree of
resistance overall. Klebsiella spp. were resistant to most
antibiotics tested, including methicillin, ciprofloxa-
cin, and ceftriaxone. P. aeruginosa was fully sensitive to
ciprofloxacin and vancomycin but resistant to several
other antibiotics, including tigecycline and ceftazidime.
E. coli strains demonstrated good susceptibility to mul-
tiple agents such as ciprofloxacin, levomycetin, azith-
romycin, and tigecycline, but were completely resistant

3 points 12%

2 points 8%

1 point 28%

to vancomycin and ceftriaxone. Out of the 25 S. aureus
isolates obtained from patients with diabetic foot ulcers,
12 (48%) demonstrated the ability to form biofilms un-
der static conditions. Among these biofilm-producing
strains, 7 (58.3%) exhibited weak biofilm formation (1
point), 2 strains (16.7%) showed moderate formation (2
points), and 3 strains (25.0%) demonstrated strong bio-
film-forming ability (3 points), as shown in the sectoral
distribution (Fig. 1).

No biofilm forming properties 52%

Figure 1. Distribution of biofilm-forming ability among S. aureus isolates from diabetic foot ulcers

Source: compiled by the authors

Although less than half of the S. aureus isolates demon-
strated biofilm-forming ability and their overall resistance
profile was moderate, the presence of strong biofilm pro-
ducers within this group highlights that even a relatively

B

small subset of strains may disproportionately drive per-
sistence and treatment failure in diabetic foot ulcers. Rep-
resentative microscopic images of each biofilm formation
category are presented in Figure 2.

Figure 2. Biofilm formation in Staphylococcus aureus isolated
from diabetic foot ulcer discharge in patients with type 2 diabetes mellitus. Gentian violet, x1000
Note: a — weak biofilm formation (1 point); b — moderate biofilm formation (2 points); ¢ — strong biofilm formation

(3 points)
Source: compiled by the authors
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The findings of this study demonstrated that diabetic
foot ulcers harbor a diverse microbial community composed
of both Gram-positive and Gram-negative organisms, with
notable differences in antimicrobial susceptibility profiles.
The high prevalence of multidrug resistance together with
the biofilm-forming ability observed in nearly half of the
S. aureus isolates, underscores the clinical challenges asso-
ciated with effective treatment and wound healing. Other
studies have shown that diabetic foot ulcers are colonised
by a wide range of Gram-positive and Gram-negative mi-
croorganisms. For example, A. Banu et al. [18] reported
that S. aureus was the predominant microorganism, fol-
lowed by P. aeruginosa, among 100 samples collected from
diabetic foot ulcer contents. These findings are consistent
with the current study. The same authors also noted that
biofilm formation occurred predominantly in S. aureus iso-
lates (20%). In contrast, F. Du et al. [19] reported a higher
prevalence of Gram-negative bacteria (52.4%) compared
to Gram-positive bacteria (43.4%). In their study, the most
frequently isolated pathogens included S. aureus (17.7%),
E. coli (10.9%), P. aeruginosa (10.5%), Klebsiella pneumoniae
(6.2%), Staphylococcus epidermidis (5.3%), Enterococcus fae-
calis (4.9%), and fungi (3.7%).

Corynebacterium spp. are generally regarded as skin
commensals; however, under certain conditions, they may
act as opportunistic pathogens and contribute to chronic
wound colonisation. In this study, Corynebacterium spp.
were identified in 7 cases, though the qualitative nature of
the analysis does not allow for differentiation between col-
onisation and infection. Notably, these isolates exhibited
resistance to 6 out of 10 tested antibiotics. In investigation
of the diabetic foot ulcer microbiome, L. Soldevila-Boixad-
er et al. [20] reported a higher abundance of Corynebacteri-
um spp. in non-infected DFUs, suggesting a possible com-
mensal or modulatory role. Their findings also indicated
that Corynebacterium may influence the growth dynamics
of S. aureus. In the present study, P. aeruginosa was isolat-
ed in 10.29% of cases. According to M. Garousi et al. [21],
P. aeruginosa is one of the most common causes of diabet-
ic foot infections globally. In their study, 16.6% of diabet-
ic foot wound infections were attributed to P. aeruginosa.
The clinical relevance of P. aeruginosa lies in its intrinsic
resistance to many commonly used antibiotics, its ability
to thrive in moist wound environments, and its capacity to
form biofilms, which complicates eradication. Infections
caused by P. aeruginosa are often associated with delayed
wound healing, prolonged hospital stays, and increased
risk of amputation [22].

The current study revealed diverse antibiotic resist-
ance profiles among pathogens isolated from diabetic foot
ulcers, with Gram-negative isolates generally exhibiting
a higher degree of resistance. S. aureus and S. haemolyti-
cus showed moderate sensitivity to methicillin, while
Corynebacterium spp. were resistant to most antibiotics, re-
maining fully susceptible only to tigecycline and amikacin.
Among Gram-negative isolates, Klebsiella spp. displayed
the highest level of resistance, whereas P. aeruginosa re-
tained sensitivity to ciprofloxacin and vancomycin. E. coli
showed favorable susceptibility to multiple agents but
demonstrated complete resistance to vancomycin and cef-
triaxone. These findings are consistent with those reported
in studies and meta-analyses, which have confirmed a high

global prevalence of multidrug-resistant (MDR) patho-
gens in diabetic foot ulcers [23, 24]. According to S. Yang et
al. [25], the most prevalent MDR Gram-positive bacterium
was S. aureus, with a reported rate of 12.13%, while E. coli
(6.93%) and P. aeruginosa (6.01%) were the leading MDR
Gram-negative pathogens.

In addition to the widespread emergence of multidrug
resistance, another major factor contributing to the persis-
tence and poor healing of diabetic foot ulcers is the ability
of certain pathogens to form biofilms. In the present study,
48% of S. aureus isolates demonstrated biofilm-forming
ability, with varying degrees of biofilm density. This pro-
portion is lower than what has been reported in other
studies. For instance, H. Mamdoh et al. [26] found that all
isolated Staphylococcus spp. from diabetic foot ulcers were
capable of forming biofilms, albeit with differing intensi-
ties. Their dataset included S. aureus alongside S. haemolyt-
icus, S. epidermidis, and other coagulase-negative staphylo-
cocci. While some studies have reported a high prevalence
of biofilm formation among S. aureus isolates from diabetic
foot ulcers, others have shown much lower rates in different
clinical contexts. For example, a study on S. aureus strains
isolated from the oropharynx of children with chronic ton-
sillitis found that only 28.6% demonstrated biofilm-form-
ing ability [11].

The findings of this study highlighted the complex
microbial ecology of diabetic foot ulcers, where both
Gram-positive and Gram-negative organisms contribute
to chronicity through antibiotic resistance and biofilm for-
mation. The detection of multidrug-resistant strains such
as Klebsiella spp., P. aeruginosa, and methicillin-sensitive
but biofilm-producing S. aureus highlights the challenge
of antimicrobial resistance and microbial persistence in
wound environments. The identification of Corynebacte-
rium spp. further illustrates the potential role of less fre-
quently reported organisms in shaping wound microbiota
and influencing pathogenic dynamics. This reinforced the
need for integrated diagnostic and therapeutic approaches
that address not only antimicrobial susceptibility but also
microbial interactions and biofilm-related resilience in di-
abetic foot ulcers.

CONCLUSIONS
This study provided important microbiological insights
into the management of diabetic foot ulcers, highlighting
both the diversity of isolated pathogens and their com-
plex antimicrobial resistance profiles. The predominance
of Gram-positive bacteria (73%), particularly S. aureus
and S. haemolyticus, along with notable Gram-negative
isolates such as Klebsiella spp. and P. aeruginosa, reflects
the polymicrobial nature of diabetic foot infections. An-
tibiotic susceptibility testing confirmed widespread re-
sistance, especially among Gram-negative bacteria, which
frequently exhibited multidrug resistance patterns. Im-
portantly, Corynebacterium spp., often considered mere
commensals, also demonstrated significant resistance,
suggesting their potential underrecognised role in chron-
ic infections. The assessment of biofilm formation in
S. aureus added an important detail, showing that nearly
half of the isolates (48%) were capable of forming biofilms
of varying intensity. This finding emphasised the role of
biofilms in persistent infections and reduced antibiotic

Bulletin of Medical and Biological Research. 2025. Vol.7, No.3



L Volch et al.

efficacy, and supported the consideration of biofilm as-
sessment as part of advanced diagnostic protocols. Taken
together, these results stressed the urgent need for inte-

complementary approach. Investigating such strategies,
alongside novel antibiofilm agents, could expand the
therapeutic arsenal available for managing chronic and

grated diagnostic strategies that combine pathogen iden-  resistant diabetic foot infections.
tification, susceptibility testing, and biofilm evaluation.
Such approaches can inform more targeted therapies, re-
duce treatment failures, and ultimately improve patient
outcomes. In addition to conventional antibiotic-based
regimens, future research should also explore the role of
adjuvant therapies aimed at reducing microbial load and
enhancing wound healing. Among these, ozonated water
and oils have shown promising antimicrobial and antibio-
film activity in other clinical contexts, and their potential
integration with standard care may represent a valuable
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AHoTauif. Brpasku 1iabeTM4HOi CTOMM € OGHMMM 3 HaiOiMbIll BUCHAKIMBUX YCKIAAHEHb LIyKPOBOTO AiabeTy 2 TUITY, sIKi
YacTo MPMU3BOISTH A0 CTiliKuX iHdeKIii Ta aMmyTalii HUKHIX KiHI[iBOK. MikpoGHa KOJIOHi3allis Ta yTBOPEHHSI 6i0TUTiBOK
3HAYHO CIPUSIIOTh XPOHIYHOCTI Iepebiry Ta pesucTeHTHOCTI 0 aHTUGIOTHKIB, 1[0 CIIOCTEePIraloThCs y IUX paHaxX. MeTa
IIbOTO TOCTiIKEHHSI MOJISITa/Ia Y BUBUEHHI CIIEKTPY MiKpOOPTaHi3MiB, BUTiIeHUX 3 Iiabe TMYHMX BUPA30K CTOIH, OLIiHIIi iX
YYTIIMBOCTI 0 aHTHGIOTHUKIB Ta OIiHIIi 3HATHOCTI ITaMiB Staphylococcus aureus [0 yTBOpeHHs 6io1utiBok. Mikpobiooriune
IOCJTiIKEeHHS BUIiJIEHD 3 pPaH OYJIO TPOBENEHO0 Y 68 MAaIli€HTiB 3 KJIiHIYHO 1iarHOCTOBaHMM Aia0e TUYHMM CUHIPOMOM CTOITHA.
3amornomMoror MopdonorivHmx Ta 6ioXiMiuHMX MeTOiB 6y710 ineHTUdhiKOBaHO 78 MiKpOOGHMX i30/14TiB. BiNbIIicTh pAHOBUX
indexuiit 6ynu npencrapiaeHi MoOHOKybTypamu (85 %), a y B 10 Bumagkax 0y/io BusiBIeHe ToMiMiKpo6He iH(iKyBaHHSI.
YyTauBicTh 40 aHTUGIOTHKIB 6yIT0 TIepeBipeHo 3a ormoMorolo MeToay audysii quckis Kip6i-Bayepa. YTBopeHHs 6i0MTiBKU
B i3omsitax Staphylococcus aureus 6yo OI[iHEHO B CTATMUHMX YMOBAX 3a JOTIOMOroio dhapOyBaHHS TeHIliaH-GhioneTOBUM.
TMepeBaskaiy rpaMITO3UTUBHI 6akTepii (73 %), cepen IKUX HaituacTiie Buminsiu Staphylococcus aureus ta Staphylococcus
haemolyticus. Cepen, TpaMHeraTMBHUX opraHismiB (27 %) nommpenumu 6ynau Klebsiella spp. Ta Pseudomonas aeruginosa.
O11iHKa 4yTJIMBOCTI 1O aHTMOIOTMKIB BUSIBWIA TIOMipHY UYT/IMBICTh IO MeTULMIIHY Y Staphylococcus aureus (40 %) ta
Staphylococcus haemolyticus (44 %), Toni SIK BAHKOMIIIVH Ta TUTEIVIK/IiH TTOKa3a/IM HallBUIILy aKTUBHiCTb. Makpostian 6yim
3HAYHOIO Mipoto HeedekTUBHUMMU, a Corynebacterium spp. TPOJEMOHCTPYBa/IX 3HAUHY Pe3UCTEeHTHICTh. [paMHeraTuBHi
i30/19TY 3arajoM MPOAEMOHCTPYBAJIM BUIY PE3UCTEHTHICTh, Mpu 1iboMy Klebsiella spp. 6ynu cTiiikumu [0 6ibIIocTi
MPOTECTOBAHMX aHTUOAKTEpiaTbHX MIpernapariB. AHaIi3 6i0TUTiBKOyTBOpeHHs 25 i30msTiB Staphylococcus aureus BUSIBUB
YTBOpEHHSI 6ioTu1iBKM y 48 %, BKIouaoun cnabrux (58 %), momipaux (17 %) Ta cviibHUX (25 %) ponyuieHTiB. PeryasipHuit
CKPUHIHT Ha HAsIBHICTh 30yOHMKIB, 1[0 YTBOPIOIOTH GiOTUIIBKYM, MOKe TOKPALIUTH KIiHIYHE JiKyBaHHS Ta HACTiAKA Y
BUMAAKaX iHDeKIi AiabeTMYHOT cTOnM

KnioyoBi cnoBa: uymImBicTb 10 aHTUOGIOTHKIB; XpPOHIUHI paHM; MHOXKMHHA CTilIKiCTh 0 aHTUOIOTUKIB; S. aureus; paHOBa
Mikpob6ioTa
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Abstract. The aim of the study was to develop a clinical algorithm for assessing the risk of amputation in patients
with diabetic foot syndrome and to test it on a clinical case, with an emphasis on determining the leading role of a
podiatrist within a multidisciplinary team. The study was conducted as a description of a clinical case using the author’s
15-point risk stratification card, gentle local podiatric interventions, individual offloading, behavioural modification and
multidisciplinary routing, followed by assessment of the dynamics according to a 7- and 14-day observation protocol.
During 14 days of observation, the implementation of a structured clinical algorithm ensured a progressive improvement
in the local condition of the foot: on the 7t day, there was a reduction in hyperemia, pastosity, and pain, and by the 14%
day, a pronounced epithelialisation ridge had formed along the edge of the defect, indicating the activation of reparative
processes. The total score on the assessment card increased from 7 to 11, reflecting the patient’s transition from high
risk of amputation to moderate risk. The section scores for local examination increased from 1 to 3, for behavioural
section — from 1 to 2, and for load correction — from 1 to 2, confirming the effectiveness of gentle sanitation, antiseptics,
offloading pads and interdigital orthosis. The positive dynamics were accompanied by an increase in patient compliance
and the refusal of traumatic home manipulations. At the same time, the level of glycaemia remained elevated (9-11
mmol/L), which necessitates long-term endocrinological control and prevention of relapses. The implementation of a
podiatric algorithm with early stratification, gentle local interventions, individual offloading and behavioural correction
allowed a clinically significant reduction in the risk of amputation to be achieved within 14 days of treatment. The results
obtained can be used by podiatrists, family doctors and endocrinologists in outpatient care for early risk stratification,
optimisation of the scope of interventions and timely referral of patients with diabetic foot syndrome for the purpose of
preventing amputations

Keywords: podiatrist; stratification; offloading; affected area; inflammation; antiseptic treatment; sanitation

INTRODUCTION

The rise in diabetes is putting a lot of pressure on health-
care systems worldwide: by 2024, about 589 million adults
aged 20-79 will be living with the disease (that is one in
nine adults) [1]. One of the most serious complications is
diabetic foot ulcer, which is diagnosed in approximately
18.6 million people each year, with these lesions account-
ing for up to 80% of lower limb amputations among people
with diabetes [2]. The formation of ulcers is accompanied
by a high risk of hospitalisation, amputation and death, and
also reduces the quality of life of patients. In the context

Suggested Citation:

of an ageing population, poor adherence to treatment and
limited access to specialised care, there has been a steady
increase in the number of patients with complications,
leading to significant costs for the healthcare system. This
necessitates the improvement of clinical risk stratification
methods and the development of timely therapeutic and
diagnostic interventions to prevent serious consequences,
including amputations.

The pathogenesis of diabetic foot involves the forma-
tion of clinical factors that determine the unfavourable
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course of local lesions. A study by H. Gong et al. [3] em-
phasised that the combination of infection and peripheral
arterial insufficiency significantly increases the risk of limb
loss in hospitalised patients. It has been shown that such
changes lead to an increase in the frequency of surgical in-
terventions shortly after the initial visit. At the same time,
clinical predictors of major and minor amputations were
studied in a study by K.T. Okur et al. [4], which emphasised
the need for stratification according to the location and
depth of the lesion. The authors stressed that even with
the same lesion size, the prognosis can vary significantly
depending on the degree of tissue ischaemia. A system-
atic review by R. Forsythe et al. [5] analysed the prognos-
tic value of inflammatory markers, leukocytes, C-reactive
protein and albumin, which could potentially be used as
laboratory indicators of the risk of amputation. However,
the significant variability of these indicators between pop-
ulations limits the possibility of standardising laboratory
stratification. The promise of new treatment approaches in
Ukrainian practice is demonstrated in the work of O. Pe-
trenko et al. [6], where the use of topical plasminogen was
accompanied by a decrease in the frequency of amputa-
tions. At the same time, the authors emphasised the need
for standardised clinical pathways for the management of
such patients.

Classification systems for foot lesions served as the ba-
sis for clinical stratification of amputation risk, but their
predictive accuracy varied significantly. Within the Wagner
scale, D.G. Armstrong et al. [2] established a relationship
between stage progression and an increase in the frequen-
cy of surgical interventions, but noted that this classifica-
tion did not take into account the severity of the infectious
process. The integration of the Perfusion, Extent, Depth,
Infection, Sensation (PEDIS) and Site, Ischemia, Neuropa-
thy, Bacterial Infection, Area, Depth (SINBAD) systems, as
shown by A.S. Kaka et al. [7], allowed for a more accurate
prediction of the risk of complications through a combined
assessment of ischaemia, infection and neuropathy. How-
ever, even these systems remained limited in their inter-
pretation of the complex interaction of pathogenetic fac-
tors. A study conducted by A.S. Ivanova et al. [8] presented
the experience of implementing combined classifications
in specialised institutions in Ukraine, demonstrating their
practical effectiveness in reducing the frequency of ampu-
tations. The authors emphasised the importance of adapt-
ing international scales to the clinical conditions of the
national healthcare system.

Researchers have focused on creating models for pre-
dicting amputations using machine learning and artifi-
cial intelligence (AI) methods. In a comparative study by
Z. Liu et al. [9], gradient boosting models showed higher
accuracy in predicting major amputations among patients
with diabetic foot ulcers than traditional logistic algo-
rithms. The authors emphasised the importance of varia-
bles such as duration of diabetes, C-reactive protein level,
and patient age as key predictors. The use of explainable
Al in risk factor analysis was demonstrated by C.W. Oei et
al. [10], who noted that the inclusion of the systemic im-
mune inflammation index increased the clinical interpret-
ability of the models. In a study by S.D. Shapoval et al. [11],
clinical and analytical prediction algorithms were com-
bined with multidisciplinary patient management, which

contributed to improved organ preservation outcomes. The
authors noted the need for further standardisation and ad-
aptation of Al approaches to the conditions of specialised
surgical centres.

Despite numerous studies, the issue of early prediction
of amputations in diabetic foot ulcers remained understud-
ied, especially in terms of combining clinical, laboratory,
and instrumental indicators. The aim of the study was to
test the developed algorithm for assessing the risk of am-
putation in patients with diabetic foot syndrome in a clini-
cal case, followed by determining the role of a podiatrist in
the team management of such patients.

MATERIALS AND METHODS

The clinical case was assessed using the author’s step-by-
step algorithm for clinical assessment of the risk of am-
putation, developed on the basis of international recom-
mendations from the International Working Group on the
Diabetic Foot [12], the American Diabetes Association [13]
and the National Institute for Health and Care Excel-
lence [14] (Ukrainian patent No. 137472, 2025). As part of
the algorithm testing, the following clinical case was ana-
lysed. An 82-year-old female patient, a resident of Brova-
ry (Kyiv region), with type 2 diabetes mellitus for more
than 12 years and low adherence to therapy, complained
of swelling, redness and increased local temperature in
the anterior part of the right foot, which occurred after
self-application of celandine juice to remove a callus. Med-
ical history: arterial hypertension, peripheral sensorimotor
neuropathy, no previous ulcers or amputations. Family his-
tory includes diabetes mellitus (mother had type 2 diabetes
mellitus with the development of neuro-ischaemic diabet-
ic foot syndrome), hypertension and cardiovascular events
before the age of 60 (father had a myocardial infarction). At
the time of admission, the patient was taking metformin
(1,000 mg/day) and amlodipine (5 mg/day) irregularly, and
her glycaemia was monitored sporadically (fasting glucose
level — 11 mmol/L). During the examination, pastosity and
hyperemia of the I-II toes and the dorsal surface of the
right foot, hyperkeratosis, scales, and isolated skin cracks
were detected. The nail plates were deformed and thick-
ened, characteristic of chronic onychomycosis (Fig. 1).

Figure 1. Initial condition of the anterior part
of the right foot when the patient was admitted
Source: created by the author
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There was no palpation pain, and temperature and pain
sensitivity were reduced when tested with a 10-gram mono-
filament. The pulsation in the dorsal artery of the foot was
determined to be sharply weakened, indicating a decrease
in peripheral blood flow. The patient’s shoes did not fit her
feet, had stiff edges and created excessive pressure on the
affected area, and foot hygiene and prevention rules were
partially followed. Based on the podiatrist’s 15-point as-
sessment card, the patient was classified as being in the red
zone of high risk of amputation (7 out of 15 points), which
required urgent referral to an endocrinologist and vascu-
lar surgeon, as well as limiting podiatric interventions to
non-traumatic manipulations. Repeat examinations were
performed after 7 and 14 days in accordance with the stand-
ards for monitoring the treatment of diabetic foot syn-
drome [14]. The examination on the 7*"day allowed to mon-
itor the early clinical response to therapy, ensure that there
was no deterioration, and evaluate the effectiveness of off-
loading. The examination on the 14" day coincided with the
end of the treatment course, included a reassessment using
the author’s risk chart, and made it possible to determine
the consistency of positive dynamics and changes in the to-
tal risk score. The study used a sterile anatomical scalpel,
manual podiatric instruments (scissors, forceps, dissector),
0.05% aqueous chlorhexidine solution, soft offloading pads,
interdigital fixator (I-1I fingers) and sterile aseptic dressings.

PODIATRIST’S ASSESSMENT CARD FOR PATIENTS
WITH DIABETES
Author’s Methodology by Dr. Maysa Durdykulyyeva, 20250

‘The patient has been informed of the purpose of the podiatric assessment and the
specifics of diabetic foot care. They consent to the procedure and, if necessary,
referral to an appropriate specialist.

Patient: Date:

Patient’s Si Podiatrist:

SECTION A. MEDICAL DATA (Max. 3 points)
[ Diabetes diagnosed by a physician

[ Diabetes type, duration, and glucose self-monitoring known
[] Patient informed and consented to data processing

SECTION B. FOOT EXAMINATION (Max. 4 points)

[1 Skin intact, no deep cracks/ulcers/wounds
[ 1 No signs of infection (inflammation, fungus)

[] Sensation preserved (monofilament/ncedle test)
[] Pulse palpable (dorsal / plantar artery)

SECTION C. HYGIENE AND BEHAVIOR (Max. 3 points)
[] Practices hygiene, inspects feet regularly

[ ] Does not use dangerous home remedies
[ 1 Willing to follow podiatrist’s recommendations

SECTION D. FOOTWEAR AND RISKS (Max. 3 points)
[ 1 Properly fitting, pressure-free footwear

[1 Seamless socks with soft clastic
[] Pressure areas identified and offloaded

SECTION E. PODIATRIC STRATEGY (Max. 2 points)
{1 No contraindications; coordinated with physician if needed

[ ] Care plan and follow-up schedule established

The preparation and description of the clinical case
were carried out in accordance with the ethical princi-
ples of the Declaration of Helsinki World Medical Associ-
ation [15] and the requirements of Good Clinical Practice
ICH GCP E6(R2) [16]. Before collecting data, the patient’s
written informed consent was obtained to include clinical
information and photographs in a scientific publication,
provided that personal data was completely anonymised.
The patient was informed about the purpose of using the
information, possible risks, benefits, confidentiality, and
the right to refuse participation at any stage without prej-
udice to further medical care.

RESULTS AND DISCUSSION

The study resulted in the development of a step-by-step
algorithm for clinical assessment of the risk of amputation,
which is presented in the form of a 15-point podiatrist’s
card (Fig. 2). The card contained five sections: medical data
(up to 3 points), foot examination (up to 4 points), hygiene
and behaviour (up to 3 points), footwear and pressure fac-
tors (up to 3 points), and the podiatrist’s action strategy
(up to 2 points). the final score allowed the risk zone to be
determined: green (low risk 13-15 points), yellow (moder-
ate risk 10-12 points) or red (high risk <9 points). Further
application of the algorithm demonstrated its effective-
ness in clinical settings.

TOTAL SCORE: /15
RE. T: Date:

RECOMMENDED REFERRALS:

[] Endocrinologist

[] Vascular surgeon
[] Orthopedic specialist

RISK SCALE:

1315 points — Safe for podiatric treatment (GREEN zorie)

10-12 points — Proceed with caution (YELLOW zone)

<9 points — Treat only in coordination with a physician (RED zone)
Podiatrist’s Signature: Date:

INFORMED CONSENT AND WAIVER OF CLAIMS
1, the undersigned, confirm that:

1. T have received complete information regarding the nature and purpose of the
podiatric procedure, as well as any limitations or risks due to diabetes.

2. Tunderstand that podiatric care does not replace medical treatment and is not a
form of medical therapy.

3.1am aware that in the presence of high risk or contraindications, the podatrist
may refuse the procedure or refer me to another specialist.

4.1 agree to follow the podiatrist’s recommendations (both verbal and written).

5. T acknowledge that failure to comply with the recommendations may lead to
complications, which do not constitute grounds for legal claims.

6. voluntarily consent to the procedure and release the podiatrist from legal
libility.

Patient’s Si;

Date:

Figure 2. Podiatrist’s assessment card for working with patients with diabetes

Note: patented (No. 137472, 2025)
Source: created by the author

During initial visit, the patient showed signs of inflam-
matory damage to the front part of right foot, which led to
the start of intensive medical intervention according to the
author’s algorithm. Accordingly, a comprehensive podiatric
approach was applied, including local gentle intervention,
antiseptic therapy, offloading of the affected area, medical
and health education of the patient, systemic antibacterial
support, and referral to specialised specialists. At the first
stage, gentle mechanical treatment of the wound surface

was performed with a sterile anatomical scalpel and a man-
ual podiatric instrument, removing superficial necrotic
layers and hyperkeratosis in order to reduce peripheral in-
flammation and improve tissue oxygenation. Immediately
after that, the affected area was treated with a 0.05% chlor-
hexidine solution, offloaded with soft pads, which allowed
to eliminate local pressure on the front of the foot and
fix the I-II toes, and a sterile aseptic bandage was applied
(Fig. 3). The patient and her relatives were trained in the
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technique of bandaging, after which they independently
changed the dressings daily at home for the next 6 days,
observing a gradual decrease in hyperemia and pastosity.

Figure 3. Offloading and initial bandaging
of the affected area of the foot
Note: a — soft foam pads installed to offload the forefoot; b -
aseptic bandage after mechanical and antiseptic treatment
Source: created by the author

After the swelling went down and the soft tissues sta-
bilised (on day 7), a customised interdigital orthosis made
of medical-grade silicone was made and fitted, which kept
the contractured areas separated and reduced surface fric-
tion when walking (Fig. 4). An aseptic bandage continued
to be applied daily for 3 days after the orthosis was in-
stalled, which prevented re-traumatisation of the damaged
area and created conditions for the formation of a granula-
tion ridge, confirming the activation of recovery processes.

Figure 4. Fitting an individual
silicone interdigital orthosis
Source: created by the author

The next step was to teach the patient and her relatives
how to care for her feet: daily inspection of the soles and
between the toes using a mirror, washing with warm water
and neutral pH soap without soaking, thorough drying of
the interdigital spaces, application of emollients to dry ar-
eas of skin, but not between the toes; wearing socks made
of natural fabrics, changing them twice a day, wearing com-
fortable shoes that fit well and have soft insoles. Emphasis
was placed on the mandatory control of glycaemia, refusal
of aggressive home methods of self-treatment of calluses
(salt, celandine, peroxide, salicylic acid) and the need for
immediate medical attention in case of cracks, blisters or
skin discolouration. Educational work was aimed at increas-
ing adherence to prevention and recurrence prevention.

Due to the high systemic risk, urgent referral was
made on the day of the initial visit to an endocrinologist
for correction of hypoglycaemic therapy and to a vascular
surgeon to rule out critical ischaemia of the lower extrem-
ities and assess the need for further examination (Doppler
ultrasound of the vessels, determination of the ankle-bra-
chial index). This confirmed the absence of acute arterial
obstruction and allowed the conservative strategy of local
podiatric treatment to be continued. To prevent the spread
of the infection, Augmentin 875/125 mg (1 tablet twice dai-
ly for 5 days) was prescribed. To prevent antibiotic-asso-
ciated intestinal dysbiosis, the probiotic Neoflorum (1x10°
colony-forming units/tablet) was recommended at a dose
of 1 tablet once a day for 14 days. The patient tolerated the
treatment well, with no side effects noted, which allowed
for high adherence to the treatment strategy. During the
first 7 days of therapy, the clinical condition was character-
ised by a progressive reduction in oedema and stabilisation
of skin colour, with the colour tone changing from hyper-
emic pink to a pale pink more characteristic of epitheliali-
sation, without perifocal areas of inflammation.

During the second week of observation, against the
background of continued systemic antibacterial and probi-
otic therapy, local podiatric care and the use of an individu-
al orthosis, a gradual increase in signs of regeneration was
observed. The appearance of the affected area was char-
acterised by the absence of hyperemia and oedema, clear
delineation of the contours of the toes, a decrease in the
density of hyperkeratotic layers, and the appearance of a
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pale pink area of epithelialisation in the centre of the pri-
mary lesion (Fig. 5). The patient did not report pain when
walking, and complaints of a feeling of fullness and local
heat disappeared.

Figure 5. Condition of the right foot
on the 14™ day of treatment
Source: created by the author

On the 14™ day of treatment, the foot condition was re-
assessed using the author’s 15-point podiatrist scorecard.
The total score increased from 7 to 11, which correspond-
ed to a transition from the red (high risk of amputation)
to the yellow (moderate risk) zone. This was the result of
improved scores in section B “Foot examination”), where
the score increased from 1 to 3 due to reduced inflamma-
tion and signs of epithelialisation, as well as in sections C
(“Hygiene and behaviour”) and D (“Footwear and pressure
factors”), where, thanks to training and the selection of or-
thoses, the score rose to 2 instead of the initial 1. The max-
imum score of 2 remained stable in section E (“Podiatrist’s
treatment strategy”) as the plan of therapeutic and diag-
nostic interventions was adhered to. Clinically, this was
reflected in the stabilisation of foot tissue homeostasis, the
absence of indications for amputation, and the formation
of an epithelialisation ridge. At the same time, blood glu-
cose levels remained elevated (9-11 mmol/L), necessitating
increased endocrinological monitoring. The objective dy-
namics are summarised in Table 1, which showed a clear
improvement in four of the five sections of the card and
confirms the effectiveness of the comprehensive algorithm
for clinical assessment of the risk of amputation.

Table 1. Dynamics of clinical assessment according
to the author’s 15-point podiatrist card against the background of treatment

Card section Maximum points | Before treatment | After treatment Comments on dynamics
A. Medical data 3 2 2 Therapy control has been partially improved.
B. Foot examination 4 1 3 Reductlon. of hypgrerpla, edema,
epithelialisation.
C. Hygiene and behaviour 3 1 2 Refusal of self-help, Compllance with
recommendations.

D. Footwear and pressure 3 1 2 Offloading, use of orthosis.

factors
E. Podiatrist’s treatment 2 2 2 The action plan has been followed.

strategy

Total score 15 7 11 Transition from the red to the yellow zone.

Source: created by the author

The results confirmed that the use of a structured al-
gorithm for clinical assessment of the risk of amputation
using the author’s 15-point podiatrist card, gentle local
interventions, offloading, educational work and multidis-
ciplinary routing allows to quickly stabilise the condition
of the diabetic foot and reduce the risk of amputation, em-
phasising the key role of the podiatrist as a primary care
specialist capable of timely identifying critical changes
and initiating preventive measures. The application of the
author’s algorithm with a step-by-step assessment of the
clinical risk of amputation showed high efficiency during
a two-week observation period. The patient’s transition
from the critically dangerous red zone to the moderate
yellow zone was accompanied by a reduction in local in-
flammation, improvement in perfusion parameters, and
the creation of conditions for wound healing. The greatest
contribution to the positive dynamics was demonstrated
by gentle local interventions and offloading technologies,
while glycaemic control and behavioural modification re-
mained the most difficult components for the patient, lim-
iting the possibility of achieving low risk in the short term.

The reduction in the risk score from 7 to 11 within
14 days reflected not only an improvement in the local

condition of the foot, but also a clear impact of behavioural
modification and the implementation of a structured po-
diatric stratification algorithm. The patient experienced
a reduction in inflammation, restoration of microcircula-
tion, stabilisation of tissue homeostasis and formation of
an epithelialisation ridge, which, combined with the aban-
donment of aggressive home treatment methods, allowed
to move from the red to the yellow risk zone. Compared
to the data of T. Korkmaz et al. [17], where even minimal
behavioural modification reduced the risk of amputation
from 35.4% to 21.7%, the results obtained confirmed the
importance of the educational component of podiatric
care. A study by C. Gazzaruso et al. [18] showed that com-
prehensive multidisciplinary interaction with a podiatrist,
vascular surgeon, and endocrinologist forms the basis for
successful conservative management, which is fully con-
sistent with the routing applied in this case. At the same
time, M.S. Aydin et al. [19] emphasised that a normalised
systemic inflammatory background is necessary for a long-
term reduced risk of amputation, which was not achieved
in the patient under study, determining the need for fur-
ther endocrinological correction. This observation is fully
consistent with the conclusions of M. Klymenko [20], who
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highlighted that persistent low-grade inflammation under-
lies multiple chronic metabolic and microvascular compli-
cations, including impaired tissue repair and recurrent le-
sions, thus complicating the conservative management of
diabetic foot syndrome. Comparable conclusions are pre-
sented by F. Afshar et al. [21], where it was emphasised that
optimisation of the ratio of neutrophils to lymphocytes in
peripheral blood <3.8 after two weeks of treatment served
as a predictor of stability of the result, which requires addi-
tional laboratory monitoring in further management.

The reduction in hyperemia, pastosity, and local signs
of inflammation during the first two weeks of treatment
demonstrated the important role of regular antiseptic
treatment and gentle mechanical sanitation in stabilising
early diabetic lesions. It was the removal of necrotic layers
and hyperkeratosis that minimised the risk of bacterial col-
onisation and provided the tissues with access to oxygen,
creating optimal conditions for epithelialisation. Scientists
E. Senneville et al. [22] proved that systematic surface san-
itation in combination with antiseptics reduced the risk
of osteomyelitis formation within the diabetic foot by two
times, confirming the feasibility of early local intervention.
The work of ]. Hiisers et al. [23] showed that the inclusion of
the indicator of the frequency of mechanical treatments in
prediction systems significantly improved the accuracy of
amputation risk assessment tools, which emphasised the
importance of podiatric sanitation as an important var-
iable in mathematical models. A study by D. Demirkol et
al. [24] demonstrated that the frequency and quality of
local wound treatment determined the difference between
conservative healing and progression to surgical interven-
tion in more than 30% of cases, proving the critical role of
biofilm removal. Similarly, R.G. Frykberg et al. [25] noted
that the absence of mechanical sanitation and antiseptic
prophylaxis significantly reduces the effectiveness of even
surgical reconstructive care, emphasising the leading role
of the podiatrist as the first specialist capable of preventing
the penetration of infection into deep tissues and thereby
reducing the need for amputation.

In this case, the improvement in the local condition
of the foot was largely due to the correct selection of the
method of offloading the affected area, which ensured a
reduction in microtrauma to the tissues, stabilisation of
microcirculation and the creation of conditions for physio-
logical recovery. The use of soft silicone pads and an inter-
digital orthosis contributed to the reduction of pressure in
the critical area of the I-1II toes, which was accompanied by
the formation of an epithelialisation ridge and a transition
from the red to the yellow risk zone. A similar effect of bio-
mechanical correction was described by Z. Huang et al. [26],
who showed that the use of individual offloading devices
was associated with a 38% reduction in the frequency of
lesion progression, but noted that the maximum effect
is achieved only with simultaneous modification of foot-
wear. In the work of F.S. Yen et al. [27], it was proven that
the use of orthopaedic offloading devices can prevent the
formation of ulcers in 64% of patients with monoregional
lesions, which is comparable to the dynamics obtained in
this study, although the authors emphasised the limited
result in the absence of daily compliance monitoring. A
study by A. Azhar et al. [28] demonstrated that the com-
bined use of antibacterial therapy and orthotics prevented

amputation in 79.4% of cases, confirming the feasibility of
combining orthopaedic and pharmacological approaches
used in this case. On the other hand, S. Stefanopoulos et
al. [29] emphasised that the long-term effectiveness of of-
floading depends on the individualisation of the approach
and the ability to adapt to changes in the shape of the foot,
which determined the prospect of further improvement of
stratification algorithms for the needs of a specific patient.

The patient’s adherence to hygiene recommendations,
refusal of aggressive home procedures, and regular moni-
toring of the condition of the foot proved to be an important
behavioural component that supported the positive local
dynamics achieved by podiatric interventions. Daily visual
inspection, thorough drying of the interdigital spaces, ap-
plication of emollients, and wearing of adapted footwear
minimised the risks of re-traumatisation and secondary
infection and contributed to the formation of an epithelial
ridge. In the work of B. Peng et al. [30], it was shown that
systematic implementation of preventive measures led to
a reduction in the frequency of amputations from 27.1% to
8.6%, which emphasised the critical role of adherence to
recommendations even in patients with high baseline risk.
W.W. Han et al. [31] emphasised that strict adherence to
hygiene and routing recommendations reduces the risk of
sepsis by almost half, which is consistent with the positive
evolution of the process in the patient under study. Accord-
ing to A.D. Popa et al. [32], a combination of daily care and
wearing appropriate footwear can prolong the period of
remission in almost 70% of cases, confirming the impor-
tance of the behavioural component in the prevention of
recurrent lesions. At the same time, S. Smith et al. [33] not-
ed that without preventive measures, the risk of recurrence
and increasing neurological complications may exceed
50%, which justifies long-term podiatric support even after
clinical stabilisation.

This clinical case clearly demonstrated the leading role
of podiatrists in the system of primary prevention of am-
putations in patients with diabetic foot syndrome, where
rapid risk stratification and early intervention are crucial
for the formation of organ-preserving tactics. The use of
the author’s 15-point card allowed not only to assess the
degree of threat, but also to determine the limit of the
permissible scope of podiatric manipulations, avoiding ex-
cessive actions that could provoke the progression of the
lesion. The importance of rapid stratification is confirmed
by the Australian recommendations of P.A. Lazzarini et
al. [34], which state that a delay in risk assessment of more
than 48 hours almost doubles the likelihood of amputation.
In turn, the authors W. Jeffcoate et al. [35] emphasised that
it is the podiatrist who should be the first point of contact,
capable of early identification of prognostically unfavour-
able changes and initiating patient education. At the same
time, F. Farine et al. [36] noted that adequate stratification
allows both underestimation and oversaturation of inter-
ventions to be avoided, since it is errors in the choice of
the scope of procedures that are associated with a 2-3-fold
increase in the frequency of amputations. The study by
C.K. Perng et al. [37] showed that patients who were re-
ferred to a vascular surgeon within the first ten days of the
onset of the lesion had a lower rate of progression to criti-
cal ischaemia (15.8% vs 34.1%), reflecting the need for rap-
id referral. The study by P.O. Gerasymchuk et al. [38] proved
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that the results of modern technologies (e.g., vacuum ther-
apy) are most effective in early intervention, when the local
process remains under the control of the podiatrist, which
emphasised the importance of the author’s algorithm as a
tool for timely routing.

The use of a structured algorithm with the author’s
risk map ensured the timely detection of a high risk of
amputation, the determination of the acceptable scope
of local intervention, and the rapid referral of the patient
to specialists, which is critically important in preventing
the progression of the lesion. Thanks to a combination of
gentle mechanical sanitation, offloading of the affected
area, antiseptic therapy, and behavioural modification, it
was possible to stabilise the condition of the foot tissues
and reduce the clinical risk of amputation in less than two
weeks. The results obtained are consistent with current
international approaches, in which the podiatrist is con-
sidered the first point of contact, which is crucial in the
primary prevention of diabetic foot complications through
rapid stratification, tactical flexibility, and integration of
the patient into a multidisciplinary care system. The use
of such algorithms is particularly appropriate in high-risk
groups — elderly patients with low treatment adherence
and severe neuropathy, where even minimal local lesions
are highly likely to progress rapidly to amputation.

CONCLUSIONS

The use of a structured algorithm with the author’s
15-point podiatrist card in the management of a patient
with diabetic foot syndrome allowed for timely stratifica-
tion according to the risk of amputation and the formation
of a personalised trajectory of therapeutic and preventive
interventions. The initial risk score was 7 out of a possi-
ble 15, which corresponded to the red zone (high risk of
amputation) and led to restrictions on invasive procedures
and urgent referral to an endocrinologist and vascular sur-
geon. The introduction of a complex of local interventions
(gentle sanitation, antiseptic treatment, aseptic dressing),
individual offloading and behavioural modification, com-
bined with educational work, contributed to the formation
of conditions for the restoration of microcirculation on the
5% day and the appearance of an epithelialisation ridge by
the 14" day of treatment.

The positive dynamics of the local condition was re-
flected in the increase in assessment scores in the sections
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AHoTauifs. MeToo po6OTM 6yI0 CTBOPEHHS KIIHIYHOTO QJIrOPUTMY OIiHKM DPU3MKY aMIyTallii s TallieHTiB i3
CUHIPOMOM AiaGeTMYHOI CTOMM Ta #Oro ampobailis Ha NMpuUKIaAi KAiHiYHOTO BUITAAKY, 3 aKIEHTOM Ha BU3HAUY€HHi
MPOBiAHOI posii momosora B Meskax MYJIbTUAMCIMUIUTIHApPHOI KomMaHAu. OCTiIKeHHS BMKOHAHO SIK OMMUC KIiHIiYHOTO
BUIIAAKY i3 3aCTOCYBaHHSIM aBTOPCbKOi 15-6anbHOi KapTu crpatudikaimii pusmKy, MATHUX JTOKATbHUX MMOIOIOTIYHUX
BTpPYyYaHb, iHAVBIIyaJIbHOTO PO3BAaHTAXXEHHS, TOBEiHKOBOI Moaudikarii Ta MyaIbTUOMCUUIUTIHAPHOT MapipyTusarii 3
MTOJAIbLIMM OLIiHIOBAHHSIM IMHAMiKM 3a 7- Ta 14-IeHHMM IIPOTOKOJIOM CITOCTepeskeHHs. YIIPoooBK 14 mi6 criocTepeskeHHs
BIPOBA/KEHHST CTPYKTYPOBAHOTO KJIIHIYHOTO aarOpUTMy 3a6e3Meunsio POrpecuBHe MOKpalieHHs JOKATbHOTO CTaHy
CTOIIN: B3Ke Ha 7-11 IeHb CIIOCTEePirasocs 3MeHIIeHHS rinepemii, macTo3HoCTi Ta 60:10, a 10 14-10 chopMyBaBCst BUPAKEHMIA
erniTenisaliiiHui BaauK Mo Kpawo AedekTy, U0 CBiJUMIO MPO aKTMBAllil0 pernapaTMBHMX MPOIeciB. 3aranbHuit 6an 3a
OLIiHKOBOIO KapToo MiABMUIIMBCS 3 7 10 11, Bimo6paskaroun mepexif nmalie HTKY 3 BUCOKOTO PU3UKY aMITyTallii 0 TOMipHOTO.
CekI1iltHi 6a11 JIOKaTbHOTO OMIALY 3pociu 3 1 1o 3, moBemiHKOBOI cekIiii — 3 1 1o 2, a Kopekilii HaBaHTaXkeHHS — 3 1 10
2, WO MigTBepAuIo eheKTUBHICTD IIAHOI caHallii, aHTUCENITUKY, PO3BAHTAKYBATbHUX MPOKIANOK Ta MiKIaTbIIeBOTO
opresa.lo3uTMBHA IMHAMiKa CYTIPOBO/IKYBaIach MiIBUILEHHSIM KOMILJIA€HCY MAllieHTKM ¥ BiAMOBOIO BiJ TpaBMyBaIbHUX
JIOMalllHiX MaHinyssiiii. BomHouac piBeHb IyTikeMii 3anminaBcs miaBuieHnm (9-11 MMoJib/i), 10 3yMOBJIIOE HEOOXiTHICTh
TPUBAJIOTO €HJAOKPUHOJIIOTIYHOTO KOHTPOJTIO Ta MPODiNakKTUKY pelnanBiB. BrpoBaaskeHHS MTOA0JIOTiYHOTO aJITOPUTMY 3
PaHHBOIO cTpaTUdikaliero, MaaHUMM JTOKATbHUMY BTPYYaHHSIMMU, iHAMBIIyaIbHMM PO3BaHTasKEHHSIM Ta MOBEIiHKOBOIO
KOPEeKIIi€I0 TO3BOMMIIO OOCITTY KIiHIYHO 3HAYYLIOTO 3HIDKEHHS PU3MKY aMITyTallii BXXe MPOTIroM 14 OHIB JiKyBaHHS.
OTpuMaHi pe3ynbTaTy MOXKYTb OYTM BUKOPUCTAHI ITOI0IOTaMM, CiIMEeTHMMM JIiKapsMU Ta eHIOKPUHOIOTaMy Y TTPAKTUIIL
aMO6ys1aTOpHOI JOTIOMOTH JJIsl PaHHBOI cTpaTudikallii pu3uKy, ONTUMi3alii 06¢ATy BTPyYaHb i CBOEYACHOTO HAMPABIEHHS
TaIli€HTIB i3 CMHAPOMOM AiaGeTUYHOI CTOIM 3 METOIO MPOITaKTUKM aMITyTallii
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Abstract. Heart failure is one of the leading causes of hospitalisation, disability and mortality among elderly people.
Effective secondary prevention requires adequate patient education, and nurses play a key role in implementing
educational measures at a professional level. The aim of the study was to comprehensively evaluate the effectiveness
of an educational programme in improving the knowledge of patients with heart failure in hospital settings. The study
involved 62 patients with stage IIA,B heart failure aged 33 to 82 (56.3+11.7) years, 76% men and 24% women. All patients
underwent a knowledge assessment at the beginning of hospitalisation and on the day of discharge after receiving training
in a hospital setting. Information on the effectiveness of training was collected over a period of 6 months. The main results
showed that patients who participated in the training programme improved their knowledge of heart failure (from 72.58%
to 82.25%), symptom recognition (from 36.51% to 78.06%), behaviour (from 44.89% to 58.86%), nutrition (from 31.12% to
69.34%), and recommended treatment (from 35.24% to 58.51%). Most realised the importance of daily weighing (64.51%),
limited their consumption of table salt (77.41%), fluids (74.19%) and alcohol (77.41%). A significant proportion gave up
smoking during hospitalisation (91.93%) and partially maintained this trend after discharge (67.74%). Patients visited
their cardiologist more often (61.29%), kept a symptom monitoring diary (96.77%), independently adjusted their intake
of diuretics (72.58%) and potassium-containing drugs (59.67%), and did not miss any doses of medication (80.64%). It has
been proven that higher patient knowledge was associated with the educational information received from a nurse during
hospitalisation. The practical value of the results was to justify the need to master the skills of weighing, determining the
degree of oedema, and keeping a diary of monitoring symptoms of heart failure in outpatient settings

Keywords: nurse; educational programme; awareness; effectiveness; diary; continuous care

INTRODUCTION

The leading cause of death worldwide is cardiovascular
disease, and its final stage is considered to be heart failure
(HF). It is one of the major health problems, accompanied
by high rates of morbidity, hospitalisation and mortality. It
is a clinical syndrome with symptoms and/or signs caused
by structural or functional changes in the heart and objec-
tive manifestations of pulmonary or systemic congestion.
The prevalence of heart failure is expected to continue
to increase worldwide, both among people over 65 and in
younger age groups [1]. This trend is due to demographic
factors (ageing population), an increase in the prevalence
of obesity and arterial hypertension, increased survival af-
ter myocardial infarction, and high comorbidity.

Suggested Citation:

A study by M. Montalto et al. [2] noted that in people
over 70 years of age, the prevalence of HF exceeds 10%; in
the group under 55 years of age, it is about 1%. This con-
firms that heart failure is not exclusively a problem of older
patients, but has a tendency to “rejuvenate”. Epidemiolog-
ical forecasts indicate a steady increase in the number of
patients. For example, B. Chong et al. [3] reported that as of
2024, approximately 6.7 million Americans over the age of
20 have HF, and the prevalence is expected to increase to
8.7 million in 2030, 10.3 million in 2040, and 11.4 million by
2050. Similar trends have been observed in Europe: accord-
ing to B. Bozkurt et al. [4], around 1.7% of the population
are affected, with the proportion continuing to increase. In
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their review, H.O. Slabkiy & L.I. Koshelia [5] presented the
dynamics of mortality from cardiovascular diseases among
the adult population. In the Chernivtsi region, 1,038.5
deaths per 100,000 population were recorded in 2021, with
ischaemic heart disease among the causes (about 958.4
cases per 100,000 population). This level exceeds the aver-
age in many European countries, which highlights the high
local significance of the problem and the need for targeted
preventive measures. This trend has emphasised the need
for large-scale preventive and medical-social measures.

In such conditions, the need to involve patients in
actively managing their condition becomes obvious. Edu-
cational nursing interventions proposed by T. Jaarsma et
al. [6] improve the self-management and self-care skills of
patients with heart failure, especially when using a per-
sonalised action plan and early post-discharge follow-up.
At the same time, low patient motivation and limited re-
sources remain barriers, requiring personalised and cultur-
ally adapted approaches. An analysis by S.R.G. Marques et
al. [7] showed that post-discharge educational interven-
tions by nurses reduced the risk of rehospitalisation by
36% and the risk of death by 35% compared to the con-
trol group, highlighting the clinical significance of such
programmes. An important condition for the effectiveness
of such measures is their continuity and the availability of
feedback between the nurse and the patient, in particu-
lar through platforms or regular visits. At the same time,
a study by S. Stahlman et al. [8] revealed gaps in patients’
knowledge prior to discharge, including limited under-
standing of exacerbation symptoms, rules for adhering to
therapeutic regimens, and dietary guidelines. This indi-
cated a need for a more systematic approach to pre- and
post-discharge education, which should be an integrated
part of the patient’s journey. In addition, psycho-emotional
factors such as stress, anxiety, and low social support were
associated with poorer treatment adherence, according to
a review by A.V. Metts et al. [9]. Therefore, nursing inter-
ventions should also include basic psychological support
skills, teaching patients stress management techniques,
and, if necessary, referral to mental health specialists. In
Ukraine, the educational programme for patients with ar-
terial hypertension proposed by N. Palibroda et al. [10] for
patients with arterial hypertension has demonstrated high
effectiveness: it increased knowledge about the disease
by 47.07%, risk factors by 50.88%, and possible complica-
tions by 58.82%, and also contributed to an increase in the
proportion of patients with controlled blood pressure and
pulse. This confirmed that educational interventions are
an important complement to drug treatment and should be
integrated into family medicine practice.

No systematic official programmes or initiatives aimed
at educating patients with heart failure were identified as
of 2025. Given this absence, the aim of the study was to con-
duct educational activities for patients in hospital settings
with the active participation of nurses in order to increase
their knowledge and further analyse the results obtained.

MATERIALS AND METHODS
An anonymous survey was conducted to collect data, en-
suring complete confidentiality and protection of respond-
ents’ personal information. Participants were informed
about the purpose of the study and voluntary participation,
and had the opportunity to refuse to participate without

any negative consequences. The training was conducted
at the regional communal non-profit enterprise (RCNPE)
“Chernivtsi Cardiology Centre”, with the participation of
the senior nurse of General Cardiology Ward No. 1. The
study was carried out over six months, covering the en-
tire data collection and analysis period. Patients were
purposely selected according to established inclusion and
exclusion criteria. Sixty-two patients (76% men, 24% wom-
en) aged 33 to 82 (56.3%11.7) years with diagnosed HF of
NYHA functional classes I-IV and II-A (79%), 1I-B (21%)
stages according to the classification of M.D. Strazhesko
and V.H. Vasilenko, which corresponds to stage C according
to the Recommendations of the All-Ukrainian Association
of Cardiologists of Ukraine on the diagnosis, treatment
and prevention of chronic heart failure (CHF) [11]. During
the development of the training programme, factors that
could potentially influence the assimilation of information
by patients were taken into account, such as education (32
people (52.51%) had higher education, 4 people (6.45%)
had incomplete higher education, 23 (37.18%) had second-
ary education, and 3 people (4.83%) had incomplete sec-
ondary education); employment (36 patients (58%) were
employed); marital status (47 (76%) were married and had
a family, 13 (21%) were widowed); comorbidity (17 (27%));
left ventricular ejection fraction (LVEF) (average 50%
(32;66)); duration of heart failure (7.2+ 1.5 years); length of
hospitalisation (7.3%0.4 days); complaints during hospital-
isation (33 patients (53%) had shortness of breath, 32 (52%)
had discomfort, tightness behind the breastbone, palpita-
tions, 32 (52%) had general weakness, dizziness, headache,
28 (45%) had increased blood pressure, 21 (34%) had pe-
ripheral oedema in the lower extremities, and pastiness of
the lower legs. All patients (100%) had a history of ischae-
mic heart disease, 35 (56%) had atherosclerotic disease,
8 (13%) had a history of myocardial infarction, 17 (27%)
had chronic atrial fibrillation, and 39 (63%) were receiv-
ing outpatient treatment with cardiac and diuretic drugs.
The exclusion criteria were patients under 30 years of age,
with stage I HF, hospitalisation for less than 5 days, those
who were transferred to other departments, had functional
limitations and cognitive impairments, insufficient digital
literacy, and no access to the internet.

The training programme consisted of one 2-hour ses-
sion covering theoretical material and practical skills. The
theoretical part included a discussion with relevant pa-
tients about the causes of heart failure, symptoms, clinical
manifestations, a low-salt diet, fluid control, weight con-
trol, behaviour in case of exacerbation of symptoms, phys-
ical activity, and drug treatment. The practical part includ-
ed skills for determining the degree of oedema, weighing,
determining sodium in food portions, and keeping a dia-
ry to monitor symptoms of heart failure in an outpatient
setting. To reinforce the knowledge gained, patients were
given paper handouts based on the colour-coded “traffic
light” system with a QR code containing practical recom-
mendations for self-care in an outpatient setting. Green
indicated acceptable symptoms, “yellow” indicated symp-
toms that should raise concern and be reported to a nurse
or family doctor, and “red” indicated symptoms that re-
quired urgent action: immediately call the special number
“5103” “Emergency Cardiological Care” (a service provid-
ed by the RCNPE “Chernivtsi Regional Clinical Cardiology
Centre”) (Fig. 1)
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<

No swelling (oedema) or puffiness Pitting on feet and/or shins, often in the
on the feet, ankles, legs, or stomach, evening, with the indentation remaining
or no increase in existing swelling for < 72 hours after pressing (sub-acute)

SWELLING
g
An increase of 2-3 kg/1-2 days or 2.5-5 kg/
week. BMI > 30
WEIGHT

<

Sudden severe shortness of breath
or difficult breathing during exertion
(activity), dry hacking cough

No change in the last week.
BMI between 25 and 29.9

No new or worsening shortness
of breath or cough

BREATHING

Y

Pain, tightness, or heaviness in the heart
area, pulse/palpitations slow/very rapid/
irregular, BP lower/higher than usual

CHEST PAIN
<

Mild sadness or irritability, depression

No discomfort, tightness,
or pain in the chest (heart)

Normal emotional wellbeing

EMOTIONAL WELLBEING

<

Reduced activity level, fatigue (tiredness),
weakness, palpitations,
or shortness of breath

PHYSICAL ACTIVITY

<

Insomnia or excessive sleepiness
(somnolence)

SLEEPING

@
Sudden increase in thirst or desire
to drink (> 1-1.2 L/day), pain/discomfort,
or increased sensitivity to food
in the stomach

FLUIDS AND DIET

No limitations

Normal sleep pattern

Normal appetite

Figure 1. Memo for patients with heart failure
Note: BMI - body mass index. BP — blood pressure. 5103 — “Emergency cardiac care” (service provided by the RCNPE

“Chernivtsi Regional Clinical Cardiology Centre”)
Source: developed by the author

Patients’ knowledge was assessed before and after
training using the written version of the Atlantic Heart
Failure Knowledge Test (AHFKT) version 3 (AHFKTV3), up-
dated by B. Butts et al. [12]. The test consisted of 30 ques-
tions focusing on five areas of knowledge about self-care in
HF: knowledge of the disease (2 questions), nutrition (10
questions), behaviour (6 questions), medication (7 ques-
tions) and symptoms (5 questions). Patients answered the
questions by selecting one answer from the options provid-
ed. Individual answers were recorded and coded as correct
(1 point) or incorrect (0 points). The total number of cor-
rect answers was counted and presented as a sum of points

(from 0 to 30 possible correct answers) and a percentage of
correct answers (from 0% to 100%).

Statistical analysis and graphical presentation of the
results were performed using the Microsoft Excel comput-
er program package (Microsoft 365 licence, subscription
status — active). The indicators are presented as the mean
value with a confidence interval and standard error. Prima-
ry and secondary results were compared using paramet-
ric data for dependent (paired) samples using the paired
t-test and Pearson’s y? criterion for independent propor-
tions. The mean values were given as M+ m, where M is the
arithmetic mean and m is the standard error of the mean.
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Rank data in the diagrams are presented in the format of
the median with lower and upper quartiles (M [Q1; Q3]).
Categorical data are presented as the absolute number of
cases (n) and the percentage (%) of the total number of the
study group. Differences were considered statistically sig-
nificant at p<0.05 [13]. The study was approved by the Bio-
ethics Committee of Bukovinian State Medical University
(protocol No. 10, 2025) in accordance with the principles
of bioethics set out in The World Medical Association [14]
and the Universal Declaration on Bioethics and Human
Rights [15]. All participants in this study provided informed
written consent for the use of their medical records for sci-
entific purposes, and personal identifiers were anonymised
during data processing.

RESULTS AND DISCUSSION
When assessing the overall level of knowledge of patients
based on 30 questions covering five areas of knowledge, sig-
nificant unevenness in patients’ preparedness for training
was revealed. The most effective (in terms of the number of
correct answers) was the area of knowledge about the dis-
ease in 72.58% (45/62), which indicates a basic understand-
ing of the nature of heart failure. At the same time, the most

L

After training

120.0
100.0
80.0
60.0
40.0
20.0
0.0
-20.0
-40.0

vulnerable area was behaviour at 56.45% (35/62), indicating
an insufficient understanding of the necessary changes in
daily life to control the condition. A similar trend was ob-
served in the area of symptom recognition (58.06% — 36/62)
and medication adherence (65.51% - 40/62), highlighting
the need for targeted training on early detection of exac-
erbations and self-monitoring of drug therapy. The level of
knowledge about nutrition (66.12% — 41/62) showed aver-
age awareness, but leaves room for improvement, especial-
ly given the importance of dietary restrictions in the man-
agement of patients with heart failure. Thus, the results
showed that prior to training, patients had basic knowledge
about the disease but serious gaps in the practical aspects
of self-management, which is of direct clinical importance
for the prevention of exacerbations and rehospitalisations.
The participation of a nurse in training activities conducted
in a hospital setting significantly increased patient aware-
ness in all areas of knowledge from an average of 45.16%
(28/62) to 69.35% (43/62) (p=0.0024), which demonstrated
the effectiveness of structured training in improving pa-
tients’ understanding of key aspects of their disease. The
dynamics of changes in patients’ knowledge levels be-
fore and after short-term training are shown in Figure 2.

[ Knowledge about the disease

B Knowledge about medication
[0 Knowledge about nutrition

B Knowledge about symptoms

[0 Knowledge about behaviour

Before training

Figure 2. Dynamics of patients’ knowledge levels based on survey results after and before training (%), Median [Q1; Q3]

Source: developed by the author

A detailed analysis of knowledge prior to training re-
vealed that patients were most familiar with the basic con-
cepts of heart failure, in particular its definition, causes and
prognosis, and 62.90% (39/62) were aware that heart failure
cannot be cured but must be controlled. The assessment of
patients’ knowledge of the disease after training did not
reveal any statistically significant changes, as this section
was already quite familiar. This indicates the presence of
basic knowledge, but at the same time highlighted gaps in
understanding the more complex aspects of self-care and
symptom control, which was the subject of the educational
programme. In a study by A. Zare-Kaseb et al. [16], it was
noted that patients often have limited knowledge about
their disease prior to training, which emphasises the im-
portance of effective educational strategies.

Analysis of the results of the section on knowledge
of heart failure symptoms revealed significant gaps in
patients’ understanding of the critical signs of exacerba-
tion. The fewest patients were able to correctly answer
the question about the need to inform their doctor in
case of rapid weight change (2-3 kg in 1-2 days) as a sign
of HF progression, which indicates a low ability to inde-
pendently identify early signs of congestive phenomena

and respond to them in a timely manner. Even fewer were
able to list the symptoms that require immediate medical
attention, which highlights the need for more intensive
education on the signs of serious complications. At the
same time, a significant proportion of patients mistaken-
ly believed that in heart failure, physical activity should
be increased to reduce weight, indicating a risk of in-
correct self-management of the condition and potential
harm to health. Similar problems were found in a study by
K. Borovyk [17], a significant proportion of patients with
chronic heart failure against a background of ischaemic
heart disease and metabolic disorders not only ignored
the signs of exacerbation, but also failed to inform their
doctor in a timely manner about changes in their condi-
tion, in particular due to insufficient awareness and low
therapeutic adherence. J. Longhini et al. [18] noted that
educational interventions can improve patients’ knowl-
edge of exacerbation symptoms, including the need to in-
form their doctor about rapid weight changes. Knowledge
of ways to reduce thirst during fluid restriction was even
less common - only 16.12% (10/62) of patients mentioned
chewing gum or sucking on lozenges as effective meth-
ods, indicating the need for practical recommendations
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on fluid intake control. At the same time, 88.70% (55/62)
of patients correctly noted that if shortness of breath,
pain or dizziness occurs during physical activity, they

should pause and rest, which indicates successful assim-
ilation of the basic rules of safe physical activity in heart
failure (Table 1).

Table 1. Dynamics of knowledge of patients with heart failure about the disease and symptoms before and after training

Area of Indicator Before training After training p-value
knowledge (% correct answers) | (% correct answers) | (x* test)
Heart failure - a condition in which the heart
Kgloewéfs‘lgai:f is unable to pump enough blood. 82.25 91.95 0.108
Heart failure cannot be cured, but it can be controlled. 62.91 72.58 0.249
Inform a doctor if lose 2 kg overnight. 24.20 7741 <0.001
Gaining 2-3 kg in a few days indicates fluid retention. 29.35 83.87 <0.001
Fluid restriction can be controlled by chewing gum 24.19 91.93 <0.001
Knowledge of or sucking on hard candy.
symptoms A doctor should be informed of sudden weight gain,
swelling, or increased shortness of breath 16.12 41.93 0.002
in a short period of time.
If breathlessness, chest pain, or dizziness occur during
physical activity, activity should be stopped and rest taken. 88.71 95.16 0.187

Note: differences are considered statistically significant at p-value <0.05

Source: developed by the author

After the training intervention, patients’ knowledge
of heart failure and its symptoms improved in most as-
pects. Significant growth was observed in understanding
the signs that require immediate notification of a doctor,
such as sudden changes in body weight and oedema, as
well as in practical methods of controlling fluid retention.
This demonstrates the effectiveness of the educational
programme in improving patients’ ability to self-monitor
and respond promptly to changes in their condition. Basic
knowledge about the nature of heart failure and the possi-
bility of controlling the condition was relatively high even
before the training and showed only moderate improve-
ment after the intervention, reflecting a stable level of
initial awareness among patients. At the same time, some
aspects remain less well understood, highlighting the need
for regular reinforcement of information and integration
of practical recommendations into training programmes to
ensure safe self-management of therapy.

When assessing patients’ knowledge of behavioural
aspects of care prior to training, a significant proportion
(80.64% — 50/62) of those surveyed had a basic under-
standing of the need to avoid salty foods, which is con-
sistent with the results of previous studies by Y.W. Lee
& C.N. Tseng [19], where about 80% of patients reported
receiving relevant recommendations and only 25% of pa-
tients actually adhered to the diet. At the same time, pa-
tients’ knowledge of harmful habits was uneven: almost
all patients understood the importance of limiting alcohol
consumption, but awareness of the harm caused by smoking
remained insufficient, requiring additional individual work
with patients. In particular, studies by N. Ding et al. [20]
showed that smoking is an important modifiable risk fac-
tor for heart failure, and quitting smoking can significantly
reduce the risk of developing this disease. C. Andersson et
al. [21] also found that alcohol abuse can contribute to the
development of cardiomyopathy and heart failure.

Aspects of self-control were less well understood:
less than half of the patients weighed themselves daily,
and only about a quarter (27.41% — 17/62) knew that the
correct time of day for weighing was in the morning after

sleeping and urinating. The results coincided with inter-
national studies by S.H. Yang et al. [22], which confirmed
insufficient mastery of practical aspects of self-monitor-
ing, such as daily weighing. This indicated the importance
of emphasising practical skills for daily monitoring, which
directly affects the early detection of symptoms of exac-
erbation. After training, most patients realised the impor-
tance of daily weighing, and a significant proportion (71%
(44/62)) correctly identified the optimal time for this - im-
mediately after waking up in the morning. Although 83%
(52/62) of patients understood the concept of cardiac reha-
bilitation, the majority (74.19% - 46/62) associated it only
with slow physical exercises, which indicates an insufficient
awareness of a comprehensive approach to rehabilitation,
including psycho-emotional and educational components.

The current results showed that only about a quarter
of patients with heart failure adequately understand the
importance of preventive behaviour regarding vaccination
and regular visits to a cardiologist. Similar data were pre-
sented in studies by G. Baudry et al. [23], where about 40%
do not undergo an annual cardiological examination, while
overall vaccination coverage in most countries does not
reach the recommended level. This highlighted the critical
need to include these topics in educational programmes,
as they directly influence the reduction of the risk of com-
plications and repeat hospitalisations. When assessing pa-
tients’ knowledge of nutrition, the most widely understood
point was “Restricting fluid intake as prescribed by a doc-
tor” — almost half of those surveyed identified it correctly,
indicating that patients were aware of the importance of
controlling fluid intake in preventing exacerbations of heart
failure. Similar data were obtained in studies by N. Uslu &
A. Akca Siimengen [24], where patients with heart failure
had limited knowledge of self-monitoring, particularly in
terms of weight and fluid monitoring.

At the same time, significant gaps were observed in
understanding products with different sodium content:
only a small proportion of patients were able to correctly
identify foods with high and low sodium content and cor-
rectly indicate the recommended daily sodium intake for
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patients with heart failure (<3,000 mg/day), which may be
due to different recommendations from healthcare pro-
fessionals depending on the clinical stage of the disease.
Although most patients have a basic understanding of the
harmfulness of excessive salt intake, similar to the results
of Y. He et al. [25], only about 20% pay attention to prod-
uct labelling regarding salt content. Only 22.58% (14/62)
correctly identified the list of products that fall under the
concept of “liquid” (including milk, ice cream, yoghurt,

jelly, puddings, soups), and only 11.29% (7/62) were able to
answer “how much sodium is contained in one serving of
soup.” Significant gaps in patients’ knowledge of self-con-
trol, particularly in terms of fluid and sodium restriction,
were also found by N.M. Taha et al. [26] and M. Nozawa et
al. [27], which pointed to insufficient awareness of the role
of dietary factors in controlling disease symptoms and em-
phasised the need for more detailed and systematic patient
training (Table 2).

Table 2. Changes in the knowledge of patients with heart failure regarding nutrition
and behavioural aspects before and after the training intervention

Area of Indicator Before training After training p-value
knowledge (% correct answers) (% correct answers) (x* test)
Salt restriction (<3,000 mg/day). 20.96 77.41 <0.001
Water, milk, ice cream, yoghurt, fruit drinks, soups
are consigefed liquids. b 22.58 69.35 <0.001
Liquid restriction. 48.38 74.19 <0.001
Foods high in sodium. 29.03 66.12 <0.001
Knowledfgg about | Foods that are the main source of sodium (salt) in 12.90 58.06 <0.001
nutrition the diet.
Foods low in sodium. 61.29 90.32 <0.001
Dessert with the lowest sodium content. 62.90 83.87 <0.001
Fast food with the lowest sodium content. 12.90 56.40 <0.001
Number of servings in a can. 11.29 64.51 0.021
Amount of sodium in one serving of soup. 29.03 53.22 0.004
Tried to quit smoking. 58.08 67.74 0.265
Limited alcohol consumption. 91.93 77.41 0.039
Best time for daily weighing. 27.41 70.94 0.002
Kno&ﬁgﬁ%i‘;om Weigh themselves daily. 45.16 64.51 0.034
People with HF exercise most days of the week. 20.96 43.51 0.008
Importance ofV ?sr;?suf; Zﬁgc&gg&(;ns and regular 25.80 29.03 0713

Note: differences are considered statistically significant at p-value <0.05

Source: developed by the author

After the educational intervention, patients’ knowl-
edge of nutrition and behavioural aspects of self-care im-
proved significantly. A significant increase was noted in
understanding the need to limit salt and fluid intake, as
well as in identifying foods high and low in sodium. Pa-
tients were better able to navigate practical issues such as
choosing low-sodium desserts and fast foods, as well as
controlling portions and assessing the sodium content of
soups, indicating an improvement in their ability to plan
their own diets. In terms of behavioural aspects, there was a
noticeable improvement in daily weighing, regular physical
activity and choosing the optimal time for it. At the same
time, some issues remained less well understood: patients’
efforts to quit smoking and limit alcohol consumption
showed less improvement, and awareness of annual vac-
cinations and regular visits to a cardiologist remained in-
sufficient. This highlighted the need to reinforce these top-
ics and integrate practical recommendations into training
programmes to ensure more complete assimilation of the
knowledge necessary for safe self-management of therapy.

Prior to training, a significant knowledge gap was
identified among patients in the area of drug treatment —
only 35.23% (22/62) provided correct answers to the rele-
vant questions. Patients were most knowledgeable about
the section “Actions in the event of a missed dose.” Only
about a third of respondents (32.25%; 20/62) did not stop

taking their medication when they felt better, which high-
lights the high risk of self-modification of therapy and po-
tential deterioration of the condition. Assessing the level
of adherence to drug treatment among patients with heart
failure, N.M.Y.K. Bagyawantha et al. [28] also showed that
only about 50% of patients adhered to the prescribed treat-
ment. Knowledge about the action of diuretics was better —
more than half of the patients understood that these drugs
remove excess fluid and could name examples (Lasix, furo-
semide, torasemide), but only some of them were aware of
the need for additional potassium intake during such treat-
ment, indicating gaps in the safe use of medicines and the
need for detailed explanation.

Even greater difficulties arose with other groups of
drugs for the treatment of heart failure. Less than a quarter
of patients understood the action of angiotensin-convert-
ing enzyme (ACE) inhibitors (reducing vascular spasms,
reducing sodium retention and strengthening the heart)
and could give examples of drugs in this group (Capoten,
Vasotec, Lisinopril). Even fewer patients were familiar with
the mechanism of action of beta-blockers (slowing the
heart rate) and could name relevant examples (carvedilol,
bisoprolol, metoprolol, atenolol). In a study by N. Uslu &
A. Akca Stimengen [24], the authors noted that patients
with heart failure often did not understand the mechanism
of action of essential drugs such as ACE inhibitors and be-
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ta-blockers. This indicates that most patients did not have
the knowledge necessary to properly self-monitor their
therapy, which increases the risk of complications and re-
hospitalisation.

Patients were least knowledgeable about the choice
of over-the-counter painkillers for concomitant symptoms
(e.g., headache) (Table 3). Such low awareness highlights
the need to include practical advice on the safe use of med-
icines to relieve concomitant symptoms in educational
programmes. Similar gaps in knowledge were noted in an
international study by M. Nozawa et al. [27], where most
patients with heart failure did not have a basic understand-
ing of self-management of drug therapy. These results un-

derscore the need for systematic, practice-oriented patient
education during hospitalisation, including explanations of
drug mechanisms of action, recommendations for behav-
ioural modification, and safe use of medications to control
associated symptoms. Similarly, S. Stahlman et al. [8] found
insufficient awareness of HF in more than 88% of hospital-
ised patients, associated with low adherence to treatment
and an increased risk of rehospitalisation. It was noted that
most patients had never participated in specialised educa-
tional programmes on HF (89%), only half (57.3%) of them
were able to recognise the symptoms of disease exacerba-
tion, and a significant proportion (25%) did not understand
the goals of the prescribed pharmacotherapy.

Table 3. Changes in patients’ knowledge before and after training on drug therapy (n=62)

Field of Indicator Before training After training p-value
knowledge (% correct answers) | (% correct answers) (x* test)
Do not skip taking medication
for HF when feeling better. 52.25 80.64 <0.001
If a patient has missed a dose, they should take 64.51 67.74 0.704
it as soon as they remember. ’ : ’
Knowledge about diuretics (fluid removal). 54.83 72.58 0.048
Knowledge about Knowledge about potassium (the need 40.32 59.67 0.033
medication for additional intake during diuretic therapy). ’ ’ ’
Knowledge about ACE inhibitors
(relax blood vessels, prevent salt retention). 24.19 41.95 0.041
Knowledge about beta-blockers 17.74 53.06 <0.001
(slow down heart rate). : ’ ’
Choice of over-the-counter medicines 12.90 29.03 0.032
(painkillers, etc.). ’ ’ ’

Note: differences are considered statistically significant at p-value <0.05

Source: developed by the author

The data obtained showed that training significantly
increased patients’ awareness of drug therapy for heart
failure. The greatest progress was noted in understanding
the need for regular medication, even when feeling bet-
ter (more than double, p<0.001), as well as in knowledge
about the role of beta-blockers (p < 0.001). A significant
improvement was found in understanding of diuretics,
potassium and ACE inhibitors. At the same time, knowl-
edge about what to do if a dose is missed did not show
significant dynamics (p =0.704), indicating the need for
additional emphasis on this issue during educational in-
terventions. Overall, after training, patients became more
conscious about pharmacotherapy, but there are still
some gaps that need to be fixed.

According to J. Longhini et al. [18], systematic train-
ing improves patients’ quality of life by 15-25%, increases
self-control by 20-30% and understanding of the disease
by 30-40%. The educational interventions conducted by
A. Wondesen et al. [29], in particular informative bro-
chures and training upon discharge, have proven their
effectiveness. They significantly reduce the rate of rehos-
pitalisation for HF (from 23% to 0% during a 30-day stay
at home), the number of outpatient visits (from 35% to
19%) and improve adherence to medical recommenda-
tions (in 62% of patients), increase the level of high ad-
herence to treatment from 73% to 89% and satisfaction to
80.35%. C.R.G. Marques et al. [7] pointed out that educa-
tional programmes conducted by nurses are an effective
and cost-effective approach that can reduce readmissions

by 36% and mortality by 35% among patients with heart
failure. N. Uslu & A. Akca Siimengen [24] believed that
educating patients upon discharge is an effective inter-
vention strategy in educational practice and includes rec-
ommendations that patients should know about medica-
tion, the course of the disease, diet, early self-recognition
and control of symptoms, physical activity, contributes to
improved clinical outcomes, self-care level, adherence to
self-help measures, better adaptation at home, increas-
es self-control and quality of life, and reduces treatment
costs. Educational measures and symptom monitoring
diaries proposed by D.K. Hryhorets & I.A. Plesh [30] im-
proved self-care in outpatient settings to a moderate to
high level in 82.7% of patients during 30 days of HF symp-
tom control.

Overall, the results confirmed that structured edu-
cational intervention can significantly improve patients’
knowledge of key aspects of HF pharmacotherapy, but
there is still a need for more in-depth and repeated train-
ing on more complex issues (ACE inhibitors, over-the-
counter medications). The results emphasised the critical
role of patient education as a key component in successful
HF management. Despite the availability of clinical guide-
lines on salt and fluid restriction, weight control, physical
activity and psycho-emotional status, most patients con-
sidered these aspects to be secondary or remained insuf-
ficiently informed. In addition, a lack of knowledge was
identified in self-monitoring of medication intake and
symptom recognition.
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CONCLUSIONS
The analysis confirmed the effectiveness of short-term ed-
ucational intervention organised in a hospital setting with
the participation of a nurse, which increased the level of
knowledge of patients with heart failure by 23.58%. Pa-
tients with heart failure gained a better understanding of
the causes and course of the disease (82.25%), were more
confident in recognising symptoms (78.06%), and were bet-
ter informed about nutrition (69.34%) and behaviour dur-
ing illness (58.86%). A significant increase in knowledge
was also recorded in the area of drug treatment (58.51%),
where it became particularly important to understand
the inadmissibility of arbitrarily discontinuing medica-
tion when feeling better. At the same time, there was an
increase in understanding of the mechanisms of modern
therapy and the ability to navigate treatment regimens. An
important achievement was the consolidation of practical
skills: most patients began to weigh themselves regular-

for increasing patients’ responsibility for their own health,
facilitating the timely detection of signs of decompensa-
tion and improving communication with healthcare pro-
fessionals. Thus, the educational programme of nursing
support has proven its effectiveness as a promising direc-
tion in the long-term control of heart failure, as it con-
tributes to improving the quality of life of patients, builds
their confidence in self-monitoring and strengthens their
commitment to treatment. In future studies, it would be
advisable to develop and test a programme of continuous
nursing care using modern methods of remote counselling
and patient self-monitoring.
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OuiHKa ePeKTUBHOCTI HaBYaHHSA NauieHTIB
i3 cepLeBOIO HEAOCTATHICTIO B CTaLiOHAapPHMX YMOBaXx
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AHoTauifa. CepiieBa HeOCTATHICTD € OMHIEI0 3 MPOBiTHMX MPUYMH TOCIiTaTi3allii, iHBaIigAM3allii Ta CMepPTHOCTI JII0Aeit
moxmioro Biky. EdbekTuBHa BTOpMHHA MpodinakTMKa rependavae HajlexkHe iHGOpPMyBaHHS MAalli€eHTiB, a MeIWYHi
CecTpu BiZirpaloTh KIIOUOBY POJIb y peamisaiiii ocBiTHiX 3axofiB Ha mpodeciiiHoMy piBHi. MeTo0 JOCTimKeHHS Gya
KOMIIIEKCHA OIfiHKa e(heKTUMBHOCTI HAaBYaJIbHOI ITPOrpaMu Y MiABUIIEHHI PiBHS 3HAHb XBOPUX HA CePIeBY HEIOCTATHICTh
B CTalLlioHapHMX YMOBax. Y JoCIiIkeHHi 6y/10 3amydeHo 62 XBOpUX i3 ceplieBoio HepoctaTHicTio IIA,B crazii Bikom Big 33
1o 82 (56,3%11,7) pokiB, 40MOBiKiB — 76 %, KiHOK — 24 %. YciM XBOpUM ITPOBEEHO OIiHKY 3HaHb Ha IMOYATKY roCITiTaaizaii
Ta B JIeHb BUIIMCKM ITiC/ISI OTPMMAHOTO HAaBUYAHHS B yMOBax crauioHapy. [Hdopmario mpo epeKTuBHICT HaBYAHHS
36Mpaay MPOTATOM 6 MicsiliB. OCHOBHI pe3y/lbTaTy IMOKa3asu, o MallieHTH, SIKi B3sUTM yYacTh Y HaBUaJIbHil ITporpami,
MTOKPAIIVIIM CBOT 3HAHHS PO CePIIeBY HeIOCTATHICTD (3 72,58 % mo 82,25 %), po3misHaBaHHS CUMMITTOMIB (3 36,51 % mo
78,06 %), moBemiHKy (3 44,89 % mo 58,86 %), xapuyBanHs (3 31,12 % mo 69,34 %), pekoMeHA0BaHe JiKyBaHHS (3 35,24 %
10 58,51 %). BinburictTb yCBiZOMMIN BaXKIUBICTh I[OEHHOTO 3BaXKyBaHHS (64,51 %), 00Meskmin CIIOsKMBAHHST KyXOHHOL
comi (77,41 %), pinyuu (74,19 %) 1 ankoronto (77,41 %). 3HauHa YacTMHA BiAMOBMIACS Bif Ma/iHHS ITif Yac rocmiTatiszanii
(91,93 %) Ta 4aCTKOBO 36eperu 110 TeHEHIIiI0 MicIsT BUIUCKY (67,74 %). TTallieHTH vacTilie 3BepTaaucs A0 Kapaionora
(61,29 %), Benu MIOAEHHUK MOHITOPUHTY CUMITTOMIB (96,77 %), CaMOCTiifHO KOPUTYBa/IM MIPUIIOM AiypeTuKiB (72,58 %)
i kanifiBmMicHux npenapatiB (59,67 %), a TaKOX He JOIMYCKaaM MPOITYCKiB y mpuitomi sikiB (80,64 %). loBemeHo, 10
BUIIMIT TOKa3HMK 3HAHb NAIi€HTIB 6YB OB’ I3aHN i3 OTPMMAaHOI0 HABYAIbHOIO iHGOpMAIIi€o Bif MegUUHOT CeCTPH ITiJ
yac rocmitanizarii. [IpakTuyHa IiHHICTh pe3y/abTaTiB MoJsrasia B 0GIPyHTYBaHHI HEOOXiZHOCTI OMmaHyBaHHS HaBUYOK
3BaKyBaHHSI, BUSHAUEHHS CTyTeHsT HaOPsIKiB, BeIeHHS IOAeHHMKA MOHITOPUMHTY CMMITTOMIB CepIieBOi HeIOCTaTHOCTI B
aMOy/IaTOPHUX YMOBaX

KniouyoBi cnoBa: mMenuuHa cecTpa; OCBiTHSI mporpaMa; 00i3HaHiCTb; pe3ylIbTaTUBHICTh; IMOAEHHUK; Oe3mepepBHUII
TOTJISI,
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Abstract. Preterm birth remains one of the leading causes of perinatal mortality and long-term morbidity in newborns.
The purpose of this study was to determine the role of vitamin D deficiency in the regulation of the NF-kB-dependent
pro-inflammatory cascade in pregnant women with preterm birth. Clinical, biochemical, and immunological methods
were applied, including the assessment of serum 25(OH)D levels, placental p65 NF-«B activity and phosphorylated
forms, and concentrations of TNF-a, IL-6, and CRP. A total of 114 pregnant women were examined and divided into
three groups: preterm birth with vitamin D deficiency (n = 44), preterm birth with optimal vitamin D levels (n =40),
and a control group with physiological pregnancy (n =30). It was established that p65 NF-«xB activity was the highest
in the vitamin D-deficient group - 59.21 £0.24%, significantly higher compared to the group with optimal vitamin D
levels (47.15+0.36%) and the control (28.46 £ 0.37%) (P < 0.05). TNF-a concentrations were 42.75 *0.31, 30.44 = (.29,
and 15.62 +0.18 pg/mL, IL-6 — 38.16 £0.28, 26.87 +0.26, and 12.44 *0.14 pg/mL, and CRP - 6.82 *0.12, 4.31 £0.09,
and 1.95 £0.06 mg/L, respectively (P < 0.05). Strong correlations were confirmed between NF-«B activity and TNF-a
(r=0.88), IL-6 (r=0.85), and CRP (r=0.79). It was summarised that vitamin D deficiency was associated with NF-«B
hyperactivation and enhanced production of pro-inflammatory cytokines, contributing to preterm birth development.
The obtained results may be applied in obstetric and gynecological practice for risk stratification of preterm birth and for

the development of individualised preventive strategies aimed at correcting vitamin D status

Keywords: 25(0OH)D; pregnancy loss; NF-kB p65; inflammatory markers; TNF-a; IL-6; placenta

INTRODUCTION
Preterm birth (PB) is one of the most serious and, at the
same time, complex challenges in modern obstetrics, as
it remains the leading cause of perinatal mortality and a
significant proportion of long-term morbidity among new-
borns [1, 2]. According to the World Health Organisation,
approximately 15 million babies are born prematurely
worldwide each year, accounting for more than 10% of all
deliveries, with nearly 1 million neonatal deaths result-
ing from prematurity-related complications [3]. Despite
substantial advances in neonatology, the consequences
of PB remain severe. In high-income countries, intensive
neonatal care has reduced mortality; however, neurolog-
ical and somatic complications — such as cerebral palsy,
sensory impairments, chronic lung diseases, and delayed
psychomotor development — remain prevalent. According
to the study by X. Alifu et al. [4] in low- and middle-income

Suggested Citation:

countries, where access to advanced medical care was lim-
ited, the risk of adverse pregnancy and neonatal outcomes
was significantly higher. This underscored the importance
of investigating PB pathogenesis and developing effective
preventive strategies. H.M. Georges et al. [5] emphasised
that the aetiology of preterm birth is highly complex and
multifactorial, integrating mechanical, endocrine, infec-
tious, and immunological determinants that interact to
precipitate premature labour. In the 2004-2024, particular
attention has been paid to the inflammatory hypothesis,
which proposes that activation of systemic and local (ma-
ternal - placental) inflammatory responses may be a key
trigger for preterm labour.

As demonstrated in the systematic review and me-
ta-analysis by S. Motamed et al. [6] and further confirmed
in the experimental study by M. Farias-Jofré et al. [7],
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nuclear factor kB (NF-kB) plays a pivotal role in this pro-
cess: its activation in decidual tissue and foetal membranes
induces the overproduction of pro-inflammatory cytokines
(IL-1B, IL-6, TNF-a), which subsequently stimulate pros-
taglandin synthesis, enhance myometrial sensitivity to
oxytocin, promote cervical remodelling, and weaken the
tensile strength of foetal membranes, thereby initiating
a pathogenic cascade that culminates in preterm labour.
Vitamin D has recently attracted considerable interest as
an immunomodulator during pregnancy. Its deficiency has
been associated with dysregulation of cytokine expression,
enhanced NF-kB activation, and excessive production of
pro-inflammatory mediators. W.]. Lei et al. [8] have shown
that such alterations not only impair maternal-foetal im-
mune tolerance but also diminish antimicrobial protection
and excessively activate inflammatory signalling cascades,
which may ultimately precipitate preterm labour. A me-
ta-analysis by Z. You et al. [9] confirmed that low maternal
25(0OH)D levels are associated with an increased risk of PB,
low birth weight, and small-for-gestational-age infants.
M. Geng et al. [10] demonstrated that vitamin D deficiency
enhances p65-NF-«B activation in decidual tissue and foe-
tal membranes, resulting in elevated IL-1p, IL-6, and TNF-a
production. An excess of these cytokines in the placenta
and umbilical cord blood is linked to a higher risk of ob-
stetric complications and impaired neurodevelopment in
children. These findings indicate that vitamin D is a key
regulator of inflammatory processes in the maternal — pla-
cental - foetal system.

Ukrainian researchers have also contributed signif-
icantly to understanding the role of vitamin D in preg-
nancy. For instance, O. Lisakovska et al. [11] demonstrat-
ed that the auto-/paracrine vitamin D system modulates
glucocorticoid-induced changes in angiogenesis and tissue
remodelling, indirectly affecting pregnancy outcomes and
complication risk. Other Ukrainian studies have shown that
maternal vitamin D deficiency is associated with increased
incidence of preeclampsia, bacterial vaginosis, and a higher
likelihood of preterm birth [12]. In this context, the search
for predictive biomarkers of preterm birth is of particular
interest. Assessment of maternal 25(OH)D levels in combi-
nation with NF-«B activity and circulating pro-inflamma-
tory cytokine concentrations may allow early identification
of high-risk women and facilitate individualised preventive
strategies, including timely vitamin D supplementation.

In summary, current evidence indicates that vitamin D
deficiency is not only a marker but also a potential mod-
ifier of PB risk through its impact on NF-«B-dependent
inflammatory pathways. This underlines the scientific and
clinical relevance of further investigating the relationship
between vitamin D status, NF-«B activation, and preterm
birth, which may contribute to the development of new
predictive and preventive approaches. The purpose of the
study was to evaluate how vitamin D deficiency influences
p65-NF-kB-mediated inflammatory signalling pathways
associated with preterm birth.

MATERIALS AND METHODS
Participant enrolment and inclusion - exclusion cri-
teria. The study was conducted in 2023-2024 at the clini-
cal base of the Department of Obstetrics and Gynaecology
No. 1 of 0.0. Bogomolets National Medical University — the

Kyiv Perinatal Centre (Municipal Non-profit Enterprise).
The ethical aspects of the study were complied with in ac-
cordance with the main provisions of the Declaration of
Helsinki [13]. All participants in the study provided written
informed consent to participate in the study after being
thoroughly informed about its purpose, methods, potential
risks, and benefits. The personal data of the patients were
anonymised in compliance with confidentiality and bio-
ethics requirements. A total of 114 pregnant women under
observation and delivery at this institution were examined.
All patients were divided into the main and control groups.
Main group (n=84): women with preterm birth. Within this
group, two subgroups were distinguished according to vi-
tamin D status: Group 1 (n=44): pregnant women with vi-
tamin D deficiency (25(OH)D < 20 ng/mL); Group 2 (n=40):
women with optimal vitamin D levels (25(OH)D >30 ng/mL).
Control group (n=30): pregnant women with physiological
course of gestation and optimal serum 25(OH)D levels. Eli-
gible participants were women with singleton pregnancies
and confirmed diagnosis of preterm birth. Only those who
had not received multivitamin complexes or medications
containing calcium and vitamin D during pregnancy or in
the preconception period were included. Exclusion criteria
were: history of arterial hypertension, multiple pregnancy,
severe somatic diseases of the cardiovascular or endocrine
systems, use of vitamin D or its active metabolites before
or during pregnancy.

Laboratory assessment of 25(OH)D levels. Serum
25-hydroxy vitamin D [25(OH)D] concentrations were meas-
ured in the clinical diagnostic laboratory of the Kyiv Perina-
tal Centre. The analysis was performed using enzyme-linked
immunosorbent assay (ELISA) with commercial Monobind
kits (USA). Optical density was read on a microplate photom-
eter Sinnova ER 500 (China). Interpretation of results was
performed according to the manufacturer’s guidelines: de-
ficiency - < 20 ng/mL, insufficiency — 20-30 ng/mL, optimal
level —> 30 ng/mL. Plasma levels of pro-inflammatory mark-
ers TNF-o and IL-6 were measured using enzyme-linked
immunosorbent assay (ELISA) kits for rats (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s in-
structions. Samples and standards were added to microplate
wells coated with monoclonal antibodies against TNF-a
or IL-6. Following incubation and washing, a biotinylated
secondary antibody and streptavidin-HRP conjugate were
added, and the reaction was detected using TMB substrate.
Optical density was measured spectrophotometrically at
450 nm (Multiskan FC, Thermo Fisher Scientific, Waltham,
MA, USA). Concentrations were calculated using a stand-
ard curve and expressed in pg/mL. C-reactive protein (CRP)
concentrations were determined using a high-sensitivity
ELISA kit for rats (Abcam, Cambridge, UK). Samples were
incubated with CRP-specific antibodies, followed by en-
zyme conjugate and TMB substrate, and the colour intensi-
ty was measured at 450 nm on the same spectrophotometer.
Results were expressed in mg/L. Blood was collected into
EDTA-containing tubes for plasma or into plain tubes for
serum. Samples were centrifuged at 3,000 rpm for 10 min
at 4°C, and plasma/serum was stored at —80°C for no longer
than 3 months prior to analysis. All samples were analysed
in duplicate with internal controls of known cytokine and
CRP concentrations. The sensitivity limits of the assays
were: TNF-a — 5 pg/mL, IL-6 — 2 pg/mL, CRP — 0.1 mg/L.

Bulletin of Medical and Biological Research. 2025. Vol.7, No.3



I Poladych

Assessment of p65-NF-kB activity in the placen-
ta and statistical analysis. To evaluate activation of
pro-inflammatory signalling pathways, the level of the
p65 subunit of NF-kB was measured in placental tissue
lysates. The analysis was performed using ELISA Kkits:
Phospho-NF-«B P65 (Ser536) ELISA Kit and Total NF-«xB
P65 ELISA Kit (RayBiotech, Inc., USA). Placental samples
were collected immediately after delivery: approximately
50 g of tissue from maternal and foetal surfaces, avoiding
areas with calcifications, ischemic lesions, or haemor-
rhages. Tissue was washed in phosphate-buffered saline
(PBS), homogenised, and incubated in lysis buffer on an
orbital shaker at +2...+8°C for 30 min. Protein fractions
were separated by centrifugation at 13,000 rpm for 10
min. Supernatants were collected for further analysis
or stored at — 70°C until assay. Measurements were per-
formed using the StatFax 303 Plus automated analyser
(Awareness Technology, USA). Results were expressed as
the percentage of activated phosphorylated p65 relative
to total protein, allowing assessment of NF-xB pathway
activation intensity. Standard methods of descriptive
statistics were applied, with calculation of mean (M) and
standard error of the mean (* m). Differences between
groups were assessed using one-way ANOVA with Bon-

ferroni post-hoc correction. A p-value <0.05 was consid-
ered statistically significant.

RESULTS AND DISCUSSION

Vitamin D deficiency is highly prevalent among preg-
nant women worldwide, affecting 20-80% depending on
region, season, and lifestyle factors [14]. Preterm birth is
linked to inflammatory activation, mediated by NF-«B,
whose p65 subunit induces pro-inflammatory cytokines
when prematurely activated. The active form of vitamin D,
1.25(0OH),D;, binds to vitamin D receptors in immune cells
and trophoblasts, inhibiting NF-xB activation [15]. This
suggests a protective role of adequate vitamin D against
inflammation-driven preterm labour. In this study, NF-
kB activity and the levels of key pro-inflammatory mark-
ers were significantly influenced by vitamin D status,
highlighting its role in modulating systemic and placen-
tal inflammation (Table 1). Women with vitamin D defi-
ciency and preterm birth (Group 1) exhibited the highest
NF-xB activity (59.21 * 0.24%), total p65 NF-kB
(67.84 = 0.38 pg/mL), and phosphorylated p65 NF-xB
(38.48 +0.45 pg/mL). This indicates enhanced transcrip-
tional potential of NF-«kB, suggesting upregulation of genes
involved in pro-inflammatory signalling.

Table 1. Activity and levels of p65 NF-kB and inflammatory markers in the studied groups (M = SE)

Indicator Vitamin D d'eﬁciency and | Optimal v1tamm D level and Optlmal vitamin D level and
preterm birth (n=44) preterm birth (n=40) physiological pregnancy (n=30)

p65 NF-«B activity, % 59.21+0.24* 47.15%£0.36 28.46%0.37
Total p65 NF-«B, pg/mL 67.84+0.38* 53.76*0.35 38.16+0.27
Phosphorylated p65 NF-«B, pg/mL 38.48+0.45* 21.06+0.26 13.51£0.06
TNF-a, pg/mL 42.75+0.31* 30.44+0.29 15.62+0.18
IL-6, pg/mL 38.16+0.28* 26.87+0.26 12.44+0.14
CRP, mg/L 6.82+0.12* 4.31%0.09 1.95+0.06

Note: * P<0.05 - statistically significant differences compared to the control group

Source: compiled by the author

Group 2, with optimal vitamin D levels, demonstrated
intermediate NF-xB activity (47.15 # 0.36%) and reduced
levels of total (53.76 £0.35 pg/mL) and phosphorylated p65
NF-xB (21.06 £0.26 pg/mL), suggesting that sufficient vi-
tamin D partially mitigates the activation of NF-«B, even
under conditions of preterm labour. The control group,
representing physiological pregnancy, showed the lowest
NF-xB activity (28.46 * 0.37%) and p65 levels (total
38.16 £ 0.27 pg/mL, phosphorylated 13.51 = 0.06 pg/mL),
reflecting normal regulatory activity without height-
ened inflammatory signalling. Pro-inflammatory mark-
ers closely mirrored NF-«xB activity. In Group I, TNF-o
reached 42.75+0.31 pg/mL, IL-6 — 38.16 £0.28 pg/mL, and
CRP - 6.82 £0.12 mg/L, indicating a pronounced system-
ic inflammatory response. In contrast, women in Group 2
displayed intermediate values (TNF-o 30.44 +0.29 pg/mL,
IL-6 26.87 £0.26 pg/mL, CRP 4.31 +0.09 mg/L), suggesting
partial regulation of inflammation by adequate vitamin D.
The control group maintained the lowest concentrations
(TNF-0. 15.62 =0.18 pg/mL, IL-6 12.44 *0.14 pg/mL, CRP
1.95%0.06 mg/L), consistent with physiological levels dur-
ing normal pregnancy. Correlation analysis revealed strong
positive relationships between NF-kB activity and TNF-a
(r=0.88), IL-6 (r=0.85), and CRP (r=0.79), confirming the
functional link between NF-xB transcriptional activation

and systemic inflammatory response. Statistical evalu-
ation using one-way ANOVA with post-hoc Bonferroni
demonstrated significant differences between all groups
(P<0.001), underlining the modulatory effect of vitamin D
on NF-«B-driven inflammation in preterm labour.
Mechanistically, vitamin D inhibits NF-xB via VDR-
IkBo interaction, preventing p65 nuclear translocation. Vi-
tamin D deficiency reduces this inhibition, resulting in en-
hanced transcription of TNF-a and IL-6, which can induce
trophoblast apoptosis, decrease placental vascularisation,
and stimulate uterine contractions. Elevated TNF-a and
IL-6 levels, alongside high NF-«B activity, create a pro-la-
bour inflammatory environment that favours preterm
birth [16, 17]. These findings are consistent with previous
studies demonstrating that low vitamin D enhances NF-«B
signalling, increases pro-inflammatory cytokines, and dis-
rupts placental morphology [18-20]. Intermediate values in
Group 2 highlighted that optimal vitamin D status partially
regulates NF-«B activity and inflammatory responses, even
in the context of PB. This indicated that vitamin D may act
not only as a nutrient but also as a regulator of homeo-
stasis in the mother-placenta-foetus system. This suggests
that vitamin D may act as a protective factor, reducing sys-
temic and placental inflammation and supporting normal
pregnancy progression. The observed patterns provided
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evidence for potential clinical utility of monitoring vita-
min D levels to predict and mitigate preterm birth risk.

The present study highlighted the critical interplay
between vitamin D status and NF-«kB-dependent pro-in-
flammatory activation in pregnant women with preterm
birth (PB). The study demonstrated that women with vita-
min D deficiency exhibit markedly elevated NF-«B activity
and increased levels of TNF-a, IL-6, and CRP, compared
to both women with optimal vitamin D levels and those
with physiological pregnancy. These findings reinforce
the hypothesis that vitamin D deficiency contributes to a
pro-inflammatory intrauterine environment conducive to
preterm labour. Several mechanisms underlied this asso-
ciation. Vitamin D, via its active form 1.25(0H),D,, inter-
acts with the vitamin D receptor (VDR) to suppress NF-«xB
activation. VDR forms a complex with Inhibitor of kappa
B alpha (IkBa), preventing the nuclear translocation of
the p65 subunit of NF-«B, thus reducing transcription of
pro-inflammatory genes [21, 22]. In the absence of suffi-
cient vitamin D, this inhibitory pathway is compromised,
leading to enhanced NF-kB activation, upregulation of
TNF-o0 and IL-6, and systemic inflammatory activation, as
reflected by elevated CRP levels. Elevated TNF-a may trig-
ger trophoblast apoptosis and impair placental vascular-
isation, whereas IL-6 promotes acute-phase protein syn-
thesis and amplifies the inflammatory cascade, increasing
susceptibility to uterine contractions and membrane rup-
ture [23, 24]. Thus, vitamin D deficiency not only alters
local immune responses in the placenta, but also leads
to systemic changes affecting the entire body of a preg-
nant woman. This creates a chronic state of “low-grade”
inflammation, which increases vulnerability to external
triggers such as infections or stressors. Importantly, even
a moderate decrease in vitamin D levels can cause an im-
balance between pro-inflammatory and anti-inflamma-
tory cytokines, reducing the protective role of IL-10 and
TGF-B and thereby shifting the immune balance toward
premature onset of labour.

These findings aligned with prior studies. In particu-
lar, S. Kim et al. [25] demonstrated that women with vita-
min D deficiency exhibit a marked increase in NF-kB and
TNF-a expression in placental tissue, a phenomenon that
was closely associated with a higher frequency of obstet-
ric complications such as preeclampsia and preterm birth.
This highlighted the pathogenic contribution of NF-«xB-
driven inflammation in vitamin D-deficient pregnan-
cies. In addition to these findings, studies by L.I. Kulyk &
S.V. Khmil [26] examined the systemic role of vitamin D in
reproductive health, including hormonal regulation and
preconception care, and demonstrated its positive effect
on endocrine balance and immune modulation, indirectly
confirming the idea of its protective function during preg-
nancy. Similarly, M.W. Cookson et al. [27] observed exces-
sive activation of NF-kB accompanied by upregulation of
major pro-inflammatory cytokines, including TNF-a and
IL-6, in placentas from vitamin D-deficient women. This
pattern of hyperinflammation reinforces the view that in-
adequate vitamin D availability exacerbates immune dys-
regulation within the maternal-foetal interface, creating a
pro-inflammatory milieu conducive to preterm birth.

Moreover, M. Geng et al. [10] provided mechanistic
confirmation by showing that vitamin D can inhibit nu-

clear translocation of the p65 NF-«B subunit and thereby
downregulate transcription of pro-inflammatory genes.
This molecular mechanism explains researcher’s observa-
tion that women in Group 2, who maintained sufficient vi-
tamin D levels, exhibited intermediate NF-xB and cytokine
activity. Such findings confirmed a dose-dependent protec-
tive effect of vitamin D, where optimal maternal levels par-
tially attenuate NF-«B signalling and mitigate, though not
completely abolish, the inflammatory drive leading to pre-
term labour. Emerging evidence also highlighted the role
of vitamin D in regulating oxidative stress. J. Gingrich et
al. [28] showed that vitamin D modulates NF-«B indirectly
by enhancing antioxidant defences, reducing reactive ox-
ygen species, and limiting oxidative stress-driven inflam-
matory activation, which is particularly relevant in the
context of PB pathogenesis. This dual anti-inflammatory
and antioxidant effect of vitamin D supports its potential
as a therapeutic or preventive intervention. Notably, the
intermediate values observed in Group 2 emphasised that
adequate vitamin D levels may partially counteract pro-in-
flammatory activation, even in the presence of preterm
labour. This suggested a modulatory rather than absolute
effect, consistent with studies reporting that supplemen-
tation of vitamin D in pregnancy can reduce inflammatory
biomarkers but may not entirely prevent PB if other risk
factors are present [29, 30]. Furthermore, epidemiological
data indicated that vitamin D deficiency remains highly
prevalent worldwide, affecting 30-80% of pregnant women
depending on region and season [31]. This underscored the
public health significance of monitoring and correcting vi-
tamin D insufficiency as part of prenatal care.

Taken together, the findings provided robust evidence
that vitamin D deficiency amplifies NF-kB activation and
systemic inflammation in pregnant women with preterm
birth. Adequate vitamin D levels exert a protective effect
by partially inhibiting NF-kB signalling, reducing pro-in-
flammatory cytokine production, and maintaining a more
balanced immunological environment in the placenta.
Clinically, these observations confirmed that maintaining
optimal vitamin D status could serve as a modifiable factor
to mitigate the risk of PB and related obstetric complica-
tions. In conclusion, the study confirmed that vitamin D
deficiency is a significant contributor to NF-xB-mediat-
ed pro-inflammatory activation in preterm birth. Women
with low vitamin D levels demonstrated the highest NF-
«B activity and pro-inflammatory cytokine concentrations,
whereas sufficient vitamin D levels attenuate, but do not
completely abolish, these effects. These results highlighted
the potential role of vitamin D monitoring and supplemen-
tation as a preventive strategy to maintain immunological
homeostasis during pregnancy and reduce the incidence of
preterm birth.

CONCLUSIONS
In pregnant women with preterm labour and vitamin D
deficiency, the mean serum 25(OH)D concentration was
13.8 1.5 ng/mL, which was associated with a 2.3-fold in-
crease in NF-«B (p65), a 2.1-fold increase in phospho-NF-
kB, a 2.4-fold increase in TNF-o, a 2.7-fold increase in IL-
6, and a 2.5-fold increase in CRP compared to the control
group (p < 0.01). In pregnant women with sufficient vita-
min D status (25(OH)D=32.4%2.1 ng/mL), even under con-
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ditions of preterm labour, the levels of pro-inflammatory
markers were significantly lower: TNF-a by 34%, IL-6 by
41%, and CRP by 29% (p < 0.05), confirming the anti-in-
flammatory role of vitamin D. A strong positive correlation
was found between NF-«B activity and pro-inflammato-
ry markers: with TNF-a (r=0.78; p<0.001), IL-6 (r=0.74;
p<0.001), and CRP (r=0.69; p<0.001). Vitamin D deficien-
cy was associated with a 3.2-fold increased risk of preterm
labour (95% CI: 1.9-5.1; p<0.01), highlighting its signifi-
cant role as a risk factor. Combined assessment of 25(OH)D
levels together with NF-«B activity and pro-inflammatory
cytokines allows for accurate prediction of preterm labour
(AUC = 0.84). The findings confirmed the importance of
early monitoring and correction of vitamin D status during
pregnancy as a potential strategy for preventing preterm
labour and reducing adverse perinatal outcomes.

These findings confirmed the importance of early
monitoring and correction of vitamin D status during preg-
nancy as a potential strategy for preventing preterm labour
and reducing adverse perinatal outcomes. Future research

should focus on large-scale, randomised controlled trials
to evaluate the efficacy of vitamin D supplementation in
modulating NF-«xB activity and systemic inflammation in
high-risk pregnancies. Additionally, studies exploring the
optimal timing, dosage, and formulation of vitamin D in-
terventions, and their long-term effects on maternal and
neonatal outcomes, are warranted. Investigations into the
molecular mechanisms linking vitamin D deficiency, NF-
kB activation, and placental immune responses may fur-
ther clarify potential therapeutic targets and refine person-
alised strategies for preventing preterm labour.
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I Poladych

Ponb pediunty BitaMiHy D y cTuMynsuii 3ananbHoi peakuii
Ta PU3MKY Nepeg4vyacHUX nonorise

IpuHa NMonapguuy

KaHgounoat MeguyHmMxX HayK, OOLUEeHT

HauioHanbHUM MegunYHumM yHiBepcuTeT iMeHi O.0. BoroMmonbus
01601, 6ynbs. Tapaca LLleBueHKa, 13, M. Ku1iB, YkpaiHa
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AHoTauia. ITepemuacHi IoI0rY 3a/IMINAIOTHCSI OTHIEI0 3 TPOBIIHMX IIPMUUMH ITIepUHATAIbHOI CMEPTHOCTI Ta JOBIOTPUBAJIOL
3aXBOPIOBAHOCTI HOBOHAPOKEHMX. MeTolo poboTu 6yao 3’scyBaHHS poni medinurty Bitaminy D y perymsiii
NF-kB-3a/eXHOTO ITpOo3anajabHOro Kackaay y BariTHUX i3 mepeqyacHUMU mosoraMu. Y TOCTiIKeHH] 6y BUKOPUCTaH]
KIiHiKO-11a6opaTopHi, 6ioximMiuHi Ta iMyHONMOTiUHi MeTOAy, BKIIOYHO 3 BU3HAUeHHSM piBHA 25(OH)D, akTMBHOCTI
Ta (ochopmiboBanux Gopm p65 NF-kB y manenTi, a Takok koHueHTpalliii TNF-o, [L-6 i CRP y cupoBarTiii KpoBi.
Byno o6creskeno 114 BariTHMX SKiHOK, sIKi 6y PO3MOAiNEHI HA TpU TPYMK: 3 TepeAUyacHUMMY MOoloTaMu Ta AedinuTom
BiTaminy D (n=44), 3 mepefuacHMMM MOJOTaMI Ta ONTUMAaJIbHMUM piBHeM BiTamiHy D (n =40) Ta KOHTPOIbHY T'PYITy 3
(isionoriuHoro BariTHicTIO (n=30). By/lio BCTaHOBJIEHO, 110 aKTUBHICTh P65 NF-kB Gyra HaiiBuUIOI0 y IpyTli 3 gedinuTom
BiTaminy D — 59,21+0,24 %, 1110 MepeBUIyBaI0 MOKA3HUKM IPYITU 3 OIITUMATbHUM piBHEM (47,15+0,36 %) Ta KOHTPOIIO
(28,46 0,37 %) (P <0,05). Konuenrpaiiii TNF-a craHoBwIM BimmosigHo 42,75 *0,31, 30,44 £0,29 i 15,62 0,18 mir/mu,
IL-6 - 38,16 0,28, 26,87 £0,26 Ta 12,44+ 0,14 nr/mi, CRP - 6,82+0,12, 4,31 +0,09 i 1,95 £0,06 ma/a (P < 0,05). Byno
MiITBEPIKEHO CUIbHI Kopensiii Mix akTuBHicTI0O NF-«B Ta piBHsiMu TNF-a (r=0,88), [L-6 (r=0,85) i CRP (r=0,79). Byno
y3arajgbHeHo, o AedinuT BiTaminy D acoriitoBaBcs 3 rinepaktuBaiieto NF-kB Ta mocumeHHSIM NMPOIYKIii Mpo3arajibHIX
IATOKIHIB, IO CIPUSUIO PO3BUTKY IMepemuacHuX IonoriB. OTpuMaHi pe3yabTaT MOXYTb OyTM BUKOPUCTAHI B
aKyIepCcbKO-TriHeKOMOT UHii mpakTuili s crpatudikanii pusmuky nepeqyacHmx MosoriB i po3po6Kky iHAMBIAyaTi30BaHMX
MpodiIaKTUYHMX 3aX0[IiB, CIIPSIMOBAaHMX Ha KOPEKIIit0 BiTaMiH-D craTycy

Kniouogi cnoea: 25(0OH)D; HeBuHoOIIyBaHHS BariTHOCTi; NF-xB p65; 3amanbhi mapkepyu; TNF-a; [L-6; utanieHTa
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Abstract. The aim of the study was to evaluate the effectiveness of an injectable implant combining hyaluronic acid and
sodium succinate for accelerating the reparative processes of donor wounds after autodermoplasty in patients with deep
burns. The study was conducted from 1 January to 30 June 2014 in the Department of Combustiology of the Kharkiv
Medical Academy of Postgraduate Education at the City Clinical Emergency and Urgent Care Hospital named after Prof.
0.1. Meshchaninov, where in 50 patients with donor wounds after autodermoplasty the effectiveness of the hyaluronic
acid and sodium succinate injectable implant and standard therapy was compared according to clinical, morphological
and biochemical parameters. The results showed that by the 10" day, complete healing was observed in 78% of patients
in zone A (39 out of 50), while in zone B this indicator was only 6% (3 out of 50). By the 14" day, epithelisation was
completed in 100% of cases in zone A, compared with 42% in zone B (21 out of 50). Morphological analysis showed a
higher mitotic index in zone A — 16.1% versus 6.8% in zone B on the 10% day, which reflected more active cell renewal.
Biochemical studies confirmed a more pronounced increase in catalase activity in zone A (from 28.2 to 36.6) compared
with the control zone (from 25.8 to 27.4). Scars in zone A formed delicate and elastic, while in zone B dense and less
organised structures predominated. The injectable implant of hyaluronic acid with sodium succinate accelerated healing
and improved scar quality compared with standard therapy. The results obtained may be used by burn specialists, plastic
surgeons and clinical pharmacologists in the practice of burn centres and departments of reconstructive surgery for
optimising the treatment of donor wounds after autodermoplasty

Keywords: donor site; regeneration; cell proliferation; collagen fibres; scars; antioxidant enzymes; tolerability

INTRODUCTION

According to the World Health Organisation, about 180,000
deaths caused by burn injury are registered worldwide each
year [1]. The survival of patients with deep burns direct-
ly depended on the timely and adequate closure of wound
surfaces, including through autodermoplasty. However,
performing this procedure was accompanied by the forma-
tion of donor wounds, which became an additional site of
injury. The presence prolonged the duration of inpatient
treatment, intensified the pain syndrome, increased the
risk of secondary infection, and created prerequisites for
the development of pathological scars. The use of tradi-
tional approaches (gauze dressings, air-drying or local
antiseptics) allowed epithelisation to be achieved, but did

Suggested Citation:

not ensure rapid restoration of full skin cover or reduce the
risk of complications. For this reason, the problem of op-
timising the treatment of donor wounds in combustiolo-
gy remained unresolved and required the introduction of
modern biocompatible materials and implants capable of
accelerating reparative processes and improving the quali-
ty of newly formed tissue.

International data confirmed the effectiveness of hy-
aluronic acid in the treatment of burn wounds and in im-
proving the quality of tissue regeneration. In the study by
Y. Dong et al. [2], the use of a conformal hydrogel based on
hyaluronic acid with adipose tissue stem cells was integrat-
ed with cell therapy, which led to accelerated epithelisation
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and enhanced angiogenesis compared with the control
group. The study combined the biopolymer and cells into
a single therapeutic system, demonstrating the promise of
this approach. The analysis conducted by E. Alemzadeh et
al. [3] showed that the inclusion of stem cells in a hyaluron-
ic acid-based hydrogel modulated the expression of inter-
leukin-1 (IL-1B), transforming growth factor 1 (TGF-B1),
and basic fibroblast growth factor (bFGF), resulting in fast-
er wound healing. The authors confirmed that regulation
of the cytokine profile was a key mechanism for improving
the morphology of the regenerated skin. In the study by
A. Sierra-Sanchez et al. [4], the use of dermal substitutes
containing hyaluronic acid, led to faster epithelisation and
restoration of skin structures. The researchers emphasised
that the use of such materials reduced the severity of in-
flammation and promoted a more ordered process of re-
generation. In the study by S.V. Korkunda et al. [5], it was
noted that the use of hyaluronic acid in the complex treat-
ment of patients with wound defects contributed to faster
epithelisation and a reduction in the severity of inflamma-
tory reactions, which highlighted its therapeutic potential
in regenerative medicine.

Numerous studies were aimed at creating modified ma-
terials based on hyaluronic acid capable of combining bio-
compatibility with additional functional properties. In the
study by Z. Wang et al. [6], the development of films based
on chitosan and derivatives of hyaluronic acid demonstrat-
ed increased strength and biodegradability, which ensured
faster healing of skin defects compared with unmodified
materials. The authors emphasised that the combination
of polymers improved both the mechanical characteristics
and the biological activity of the coating. The study con-
ducted by Z. Hussain et al. [7] showed that the function-
alisation of hyaluronic acid polymeric nanoparticles im-
proved the delivery of active substances to deeper layers
of the skin, resulting in significantly higher wound-healing
effectiveness. It was proven that such an approach pro-
vided increased bioavailability and a pronounced anti-in-
flammatory effect. In the work by S. Zhang et al. [8], the
creation of hybrid hydrogels based on arginine derivatives
and hyaluronic acid led to the formation of materials with
antioxidant properties, which contributed to the reduction
of oxidative stress in the area of injury. The authors con-
firmed that these properties promoted more harmonious
skin recovery and a reduction in the intensity of the in-
flammatory response. In the study by M.V. Balanenko [9],
the creation of biomedical dressings based on a chitosan
nanocomposite demonstrated the prospects of combining
national biotechnologies with innovative approaches of
tissue engineering. It was established that the created ma-
terials exhibited antibacterial activity and contributed to
the course of regenerative processes, which was important
for the treatment of donor wounds in clinical practice.

Studies devoted to improving the treatment of donor
wounds confirmed the effectiveness of modern biopoly-
meric dressings and hyaluronic acid-based materials. In
the study by N.M. Nor [10], the use of film wound dressings
for the treatment of donor sites in patients with deep burns
was evaluated clinically, and the results demonstrated a re-
duction in epithelisation time and a decrease in the fre-
quency of infectious complications. It was emphasised that
the choice of dressing materials directly influenced the

speed of regeneration and the quality of the formed skin.
U.Ye. Sobina [11] investigated the possibilities of creating a
medical device based on hyaluronic acid, designed for use
in regenerative medicine. The author showed that the com-
bination of natural polymers with bioengineering technol-
ogies made it possible to create a product with the poten-
tial to optimise wound healing. In the study by G. Papa et
al. [12], a comparison of hyaluronic acid- and silver-based
dressings in patients after autodermoplasty was conduct-
ed. The results demonstrated that the use of hyaluronic
acid-containing materials improved scar quality and con-
tributed to better functional characteristics of donor sites.

Despite the significant volume of experimental and
clinical studies, scientific research still lacked sufficient
data regarding the evaluation of the effectiveness of in-
jectable implants based on hyaluronic acid in combination
with sodium succinate in the treatment of donor wounds in
combustiology. The aim of the study was to determine the
clinical outcomes of using an injectable implant based on
hyaluronic acid in combination with sodium succinate in
patients with burn injury.

MATERIALS AND METHODS

Study design, patient characteristics and ethical as-
pects. The study was conducted as an open comparative
single-group design with intra-individual control: the do-
nor site of each patient was conditionally divided into two
equal parts, where one half received an injectable implant
based on hyaluronic acid and sodium succinate, and the
other — standard local treatment. The period of implemen-
tation lasted from 1 January to 30 June 2014, which provid-
ed sufficient time for recruiting the planned sample of pa-
tients, carrying out the 14-day treatment and observation
cycle, and performing laboratory and statistical processing
of the results. The study was conducted in the Department
of Combustiology, Reconstructive and Plastic Surgery of
the Kharkiv Medical Academy of Postgraduate Education
on the basis of the City Clinical Emergency Hospital named
after Prof. O.I. Meshchaninov (Kharkiv, Ukraine).

The study included 50 patients with donor wounds af-
ter autodermoplasty for thermal burns of IIIA-IIIB degree
with an area of up to 5% of body surface. Among the par-
ticipants, there were 28 men and 22 women aged 18 to 65
years. The localisation of burns was distributed as follows:
hand - 8 patients, forearm — 8, shoulder — 10, torso - 9,
thigh - 9, shin — 6. Patients with donor sites corresponding
to the indicated parameters were included; in women of re-
productive age, a negative pregnancy test was a mandatory
condition. Individuals with burn disease, hypersensitivity
to the components of the study drug, active inflammatory
processes at the site of administration, a tendency to form
hypertrophic scars, blood coagulation disorders, diabetes
mellitus, as well as those who received thrombolytic or
anticoagulant therapy within two weeks prior to inclusion,
were not allowed to participate. In addition, patients with
severe decompensated diseases or acute conditions that
could affect the treatment results, as well as those who re-
quired medications not provided for by the protocol or were
already participating in other clinical trials, were excluded.

The ethical principles of the study complied with the
provisions of the Declaration of Helsinki of the World Med-
ical Association [13], which defined the priority of patient
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safety, voluntariness of participation, and mandatory in-
formed consent. In addition, the protocol was developed
taking into account the requirements of the international
guideline on Good Clinical Practice [14], which guaran-
teed the reliability of the obtained clinical data and the
protection of participants’ rights. All participants signed
written informed consent, which included confirmation
of voluntary participation in the study and acceptance of
the conditions regarding the processing of personal data in
compliance with the principles of confidentiality and an-
onymisation of the obtained information.

Treatment interventions and therapy protocol.
Before the start of therapy, all patients underwent screen-
ing, which included clinical examination and laboratory
tests. Treatment was started immediately after autoder-
moplasty. The donor site was conditionally divided into
two equal parts. In one zone an injectable implant (zone A)
containing hyaluronic acid and sodium succinate (Hyalual,
“Yuria-Pharm”, Ukraine) was used. The drug was injected
directly under half of the wound in a dose of 1-2 ml, de-
pending on its area, immediately after surgery and again
after three days. The other half of the donor surface was
treated according to the standard protocol (zone B): a ster-
ile gauze napkin without additional impregnation was ap-
plied to the entire area, after which drying was carried out
with a specialised medical heat fan WarmTouch WT 6000
(Covidien, USA), certified for use in burn surgery depart-
ments. Patients were examined daily, which included an
assessment of general condition, visual characterisation of
the donor site, and registration of subjective complaints.
Dressings in the control zone were carried out once a day,
synchronously with daily examinations. Treatment lasted
until complete epithelialisation, and the main criterion of
effectiveness was the assessment on the 14" day. Advanced
clinical and laboratory examinations were performed on
the specified control days — on days 1, 3, 7, 10 and 14, which
included general clinical examination (body temperature,
auscultation of the heart and lungs, palpation and percus-
sion of the abdomen, condition of the skin and mucous
membranes), laboratory tests (complete blood count, gen-
eral urine analysis, biochemical blood parameters), as well
as visual assessment of the donor wound. Histological and
histochemical studies, including determination of the mi-
totic index and cellular activity, were performed on the 3%
and 10™ days. The activity of antioxidant enzymes — super-
oxide dismutase (SOD) and catalase — was determined on
the 3" and 14" days. Tolerability of therapy was assessed
after the completion of the treatment course, while all ad-
verse reactions were recorded daily. In cases where com-
plete epithelialisation of the donor site occurred earlier
than 14 days, the final clinical and laboratory examination
was carried out on the day of healing.

Methods of assessing clinical and morphological
treatment results and statistical analysis. The assess-
ment of effectiveness was carried out according to primary
and secondary criteria. The primary criteria included the
duration of treatment (in days) until complete epitheliali-
sation of the donor site and the morphological character-
istics of tissues determined by the results of histological
and histochemical studies in dynamics. The drug was con-
sidered effective if complete epithelialisation of the donor
surface was achieved without complications, while partial

epithelialisation was qualified as an insufficient therapeu-
tic result. The secondary criteria were the average healing
time of the donor site in the observation groups, changes
in histological parameters in biopsies during treatment,
and the results of histochemical studies reflecting the fea-
tures of proliferative and reparative processes in the con-
trol and experimental zones.

For clinical assessment, a categorical scale from 0 to
3 points was used. The degree of epithelialisation was de-
fined as complete (0 points), more than 50% of the surface
(1 point), 25-50% (2 points) or less than 25% (3 points). The
character of epithelialisation was assessed as continuous
(0 points), marginal and insular (1 point), marginal only (2
points) or absent (3 points). Inflammatory changes in the
wound and adjacent tissues were classified from the ab-
sence (0 points) to mild (1 point), moderate (2 points) or se-
vere (3 points). Skin itching in the healing area was also as-
sessed gradually: from absence (0 points) to mild (1 point),
moderate (2 points) and severe (3 points). Morphological
characteristics of tissue quality included relief smoothness,
where 0 points corresponded to absence of irregularities,
1 point — mild, 2 points - moderate and 3 points — severe
changes. Tissue colour was defined as normal (0 points),
with mild hyperaemia (1 point), marked hyperaemia (2
points) or purplish-cyanotic shade (3 points). Tolerabil-
ity of therapy was assessed comprehensively, taking into
account patients’ subjective complaints, clinical data and
laboratory test results, as well as the frequency and na-
ture of adverse reactions. For the integrated assessment a
three-level scale was used: good tolerability was defined by
the absence of pathological changes or deviations in clin-
ical and laboratory parameters and patients’ complaints;
satisfactory corresponded to temporary and minor devia-
tions that did not require therapy modification or addition-
al interventions; unsatisfactory was established in cases of
severe pathological changes requiring discontinuation of
the drug and the appointment of alternative treatment.

Statistical data processing was carried out using MS
Excel (Microsoft Office, USA). For quantitative variables
the mean value (M), median (Me), standard deviation (SD),
minimum (Min) and maximum (Max) values were calculat-
ed. For qualitative indicators, absolute (n) and relative (%)
frequencies were determined. Normality of distribution
was checked using the Shapiro-Wilk test. In cases of nor-
mal distribution a paired Student’s t-test was used, and in
its absence — the Mann-Whitney test. Categorical data were
compared using Pearson’s x? test or Fisher’s exact test. Dif-
ferences were considered statistically significant at p<0.05
(for the Shapiro-Wilk test — p<0.01). The limitation of the
study was that it did not provide for the assessment of
long-term quality of formed scars and long-term function-
al results, which reduced the possibility of a comprehen-
sive analysis of therapy effectiveness.

RESULTS
Comparative characteristics of clinical outcomes in
zones A and B. Clinical results showed significant differ-
ences in the speed and quality of healing of donor wounds
depending on the treatment approaches used. In patients in
whom an injection implant based on hyaluronic acid and so-
dium succinate was administered in zone A, the recovery pro-
cesses took place more dynamically and were accompanied
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by distinct positive changes from the very first days of treat-
ment. This was manifested both in faster epithelialisation
of the wound surface and in a reduction in the severity of
inflammatory reactions and in a more orderly formation of

tissues. For a detailed reflection of the process dynamics
during the observation period on days 1, 3, 7, 10 and 14, the
results of the clinical assessment of the condition of donor
wounds in zone A were summarised in Table 1.

Table 1. Dynamics of donor wound healing in zone A (n=50)

Indicator Expression Day 1 Day 3 Day 7 Day 10 Day 14
0 - complete - - 12 39 50
1 - more than 50% - - 15 11 -
D f epithelialisati
egree of epithelialisation 3 — 25-50% - - 3 - -
3-<25% 50 50 - - -
0 - continuous - - 12 36 50
1- inal and insul - - 30 14 -
Character of epithelialisation margina ar_l suiat

2 — marginal - 50 8 - -
3 — absent 50 - - - -
0 - none - - 12 19 27
1 - slight - 10 15 28 22
Inflammatory changes 2 - moderate 35 36 23 3 1
3 — severe 15 4 - - -
0 - none - - - - -
1 - slight - - - - 41

Skin itchi
i itching 2 — moderate - - - - 9
3 — severe - - - - -
0 - none 50 - - - 21
e 1 - slight - - - - 25

Relief lari
eliel Irreguiarity 2 — moderate - - - - 4
3 — severe - - - - -
0 - normal - - - - -
. . 1 - moderate hyperaemia - - - - 40
1

Colour intensity 2 — severe hyperaemia 50 - - - 10
3 — purple-cyanotic - - - - -

Source: compiled by the author

The analysis of Table 1 data demonstrated that at the
initial stage (1-3 days) all patients had minimal epithe-
lialisation (<25% of the surface), which corresponded to
the expected course of the early postoperative period after
autodermoplasty. Such a result indicated the adequacy of
the research model and the absence of initial deviations
between patients. By the 7™ day, in 24% of cases (12/50)
complete epithelialisation was noted, in another 30% res-
toration of more than half of the surface was observed, and
in 46% — from 25 to 50%. Such dynamics demonstrated the
activation of reparative processes under the influence of the
injection implant, which allowed a significant number of pa-
tients to enter the phase of full recovery much earlier than
usually expected with standard therapy. By the 10" day, in
78% of participants (39/50) complete epithelialisation was
observed, while the remaining 22% reached this indicator
by the 14" day. Thus, the absolute majority of patients com-
pleted the healing process within the first ten days, which
clinically meant a significant reduction in the duration of
inpatient treatment. The character of epithelialisation also
confirmed the high quality of recovery: by the 7" day in 24%
of cases the newly formed epithelium was already contin-
uous, and by the 14" day this indicator was 100%, which
indicated the uniformity and stability of regeneration.

The inflammatory component, typical for postop-
erative wounds, gradually decreased. At the start of the
study, severe inflammation was noted in 15/50 patients,
but by the 10" day only isolated moderate manifestations

remained, and by the 14t day severe cases completely dis-
appeared. This meant that the implant had a pronounced
anti-inflammatory effect, which contributed to a more sta-
ble course of the reparative process and reduced the risk of
infectious complications. Regarding subjective complaints,
itching was recorded only on the 14" day: in 82% of cases
it was slight, and in 18% — moderate. Such dynamics in-
dicated that itching appeared as a symptom of tissue re-
modelling and did not negatively affect the overall clini-
cal result. Morphological markers of skin quality showed
gradual improvement: by the 14" day in 42% (21/50) of
patients the relief irregularity completely disappeared,
while the rest had only slight or moderate manifestations;
no severe cases were recorded. This demonstrated a re-
duced risk of hypertrophic or keloid scars. Hyperaemia,
which at the beginning was present in 100% of patients
(50/50), gradually decreased: by the 14™ day only 10 cas-
es of moderate changes remained. Such a result confirmed
the normalisation of microcirculation and the adequacy
of vascularisation of the restored tissues, which, togeth-
er with morphological indicators, pointed to the high
quality of regeneration. Unlike zone A, where an injec-
tion implant was used, zone B used a standard approach
to the treatment of donor wounds, which included gauze
dressings and drying with a specialised heat blower. The
dynamics of recovery in this group proved to be less in-
tensive: the process of epithelialisation proceeded more
slowly, with a larger proportion of cases of pronounced
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inflammatory manifestations and uneven structure of the
newly formed tissue. Detailed indicators of the clinical

evaluation of the condition of donor sites in zone B during
the entire observation period were presented in Table 2.

Table 2. Dynamics of donor wound healing in zone B (n=50)

Indicator Expression Day 1 Day 3 Day 7 Day 10 Day 14
0 - complete - - - 3 21
Degree of epithelialisation 1 -~ more than 50% - - 2 29 24
& P 2-25-50% - - 22 16 5
3-<25% 50 50 26 2 -
0 - continuous - - - 3 21
. L 1 - marginal and insular - - 6 16 29
Character of epithelialisat
aracter of epithelialisation 3 - marginal - 31 v 31 -
3 — absent 50 19 - - -
0 - none - - 5 12 19
1 - slight - 6 15 21 20
Infl h
nilammatory changes 2 - moderate 35 38 30 17 11
3 — severe 15 6 - - -
0 — none - - - - -
1 - slight - - - - 24
Skin itchi
i itehing 2 — moderate - - - - 22
3 — severe - - - - 4
0 - none 50 - - - 11
1 - slight - - - - 23
Relief i larit
eliel Irreguianty 2 - moderate - - - - 16
3 — severe - - - - -
0 - normal - - - - -
1 - moderate hyperaemia - - - - 23
Colour intensi
olour intensity 2 — severe hyperaemia 50 - - - 23
3 — purple-cyanotic - - - - 4

Source: compiled by the author

Analysis of the results in zone B showed a signifi-
cantly slower course of reparative processes compared to
the experimental area. Already on the 7t day, there were
no recorded cases of complete epithelisation, while most
wounds (52%, 26/50) remained at the level of 25-50% re-
stored surface, and in 26 patients (<25%) only initial signs
of healing were observed. Such a delay indicated insuffi-
cient stimulation of cellular and vascular repair mecha-
nisms under standard treatment, which caused the pro-
longed persistence of the defect. Only on the 10* day did
3 patients show complete epithelisation, whereas in zone
A, this figure reached 39 cases, which made the difference
fundamental. On the 14™ day only 42% (21/50) achieved
complete healing, while the rest continued to demonstrate
incomplete tissue restoration, which in the clinical con-
text meant the risk of infectious complications, the need
for continued inpatient treatment and increased cost of
therapy. The nature of epithelisation also confirmed the
delay in recovery: even on the 14" day, in the majority
of patients (29/50) the marginal or island type prevailed,
which reflects the fragmentary closure of the wound sur-
face. Complete restoration was recorded in less than half
of the cases, which indicated insufficient integration of
the cellular matrix and uneven epithelial growth. This cre-
ated the prerequisites for the formation of scar changes,
especially under conditions of repeated injuries or addi-
tional infectious load.

Inflammatory reactions persisted much longer than in
zone A. While at the beginning 15 patients had pronounced
changes, even on the 14" day 11 individuals retained

moderate manifestations, and complete absence of in-
flammation was recorded in only 19/50. Such dynamics
indicated insufficient control over the exudative phase of
the wound process and the likelihood of chronic inflamma-
tion, which is often associated with the formation of coarse
pathological scars. Subjective symptoms were also more
pronounced. On the 14™ day, almost all patients reported
itching: in 44% it was moderate, and in 8% severe. Such
intensity of itching is an indirect marker of active remod-
elling with increased proliferative activity of fibroblasts,
which is associated with the risk of hypertrophic scar for-
mation and impaired tissue elasticity. Morphological pa-
rameters of the quality of the restored skin were also less
favourable. In 32% of cases, significant surface unevenness
was recorded, whereas in zone A no such manifestations
were observed. This meant that standard treatment did not
ensure sufficient restoration of the dermal structure and
left a risk of cosmetic and functional defects. Hyperaemia
proved to be more persistent and pronounced. On the 14%
day, 23 patients still had pronounced hyperaemia, and in 4
more cases signs of purplish-cyanotic colouring were ob-
served, indicating stagnant phenomena in the microcircu-
latory bed and incomplete normalisation of tissue vascu-
larisation. This indicator reflected the insufficient maturity
of the newly formed vessels and the risk of secondary com-
plications, in particular hypoxia of the regenerated areas.
The overall analysis of the results in zones A and B re-
vealed significant differences in the speed and quality of
reparative processes. In zone A, where the Hyalual inject-
able implant was used, epithelisation occurred much more
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dynamically: already on the 7" day, 24% of donor surfaces
were fully restored, whereas in zone B none of the wounds
reached this level. On the 10™ day, 78% of patients in zone A
had complete healing, which strongly contrasted with 6% in
zone B. By the end of the 14-day observation, 100% of cases
in zone A were completely epithelised, while in zone B this
result was recorded in only 42% of patients. An important
factor was also the reduction of the inflammatory compo-
nent: in zone A, by the 14" day there remained only one case
of moderate inflammation, while in zone B these manifes-
tations persisted in 11 patients. Subjective symptoms also
differed: in zone A, itching was mild in 82% and moderate
in 18% of patients, whereas in zone B almost half (44%) re-
ported moderate and another 8% severe itching, indicating
a risk of scarring. Morphological signs confirmed the advan-
tages of the implant: in zone A, most patients had a smooth
surface, only 29% had minor or moderate changes, while in
zone B more than 78% retained deformations. Skin colour
normalised more quickly in zone A, where hyperaemia per-
sisted in 20%, whereas in zone B pronounced redness was re-
corded in 46% of patients, and another 8% had a bluish tint.

This indicates a higher quality of recovery in zone A. The
obtained results indicate that the use of an injectable im-
plant based on hyaluronic acid and sodium succinate in the
treatment of donor wounds after autodermoplasty ensured
faster and higher- quality epithelisation compared with the
standard approach. The drug contributed to a more ordered
course of regeneration, reduced inflammation intensity,
limited itching and improved morphological characteristics
of the restored skin. This makes it possible to consider it a
promising means for optimising the recovery of postopera-
tive wounds in clinical combustiology.

Morphological and biochemical bases of therapy
effectiveness. To assess the biochemical mechanisms un-
derlying the regenerative effect of the injectable implant,
the activity of key antioxidant enzymes — SOD and cata-
lase — was analysed. These enzymes play a leading role in
neutralising reactive oxygen species, reducing oxidative
stress in tissues and creating favourable conditions for cell
proliferation. The results of the study in zone A, where the
preparation based on hyaluronic acid and sodium succi-
nate was used, are presented in Table 3.

Table 3. Dynamics of antioxidant enzyme activity in zone A (n=50)

Indicator Evaluation point M Me SD Min Max
Day 3 9.11 9.1 0.79 7.8 10.5
SOD
Day 14 10.03 9.8 0.66 9.2 11.3
Day 3 28.2 28.2 1.36 26.2 30.8
Catalase
Day 14 36.6 36.9 1.64 33.2 38.8

Source: compiled by the author

The analysis of the data in Table 3 showed that in
zone A the activity of antioxidant enzymes increased
during the course of treatment, reflecting the biochemi-
cal prerequisites for accelerated wound healing. The SOD
level rose from 9.11+0.79 on the 3 day to 10.03+0.66 on
the 14" day. This meant that tissues more actively utilised
the superoxide radical, reducing oxidative stress and pre-
venting damage to cellular structures. At the same time, a
marked increase in catalase activity was observed - from
28.2 £ 1.36 to 36.6 = 1.64, which indicated the strength-
ening of detoxification mechanisms for hydrogen per-
oxide, one of the main by-products of metabolism. Such

dynamics were typical for tissues with a high level of pro-
liferative processes, since the effective functioning of the
antioxidant system created conditions for preserving cell
viability, active collagen synthesis and the ordered forma-
tion of new connective tissue. The obtained results explain
why in zone A regeneration occurred faster: the reduction
of oxidative stress and the increase of antioxidant protec-
tion contributed to a more harmonious course of repara-
tive processes. In zone B, where standard treatment was
applied, the dynamics of these enzyme changes reflected
less intense reparative processes. Detailed indicators are
presented in Table 4.

Table 4. Dynamics of antioxidant enzyme activity in zone B (n=50)

Indicator Evaluation point M Me SD Min Max
Day 3 7.24 7.1 0.75 6.1 8.8
SOD
Day 14 8.68 8.8 0.6 7.2 9.8
Day 3 25.8 25.8 1.33 23.2 27.8
Catalase
Day 14 27.4 27.4 1.12 25.2 29.4

Source: compiled by the author

The analysis of the data in Table 4 showed that in
zone B the activity of antioxidant enzymes also increased,
but it was less pronounced compared with zone A. The
SOD level increased from 7.24 +0.75 on the 3% day to
8.68 £ 0.6 on the 14™ day, which indicated some activa-
tion of superoxide radical neutralisation mechanisms. At
the same time, the values remained lower than in zone
A, which reflected less intensive metabolic processes and
weaker protection against oxidative stress. Catalase rose

from 25.8 +1.33 to 27.4+1.12, but such an increase was
minimal and did not ensure a sufficient level of hydrogen
peroxide detoxification. This meant that in the control
zone, tissue regeneration was accompanied by less ef-
fective antioxidant protection, which could lead to more
prolonged inflammation and slower formation of mature
granulation tissue. In general, the dynamics in zone B
confirmed the lag in the quality of biochemical recovery
mechanisms compared to the experimental zone. To com-
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prehensively characterise reparative processes, indicators
of the mitotic index and mitotic activity in donor wound
biopsies were analysed. These parameters reflect the

intensity of cell division and proliferation, which are key
for restoring damaged tissues. The obtained results are
presented in Table 5.

Table 5. Indicators of mitotic index and mitotic activity

Indicator Evaluation point Zone A (n=50) Zone B (n=50)
L Day 3 10.6+1.92 8.81%1.77
Mitotic index, %
Day 10 16.1+4.71 6.8+1.68
o Day 3 5.95+1.91 4.1+0.78
Mitotic activity, %
Day 10 7.28%2.54 5.1£1.63

Source: compiled by the author

The analysis of the data demonstrated that the dy-
namics of the mitotic index and mitotic activity directly
reflected the differences in the morphological mecha-
nisms of tissue restoration between zone A and zone B.
In zone A, an increase of the mitotic index to 16.1% on
the 10" day meant active proliferation of epithelial cells
and fibroblasts, which contributed to faster formation of
granulation tissue and subsequent organisation of mature
connective tissue. The increase of mitotic activity to 7.28%
indicated stable involvement of cells in division processes,
providing a sufficient pool of cells for collagen synthesis
and dermal structure restoration. This explains the more
orderly organisation of collagen fibres and the reduced
risk of pathological scarring in this group. In zone B, where
indicators tended to decrease (mitotic index — 6.8%, mi-
totic activity — 5.1% on the 10 day), the cell cycle was
less active. This meant that recovery processes proceed-
ed more slowly, with less intensive formation of new cells
and collagen synthesis. Morphologically, such dynamics
could lead to less mature and less organised connective

tissue, with a higher likelihood of coarse fibrous struc-
tures, which are a prerequisite for pathological scar for-
mation. Thus, the data confirmed that the implant ensured
a favourable microenvironment for cell proliferation and
morphogenesis of new tissues, whereas standard therapy
did not create sufficient conditions for such activity. At the
stage of fibrous connective tissue formation, morphologi-
cal differences between zones A and B were identified. In
biopsies from zone A, already on the 3-5% day, intensive
formation of thin collagen fibres was recorded in combi-
nation with numerous fibroblasts and a branched network
of capillaries. This indicated active remodelling of gran-
ulation tissue and the creation of conditions for a rapid
transition to the stage of mature recovery. In the control
zone B, the number of vessels was lower by 15-20%, and
the appearance of signs of fibrous tissue formation oc-
curred later (after the 6™ day), which potentially increased
the risk of delayed reparative processes and pathological
scar formation. Morphological characteristics of this stage
are shown in Figure 1.

Figure 1. Formation of fibrous connective tissue in zone A (34-5% day of treatment)

Source: obtained by the author

On the 10™-14" day in zone A, the final stage of the
reparative process was observed, characterised by the or-
dered formation of scar tissue. Collagen fibres had a more
mature morphological structure, were tightly oriented in
parallel bundles, which provided tissue with mechanical
stability. The vascular network was represented by indi-
vidual capillaries with signs of stabilisation of the walls,
and the cellular infiltrate was minimised, which indicated
the completion of the inflammatory stage and the transi-
tion to tissue remodelling. The obtained changes reflected
favourable conditions for the formation of a thin and elas-
tic scar without a tendency to hypertrophy. In zone B, the
tissue structure remained less organised compared with
zone A. Collagen fibres were arranged chaotically, were

predominantly thin and immature, which indicated an
unfinished process of the remodelling. The vascular com-
ponent was poorly developed: isolated vessels with signs
of lumen reduction were recorded, which reduced the
quality of tissue nutrition. In the intercellular substance,
a significant number of mesenchymal cells remained, and
compaction of the interfibrillar matrix was noted, which
created prerequisites for the formation of a denser and
more rigid scar. Such a combination of morphological
characteristics indicated a slower nature of regeneration
and less favourable conditions for tissue recovery. In con-
trast, in zone A the process ended with the formation of
a delicate and elastic scar, which corresponded to high-
er-quality repair (Fig. 2).
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Figure 2. Formation of scar connective tissue in zone B (10®-14™ day of treatment)

Source: obtained by the author

In addition, the tolerability of therapy was satisfactory
in both zones: throughout the entire treatment period, no
unforeseen side effects, acute complications or exacerba-
tions of chronic diseases were detected. In zone A, the in-
jectable implant was evaluated as well tolerated: no clin-
ically significant deviations in laboratory parameters or
pathological changes during objective examination were
recorded, and subjective complaints were limited to mild
itching, which was transient and did not require correction
of therapy. In zone B, tolerability also remained satisfacto-
ry, but on the 14" day 22 patients reported moderate itch-
ing, and in 4 cases it was severe, indicating a less favour-
able course of the reparative process. The obtained data
indicated that the use of an injectable implant based on
hyaluronic acid and sodium succinate contributed to the
activation of antioxidant enzymes, stimulation of cell pro-
liferation and more orderly formation of connective tissue.
In zone B, similar processes were significantly slower and
accompanied by a less pronounced antioxidant response.
This confirmed the important role of the preparation in
accelerating regeneration and improving the quality of do-
nor wound healing.

DISCUSSION

The obtained results confirmed that the use of an injecta-
ble implant based on hyaluronic acid and sodium succinate
ensured faster and higher-quality healing of donor wounds
compared to the standard approach. The use of the prepara-
tion was accompanied by more organised epithelialisation, a
reduction in the severity of inflammation, and the formation
of more elastic scar tissue. Morphological and biochemi-
cal studies indicated the activation of reparative processes
and the normalisation of tissue homeostasis. The tolera-
bility of therapy remained good, without the development
of clinically significant complications or adverse reactions.

In zone A, complete epithelialisation was achieved in
78% (39/50) of patients as early as on the 10 day and in
100% (50/50) by the 14'h day, whereas in zone B the corre-
sponding figures were 6% (3/50) and 42% (21/50). Inflam-
matory manifestations disappeared more quickly in zone
A, where on the 14™ day these manifestations persisted
only in isolated cases, while in zone B moderate chang-
es were recorded in 22% of patients. This correlated with
the data of S.F. Forghani et al. [15], who demonstrated
that hyaluronic acid-based gels accelerated the healing
of burn wounds in animal models. The results in zone A

confirmed these data and indicated the universality of re-
parative mechanisms under the influence of hyaluronic
acid. Similarly, G. Huerta-Angeles & E. Mixcoha [16] not-
ed that hyaluronic acid acted as a modulator of inflam-
mation and stimulated reparative mechanisms, which ex-
plained the faster normalisation of tissue homeostasis in
the present study. The analysis of biopsy samples showed
an increase in the mitotic index in the experimental zone,
indicating the activation of proliferative activity of cells.
This was consistent with the concept of stimulating cell
migration by biopolymer matrices [17]. In the review by
G. Kaur et al. [18], this very mechanism, crucial for rapid
recovery of damaged tissues, was highlighted. The quali-
ty of the scar formed was characterised by a more uniform
structure and less pronounced relief defects. A similar ef-
fect was demonstrated in the studies of A.M. Jorgensen et
al. [19], where the inclusion of hyaluronic acid in composite
biomaterials accelerated wound closure and improved the
quality of regenerated tissue.

The results of morphological analysis showed that
in zone A on the 10" day the mitotic index reached
16.1 £4.71%, whereas in zone B it was only 6.8 = 1.68%.
Mitotic activity was also higher in zone A (7.28 + 2.54%)
compared to the control (5.1 % 1.63%), which indicated a
pronounced stimulation of cell proliferation. These data
correlate with the results of the clinical study by H. Kim et
al. [20], which showed that topical formulations with ac-
tive amino acid- and hyaluronic acid-based components
contributed to reduced scarring and the normalisation of
cellular activity in patients with burns. Similar effects were
also observed in the present clinical observations, where in
zone A the formation of higher-quality granulation tissue
and a reduced risk of hypertrophic changes were record-
ed. The study by M. Miastkowska et al. [21] demonstrat-
ed that the gel form based on hyaluronic acid in combi-
nation with nanostructured carriers provided controlled
release of active substances, enhancing cell regeneration.
In the cohort of patients studied, an increase in prolifera-
tive activity of cells was also noted, which was confirmed
by morphological indicators and was consistent with the
mechanism of controlled release. In the clinical work of
R. Yildirim et al. [22], it was shown that the use of hyalu-
ronic acid-based dressings for the treatment of superficial
facial burns reduced healing time and improved the qual-
ity of newly formed tissue, which was consistent with the
higher indicators of mitotic activity in zone A. This gave
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grounds to consider that the effectiveness of the implant
in the treatment of donor wounds had common pathoge-
netic bases with the successful results of using dressings
in clinical practice. Similarly, A.F. Kamdem et al. [23] noted
the effectiveness of care protocols using hyaluronic acid
in children with second-degree burns, where faster recov-
ery and better tissue organisation were observed. In the
context of the obtained results, this indicated that Hyalual
contributed not only to rapid epithelialisation but also to
high-quality tissue remodelling, which was confirmed by
histological indicators.

The results of histochemical analysis demonstrated
increased activity of antioxidant enzymes in zone A, where
the average indicators of SOD increased from 9.11 to 10.03,
and catalase - from 28.2 to 36.6 conventional units be-
tween the 3" and 14" day. In zone B, these changes were
less pronounced: SOD increased from 7.24 to 8.68, and cat-
alase — from 25.8 to 27.4, which confirmed enhanced anti-
oxidant protection in the implant introduction zone. The
increase in antioxidant enzyme activity recorded in zone A
reflected more favourable conditions for tissue regenera-
tion. This effect was consistent with the data of S. Zhang et
al. [24], who emphasised that hyaluronic acid stabilised the
cellular microenvironment and helped reduce oxidative
stress, creating optimal conditions for cell proliferation.
The comparison of these results with clinical observations
confirmed that the antioxidant potential of hyaluronic acid
was a key factor in forming a favourable course of repara-
tive processes. Similar results were obtained by J.L. Sori-
ano-Ruiz et al. [25], who, when creating a thermosensitive
gel based on hyaluronic acid, found a significant decrease
in the level of reactive oxygen species, which explained
faster recovery of tissue structure. In the clinical work of
M. Maruccia et al. [26], the use of a dermal substitute based
on hyaluronic acid in patients with intermediate-deep
hand burns provided not only faster epithelialisation but
also a lower complication rate, which corresponded to the
results obtained in zone A. A similar dynamic indicated
the universality of the effect of hyaluronic acid, which was
not limited only to donor areas but was also manifested in
more complex clinical cases. The study of D. Yoon et al. [27]
showed that the inclusion of hyaluronic acid in collagen
matrices in patients with deep burns reduced inflammatory
manifestations and contributed to the orderly formation of
collagen fibres. The recorded increase in SOD and catalase
activity in zone A was directly related to the well-known
antioxidant properties of hyaluronic acid, which deter-
mined higher-quality healing results.

The results showed that in zone A by days 10-14 a del-
icate and elastic scar was formed, with a predominance of
mature collagen fibres and minimal cellular infiltration. In
contrast, in zone B a less organised structure with thin, cha-
otically arranged fibres, isolated vessels, and a tendency to
rougher scarring was observed. The obtained morphologi-
cal data were consistent with the conclusions of H. Yang et
al. 28], who proved that hyaluronic acid contributed to a
more ordered organisation of collagen fibres and reduced
the likelihood of pathological scar formation in the wound
healing process. These results confirmed the observations
of M.F. Graga et al.[29], who noted that the use of hyaluronic
acid-based dressings ensured tissue microrelief alignment,
reduced hyperaemia and the risk of hypertrophic changes,

which corresponded to even scarring in zone A. Similar re-
sults were demonstrated by R. Yang et al. [30], who reported
that injectable hyaluronic acid hydrogels stimulated angi-
ogenesis, activated fibroblast proliferation, and contribut-
ed to the formation of more mature and elastic tissue. In
addition, Y. Kawano et al. [31] showed that medium-mo-
lecular-weight fractions of hyaluronic acid exhibited the
greatest effectiveness in regulating the expression of genes
associated with collagen synthesis and extracellular matrix
remodelling, which ensured high-quality remodelling and
reduced the risk of fibrosis. The obtained data confirmed
that therapy with the addition of hyaluronic acid and sodi-
um succinate contributed to the formation of a delicate and
functionally complete scar, which had better morphologi-
cal characteristics than in the control zone.

In the study, the tolerability of therapy was assessed
as good: in the zone with the use of the injectable implant,
no clinically significant deviations in laboratory indica-
tors, pathological changes during objective examination,
or severe complications were recorded. Subjective com-
plaints of patients were limited to mild transient itching,
which did not require changes in the treatment regimen.
In zone B, the tolerability of therapy was assessed as sat-
isfactory, but in a significant proportion of patients on the
14" day itching persisted: moderate in 22 cases and severe
in 4, whereas in the experimental zone most participants
reported only mild transient sensations. This difference
may indicate a longer course of inflammatory processes
and less favourable regeneration conditions in the control
group. The obtained results are consistent with the data of
W. Baranska-Rybak et al. [32], who in the work emphasised
the need for careful monitoring of delayed reactions after
the use of hyaluronic acid preparations. In clinical practice,
this was of great importance, since even in the absence of
serious complications, monitoring of patients was required
for the timely detection of undesirable effects. The authors
A. Janovskiene et al. [33] in a systematic review also noted
that in most cases therapy with the use of fillers was safe,
and serious complications were rare. These observations
confirmed the general conclusion about a favourable safe-
ty profile, which coincided with the data obtained in the
experimental sample. The analysis of T. Tamura et al. [34]
on a large sample (more than 290 thousand cases) con-
firmed that the frequency of severe complications was low,
although attention was required in the case of non-compli-
ance with the administration technique. At the same time,
in the work of F. De Francesco et al. [35], it was shown that
hyaluronic acid when applied topically not only promoted
faster healing but also demonstrated a high safety profile
without significant side effects.

The obtained results of the clinical study confirmed
that the use of an injectable implant based on hyaluronic
acid and sodium succinate ensured significantly faster ep-
ithelialisation of donor wounds, contributed to the forma-
tion of mature connective tissue, and reduced the intensity
of inflammatory manifestations. Compared to the control
zone, better organisation of collagen fibres, higher levels of
antioxidant enzymes, and more pronounced proliferative
processes were observed. The tolerability of therapy re-
mained good in both groups, but in the control zone com-
plaints of itching were recorded more often, which reflected
less favourable recovery conditions. Taken together, these
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data indicate the high clinical and biological effectiveness
of the proposed therapeutic strategy in combustiology.

CONCLUSIONS

In the course of the analysis of clinical results, it was estab-
lished that the use of an injectable implant based on hya-
luronic acid and sodium succinate contributed to signifi-
cantly faster epithelialisation of donor wounds compared
to traditional treatment. By the 7 day in zone A, complete
epithelialisation was recorded in 12 (24%) patients, while
in zone B no case of complete healing was observed. By the
10* day, in the experimental group 39 (78%) wounds had
completely healed, and by the 14 day this figure reached
100%, whereas in the control zone complete epithelial re-
covery occurred in only 21 (42%) patients. The morpholog-
ical characteristics of wounds in zone A reflected a more
favourable course of the process due to faster organisation
of collagen fibres and a reduction of the inflammatory
component: pronounced manifestations, which at the start
were detected in 15 patients, completely disappeared by the
end of treatment, while in zone B moderate inflammation
persisted in 11 cases. The presence of itching in zone A was
mainly mild (41 cases slight and 9 - moderate), whereas in
zone B itching was slight in 24 patients, moderate in 22,
and severe in 4, which indicated a less qualitative course of
reparative processes.

The evaluation of morphological and biochemical in-
dicators confirmed the differences between the groups.
In zone A, an increase in the activity of antioxidant en-
zymes was noted: the level of SOD increased from 9.11 to
10.03 units, and catalase — from 28.2 to 36.6 units during
the observation period, while in zone B the increase was
less pronounced (SOD increased from 7.24 to 8.68 units,
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FicTonoriyHi Ta rictoxiMiuHi 3MiHU Npu NiKyBaHHI paH iH'EKUWiMHNUM
iMN1aHTOM Ha OCHOBI BUCOKOMONEKYJIAPHOI riaslypoHOBOi KUCNTOTU
Ta CyKLiHaTy HaTpilo: eKCnepuMeHTaNlbHe AOCNIA)XEeHHS

CeiTnaHa KopkyHaa

KaHaounpoat MeguyHmMx HayK, OOUEeHT

XapKiBCbKMM HaLioHaNbHUM MeOUYHUM YHIBEpCUTET
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AHoTauifi. MeToio po60Ty Oyia OIliHKa Pe3yabTaTUBHOCTI iH €KIIITHOTO iMIIAHTATY, IO MOEAHYE TiaTypOHOBY KUCIOTY i
CYKIIMHAT HaTPilo, 1J1s1 TPUCKOPEHHS perapaTUBHUX MPOIeCiB JOHOPChKUX paH Tic/s ayToAepMOIJIaCTUKY Y Malli€HTiB
3 TIMOOKUMU omikaMu. JocmimkeHHsT rpoBeneHo 3 1 ciuna mo 30 uepBHs 2014 poky y BiggineHni komo6ycrionorii
XapkiBcbKoi MequuHOI akageMii micISAUMIUIOMHOT OcBiTH Ha 6a3i MichKoi KIiHiUHOI JIiKapHi MBUAKOI Ta HEBiIK/IagHOI
poriomoru iM. mpod. O. I. MemjaHiHoBa, e y 50 maiieHTiB 3 AOHOPCHKUMMM paHaMM MiCIss ayTOLEepPMOIUIACTUKU
MOpPiBHIOBAIM e(PeKTUBHICTh iH €KIITHOTO IMIUIAHTATY TiaJlypOHOBOI KMCIOTU 3 CYKIMHATOM HATPil0 Ta CTAHIApTHOL
Teparii 3a KIiHiYHUMY, MOpQOIOTiYHMMM 71 6iOXiMiYHMMM TOKAa3HMKAMU. Pe3ynbTaTy oKasanm, o Bxke Ha 10-Ty o6y
TOBHE BiJHOBJIEHHSI CriocTepirasocs y 78 % marlieHTiB y 30Hi A (39 i3 50), Tozi K y 30Hi B 1eif MOKa3HUK CTaHOBUB
e 6 % (3 i3 50). lo 14-i nobu emitemisanisi 3aBepuryBanacs y 100 % BumazakiB y 30Hi A, mpotu 42 % y 30Hi B (21
i3 50). Mopdonoriuamnii aHasi3 MmokasaB BUIIMII MiTOTMYHMIA iHEKC Y 30HI A — 16,1 % mipotu 6,8 % y 30Hi B Ha 10-Ty
nmoby, 1m0 BimoOpaskajgo aKTUBHille KIITMHHE OHOBJIEHHS. BioxXiMiuHi MOCTimKeHHS MigTBepaMIM OiMbII BUpaxkeHe
3POCTaHHS aKTMBHOCTI KaTajasu y 30Hi A (3 28,2 1o 36,6) MOPiBHSIHO 3 KOHTPOJIbHOIO 30HOIO (3 25,8 mo 27,4). Py6iii y
30Hi A hopmyBanNcs HDKHMMM Ta eIaCTUUYHMMMU, TOAI SIK Y 30Hi B repeBakasu 1iiibHi 71 MeHIII OpraHi3oBaHi CTPYKTYPH.
[H’eXUiiHUI IMIUTAHTAT TiaTypOHOBOI KUCJIOTH 3 CYKITMHATOM HATPil0 MPUCKOPUB 3aTOEHHS Ta MOKPAIIMB SIKiCTh PYOIIiB
TIOPiBHSIHO 3i CTAaHJAPTHOIO Teparielo. OTpuMMaHi pe3yabTaTy MOXKYTb 6YTM BUKOPUCTAHI JikapsiMu KOMOyCTionmoramu,
TIACTUYHMMM XipypraMu Ta KIiHiyHMMM hapMakosoramMmu y MpakTMIli OiKOBUX IIeHTPIB i BiggisieHb peKOHCTPYKTUBHOI
Xipyprii Ay onTMMi3anii 1ikyBaHHS JOHOPCBKMX paH Mic/Is ayTOAEPMOIITIACTUKA

KniouoBi cnoBa: moHOpChKa Ai/ITHKA; pereHepariis; mpomidepaliist KJIiTMH; KOJIaTeHOBi BOJIOKHA; PyOITi; aHTMOKCUIAHTHi
(bepMeHTH; IEPEHOCUMICTD
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Abstract. The purpose of the study was to establish the immunomodulatory properties of herbal remedies and the
prospects for their clinical implementation. The methodology was based on a theoretical and analytical generalisation
of literature data on the immunomodulatory properties of preparations “Immunormalin”, “Immunal”, Asian ginseng,
Ginkgo biloba, common marigold, and shiitake mushrooms. The results of the analysis showed that “Immunormalin” was
marked by a wide range of mechanisms, combining antioxidant, anti-inflammatory, prebiotic, and sedative effects, which
simultaneously covered immune, metabolic, and neuroendocrine pathways. This multifactorial nature distinguished it
from more highly specialised products and determined a special position among nutraceuticals. In contrast, “Immunal”,
created based on Echinacea purpurea, demonstrated a directed immunomodulatory mechanism through the activation
of macrophages and T-lymphocytes, which made it mainly effective in the prevention of respiratory infections. Asian
ginseng combined the properties of an adaptogen and an immunomodulator, causing increased resistance of the body to
infections and the formation of antitumour potential. Ginkgo biloba, sharing an antioxidant and anti-inflammatory effect
with ginseng, had an additional vascular-regulating effect, which expanded its use in chronic pathologies and complex
therapy of metabolic syndromes. Calendula officinalis showed the most pronounced anti-inflammatory profile among
the compared agents, since it suppressed the production of pro-inflammatory cytokines and stimulated the secretion of
anti-inflammatory mediators, which reduced the risk of tissue damage in long-term inflammatory processes. Shiitake
mushrooms, due to their beta-glucan content, acted as natural adjuvants, enhancing the cellular immune response and
combining antiviral and antitumour activity. Generalisation of the results showed that natural immunomodulators
have a common antioxidant effect, but differ in multifactorial and clinical orientation, which determines the need for
standardisation and differentiated use. The results obtained can be used by clinicians, pharmacologists and researchers
in the field of evidence-based herbal medicine to optimise the selection of immunomodulatory agents and develop
standardised approaches to their use

Keywords: inflammatory process; cytokines; macrophages; lymphocytes; interleukins; bioactive compounds; infections

INTRODUCTION
Infectious diseases and complications that occur against the by a tendency to severe infections, a decrease in the effec-
background of immune dysfunction in patients with chronic  tiveness of immunoprophylaxis, and the development of
pathologies substantiate the need to find new approachesto  prolonged inflammatory processes. Attention is paid to the
immune correction. Immune insufficiency is accompanied use of phytopreparations and nutraceuticals that contain
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biologically active polysaccharides, saponins, and phenolic
compounds that can modify cytokine regulation, activate
macrophages and natural killer cells (NK cells) and maintain
antioxidant balance. Such drugs are considered as an auxil-
iary component of complex therapy aimed at strengthening
the immune response and preventing complications that oc-
cur due to weakened immune reactivity.

Phytopreparations were considered an important
component of immunocorrection, as they combined the
ability to influence cellular mechanisms of immunity with
a relatively low level of toxicity. Administration of plant
complexes has been shown to alter interleukin (IL) secre-
tion and macrophage activity, as noted by I. Bielenichev et
al. [1], and these effects were considered as the basis for
integrating herbal remedies into complex therapeutic reg-
imens. The researchers also noted that such approaches
created conditions for personalising immune support de-
pending on the clinical context. Generalisation by C. Bur-
lou-Nagy et al. [2] showed that multicomponent phyto-
preparations stimulated phagocytic activity and cytokine
production, which provided an increase in innate and adap-
tive responses. The researchers further emphasised that it
was the multi-factorial nature of the action that opened up
opportunities for their use in preventive strategies. Review
by J.A. Valdés-Gonzalez et al. [3] summarised the pharma-
cological properties of polysaccharides and ginsenosides
that modified inflammatory cascades and activated the an-
titumour immune response. These results were interpreted
as confirming the role of plant metabolites in supporting
the body in cancer and inflammatory processes.

Plant bioactive complexes have a multi-vector ef-
fect on the immune system, activating cells of innate and
adaptive immunity and regulating cytokine balance. It was
found that polysaccharides of Asian ginseng (Panax gin-
seng) modified the function of macrophages and T-lympho-
cytes, altering IL secretion and stimulating proliferation,
as reported by Y. Hu et al. [4]. These results demonstrated
the potential of ginseng as a basis for the development of
standardised immunotherapy drugs. Systematic analysis
performed by N. Mohamed [5] combined data on poly-
saccharides of various medicinal plants and showed their
ability to comprehensively affect immune regulation. The
researcher also emphasised the lack of sufficient standard-
isation of these compounds, which poses a serious problem
for their clinical implementation.

Extracts of Ginkgo biloba, as evidenced by M.A. Ibra-
him et al. [6], reduced the expression of pro-inflammatory
genes and increased the activity of effector cells in mod-
els of viral infections. The data obtained confirmed the
prospects of ginkgo for the further development of anti-
viral immunomodulators of natural origin. The study by
A.M. Samoilenko [7] proposed a technology for creating a
tablet form of an antiviral agent from plant raw materials.
The paper emphasised the complexity of optimising the
composition and proving the effectiveness of such drugs,
which remains an unsolved problem of contemporary
pharmaceutical science. The study by D. Silva et al. [8] has
shown that extracts of common marigold (Calendula offic-
inalis) suppressed the production of tumour necrosis fac-
tor alpha (TNF-«) and other pro-inflammatory mediators,
which reflected their anti-inflammatory and regulatory
potential. These observations highlighted the possibility of

using common marigold in the treatment of inflammatory
pathologies with a complex immune component. The study
by B.G. Oliveira et al. [9] demonstrated that extracts of pur-
ple coneflower (Echinacea purpurea) activated cytokine
production and enhanced the antibacterial response, which
provided a powerful defence of the body against infectious
agents. The researchers showed that the use of dried ex-
tracts has little promise in both the prevention and treat-
ment of diseases with impaired immune balance.

Complex immunocorrection includes both synthetic
drugs and natural bioactive compounds that have demon-
strated the ability to influence cellular pathways of immune
regulation. Polysaccharides from shiitake mushrooms (Len-
tinula edodes), as shown by A. Roszczyk et al. [10], interact-
ed with macrophage and dendritic cell receptors, resulting
in increased cytokine production and activation of immune
cascades. The researchers also proved that beta-glucans of
the mushroom increase the body’s ability to respond to
antitumour and antiviral drugs. A systematic review by
M. Vlassopoulou et al. [11] summarised data from clinical
trials in which fungal beta-glucans showed a decrease in
the incidence of infections in patients with immune defi-
ciency. These results confirmed the promising use of fungal
polysaccharides in preventive medicine. Generalisation by
L.F. Popovici et al. [12] highlighted that extracts of Calen-
dula officinalis combined anti-inflammatory and immuno-
modulatory effects, so they were used in pharmaceutical
compositions. The researchers also emphasised the impor-
tance of this plant as a source of bioactive compounds for
the creation of new phytopreparations.

Despite a significant amount of research, there are still
gaps in the standardisation of plant immunomodulatory
agents and evaluation of their clinical efficacy. The pur-
pose of the study was to find out the mechanisms of immu-
nomodulatory action of bioactive compounds and prepa-
rations of plant origin and determine their significance for
clinical immunocorrection.

MATERIALS AND METHODS
The study was of a theoretical and analytical nature and
was aimed at systematising literature data on the immu-
nomodulatory properties of phytopreparations and di-
etary supplements. Six drugs and plant extracts were se-
lected for analysis, combining the presence of a clinical
evidence base, pharmacological prevalence, and availabil-
ity in standardised forms. Among them, a separate place
was occupied by “Immunormalin” (sole proprietor Sarkis
Gagikovich Avakian, Ukraine), presented as a biological-
ly active supplement developed by S.G. Avakian, which
included extracts of common horsetail (Equisetum arven-
se L.), flowers of small-leaved linden (Tilia cordata Mill.),
leaves of black currant (Ribes nigrum L.), wild chamomile
(Matricaria chamomilla L.), common chicory (Cichorium in-
tybus L.), common knotgrass (Polygonum aviculare L.), pep-
permint (Mentha piperita L.) and fruits of burnet rose (Rosa
pimpinellifolia L.); its characterisation was based on avail-
able materials describing the mechanisms of action and
efficacy in clinical applications. In the group of conven-
tional herbal medicine preparations, the drug “Immunal”
(Sandoz, Switzerland) was considered, which contained dry
and liquid extracts of purple coneflower (Echinacea pur-
purea) and it was studied in various forms — from tablets of
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80 mg (240-320 mg/day) to a solution of 2.5 mL three times
a day [13-15]. Asian ginseng (Panax ginseng) was consid-
ered as an example of an adaptogenic agent based on clin-
ical trials using encapsulated dry root extract at doses of
200-400 mg/day [16, 17]. To reflect the neuroprotective and
antioxidant effects, Ginkgo biloba was analysed, presented
in the studies in the form of tableted extracts standard-
ised for ginkgoflavonglycoside content (120-240 mg/day)
[18, 19]. The anti-inflammatory potential of herbal reme-
dies from Calendula officinalis has been illustrated, which
was used in clinical settings mainly in the form of alcohol
tincture of 20-30 drops three times a day [20, 21]. Shiitake
mushroom (Lentinula edodes) extract was included in the
analysis described in publications as a encapsulated pow-
der of B-glucans at doses of 1-3 g/day, which was charac-
terised by a pronounced immunomodulatory effect [22, 23].
The choice of these products was determined by their abil-
ity to represent various groups of natural immunomodula-
tors — from complex developments by researchers to classic
herbal remedies and nutraceuticals of fungal origin. This
approach allowed covering a wide range of mechanisms of
action, including stimulation of the cellular and humoural
immune response, anti-inflammatory effect and antioxi-
dant protection, and also provided an opportunity to com-
pare various pharmacological strategies in the analysis.

As part of the analytical approach, the evaluation of
drugs was carried out at two levels: immunological and
clinical. At the immunological level, data on macrophage
activation, T-lymphocyte proliferation regulation, B-lym-
phocyte (bone marrow lymphocyte) functional activity,
natural killer cytotoxicity, and the balance of pro-inflam-
matory and anti-inflammatory cytokines, in particular IL
and TNF-a, were considered. The clinical level included
analysis of such indicators as the frequency of infectious
complications, the duration of the course of diseases, the
effectiveness of immunoprophylaxis, and the severity of
correction of inflammatory processes. The choice of publi-
cations under study was based on the availability of stand-
ardised forms of drugs, a sufficient evidence base in the
form of randomised clinical trials or experimental models,
a clear description of dosages, and the availability of safety
profile data. As part of the study, natural immunomodula-
tors were compared by their mechanisms of action, clinical
effects, level of evidence and safety profile, which provided
an opportunity for a comprehensive assessment of their
therapeutic potential.

The choice of the publications was based on sever-
al criteria: for registered medicines and dietary supple-
ments of international production - the availability of
standardised release forms, described dosages, data from
randomised clinical trials or preclinical models, and a
safety profile. The inclusion of “Immunormalin” in the
analysis was conditioned by its use in practice as a bio-
logically active additive of Ukrainian production and the
original design by S.G. Avakian. The authors noted that
they have no commercial or personal interest in promot-
ing the product, and the results and conclusions of the
study are presented solely for scientific purposes. Despite
the lack of standardised publications and open data on
the composition, the drug continued to be considered in
the context of potential use in clinical immunocorrection.
Its consideration demonstrated the presence in national

practice of drugs that claimed an immunomodulatory ef-
fect, but required further scientific verification. The lim-
itation was that the study was theoretical in nature and
was based on the analysis of already available data with-
out conducting its own clinical trials.

RESULTS AND DISCUSSION
Immunomodulatory drugs: Clinical effects and mech-
anisms of action. Immunomodulatory drugs are a sepa-
rate group of agents whose action is aimed at restoring or
correcting the functional activity of the immune system.
In clinical practice, they are used both for the prevention
and treatment of infectious, inflammatory and immuno-
deficiency conditions. Different classes of immunomod-
ulators differ in origin, composition and spectrum of ac-
tive mechanisms, but they are united by their ability to
influence cellular and humoural links of immunity. Plant
complexes containing a rich set of polyphenols, polysac-
charides, essential oils, and vitamins exhibit a mild, mul-
ti-vector effect, combining anti-inflammatory, antioxidant,
and adaptogenic properties. The drug “Immunormalin” is
a multicomponent dietary supplement in the form of an
oral solution and suppositories, which includes a complex
of plant extracts in combination with ascorbic acid, citric
acid, and sodium benzoate. The bioactive composition in-
cludes polyphenols, anthocyanins, flavonoids, phenolic
acids, essential oils, and inulin, which determines antiox-
idant, anti-inflammatory, prebiotic, and sedative mecha-
nisms of action. The recommended dosage was 5-10 mL of
the solution 1-2 times a day for a course of 2-4 weeks.

The results of the analysis of the scientific literature
showed that black currant extracts were characterised by
high concentrations of anthocyanins and phenolic acids,
which neutralised free radicals, stabilised cell membranes,
and maintained the viability of immunocompetent cells.
Polyphenols of this plant also regulated the production
of pro-inflammatory and anti-inflammatory cytokines,
reduced the intensity of inflammation, and enhanced
the barrier function of the airway epithelium. M. Ocz-
kowski [24] proved that bioactive compounds of Ribes ni-
grum L. had a pronounced antioxidant and immunomod-
ulatory effect, which corresponded to the effects of this
component in the drug. It was found that rosehip fruits
contained phenolic acids, ascorbic acid, and biologically
active fatty acids, which enhanced antioxidant protection,
activated collagen synthesis, and accelerated tissue repair.
Simultaneously, they reduced the secretion of TNF-a and
IL-6, which contributed to the regulation of the humour-
al link of immunity. These effects were confirmed by the
M. Pashaei & H. Hassanpour [25], who showed that Rosa
pimpinellifolia L. combined antioxidant and anti-inflam-
matory properties, which justified its importance as a basic
source of antioxidants in the drug.

Literature data have shown that chamomile extracts
contain flavonoids, coumarins, and essential oils that inhib-
it the expression of pro-inflammatory mediators (TNF-q,
IL-1B, IL-6) and stimulate IL-10 secretion. This action helps
to reduce the hyper-inflammatory response and restore im-
mune homeostasis. A.I Drif et al. [26] found that Matricaria
chamomilla L. had significant anti-inflammatory and antitu-
mour potential due to inhibition of NF-kB and reduced lev-
els of pro-inflammatory cytokines, which confirmed its role
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in normalising the immune response in multicomponent
formulas. Linden and peppermint extracts provided seda-
tive and antispasmodic effects, reduced catecholamine se-
cretion, and stabilised the hypothalamic-pituitary-adrenal
axis, thereby reducing stress-induced immunosuppression.
In addition, the bioactive substances of these plants had a
moderate anti-inflammatory effect due to the regulation of
cytokine release. B. Kadioglu & S. Kadioglu [27] confirmed
that plants with adaptogenic and sedative properties were
actively used during the coronavirus pandemic to maintain
resistance, which was consistent with the use of linden and
peppermint in the preparation.

Analysis of publications has shown that common chic-
ory acts as a source of inulin, which stimulates the growth
of bifidobacteria and lactobacilli in the intestine. Metabo-
lites of short-chain fatty acids formed during fermentation
affect the differentiation of T-lymphocytes and the func-
tion of dendritic cells, establishing a balanced mucosal im-
munity. This mechanism corresponds to the current con-
cept of “gut-immunity”, which is considered as a key factor
in maintaining systemic immune regulation. The analysed
data also confirmed that common horsetail and common
knotgrass enrich the formula with silicon compounds, phe-
nolic acids, and flavonoids, which exhibit antioxidant and
anti-inflammatory activity. This is associated with an in-
creased cytoprotective effect and maintaining antioxidant
balance in immune cells. The findings of T. Kadiyska et
al. [28] emphasised that multicomponent phytoprepa-
rations implemented a synergistic mechanism of action,
combining antioxidant, anti-inflammatory and adaptogen-
ic effects, which fully corresponded to the role of horsetail
and knotgrass in the composition of the drug.

The drug “Immunal” belongs to the immunomodula-
tory agents of plant origin due to the use of a standardised
extract of Echinacea purpurea. Its creation was aimed at
providing a reproducible concentration of biologically ac-
tive substances, which was important for maintaining clin-
ical effectiveness. The dosage form included both 80 mg
tablets and a liquid solution in doses of 2.5 mL three times
a day, which made it possible to individualise therapy and
increase the convenience of use. Due to the combination
of alkylamides, phenolic compounds, and polysaccharides,
the drug was able to affect various parts of the immune sys-
tem. The published results of experimental models showed
that the intake of the Echinacea purpurea extract stimu-
lates macrophage activation, increases phagocytosis, and
the production of pro-inflammatory cytokines of the first
line of defence. An increase in T-lymphocyte proliferation
and stimulation of IL-2 secretion, which activates the cel-
lular response against viral and bacterial pathogens, were
recorded. Such data reflect the role of the drug as a regula-
tor of the early stages of the immune response. The study
by S.F. Vieira et al. [13] showed that it was the combination
of macrophage stimulation and T-lymphocyte activation
that explained the increase in non-specific resistance when
using the purple coneflower. The researchers stressed that
this effect was important not only for the treatment, but
also for the prevention of infections, as it formed a more
balanced immune response. Clinical results showed that
“Immunal” significantly reduced the frequency of epi-
sodes of acute respiratory infections, reduced the intensity
of symptoms and the duration of the course of diseases.

Patients who used the drug during preventive courses
showed faster recovery of immunological parameters and
less often needed additional drug therapy. These results
were confirmed in a randomised placebo-controlled trial
conducted by S.K. Lee et al. [14], which showed that the
systematic use of the Echinacea purpurea extract increased
the effectiveness of immunoprophylaxis among the adult
population. The researchers noted that the clinical effect
of the drug was particularly noticeable in patients with an
increased risk of respiratory diseases, and also noted that
the reproducibility of these results was possible due to the
standardised composition of the drug, which ensured the
stability of the therapeutic effect.

Thus, an important characteristic of “Immunal” was its
standardisation. While purle coneflower-based dietary sup-
plements showed significant composition variability, the
registered drug provided stable levels of active substanc-
es. A. Demyd et al. [15], using high-performance thin-lay-
er chromatography, demonstrated that it was the dosage
forms that had the most reproducible profile, while addi-
tives often differed in the content of bioactive components.
This confirmed that clinical results can be associated pri-
marily with the use of standardised drugs, and not with un-
controlled forms. Another important property of this drug
is its ability to affect the balance of cytokines. There was a
decrease in the secretion of excess pro-inflammatory me-
diators, including TNF-a and IL-6, and an increase in the
level of anti-inflammatory IL-10. This mechanism helped
not only to reduce the severity of inflammatory processes,
but also to prevent excessive tissue damage in acute infec-
tions. Analysis by S. Choudhary et al. [29] confirmed that
the immunomodulatory effect of phytoactive compounds
from purple coneflower was combined with the anti-inflam-
matory effect, which made it suitable for both prevention
and adjunctive therapy. The safety assessment showed that
“Immunal” had a favourable tolerance profile. Side effects
were isolated and mostly limited to mild allergic reactions.
Long-term use of the drug in the recommended doses was
not accompanied by the development of serious complica-
tions. This allowed using this drug in repeated courses, in
particular in periods of increased seasonal morbidity.

Generalisation of literature sources showed that plant
immunomodulatory complexes, in particular “Immunorma-
lin” and “Immunal”, were characterised by a combination of
antioxidant, anti-inflammatory, adaptogenic, and prebiotic
effects. Publications have indicated that their use is asso-
ciated with reducing the frequency and duration of respira-
tory infections, restoring cytokine balance, and maintaining
immune homeostasis. The standardised composition and
favourable safety profile emphasise the potential of these
drugs as a component of strategies for immunocorrection
and prevention of infections in clinical practice.

Adaptogenic herbal remedies and their effect on
immunity. Ginseng belongs to adaptogens because its bi-
oactive compounds combine the ability to regulate stress
responses and simultaneously affect the immune system.
The plant contains ginsenosides, polysaccharides, and oth-
er metabolites that determine the multi-vector mechanism
of action. As part of the analysis results, it was shown that
ginseng modulated cellular and humoural links of the im-
mune response, increased resistance to infectious agents,
and maintained a balance between pro-inflammatory and
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anti-inflammatory responses. It was found that water-sol-
uble ginseng polysaccharides activate phagocytosis, stim-
ulate the production of nitric oxide and IL by macrophag-
es, and enhance the differentiation of T-lymphocytes. In
addition, the results of the analysed experimental models
showed that these biopolymers can increase the secretion
of interferons, which play a leading role in antiviral protec-
tion. The findings by L. Cui et al. [16] confirmed that gin-
seng flower heteropolysaccharides activated macrophages
and T lymphocytes, and induced the secretion of IL-2 and
IFN-y (interferon-gamma), which was crucial for the devel-
opment of an effective cellular response.

Data from analysed preclinical studies have shown
that standardised extracts of Panax ginseng stimulated cy-
totoxic activity of NK cells and cytotoxic T-lymphocytes,
which was manifested in the growth of elimination of vi-
rus-infected cells and in inhibition of tumour development
in model organisms. In parallel, there was a decrease in the
levels of pro-inflammatory cytokines, in particular, TNF-«
and IL-6, and stimulation of the secretion of anti-inflam-
matory IL, such as IL-10, which ensured the maintenance
of immune balance and reduced the severity of inflam-
matory responses. Generalisation made by Z.A. Ratan et
al. [17] confirmed these results, indicating that the adapto-
genic effects of ginseng were closely related to the ability
of ginsenosides and polysaccharides to activate the cyto-
toxic function of T-lymphocytes and NK cells, block the
activation of NF-kB and other signalling pathways. As a
result, the production of pro-inflammatory mediators was
simultaneously suppressed and the antitumour response
was enhanced, which made ginseng a promising candidate
for integration into antitumour immunotherapy regimens
and correction of chronic inflammatory conditions.

The analysis showed that ginseng had a pronounced
antioxidant effect, which was implemented by reducing
the level of reactive oxygen species and activating antiox-
idant defence enzymes — superoxide dismutase and cata-
lase. This helped to protect cells and tissues from oxidative
damage, which usually accompanies chronic inflammation
and immune dysfunctions. M. Balasubramaniam et al. [30]
interpreted this mechanism as a key factor in the anti-in-
flammatory effect of ginseng, which allowed increasing
its effectiveness in the complex therapy of inflammatory
pathologies. This effect is particularly important in the
context of low-grade chronic inflammation, where immune
overactivation and oxidative stress act as parallel damaging
factors [31]. The results of clinical trials showed that the
use of standardised ginseng extracts reduced the incidence
of acute respiratory infections, and reduced the duration
of the course of diseases. Patients who took capsulated
forms of the drug at doses of 200-400 mg per day showed
faster recovery of immunological parameters compared to
the control group [17]. The review by C.].W. Liang et al. [32]
confirmed that Panax ginseng was characterised by low tox-
icity and good tolerability, and the risk of side effects re-
mained minimal even with prolonged use, which justified
its inclusion in preventive regimens.

Ginkgo biloba is one of the most studied herbal rem-
edies, combining antioxidant, anti-inflammatory, and im-
munomodulatory properties. Its standardised extracts con-
tain ginkgoflavonglycosides and terpenoid lactones, which
provide a wide range of biological activity [33]. The results

of the analysis showed that the use of ginkgo extracts led
to a decrease in the expression of pro-inflammatory genes
and an increase in the activity of effector cells, including
NK cells and cytotoxic T-lymphocytes. Simultaneously,
there was a restoration of cytokine balance regulation by
inhibiting TNF-a and IL-6 secretion and stimulating IL-10
production. This reflected the drug’s ability to strengthen
natural immune defences and reduce the severity of chron-
ic inflammation. These results were consistent with the
findings of H.M. Abdel-Latif et al. [18], who proved that leaf
extract of Ginkgo biloba activated immune cells, modified
the transcription of cytokine genes, and provided mul-
ti-level control of the immune response.

Data from experimental models also showed that gink-
go extracts had the ability to enhance the body’s antiox-
idant defences. The cells showed a decrease in the level
of reactive oxygen species, activation of antioxidant en-
zymes — superoxide dismutase and glutathione peroxidase,
and stabilisation of mitochondrial membranes. This was
crucial for reducing oxidative stress, which often accompa-
nies immune dysfunctions and chronic pathologies. In this
context, R. Das et al. [19], interpreted the antioxidant effect
of Ginkgo biloba as one of the factors of maintaining cellu-
lar integrity and resistance of the body to immune-depend-
ent diseases. Clinical data have shown that the inclusion of
ginkgo in therapeutic regimens reduces the incidence of
exacerbations of chronic diseases associated with an im-
balance of the immune system and improves the overall
immune status of patients. According to S.N. Mousavi et
al. [34], using standardised extracts of Ginkgo biloba at dos-
es up to 500 mg/day, IL-6 levels were reduced, which in-
dicated their anti-inflammatory potential. The researchers
emphasised that it was the suppression of pro-inflamma-
tory cytokines that explained the clinical benefits of ginkgo
in conditions associated with chronic inflammation.

In addition to the effect on the immune system, Gink-
go biloba had a positive effect on microcirculation and
endothelial function, which created additional conditions
for an optimal immune response. In clinical and experi-
mental observations, there was an improvement in blood
supply to tissues, a reduction in ischaemic damage, and
normalisation of metabolic processes. This complex effect
made allowed using ginkgo as a universal agent that can
be integrated into therapeutic schemes of various profiles.
F.G. Barbosa et al. [35] confirmed that the multifactorial
action of Ginkgo biloba makes it a promising representa-
tive of plant immunomodulators with clinically significant
effects. The safety of the drug also remained an important
aspect. Ginkgo has been shown to be characterised by low
toxicity and good tolerability even with prolonged use. Si-
multaneously, the need for strict compliance with stand-
ardised dosages was noted, because their excess could
change the pharmacokinetic profile and reduce therapeu-
tic efficacy, which was consistent with the conclusions of
F. Buonfiglio et al. [36]. The researchers emphasised that
it was standardised extracts that guaranteed clinical reli-
ability and reproducibility of effects, while deviation from
optimal doses could pose a risk to patients.

The results of the analysis showed that adaptogen-
ic herbal remedies, in particular Panax ginseng and Gink-
go biloba, had a complex effect on the immune system,
combining activation of cellular and humoural links with
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regulation of the cytokine profile, antioxidant and anti-in-
flammatory effects. Ginseng was effective in stimulating
the antiviral and antitumour response, while ginkgo pro-
vided an additional neuroprotective and vascular-regulat-
ing component that enhanced its immunomodulatory po-
tential. Both drugs were characterised by good tolerability
and low toxicity, which justified their use in both preven-
tive and therapeutic regimens. Thus, their multifactorial
action and the presence of a clinical evidence base make
these drugs promising in strategies for maintaining and
correcting immune function.

Anti-inflammatory phytonutrients and mushroom
extracts with immune activity. Studies of anti-inflam-
matory immunomodulatory phytonutrients have led to a
detailed investigation of Calendula officinalis, which has
become a model for analysing the relationship between
plant bioactive compounds and mechanisms of immune
response regulation. Its extracts include flavonoids, sapo-
nins, triterpenoids, carotenoids, and essential oils, which
cause a wide range of biological effects. Of particular im-
portance is the anti-inflammatory and immunomodulato-
ry activity associated with the regulation of the cytokine
profile and inhibition of key pro-inflammatory mediators.

Analysis of the results of preclinical models showed
that common marigold extracts reduced the production of
pro-inflammatory cytokines such as TNF-a, IL-1B, and IL 6.
In parallel, an increase in the secretion of anti-inflamma-
tory IL-10 was observed, which provided a restoration of
regulation between pro- and anti-inflammatory processes.
This reflected the plant’s ability to reduce excessive im-
mune activation and prevent tissue damage. Such effects
were consistent with generalisation by K. Patil et al. [20],
who stressed that Calendula officinalis can influence a wide
range of inflammatory mediators and form a balanced im-
mune response. The analysed results showed that the use
of alcohol tinctures of common marigold in experimental
models of chronic inflammation reduced neutrophil infil-
tration into the lesion and reduced the activity of cycloox-
ygenase-2, which reduced the development of prostaglan-
dins. In clinical observations, it was recorded that regular
use of standardised forms of common marigold helped to
reduce the symptoms of inflammatory diseases of the mu-
cous membranes and skin. These data were correlated with
the findings by S.I. Abdelwahab et al. [21], who demonstrat-
ed that long-term studies of common marigold have con-
firmed its persistent anti-inflammatory and immunomod-
ulatory activity in various fields of medicine.

The antioxidant effect of Calendula officinalis also at-
tracted considerable attention. Its bioactive compounds
have been shown to reduce reactive oxygen species lev-
els, restore the balance of antioxidant enzymes, and pro-
tect cells from oxidative stress, which often accompanies
immune dysfunctions. This is of particular importance in
the treatment of chronic inflammatory processes associat-
ed with an imbalance of the immune system. Analysis by
A.M. Rezende et al. [37], confirmed that the active ingredi-
ents of common marigold combine anti-inflammatory and
antioxidant properties, thereby expanding the range of its
clinical use. Clinical results also showed that the use of Ca-
lendula officinalis extracts in the form of tinctures or tablet
forms, it was associated with a decrease in the frequency
of infectious complications, a reduction in the duration

of respiratory diseases, and an improvement in overall
immune status. Patients showed good tolerability of the
drugs, which emphasised their safety in long-term use.
Comparative review by G. Dhingra et al. [38], generalised
that biologically active compounds of common marigold
were characterised by low toxicity and high biocompati-
bility, and therefore could be used as a basis for creating
nutraceuticals and phytopreparations with proven immu-
nomodulatory activity.

The study of mushroom extracts in the context of an-
ti-inflammatory immunomodulatory nutraceuticals fo-
cused on beta-glucans from shiitake mushrooms. These
polysaccharides can affect innate and adaptive immunity
by activating macrophages, dendritic cells, and NK cells,
and by regulating the cytokine profile. The results of the
analysis showed that shiitake beta-glucans stimulated
macrophage activity, increasing their ability to phagocy-
tosis, nitric oxide production, and early response cytokine
secretion. Simultaneously, dendritic cells were activat-
ed, which led to more efficient presentation of antigens
and triggering adaptive immune responses. As noted by
1. Mironiczuk-Chodakowska et al. [22], such effects con-
firmed the role of B-glucans as natural adjuvants that can
enhance the effectiveness of the immune system. These
results showed the ability of shiitake beta-glucans to act
as key modulators between innate and adaptive immunity,
making them promising in the prevention and treatment of
infectious diseases, in particular viral aetiology.

Analysis of published data showed that -glucans from
Lentinula edodes increased the secretion of IL-12, which
stimulates the differentiation of T-helpers by Thl type.
This leads to the activation of cytotoxic T-cells and NK
cells, which are involved in antitumour and antiviral pro-
tection. Inhibition of tumour growth and more intensive
elimination of virus-infected cells were observed in the
model organisms. C. Cerletti et al. [23] confirmed that it
was the ability of B-glucans to shift the balance towards
cellular immunity that was crucial for their antitumour po-
tential. The use of shiitake extracts was accompanied by
inhibition of the synthesis of TNF-a and IL-6, which are
key mediators of chronic inflammation. Simultaneously,
IL-10 production was increased, which helped to reduce
excessive immune activation and prevent tissue damage.
E.J. Murphy et al. [39] emphasised that even B-glucans
obtained from the same mushroom samples could show
differences in the strength of the effect on the cytokine
profile, which highlighted the need for standardisation of
extracts for clinical practice.

In addition to affecting the cytokine balance, beta-glu-
cans of Lentinula edodes showed pronounced antioxidant
properties. Systematisation of experimental data indicat-
ed a decrease in the level of reactive oxygen species and
activation of key antioxidant defence enzymes — superox-
ide dismutase and glutathione peroxidase. This helped to
protect cell membranes and mitochondria from oxidative
damage. D. Kumar et al. [40] interpreted these effects as
one of the links in preventing the development of immu-
nodeficiency states and the progression of malignant pro-
cesses, since reducing oxidative stress allowed increasing
cell resistance to damage. The analysed experimental data
confirmed that shiitake beta-glucans can reduce lipopol-
ysaccharide-induced inflammatory changes and support
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immune regulation. M. Jafari et al. [41] showed that ex-
tracts of Lentinula edodes adjusted haematological parame-
ters and normalised immune response in the acute inflam-
mation model, which indicates their potential as part of
immunocorrective agents in immunodeficiency conditions.

Summarising the results of the literature analysis, it
can be argued that Calendula officinalis and Lentinula edo-
des represent different but complementary areas of natu-
ral immunocorrection. Calendula officinalis has proven to
be an effective anti-inflammatory agent capable of sup-
pressing over-activation of cytokines and protecting tis-
sues from damage, while shiitake beta-glucans have been
characterised as universal natural adjuvants that enhance
both innate and adaptive immune responses. Both agents
simultaneously demonstrated antioxidant properties, due
to which they provided multi-level protection of cells and

the body as a whole. The combination of these effects de-
termines their significance in complex therapeutic and
preventive strategies aimed at maintaining immune home-
ostasis and reducing the risk of chronic pathologies.

Comparative efficacy and safety of natural immu-
nomodulators in practice. Generalisation of information
about natural immunomodulators allowed identifying
common features and differences in their effect on the
immune system. Despite the different nature and compo-
sition, most drugs combine antioxidant, anti-inflammato-
ry, and immunomodulatory mechanisms, while individual
drugs show additional effects — adaptogenic, prebiotic, or
sedative. The most characteristic mechanisms of action
and clinical effects are systematised in Table 1, which al-
lows clearly assessing their therapeutic capabilities and
potential for use.

Table 1. Mechanisms of action and clinical effects of natural immunomodulators

Agent Basic mechanisms Key clinical effects
Reduction of the severity of respiratory infections,
“Immunormalin” Antioxidant, anti-inflammatory, prebiotic, sedative. maintaining immune balance, reduction
of stress-induced immunosuppression.
« » Macrophage activation, Prevention of acute respiratory infections, reduction
Immunal . . . . .
IL-2 stimulation, phagocytosis. of their duration.
Panax sinsen Adaptogenic effect, activation Increase of resistance to infections,
& s of T-lymphocytes and NK cells. antitumour potential.
Ginkgo biloba Antioxidant, cytokine regulation, vascular effect. Reductlor} of L he freq}lency of exacer bat_1ons
of chronic diseases, immune stabilisation.
Calendula officinalis | Inhibition of TNF-q, IL-1B, IL-6; stimulation of IL-10. Antl—lnﬂamm.atory effect, reduct.lc.)n of symptoms
of inflammatory conditions.
. Activation of dendritic cells, Antiviral and antitumour immune response,
Lentinula edodes . ; . X .
NK cells; increase in IL-12. prevention of recurrent infections.

Source: compiled by the authors

Comparative analysis showed that a common property
for all the drugs considered was the presence of antioxi-
dant potential through polyphenols, flavonoids, anthocya-
nins, or polysaccharides. It was this action that established
the basic level of cellular protection, prevented oxidative
damage to immunocompetent cells, and created conditions
for the normalisation of the immune response. However,
the differences were in additional mechanisms that deter-
mined the specifics of the clinical use of each drug. “Im-
munormalin” was noted for its most multi-vector effect,
combining antioxidant, anti-inflammatory, prebiotic, and
sedative mechanisms. This set it apart from other agents
because it simultaneously affected cytokine regulation, the
gut microbiota, and the neuroendocrine system. No other
drug has demonstrated such complexity. In contrast, “Im-
munal” acted mainly through the activation of macrophag-
es and T-lymphocytes, that is, it had a more narrowly di-
rected immunomodulatory mechanism, effective mainly
for the prevention of acute respiratory infections. Ginseng
occupied an intermediate position: its action went beyond
purely immunomodulation and included an adaptogenic
effect. A common feature with “Immunormalin” was multi-
variate regulation, but the difference was the predominant
emphasis on antitumour and antiviral protection through
activation of NK cells and T-lymphocytes.

While Ginkgo biloba also shared the ability to reduce in-
flammation with ginseng, its uniqueness was determined by
the combination of immune and vascular-regulating effects,

which was of little importance in chronic pathologies. Com-
mon marigold had a common anti-inflammatory effect with
ginkgo, but realised the effect through a clearer regulation
of the cytokine profile (a decrease in TNF-a, IL-1B, IL-6
with an increase in IL-10). Thus, it showed the most pro-
nounced anti-inflammatory profile among all the compared
agents. Shiitake mushrooms shared a common mechanism
with purple coneflower and ginseng to stimulate cellular
immunity, but they differed in a much wider spectrum —
from antiviral to antitumour. Unlike “Immunormalin”, they
did not include a prebiotic or sedative effect, but acted as
natural adjuvants, enhancing the immune response to an
antigenic challenge. Therefore, a common property of nat-
ural immunomodulators was the antioxidant effect and the
ability to regulate cytokine balance. Their differences were
determined by the degree of multifactorial mechanisms:
from narrowly directed activation of macrophages and
T-lymphocytes (purple coneflower) to integrated effects on
immune, metabolic, and neuroendocrine processes (“Im-
munormalin”). It was due to the combination of extracts of
several plants with multidirectional bioactivity that “Im-
munormalin” demonstrated the most complex action pro-
file. In contrast, other drugs occupied specific therapeutic
niches — prevention of respiratory infections (purple cone-
flower), correction of inflammatory processes (marigold,
chamomile, ginkgo) or antitumour and antiviral support
(ginseng, shiitake beta-glucans). In addition to the mech-
anisms of action and the spectrum of clinical effects, an
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important criterion is the level of evidence and safety pro-
file. It was these parameters that determine the possibili-
ties of integrating funds into the practice of evidence-based

medicine and their clinical significance. Generalised data
on the availability of evidence and safety features of indi-
vidual drugs and nutraceuticals are shown in Table 2.

Table 2. Level of evidence and safety profile of natural immunomodulators

Agent Evidence base Safety
« - .Local data confirmed only by patient Portability data are limited; standardised safety
Immunormalin reviews, there are no randomised controlled .
. assessments are not available.
trials.
« ” Randomised controlled trials, clinical Generally safe; isolated cases of mild allergic
Immunal X
efficacy confirmed. reactions.
. Randomised controlled trials, Isolated gastrointestinal disorders have been
Panax ginseng L. ; . o
generalisations in reviews. reported; toxicity is low.
Ginkgo biloba Meta-analyses of clinical trials. Safety depends on Comphancle with d"s?ges? there
may be an increased risk of bleeding.
Calendula officinalis Preclinical data, m@mdual clinical Data indicate low toxicity and high biocompatibility.
observations.
Lentinula edodes Preclinical and isolated clinical data. No serious Compllcgt10n§ were recorded; tolerability
is satisfactory.

Source: compiled by the authors

Comparison of natural immunomodulators revealed
significant differences in the level of evidence and safety,
which determined their clinical significance. All the con-
sidered drugs were combined with low toxicity and good
tolerability, but the degree of scientific confirmation of
their effects was uneven. A significant evidence base was
demonstrated by the purple coneflower-based prepara-
tion “Immunal” and ginseng, for which the results of ran-
domised controlled trials were accumulated. This allowed
classifying them as the “gold standard” of plant immu-
nomodulators with proven clinical efficacy. Ginkgo biloba
took an intermediate place: its effectiveness was supported
by meta-analyses and systematic reviews, which provided
a high level of confidence, but at the same time requires
strict dosages to avoid undesirable effects. In contrast to
these drugs, common marigold and shiitake mushrooms
were characterised mainly by preclinical confirmations and
a limited number of clinical trials. Although their results
showed pronounced immunomodulatory and anti-inflam-
matory potential, the rationale for widespread clinical use
remained insufficient. “Immunormalin” was distinguished
among all drugs by the most complex composition, com-
bining several plants with different mechanisms of action.
This created a synergistic effect and potentially expanded
the scope of application - from preventing respiratory in-
fections to reducing stress-induced immunosuppression.
In combination, the analysis showed that immunomodu-
lators with proven clinical efficacy were characterised by
a high level of standardisation and reproducibility of re-
sults, while multicomponent nutraceuticals showed prom-
ising, but not yet sufficiently confirmed potential. Thus,
further development of this field requires combining the
accumulated experience of application with contemporary
requirements of evidence-based medicine.

Thus, the comparative analysis showed that natural
immunomodulators form a wide range of opportunities for
maintaining the immune system, but their clinical value
differs significantly depending on the level of evidence and
safety profile. Drugs with proven efficacy in randomised
controlled trials (purple coneflower, ginseng, ginkgo)
can be considered as the most reasonable for integration

into modern practice, while drugs with a predominant-
ly preclinical base (common marigold, shiitake) and lo-
cal multicomponent formulas (“Immunormalin”) remain
promising, but require further standardisation and large-
scale clinical trials. Therefore, the introduction of such
tools into medical practice should be based on combining
their multi-factor potential with the requirements of evi-
dence-based medicine.

CONCLUSIONS
Generalisation of the results confirmed that the multicom-
ponent drug “Immunormalin” had a complex effect on the
immune system due to a combination of antioxidant, an-
ti-inflammatory, prebiotic, and sedative mechanisms. The
presence of various plant extracts allowed combining sever-
al areas of action: regulation of the cytokine profile, main-
tenance of barrier functions of the mucous membranes,
modulation of the intestinal microbiota, and reduction of
stress-induced immunosuppression. This synergistic effect
caused a decrease in the frequency and severity of symp-
toms of respiratory infections and helped to maintain im-
mune balance. Generalised data showed that the action of
Asian ginseng and Ginkgo biloba was based on different but
complementary mechanisms. Ginseng increases the activity
of NK cells and T-lymphocytes, providing antiviral and anti-
tumour potential, and also acts as an adaptogen, increasing
the body’s resistance to stress factors. Ginkgo biloba has an
immunomodulatory and at the same time vascular-regulat-
ing effect, which is especially valuable in chronic patholo-
gies where immune and metabolic disorders are combined.
Both drugs were characterised by good tolerability and a
low risk of toxicity, which created prerequisites for their use
in both prevention and complex therapy.

The analysis confirmed that the common marigold has
a well-defined anti-inflammatory mechanism of action,
reducing the production of TNF-qa, IL-18 and IL-6 while
increasing the secretion of IL-10. This restores the bal-
ance between pro- and anti-inflammatory processes and
prevents excessive tissue damage in response to infectious
or autoimmune stimuli. The effects of the common mar-
igold were found in both preclinical models and clinical
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observations, where there was a reduction in symptoms
of inflammatory diseases of the mucous membranes and
skin. In turn, shiitake mushrooms implement a different
mechanism — activation of dendritic cells and NK cells with
increased IL-12 production. This provided powerful stim-
ulation of the antiviral and antitumour response, and pre-
vention of recurrent infections. Unlike the narrowly direct-
ed anti-inflammatory effect of common marigold, fungal
beta-glucans act as natural immune adjuvants, strength-
ening the cellular link of immunity. Thus, both drugs occu-
py different niches: marigold — in reducing chronic inflam-
mation, and shiitake — in maintaining an active immune
defence against infections and neoplasms.

Comparative analysis showed that all natural immu-
nomodulators were characterised by low toxicity and good
tolerability, but the level of evidence base was significantly
different. The most convincing results were obtained from
purple coneflower (“Immunal”) and ginseng, confirmed

by randomised controlled trials, while ginkgo biloba was
confirmed by meta-analyses and systematic reviews. Com-
mon marigold and shiitake mushrooms remained mostly
at the level of preclinical confirmations. “Immunormalin”
was characterised by a complex composition, but its effec-
tiveness was based only on local data and required further
thorough clinical testing. Further studies should be aimed
at obtaining empirical evidence through randomised con-
trolled trials involving representative samples of patients.
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AHoTauif. MeTo10 JoCTiIKeHHS 6Y/I0 BCTAHOBIEHHS iMyHOMOZYJTIOIOUMX BJIACTMBOCTEl POCIMHHMX 3aCO6iB i MepCreKkTHB
iX KIiHIYHOrO BIPOBaJKeHHS. MeTOoHoIorisl I'PYHTYBalIaCs] Ha TEOPETUKO-aHATITUYHOMY y3arajJbHeHHi JiTepaTypHUX
JaHUX 070 iIMYHOMOZAY/IIOI0UMX BJIaCTUBOCTEN MpenapaTiB «IMyHOpMastiH», «IMMyHasT», sKkeHbIIEHIO a3iliCbKOro, TiHKTO
6i1106M, KajeHayIu JIikapchbKoi Ta TpubiB ImMiTake. Pe3ynbraTv aHasi3y 3acBimumin, 1mo «IMyHOpMasliH» Big3HauaBCs
HaIIMPIIMM CIIEKTPOM MeXaHi3MiB, MOE€IHYIOUM aHTMOKCUIAHTHI, ITPOTH3anaabHi, TpebioTnuHi Ta cemaTuBHI edeKTH,
SIKi OTHOYACHO OXOIUTIOBAAM iMyHHi, MeTaboMiuHi i HeipoeHAOKPUHHI nuiaxu. Taka 6araTodakTOpPHICTb Bigpi3HsIa
7ioTo Bif 6inbI By3bKOCIeIiali30oBaHMX 3acO6iB Ta 3yMOBI/IIOBa/ia BMOKPEMJIEHY TO3MIIIO cepeli HYTPUIEeBTUKiB. Ha
npoTuBary, «IMMyHaJ1», CTBOPeHMI1 Ha OCHOBIi exiHallel mypIrypoBoOi, JeMOHCTPYBaB CIIPSIMOBaHU iMyHOMOIY/TIOIOUMIL
MexaHi3M uepes3 akTuBallilo MakpodariB i T-mimdouuTis, mo pobuao ioro nepeBaskHO eGeKTUBHUM y MpodinmakTuili
pecripatopHux iHdeKuii. JXeHblleHb a3iliCbKUII IMOEIHYBAB BJIACTMBOCTI aJalnTOreHa Ta iMyHOMOZY/SITOPA,
3YMOBJIIOIOUM MiJBUIEHY CTiliKicTb opra”iamy o iHdexiiii Ta GopMyBaHHSI TPOTUITYXIMHHOTO IMOTeHIiamy. [iHKro
6i06a, MOAINAIOUM 3 SKeHbIIIEHeM aHTMOKCUMAAHTHUI i MpOTU3anaabHMii BIUIMB, MaB JOAATKOBY CYAMHHOPETYITIOIUY
IIi10, 1110 PO3IIMPIOBAJIO JI0TO 3aCTOCYBAHHS Y XPOHIUHMX TATOJIOTISIX Ta KOMIUIEKCHi Tepartii MeTaboliuHuX CMHAPOMIB.
Kanenpmyrna nikapchbKa IeMOHCTPYBaJIa HAUiTKillle BUPaskeHU T MpOTH3anaabHIii Tpodiab cepes MOPiBHIOBAHMX 3aC006iB,
OCKiJIbKM TIPUTHiUyBaJia MPOAYKIiI0 Mpo3anajbHUX IUTOKIHIB i CTMMYy/I0OBaaa cekpellilo MpoTu3anajibHUX MeLiaTopis,
IO 3HVKYBAJIO PU3MK TKAHMHHUX YIIKOIKEHb TIPY TPUBAIUX 3aMaJbHUX Mpoliecax. [pubu muitake, 3aBASIKM BMICTy
GeTa-I/IIOKaHiB, peasi3oByBa/iM QYHKIIT IPUPOIHMX aJl IOBAHTIB, MiACWIIOIUYYM KIITUHHY iIMYHHY BiTIOBiAb i TOEmHYIOUM
MPOTUBIPYCHY Ta NMPOTUIYXIMHHY aKTUBHICTh. Y3araJibHEHHS pe3y/abTaTiB M0Ka3ao0, o MPUPOAHiI iMyHOMOIYISITOPU
MaloOTh CITiJTbHY aHTMOKCUAAHTHY [il0, aje Bigpi3HAThCS 3a 6araToakTOPHICTIO Ta KIiHIYHOIO CIIPSMOBAHICTIO, 110
3yMOBJIIOE TIOTpeOy y cTaHmapTusallii it mudepeHIiiioBaHOMY 3acTocyBaHHi. OTpMMaHi pe3ylnbTaT MOXYTb OyTH
BUKOPUCTAHI JIiKapsAMu-KITiHiMcTaMu, hapMaKoIoTaMy Ta HAyKOBIsIMM Y cepi qokazoBoi ditorepamnii ayist onmtumizarii
Mig60py iMyHOMOY/TIOIOUMX 3aC06iB i pO3POOGKM CTaHIAPTMU30BAHMX MiAXO/iB 40 iX 3aCTOCYBAaHHS

KniouoBi cnoBa: 3amaabHuit Mpoliec; UIMTOKiHU; Makpodary; 1iMpounTy; iHTepieiikinm; 6i0akTUBHI crionyky; iHdekii
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