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ORIGINAL RESEARCH | ENDOCRINOLOGY

POSTMENOPAUSAL CHANGE IN MSCs SENSITIVITY TO TESTOSTERONE, 173-ESTRADIOL, AND PTH
ARE ASSOCIATED WITH IMPAIRED ADIPOGENESIS

Zinoveva AA, Bakhchinian E, Kamenkov SS, Shcherbakova LN, Bugerenko AE, Ogay DS, Voloshin NS, Chechekhina ES B, Kulebyakin KYu
Lomonosov Moscow State University, Moscow, Russia

The menopausal transition is accompanied by the decrease in estrogen levels and changes in the estrogen to androgen ratio, resulting in dysregulation of multipotent
mesenchymal stem cell (MSCs) differentiation in the subcutaneous adipose tissue, reduction of their adipogenic potential, adipocyte hypertrophy, and metabolic
disorder progression. Menopausal hormone therapy (MHT) is used to manage menopausal symptoms. However, the effects of exogenous hormones on MSCs
are still poorly understood. The study aimed to assess adipogenic differentiation of the subcutaneous adipose tissue MSCs and their sensitivity to testosterone,
17B-estradiol, and parathyroid hormone (PTH) in postmenopause. A total of six patients with benign gynecological disorders were included in the study, among
them two were of reproductive age, one was perimenopausal, and three were postmenopausal. The MSCs adipogenic differentiation was performed throughout
14 days with the addition of testosterone, 17-estradiol, or PTH, 10 nM each, then the proportion of cells containing lipid droplets was assessed. The adipogenesis
level in control samples was 26-30% in patients of childbearing age and 12-42% in postmenopausal ones, with the pronounced interindividual variability. Hormonal
stimulation considerably suppressed MSCs adipogenesis in postmenopause: testosterone reduced adipogenesis to 46-56% of control levels, estradiol to 51-84%,
PTH to 53-66%, while patients of childbearing age showed a less pronounced effect (65-85%). The obtained data demonstrate a shift in hormonal sensitivity of
MSCs from subcutaneous adipose tissue in postmenopause and suggest that MHT may exert an additional inhibiting effect on adipogenesis through suppression
of MSCs differentiation.

Keywords: mesenchymal stem cells, testosterone, 17B-estradiol, PTH, adipogenic potential, menopause, menopausal hormone therapy

Funding: the study was supported by the RSF grant 25-75-30005 “Regulation of Body’s Cell Renewal Processes, the Fundamentals for Long-term Maintenance
of Functional Activity of Organs and Tissues, Human Health and Active Longevity”.

Author contribution: Zinoveva AA, Bakhchinian E — experiments on MSC differentiation, processing of the results; Kamenkov SS — MSC isolation and culturing,
statistical data processing, manuscript writing; Shcherbakova LN — clinical phase management, biomaterial acquisition, interpretation of the results, manuscript
editing; Bugerenko AE, Ogay DS — clinical phase management, biomaterial acquisition; Voloshin NS — adipogenic differentiation quantification; Chechekhina ES — study
concept and design, MSC isolation and culturing, interpretation of the results, manuscript writing; Kulebyakin KYu — study concept and design, interpretation of
the results, manuscript editing.

Compliance with ethical standards: the study was approved by the Ethics Committee of the Lomonosov Moscow State University (IRB0O0010587, protocol
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provided informed consent before biomaterial collection.
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NMOCTMEHOMNAY3AJIbHOE NSMEHEHUE YYBCTBUTEJIbHOCTU MCK K TECTOCTEPOHY,
173-9CTPAANONY U NTI ACCOLUMNPOBAHO C HAPYLLUEHUEM AOVUMOIEHE3A

A. A. 3uHoBbeBa, E. BaxdnHsH, C. C. Kamerkos, J1. H. LLiep6axosa, A. E. Byreperko, . C. Orai, H. C. BonowwH, E. C. YedexviHa ™, K. 0. KynebskuH

MOCKOBCKMIN rocydapCTBEHHbIN yH1BEpCUTeT uMeHn M. B. JTomoHocosa, Mockea, Poccus
MeHonay3anbHbIi Nepexof, CONPOBOXAAETCS CHUKEHNEM YPOBHS 9CTPOreHOB W M3MEHEHNEM COOTHOLLEHWS 9CTPOreHOB ¥ @aHAPOreHoB, YTO NMPUBOAUT
K avcperynsaumm anddepeHUMPOBKA MyBTUMOTEHTHBIX ME3EHXMHBIX CTPOMabHbIX KNeTok (MCK) NOAKOXHOM XKUPOBOM TKaHK, CHYXKEHWUIO X aAUMOreHHOro
noTeHUWana, runepTpodun agmMnoumToB U NPOrPECCUPOBaHNI0 METAOOMMHECKMX HapYLLEHWA. [ns KOppekumn MeHonay3asbHbIX PacCTPOMCTB HadHa4YaeTcs
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The menopausal transition represents a unique stage of a
woman'’s life, when sudden rearrangement of neuroendocrine
regulation leads to the profound change of both the function
of classic hormone-dependent target organs and the behavior
of multipotent mesenchymal stem cells (MSCs) of adipose and
bonetissues[1, 2]. MSCsrepresent akey element of mesodermal
tissue regeneration and have a unique ability to differentiate in
different directions (adipogenic, osteogenic, and chondrogenic)
[3]. The MSCs activity is under strict neuroendocrine control
to ensure timely adjustment to the body’s current demands
[4]. In particular, in the female body, 17(-estradiol signaling is
involved in the stromal tissue morphology and energy balance
regulation during the menstrual cycle [5]. After menopause, the
decrease in 173-estradiol levels and changes in the estrogen to
androgen ratio lead to the dysregulation of MSCs differentiation,
as well as to changes in sensitivity to homeostatic hormones,
such as parathyroid hormone (PTH) [6, 7]. Simultaneously,
the MSCs senescent phenotype is formed, which results in the
reduced MSC functional activity and worse tissue regeneration
capacity [8-11]. An interplay between these processes leads
to gender-specific manifestations of aging, including changes
in the adipose tissue distribution, osteoporosis, and increased
cardiometabolic risk [12, 13].

Traditionally, symptoms are alleviated by prescribing
the menopausal hormone therapy (MHT) aimed mainly at
replenishing estrogen (primarily 17@-estradiol) deficiency.
MHT has a complex effect on adipose and bone tissues. It
is well known that transdermal 17B-estradiol administration
enhances the adipogenic potential of MSCs in the adipose
tissue of the femoral depot without any considerable effect
on abdominal cells [14]. As for the bone tissue, MHT slows
down weight loss, stimulates MSCs osteogenic differentiation,
suppresses osteoclast activity, and reduces bone resorption,
thereby contributing to lower risk of osteoporosis [15].
Despite all the benefits, MHT prescription has several
contraindications and is associated with some risk factors
(thrombosis, cancer). Furthermore, it is not recommended
to use MHT for adjustment of age-associated metabolic
disorders and prevention of cardiovascular disorders [16]. In
a number of countries, androgen-based drugs are prescribed
to adjust vulvovaginal atrophy and increase libido, along with
conventional MHT [17]. No testosterone-based drugs for
treatment of menopausal symptoms have been registered in
the Russian Federation. Furthemore, it is not recommended to
prescribe testosterone-based drugs to women with cognitive
impairment, cardiovascular and metabolic disorders [16, 18].
With respect to the existing limitations of systemic hormone
therapy, the development of targeted methods based on the
use of MSCs itself or their secretome (bioactive factors capable

Table 1. Clinical characteristics of patients
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of locally modulating the MSCs differentiation processes without
any systemic hormonal load) is becoming a promising area
[19, 20]. In-depth knowledge of the mechanisms underlying
the hormone-dependent MSCs differentiation in both young
and elderly women will open new areas for personalized
therapeutic approaches to adjustment of metabolic disorders
in postmenopausal women in the future.

We assumed that there is a shift in the MSCs sensitivity
to hormones in peri- and postmenopause, due to which
testosterone, 17-estradiol, and PTH have a more pronounced
anti-adipogenic effect, than in women of childbearing age.

The study aimed to assess the features of adipogenic
differentiation of the subcutaneous adipose tissue MSCs
in women of childbearing age, peri- and postmenopausal
women, as well as to assess changes in the MSCs sensitivity to
testosterone, 17B-estradiol, and PTH in postmenopause.

METHODS
Patient characteristics

A total of six patients, who underwent elective surgery due to
benign gynecological disorders, were included in the study. Two
patients of childbearing age underwent diagnostic laparoscopy
aimed to rule out tubal factor infertility; one patient, who were
through perimenopausal transition, underwent hysterectomy
due to multiple fibroids; three patients, who were in their late
postmenopause (postmenopausal for more than 20 years),
underwent surgery due to pelvic organ prolapse.

Inclusion criteria: elective laparoscopic surgery due to
benign gynecological disorders. Patients of childbearing age
(under 45), perimenopausal and postmenopausal patients
were included. Exclusion criteria: malignant neoplasms, acute
inflammatory disorders at the time of surgery, diabetes mellitus.
Clinical characteristics of the patients included in the study are
provided in Table 1.

MSCs isolation from the subcutaneous adipose tissue

The subcutaneous adipose tissue samples were obtained
during laparoscopic gynecological surgery. Samples were
collected from the umbilical area (first trocar insertion site); the
sample volume was about 1 cm®. Samples were transported
in sterile containers with the Hanks' Balanced Salt Solution
(PanEco, Russia) supplemented with 5% penicillin/streptomycin
(Gibco, USA) at a temperature of 4 °C and processed within
2 hours after collection.

The subcutaneous adipose tissue samples were placed
in a Petri dish and washed three times with the cooled sterile

ID Age, BMI, kg/m? Reproductive aging ‘stage Extent of surgery Somatic diseases
years (Straw classification)
1 35 25.5 -4 Diagnostic laparoscopy, chromopertubation Migraine
2 25 22.3 -4 Diagnostic laparoscopy, chromopertubation Not detected
~ Laparoscopic hysterectomy due . , i
3 45 20.1 1 to multiple fibroids Hashimoto's thyroiditis
. . Grade 3 hypertension,
4 71 25.3 2 Laparoscopic sacral colpopexy Cardiovascular risk class 3
5 69 243 2 Laparoscopic sacral colpopexy Not detected
Grade 3 hypertension,
6 71 40.6 2 Laparoscopic sacral colpopexy Cardiovascular risk class 4.
CAD: angina pectoris

Note: * — the patient had a history of using topical estrogens.
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A MSCs of patients of childbearing age

ID2

MSCs of postmenopausal patients

B ID 6

ID4

Fig. 1. Adipogenic differentiation of the MSCs obtained from patients of childbearing age and postmenopausal patients in the control differentiation medium. A. Images
of the MSCs obtained from patients of childbearing age at the differentiation endpoint (day 14) with the Nile Red stained lipid droplets. B. Images of the MSCs obtained
from postmenopausal patients at the differentiation endpoint (day 14) with the Nile Red stained lipid droplets

phosphate-buffered saline (PanEco, Russia) to eliminate
remnants of blood and tissue fluid. Then the tissue washed
was thoroughly minced using a sterile scalpel for 5-10 min until
a homogeneous suspension was obtained. The processed
material was transferred to the sterile 50 mL test tube and mixed
with type | collagenase (Worthington, USA) in a concentration
of 1.5 mg/mL dissolved in the Hanks' Balanced Salt Solution.
The collagenase volume was calculated based on the ratio 1 : 2
by weight of tissue. Incubation was done at 37 °C in the 5% CO,
atmosphere for 50-60 min, with regular stirring (every 10 min).

The resulting suspension was centrifuged at 180 g for 10
min at 4 °C. Centrifugation yielded three layers: the upper
layer comprising the floating mature adipocytes and lipids,
intermediate layer, and the lower layer comprising the stromal
vascular fraction (SVF) in the form of the dark red sediment. The
upper two layers were carefully removed using a pipette. The
lower layer comprising SVF was resuspended in the Hanks'
Balanced Salt Solution. The resulting suspension was filtered
through a 100 pym nylon mesh in order to remove the intact
tissue fragments trapped in the sediment. The filtrate was
transferred into clean test tubes. The filtered suspension was
centrifuged at 180 g for 10 min. Then the resulting sediment
was resuspended in 3-5 mL of the complete culture medium,
mixed thoroughly, and transferred to Petri dishes.

MSCs culturing
The cells were passaged in the DMEM medium with the low

glucose content (PanEco, Russia) supplemented with the 10%
fetal bovine serum (Gibco, USA) and 1% penicillin/streptomycin

(Gibco, USA). The cells were passaged, when the 100%
confluency was reached. The medium was collected from the
culture dish, washed three times with the Versene solution
(PanEco, Russia), then added a small amount of the 0.25%
trypsin solution (PanEco, Russia), distributed evenly across
the bottom of the dish, and incubated at 37 °C for 3-5 min.
After the rounded detached cells appeared (this was controlled
using the inverted microscope), the suspension was added
the complete culture medium to the working volume, pipetted
carefully to obtain a homogenous suspension, and transferred
into the new Petri dish.

Adipogenic differentiation

MSCs were seeded onto 6-well plates (at 90-100% confluence)
and incubated for 14 days in the complete culture medium
supplemented with the reduced adipogenic cocktail (10 pg/mL
insulin (Merck Millipore, Germany), 1 uM dexamethasone (Abcam,
UK), 0.5 mM IBMX (Abcam, UK)). One hormone was added to
certain wells: 10 nM 17B-estradiol (Tocris Bioscience, UK),
10 nM testosterone (Cloud-Clone Corp., USA), or 10 nM PTH
(Tocris Bioscience, UK), other conditions remained the same.
To visualize lipid droplets in the differentiated adipocytes,
the cells were stained with Nile Red (Merck, Germany),
the lipophilic fluorescent dye showing high specificity
and luminescence intensity when bound to neutral lipids, on
day 14 of differentiation. Then the cells were imaged using
the Nikon Eclipse Ti2 microscope (Nikon; Japan) with the
Nikon Plan Fluor 10x/0.3 lens and Kinetix camera (Teledyne
Photometrics, USA). The quantitative analysis was performed
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Table 2. Absolute adipogenic differentiation efficiency values (proportion of cells with lipid droplets) in patients of various age groups

Age, Reproductive aging stage Adipogenic differentiation, lAd|poge_n|c Adipogenic differentiation Adipogenic
ID o differentiation + B . o
years (Straw classification) control + 17B-estradiol differentiation + PTH
testosterone
1 35 -4 26.23% 18.77% 21.84% 19.68%
2 25 —4 29.85% 22.22% 25.25% 19.49%
3 45 -1 19.78% 11.35% 11.15% 10.66%
4 71 2 41.90% 23.56% 35.09% 27.80%
5 69 2 21.48% 11.24% 10.97% 11.28%
6 71 2 12.30% 5.63% 8.06% 6.55%

using the Al module for automated image assessment being
part of the NIS-Elements 5.42.02 software (Nikon, Japan). All
the cells in each image were segmented using the Segment
Objects.ai model. Then each cell was tested for the presence
of lipid droplets in it. The overall adipogenic differentiation
efficiency was estimated as a percentage of cells with lipid
droplets relative to the total number of cells. The analysis was
performed on a number of randomly selected fields of view
from different wells of the plate, which ensured the sample
representativeness.

Statistical analysis

Statistical analysis of the results was performed using the
SigmaPlot 11.0 software package (Systat Software Inc., San Jose,
California, USA). The data distribution was tested for normality
using the Shapiro-Wilk test. Independent groups were compared
using the Student’s t-test (for the normally distributed data) and
Mann-Whitney U-test (for the non-normally distributed data). The
differences were considered significant at p < 0.05. The values are
presented as the mean + standard error of the mean (mean + SEM).

A MSCs of a patient of childbearing age (ID 1)

Testosterone

Control

B MSCs of a postmenopausal patient (ID 5)

Control Testosterone

17B-estradiol PTH

17B-estradiol

C D E
Testosterone (14 days) 17B-estradiol (14 days) PTH (14 days)
100 — 100 — 100 —
80 — _ 80 - T 80
° S °
S 60 * 5 60 S 60
o o o
S 40 S 40— 5 40
R =S X
20 — 20 20
MSCs of patients MSCs of MSCs of patients MSCs of MSCs of patients MSCs of
of childbearing menopausal of childbearing menopausal of childbearing menopausal
age patients age patients age patients

Fig. 2. Adipogenic differentiation of the MSCs obtained from patients of childbearing age and postmenopausal patients in the control differentiation medium, as well
as in the differentiation medium supplemented with testosterone, 178-estradiol, and PTH. A. Images of the MSCs obtained from patients of childbearing age at the
differentiation endpoint (day 14) with the Nile Red stained lipid droplets. B. Images of the MSCs obtained from postmenopausal patients at the differentiation endpoint
(day 14) with the Nile Red stained lipid droplets. C-E. Results of quantification of adipogenic differentiation in the presene of testosterone (C), 17B-estradiol (D), and
PTH (E) normalized to the control differentiation conditions (n = 2,3; * — p < 0.05; t-test).
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Table 3. Changes in adipogenic differentiation efficiency depending on testosterone, 17B-estradiol, and PTH supplementation in patients of various age groups

o | pom | Pt srasene | oot oicomiol | 7pessadol orcoma | AdEesric dfernteten s P
differentiation differentiation
1 35 -4 72% 83% 75%
2 25 -4 74% 85% 65%
3 45 - 57% 56% 54%
4 7 2 56% 84% 66%
5 69 2 52% 51% 53%
6 71 2 46% 66% 53%
RESULTS basal adipogenesis value turned out to be especially insensitive

Adipogenesis visual and quantitative characteristics
in control conditions

Images of the fluorescence stained MSCs cultures obtained from
patients of childbearing age (25-35 years, STRAW —4) showed
high differentiation efficiency: lipid droplets occupying a large
part of the cytoplasm were found in a large proportion of cells,
which suggested active terminal phase of adipogenesis (Fig. 1A). In
contrast, there were a considerably lower number of such cells
in the MSCs cultures obtained from postmenopausal patients
(69-71 years, STRAW +2) (Fig. 1B). The baseline proportion
of Nile Red+ cells in the control was 26-30% in patients
of childbearing age and 12-42% in postmenopausal patients,
with the marked interindividual variability in the latter (Fig. 1B,
Table 2).

We should also mention the detected discrepancy between
age and the control values of adipogenic MSCs differentiation in
two patients. Thus, patient 4 (71 years, postmenopause for
more than 20 years) showed a relatively high adipogenesis level
in the control (41.9%) (Fig. 1B; Table 2), which was much higher
compared to the values of other patients of the same age. One
possible explanation of this phenomenon can be personal
clinical features of the patient: she received topical estriol for
1 month during the postoperative period, which could positively
affect MSCs and their differentiation capacity. In contrast,
patient 3 (45 years, late menopausal transition) showed a
low level of adipogenic differentiation in the control (about 20%)
(Table 2), which suggests the decrease in the cells’ functional
sensitivity already during the menopausal transition, which is
characterized by unstable hormone levels with the preserved
menstrual cycle. The data obtained emphasize considerable
heterogeneity of the age-related MSCs alterations resulting from
both baseline hormone levels and clinical factors, which should
be taken into account when interpreting the MSCs differentiation
results and developing the drugs for adjustment of metabolic
disorders based on MSCs and their secretome.

Hormone-dependent effects on adipogenic
differentiation

Testosterone supplementation caused the most pronounced
adipogenesis suppression in the MSCs obtained from
postmenopausal patients. Relative adipogenesis efficiency
decreased to 46-56% compared to the control values (ID
4-6), while patients of childbearing age showed a moderate
effect (72-74%) (Fig. 2A-C; Table 3). 17B-estradiol and PTH
also inhibited differentiation in the late postmenopausal women
(561-84% and 53-66% of the control, respectively) (Fig. 2 A-B,
D-E; Table 3).

On the group of postmenopausal patients, patient 4 with
the history of topical estradiol therapy having an abnomally high

to the effects of 17B-estradiol and PTH (Fig. 1B; Table 3). In
patient 3, all the hormones reduced relative differentiation
efficiency to postmenopausal levels (54-57%), which confirms
the data on the premature shift in MSC sensitivity to hormonal
stimuli (Table 3).

Based on the data obtained we can conclude that the
MSCs adipogenic differentiation depends on both women’s age
and hormone levels. High adipogenic differentiation efficiency
is observed in the childbearing age, while in postmenopause
(without systemic or topical hormone therapy) it is significantly
decreased. High adipogenic activity in the 71-year-old
postmenopausal patient, who received topical estriol therapy
and, conversely, low differentiation level in a younger patient
(ID 3; 45 years), being through her menopausal transition,
suggest that the hormonal status can have a more pronounced
effect on the MSCs functional state, than chronological age, and
should be taken into account when interpreting experimental
data and developing targeted therapeutic approaches.

Hormonal stimulation has fundamentally different effects
on the MSCs obtained from patients of childbearing age
and postmenopausal patients. It is clear that MSCs from
postmenopausal patients demonstrate a pronounced decrease in
adipogenesis efficiency in response to testosterone, estrogen,
and PTH exposure. However, no similar anti-adipogenic effect
is observed in the MSCs of younger patients. Thus, our findings
suggest that there is a shift in the MSCs sensitivity to hormones
in peri- and postmenopause.

DISCUSSION

The menopause represents a critical phase of a woman's life,
associated with significant changes in the levels of circulating
hormones. It is characterized by the decrease in estrogen
levels and the increase in the androgen to estrogen ratio. In
postmenopause, estrogens are predominantly synthesized
in the adipose tissue from androgen precursors generated
in the adrenal glands and ovaries. Androgen and estrogen
concentrations in the adipose tissue are higher compared to
circulating levels, reflecting the role of the adipose tissue as a
critical reservoir and a site for the sex steroid metabolism [21].
The changes that occur during menopause are exacerbated by
the overall aging of the body. The age-related and menopausal
processes directly affect both terminally differentiated cells
and stem cells, reducing their proliferation and differentiation
potential.

In our study we have shown that the menopausal transition
has a pronounced effect on the adipose tissue MSCs functions.
MSCs of postmenopausal women demonstrate the decrease
in adipogenic potential compared to MSCs of women of
childbearing age [14, 22, 23]. The MSCs differentiation
potential decrease in postmenopause can have a direct effect
on the adipose tissue structure and functions. Since MSCs
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represent the source of new adipocytes, disturbances of their
differentiation lead to reduction of the pool of young functional
adipocytes, hypertrophy of the existing cells, and accumulation
of excess lipid droplets in the cells.

Earlier it has been shown that in premenopause the adipose
tissue is characterized by high estrogen metabolism enzyme
activity and estrogen concentrations significantly exceeding
the serum levels. Following the onset of menopause, there is a
significant decrease in both estrogen levels and the activity of
appropriate enzymes. Furthermore, comparative analysis of the
estrogen metabolism enzyme mRNA expression in the adipose
tissue revealed similar patterns, regardless of the menopausal
status, which suggests the key role of post-transcription
mechanisms in reducing the tissue enzyme activity [24].

The results of our study provide a possible explanation of the
mechanisms underlying such post-transcriptional alterations.
Reduction of the subcutaneous MSCs adipogenic potential
in postmenopausal women can be the first event initiating the
cascade of changes in the adipose tissue. The lack of young
functional adipocytes resulting from the decreased MSCs
differentiation disturbs the adipose tissue normal architecture
and cellular composition. This leads to accumulation of
hypertrophic adipocytes showing the significantly decreased
synthetic activity in the adipose tissue, which, in turn, decreases
its overall enzyme activity.

We have shown that adding 17B-estradiol, PTH and especially
testosterone significantly inhibits adipogenic differentiation
of MSCs in postmenopausal patients, reducing the efficiency to
46-84% of the control, while young women show only a moderate
effect. This change in sensitivity is of particular importance when
prescribing MHT. It is well known that the adipose tissue of patients
receiving MHT maintains high local estrogen concentrations and
remains capable of active sex steroid metabolism, which prevents
the development of visceral obesity typical for postmenopausal
women [25]. Despite the fact that the mechanisms of the adipose
tissue distribution hormonal regulation are complex and involve
effects on the lipolysis, lipogenesis, and insulin sensitivity, our data
suggest one more previously undescribed mechanism: the MHT-
associated adipose tissue redistribution slowdown occurs not only
due to the direct metabolic effects of estrogens, but also indirectly
through the inhibition of the MSCs adipogenic differentiation by
sex steroids.

Our study has shown the pronounced individual variability
of the MSCs adipogenic potential in postmenopause. Such
variability is determined not only by age and the time of onset
of menopause, but also by the individual history of hormone
therapy. The best example is patient 4, in whom, despite short-
term use of topical estriol, relatively high basal adipogenesis was
maintained, comparable with the values of younger patients.
Such individual variability emphasizes the need to consider
medical history data, including the history of using hormonal
drugs, when interpreting the MSCs functional properties
and developing personalized approaches to adjustment of
postmenopausal disorders.

Our study fits well into modern concepts of the clinical and
molecular mechanisms underlying the female body aging and
changing balance of estrogens and androgens with the ovarian
function loss [12, 26]. The data obtained are well correlated
with the available data on the impact of estrogen deficiency on
metabolic processes, tissue regeneration, and pathogenesis of
postmenopausal disorders [27-30]. The approach involving the
use of MSCs or their secretome for targeted therapy can open
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new promising methods for adjustment of postmenopausal
disorders without systemic hormonal load [19, 20].

At the same time, the detected considerable interindividual
variability of the MSCs functional properties requires further
investigation of the mechanisms underlying regulation of MSCs
differentiation and senescence considering the hormonal status,
genetic and epigenetic context of each patient. This emphasizes
the need for a comprehensive personalized approach to both
selection of conventional menopausal hormone therapy and
development of new MSC-based biotechnological methods for
treatment of postmenopausal women.

Study limitations and the direction of future research

Small sample size (n = 2-8) significantly limits the study
statistical power and reduces the possibility of extrapolating
the results to a wider population of menopausal women. The
perimenopause group is represented by only one patient (ID 3),
which makes it impossible to assess the dynamic changes
during the transition period. The data obtained suggest the
potentially premature adipogenesis decrease. However, this
conclusion needs to be confirmed in the larger cohort.

In the future it is planned to expand the sample of
patients to increase the statistical power, reduce the effect of
interindividual variability, and validate the results. Considerable
basal adipogenesis variability (12-42% in postmenopausal
patients) can be associated with individual differences in the
hormonal status, concomitant disorders (hypertension, CAD),
and therapy features (such as the use of topical estriol in patient 4).
These factors make it difficult to distinguish between the effects
directly related to menopause and the influence of individual
patient characteristics.

Moreover, the study is based solely on the abdominal
subcutaneous adipose tissue samples, which makes it impossible
1o assess the impact of hormonal factors on the visceral adipose
tissue. In the future it is planned to include various adipose tissue
types in the studies for more comprehensive assessment of the
impact of menopause on the adipogenic potential.

CONCLUSIONS

[t has been shown that the menopausal transition reduces the
subcutaneous adipose tissue multipotent mesenchymal stem
cell (MSCs) adipogenic differentiation capability. This triggers
the cascade of changes in the adipose tissue: reduction of the
proportion of young adipocytes, hypertrophy of mature cells,
and the decrease in the local estrogen metabolism activity.
Sex steroids (17B-estradiol, testosterone) and PTH enhance
adipogenesis inhibition in postmenopausal women compared
to women of childbearing age, which suggests the shift in
the MSCs sensitivity to hormones following the ovarian failure.
This mechanism can explain the adipose tissue redistribution
slowdown associated with MHT not only by the direct metabolic
effects of estrogens, but also through the MSCs differentiation
modulation. To gain a deeper understanding of the mechanisms
that determine the shift in hormonal sensitivity of MSCs in
postmenopause, further study of the post-transcriptional
regulation and senescence of these cells, considering genetic
and epigenetic factors, is recommended. The results of such
analysis can be used when developing the MSCs secretome-
based cell preparations for adjustment of postmenopausal
metabolic disorders.
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NGS TECHNOLOGY AS A TOOL FOR THE WILSON’S DISEASE DIAGNOSIS AND SEVERITY ASSESSMENT
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For several decades, Wilson’s disease (WD) has remained the focus of attention for a wide range of specialists, including hepatologists, general practitioners,
neurologists, geneticists, etc. However, despite significant advances in understanding its molecular basis, establishing clear correlations between the genotype
and clinical phenotype of the disease remains a key unresolved issue. The study aimed to identify patterns between genetic variants in the ATP7B gene and the
WD clinical manifestations using next-generation sequencing. The data from 81 WD patients, who were followed up between 2015 and 2019, were used in the
study. Molecular genetic testing of biomaterial (blood) samples was performed by NGS. The analysis of the molecular genetic testing results using targeted NGS
revealed 31 pathogenic variants. The following variants were the most frequent: ¢.3207C>A (p.His1069GIn) — 51.85% alleles, ¢.3190G>A (p.Glu1064Lys) — 8.64%
alleles, and ¢.3402delC (p.Ala1135fs) — 6.17% alleles. A moderate correlation between genotype and phenotype was established: pathogenic variants (nonsense,
frameshift, splicing) in the homo- or compound heterozygous state are associated with severe liver damage, severe degree of cirrhosis, and lower cholinesterase
levels. The data obtained emphasize the importance of molecular genetic diagnosis for clarifying the diagnosis of WD and predicting the disease severity.

Keywords: Wilson's disease, ATP7B gene, genotype-phenotype correlation, next-generation sequencing

Author contribution: Balashova MS — follow-up of patients, NGS data analysis, manuscript writing; Zhuchenko NA — literature review and analysis, manuscript
writing; Tuluzanovskaya |G — follow-up of patients, literature analysis and processing, manuscript writing; Glotov OS — molecular genetic testing data preparation,
manuscript editing; Senina OS — data entry, manuscript writing; Ignatova TM — literature analysis, manuscript editing; Asanov AYu — literature analysis, manuscript
writing and editing.

Compliance with ethical standards: the study was approved by the Ethics Committee of the Sechenov University (protocol No. 07-23 dated 27 April 2023).
All subjects or their legall representatives submitted the informed consent for participation in the studly.

><] Correspondence should be addressed: Inna G. Tuluzanovskaya
Yelansky, 2, bld. 2, 119435, Moscow, Russia; inna_t77@mail.ru

Received: 24.02.2026 Accepted: 11.03.2026 Published online: 01.04.2026
DOI: 10.24075/brsmu.2026.012

Copyright: © 2026 by the authors. Licensee: Pirogov University. This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

NGS-TEXHOJIOI'MN KAK MHCTPYMEHT OANATHOCTUKU N OLIEHKN TA>KECTU NATONNOMMYECKOI O
MPOLIECCA NMPU BOJIE3HN BUJIbCOHA-KOHOBAJIOBA
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Ha npoTsikeHnn HeCKomNbKMX AecaTuneTnin bonesHb BunbcoHa—KoHosanosa (EBK) octaetcs B hokyce BHUMaHVIS LUMPOKOrO Kpyra CreLvanMcToB: renaTonoros,
TepanesTOB, HEBPOSIOrOB, MEHETVKOB 1 Ap. OAHAaKO HECMOTPS Ha 3HaYMTENbHbIA MPOrPECC B MOHUMAaHUN €€ MONEKYNSPHbIX OCHOB, OAHOW M3 KOYeBbIX
HepeLLEHHbIX MPOOIEM OCTAETCs YCTAHOB/EHNE HYETKVX KOPPENSLMIA MEX[Y FEHOTUMOM U KITMHUHECKMM (DEHOTUMOM 3abonesaHst. Lienbto paboTbl Obio BbISBUTL
3aKOHOMEPHOCTU MEXAY FEHETUHECKVMI BapuaHTaMu B reHe ATP7B 1 KIHnYecKiMmn nposienernsiMmn BBK Ha ocHoBe MeTofa CEKBEHMPOBaHMSA HOBOIO MOKOEHNS.
B pabote ncnonb3oBanu AaHHble 81 naunerTa ¢ BBK, koTopbix Habnofanm B nepuog ¢ 2015 no 2019 rr. MonekynspHo-reHeTu4eckoe 1ccnefoBaHvie 06pasLoB
bromateprana (kposb) nposoann metogom NGS. MNpy aHannse pesynstaToB MONEKYNIAPHO-TEHETNHECKOrO UCCNenoBaHms METOAOM TapreTHoro NGS BbisiBneH
31 naToreHHbI BapnaHT. Hanbonbluyto YacToTy nmenn BapuanTbl: ¢.3207C>A (p.His1069GIn) — 51,85% anneneit, ¢.3190G>A (p.Glu1064Lys) — 8,64% anneneit
1 €.3402delC (p.Ala1135fs) — 6,17% annenei. YcTaHoBNeHa yMepeHHasi Koppensums reHoTuna 1 heHoTuna: natoreHHble BapuaHTbl (HOHCEHC, hperMumndrT,
CMAaCUHI) B TOMO- UM KOMMAyHL-reTEPO3UIrOTHOM COCTOSIHUM aCCOLMMPOBAHbI C TSHXENBIM MOPaXKEHNEM NEYEHW, BbIDEXKEHHOW CTEMeHbO Lppo3a 1 6onee
HV3KIM YPOBHEM XONMHICTepasbl. MonyyeHHble AaHHble MOAYEPKMBAIOT BaXKHOCTb MOSEKYNSPHO-MEHETUYECKON ANarHOCTUKA ANs YTOYHeHWs amarHosa bBK n
MPOrHO3NPOBaHWS TSHXKECTN TeHYEHNS 3ab0NeBaHns.
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Wilson’s disease (WD, OMIM #277900) is an autosomal recessive
copper metabolism disorder caused by pathogenic and
likely pathogenic variants in the gene ATP7B encoding the
hepatocyte copper-transporting ATPase [1]. The disease is
characterized by excessive accumulation of copper in the
liver, brain, cornea, and other organs, resulting in the broad
spectrum of clinical manifestations: from acute liver failure to
neurological and psychiatric symptoms. Despite its monogenic
nature, the WD phenotypic heterogeneity is extremely high:
the age of onset can vary between 2 and 72 years, and
clinical features can include isolated liver damage, as well
as neurological symptoms without liver failure, the combination
of those, and various extrahepatic manifestations [1].

The genotype-phenotype correlation is one of the key
factors of such variability. To date, more than 1000 variants in
ATP7B associated with WB have been reported; a number of
studies demonstrate the association of certain variants with the
earlier onset and more severe disease course, or with the late
onset and predominantly hepatic form [2, 3].

In various populations, the genotype-phenotype differences
manifest themselves in view of the most common/major
variant. Thus, p.His1069GIn (H1069Q) is most common in
Europe; homozygosity for the variant is associated with the late
disease onset and predominance of neurological symptoms
[3, 4]. The p.Arg778Leu (R778L) variant, which is associated
with the earlier onset (often in childhood) and predominantly
hepatic form, prevails in East Asian populations [2, 5].

The unique/specific frequent nucleotide sequences also
showing characteristic clinical features are found in some
regions (for example, c.-436_-422del in India and p.Val1146Met
in Sardinia) [6].

Meta-analyses confirm that nonsense and frameshift variants
leading to complete absence of functional protein are correlated
to the more severe and earlier disease, while the missense
variants preserving ATP7B residual activity are more often
associated with the milder phenotype and late onset 2, 7].

Thus, understanding of genotype-phenotype correlations
in Wilson’s disease are of not only theoretical, but also practical
significance: it allows one to predict the disease course, determine
screening priority in specific ethnic groups, and, perhaps, develop
personalized approaches to therapy in the future.

The study aimed to identify correlations between genetic
variants in the ATP7B gene and the WD clinical manifestations
using next-generation sequencing.

METHODS

The study was based on the analysis of data of 81 patients with
the diagnosis of Wilson’s disease verified by next generation
sequencing (NGS). Information was obtained from the clinical
genetic database containing the data on 296 WD patients.
The patients were followed up at the Clinical Center (Tareyev
Rheumatology, Nephrology, and Occupational Pathology Clinic) of
the Sechenov First Moscow State Medical University (Sechenov
University) between 2015 and 2019.

The diagnosis of WD was established in accordance with
the Russian and European guidelines using the Leipzig Score
(Leipzig, 2001). The main criteria for establishing the diagnosis
were as follows: results of the gene ATP7B molecular genetic
testing; typical clinical manifestations (hepatic and neurological
symptoms, Kayser-Fleischer ring); copper metabolism indicators.

The laboratory diagnosis included complete blood counts
and clinical urine test; blood biochemistry panel (including
assessment of the levels of liver transaminase activity, lipid
profile, iron metabolism indicators); copper metabolism
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indicator testing (plasma ceruloplasmin, 24-hour urine copper
tests). Instrumental methods included abdominal ultrasound,
ophtalmological slit lamp examination.

Molecular genetic testing of biomaterial (blood) samples by
NGS was performed at the Ott Research Institute of Obstetrcis,
Gynecology and Reproductive Medicine. The target NGS
panel was used that included the ATP7B gene and a number
of potential genetic modifiers: HFE, COMMD1, XIAP, CFTR,
APOE, PRNP.

The panel was implemented on the NimbleGen SeqCap
EZ Choice platform (151012_HG38_CysFib_EZ_HX3, ROCHE,
Switzerland). Sequencing was performed using the MiSeq
Sequencing System (lllumina, USA) ensuring high-throughput
whole genome sequencing.

The variants identified were confirmed by Sanger sequencing.

Bioinformatics analysis

Bioinformatics analysis of the DNA sample sequencing results
was conducted using the following software tools: GeneTalk
(https://www.gene-talk.de/), UGENE (http://ugene.unipro.
ru/), lonReporter (https://ionreporter.lifetechnologies.com/
ir/), PolyPhen-2 (genetics.bwh.harvard.edu/pph2/), and PAPI
((http://papi.unipv.it/).

The data obtained were interpreted in accordance with the
recommendations of the data interpretation Guidelines [8, 9].

Pathogenicity prediction software tools were used to predict
the effect of variants: SIFT (http://sift.jcvi.org/), PolyPhen-2
(genetics.bwh.harvard.edu/pph2/), Clinvar, PROVEAN, fathmm-
MKL, WilsonGen, etc.

Statistical analysis

Standard statistical analysis methods were used in the study.
Statistical data processing was performed using the IBM
SPSS Statistics software package (USA), as well as
Microsoft Excel.

RESULTS

Biomaterials of patients, which were through ATP7B testing
by NGS, were selected in the clinical genetic database of WD
patients formed [10]. The total number of patients was 81
(@mong them 23 males and 58 females), the patients’ average
age at the time of examination was 29.21 + 6.5 (8-68 years).

Clinical characteristics

Signs of liver damage prevailed in the vast majority of patients
(60%). A total of 65.72% of these patients had hepatic
manifestations only, and 34.28% of patients showed minimal
neurological manifestations.

The combination of hepatic and cerebral manifestations
(neurological and psychiatric) was found in 31%. A total of 9%
were asymptomatic (the disease was detected during family
screening, and treatment was started before the disease
onset). The average age of the patients identified during family
screening was 15.85 (7-27 years)

The WD onset variants were segregated by severity: severe
course (decompensated cirrhosis, fulminant hepatitis, liver
failure) — 25.8%; relatively mild course (chronic hepatitis,
cirrhosis without failure, extrahepatic manifestations) — 38.5%;
extrahepatic pathology — 35.7% of cases.

The average age of WD onset was 18.21 + 8.55 (5-45
years) (Fig.).
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Fig. Patients’ age of disease onset

Assessment of biochemical markers also showed that the
patients’ average ceruloplasmin level reached 0.113 g/L. The
distribution of values across groups was as follows: 38.7% had
the levels below 0.1 g/L, a half of surveyed individuals (50%)
had the levels between 0.1 and 0.2 g/L, and 11.3% had normal
values (over 0.2 g/L).

The analysis of 24-h urinary copper excretion showed that
the average value was 466.75 pg/day, with the considerable
variation (standard deviation 635.82). The levels did not exceed
the normal value of 50 pg/day only in a small number of patients
(4.6%).

The diagnosis timing analysis revealed a significant delay
in the majority of cases. Wilson’s disease was detected within
three months after the emergence of symptoms only in a third
of patients (33%). In 29% of patients the diagnosis took from
three months to a year, in 30% — from one year to 10 years,
and in 8% of patients the diagnosis was established more than
10 years after the disease onset.

During therapy 48.8% of patients received combination
treatment with D-PAm and zinc sulfate. A total of 40.2%
received D-Pam monotherapy, and 8.5% took zinc sulfate only.
The average duration of anti-copper therapy before clinical
stabilization was achieved was 10.25 + 4.7 months, and
individual ranges varied between 2 and 36 months.

The WD development dynamics was assessed no earlier
than two years after the diagnosis and start of treatment (Table 1).
In the Tareyev Clinic, patients were followed up for on average of
5.8 years; the longest follow-up period was 46 years.

Table 1. Dynamic changes in the disease course

Range and frequency of pathogenic and likely pathogenic
variants in the gene ATP7B

The study involved ATP7B gene sequencing in 81 patients with
confirmed WD. The core group of patients was represented
by Russians. A total of 31 pathogenic variants were identified.
The list, characteristics, and abundance of those are provided
in Table 2.

NGS allowed us to identify nucleotide sequences on both
chromosomes in 96% and 98% of alleles. In 4% of patients
(2% of alleles), no candidate variants were found, despite
elaborative clinical features of WD.

Three variants predominated among the nucleotide
sequences identified: ¢.3207C>A (p.His1069GIn) — the
most common, found in 51.85% of alleles; ¢.3190G>A
(p.Glu1064Lys) — found in 8.64% of alleles; ¢.3402delC
(p.Ala1135fs) — reported in 6.17% of alleles. The majority of
patients (72.5%) turned out to be compound heterozygotes;
in 16.15% of cases, sporadic rare ATP7B gene variants
were identified. The previously undescribed variants
potentially associated with the WD development were
detected: ¢.1870-8A>G; ¢.3655A>T (p.lle1219Phe);
¢.3036dupC (p.Lys1013fs).

The distribution of variants by effects was as follows:
73.33% — missense, 14% of alleles — frameshift, 4.67% —
splice site variants, 4% — nonsense, 4% — indel. Variants
were found in all the ATP7B gene exons, except 1, 3, 5, 9, 10,
12, and 21.

Indicators Initial examination Follow-up examination
Liver cirrhosis (decompensated) 23.90% 0
y:;::::ﬁ%csallezgg?stg:g; headache) 29.10% 20.90%
Kidney disease 15.10% 10.50%
Kayser—Fleischer ring 72.10% 19.80%
Hepatomegaly (ultrasonography) 64% 42.80%
Complaints (no complaints) 30.60% 40.70%
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Domain Exon Variant Effect Abundance, %
2 ¢.331C>T (p.GIn111%) stop 1.85
2 €.403_404delTC(p.Ser135fs) frameshift 0.62
Metal-binding
2 c.414_415insAG (p.Pro139fs) frameshift 1.24
4 ¢.1630C>T (p.GIn544%) stop 0.62
6 c.1870-8A>G splising 0.62
¢.1969A>C (p.Ser657Arg) missens 0.62
7 ¢.1971dupC (p.Met658fs) frameshift 0.62
c.2121+3A>G splising 0.62
Transmembrane ¢.2128G>A (p.Gly710Ser) missens 0.62
€.2293G>A (p.Asp765Asn) missens 0.62
8 €.2304dupC (p.Met769fs) frameshift 4.94
€.2332C>G (p.Arg778Gly) missens 2.47
¢.2336G>A (p.Trp779%) stop 0.62
Phosphatase 11 c.2605G>T (p.Gly869%) stop 0.62
€.2998G>A (p.Gly1000Arg) missens 0.62
Transmembrane 13
€.3036dupC (p.Lys1013fs) frameshift 1.23
¢.3190G>A (p.Glu1064Lys) missens 8.64
Phosphorylating 14
¢.3207C>A (p.His1069GiIn) missens 51.85
15 ¢.3402delC (p.Ala1135fs) frameshift 6.17
Transmembrane
16 c.3556+1G>T splising 0.62
¢.3098C>T(p.Thr1033lle) missens 0.62
¢.3646G>A (p.Val1216Met) missens 0.62
ATP-binding 17 €.3649_3654delGTTCTG indel 4.32
¢.3655A>T (p.lle1219Phe) missens 0.62
¢.3659C>T (p.Thr1220Met) missens 0.62
Phosphorylating 18 ¢.3809A>G (p.Asn1270Ser) missens 0.62
¢.3948delG (p.Thr1317fs) frameshift 0.62
Transmembrane 19 ¢.3955C>T (p.Arg1319%) stop 0.62
¢.3965G>C (p.Arg1322Pro) missens 0.62
c.4022G>A (p.Gly1341Asp) missens 0.62
C-terminus (stabilizing function) 20
c.4125-2A>G splising 2.47

Note: adapted from [11].

Assessment of the relationship between nucleotide
variants and WD severity

In the study, we analyzed the association of the effect of
nucleotide sequences in the gene ATP7B and the WD severity.
The following were considered as the disease severity criteria:
age of onset (three categories: under the age of 15 years;
15-31 years; over the age of 31 years); the degree of liver damage
at the time of disease onset (decompensated cirrhosis — 33%,
compensated cirrhosis — 49.4%, no cirrhosis — 17.3%).

Nucleotide sequences were grouped based on their potential
effects on the protein product (Table 3):

1. Severe abnormalities in both gene copies — nonsense
variants, frameshift variants, splice site variants.

2. Mixed effect — severe abnormalities in one gene copy
(nonsense, frameshift, splicing) and relatively mild in another
one (missense variants, indels).

3. Mild abnormalities in both gene copies — missense
variants, indels.

Age of onset: no significant correlation between the
genotype (based on the nucleotide sequence effect on protein
synthesis) and the age of disease onset was revealed; the
cases of late onset (= 31 years) were reported only in patients,
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who were homozygous or compound heterozygous for the
major variant.

Liver damage: the lack of cirrhosis was more often reported
in homozygous or compound heterozygous carriers of the
€.3207C>A (p.His1069GIn) variants (15% vs. 2.3%); patients
with nonsense, frameshift or splicing variants in both ATP7B
gene copies more often showed decompensated liver cirrhosis
at onset, and the age of onset was below 15 years.

Thus, the following correlations were reported:

— moderate correlation between the WD manifestation type
and the genotype (based on the nucleotide sequence effect on
protein synthesis): correlation coefficient r = -0.305 (p = 0.009);

— moderate correlation between the liver cirrhosis class
(Child-Pugh score) and the potential effect of nucleotide variants:
r=-0.374 (p = 0.004);

— moderate correlation between blood cholinesterase (CE)
levels and the effect of nucleotide sequences: moderate correlation
r=0.5368 (p = 0.004).

DISCUSSION

The paper reports the data of patients diagnosed with Wilson’s
disease verified by NGS, as well as the results of assessing the
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Table 3. Distribution of patients when divided into groups based on the nucleotide sequence potential effect

Genotype Percentage of distinct genotypes Mutation severity group Percentage of %';?;CFIS based on the

frameshift/ frameshift 3%
frameshift /nonsence 2% 1 8%
frameshift/splising 3%
frameshift /indel 3%
frameshift /missense 19%

2 34%
missense / nonsence 8%
missense / splising 4%
missense / missense 56%

3 58%
missense / indel 2%

relationship between the disease severity and types of variants
in the gene TP7B.

The analysis has shown that the data obtained are consistent
with the up-to-date understanding of the WD clinical manifestations
and genetic diversity. In particular, it has been proven that
variants with complete loss of protein function are correlated
to the more severe disease form. At the same time, we have
identified some features specific for the studied cohort.

Clinical polymorphism of the disease and predominance of
the abdominal form have been confirmed [12-14]. The age of
onset and diagnosis timing are consistent with global trends
[12, 15]. However, some differences have been noted. Thus,
the share of asymptomatic cases in our cohort (30.6%) was
higher, than in most published studies (10-20%) [16].

Today, the NGS method is extensively used to study WD
genetic features all over the world. In our study, the ¢.3207C>A
(p.His1069GIn) variant turned out to be the most common
(561.85% of alleles), which is in line with the data reported
for Russia and Eastern Europe [17, 18]. The c.3190G>A
(p.Glu1064Lys) variant ranked second in frequency (8.63% of
alleles), ¢.3402delC (p.Ala1135fs) ranked third (6.17% of alleles).
Rare mutations were identified in 16.15% of alleles. Three
nucleotide variants (c.1870-8A>G, c¢.3655A>T, ¢.3036dupC)
were first described as pathogenic in terms of WD.

In a study by scientists from the Far East, a cohort of
100 people from Eastern Eurasia was analyzed. The major
nucleotide sequence p.His1069GIn (c.3207C>A) was
found in 48% of patients (homozygous form — in 30%); the
p.Glu1064Lys (c.3190G>A) variant was found in 20%; the
p.Met769HisfsTer26 (c.2304insC) was found in 8%; other
variants accounted for 23.9% [17].

According to the Human Gene Mutation Database, the
distribution of nucleotide sequence types in the gene ATP7B
(60% — missense and nonsense variants; 26% — indels,
9% — splice site variants) was similar, but there was a larger
share of missense variants (73.33%) [19].

Table 4. Informational value depending on the scope of genetic testing

In addition, we compared the range of nucleotide sequences
identified in the gene ATP7B in this study with the diagnostic
panel for Wilson’s disease most commonly used in the RF (Table 4).
Of 12 variants included in the routine diagnostic panel, four
variants were detected: ¢.2304insC; ¢.3207C>A; ¢.3402delC;
€.3649_3654del6. We identified three variants, which were
regularly reported in patients we examined, but were not
included in the standard panel: ¢.2332C>G (p.Arg778Gly);
€.4125-2A>G; ¢.3190G>A (p.Glu1064Lys).

Molecular genetic testing by next-generation sequencing
(NGS) showed high informational value when used to identify
pathogenic variants associated with WD. The standard
diagnostic panel used in the RF covers only part of the range
of variants typical for the Russian population of patients with
WD. The NGS method allows one to detect both common
and rare variants, not included in standard panels. The
data obtained substantiate the need to expand the existing
diagnostic panels considering the regional specifics of the
patients’ genetic profile.

In the study, we assessed the relationship between genetic
features (variant type, its pathogenetic effect) and WD clinical
manifestations, specifically the disease course. We also
revealed no significant correlation between the fact of being a
homozygous major variant carrier and the disease severity or
other clinical characteristics tested, as well as age and gender,
like in the study conducted by Ferenci [14].

We revealed a significant correlation between the nucleotide
sequences severely impairing the protein product function
(nonsense, frameshift, splice site variants) and the following
clinical signs: WD manifestation with severe liver damage;
more severe liver cirrhosis at the time of diagnosis; decreased
cholinesterase (CE) levels.

The findings are consistent with some studies. Thus, in
one study a significant correlation was reported for nonsense
mutations only, while the correlation for missense mutations
was weak or lacking [4]. The correlation of nonsense and

Informational value, %
Scope of the study
By patients By alleles
Only ¢.3207C>A 72.90% 51.85%
12 frequent variants: ¢.1340_1343del4, c.1770incT, ¢.2304insC, ¢.2532delCA, ¢.3026_3028delTCA, ¢.3029insT, 88.30% 62.80%
¢.3031insC, ¢.3207C>A, ¢.3402delC, ¢.3627_3630del4, ¢.3649_3654del6, ¢.3942del AT, 3947del oue oo
NGS of the gene ATP7B 96% 98%
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frameshift variants with the earlier disease onset and more
severe WD course was shown [20].

A number of large-scale studies showed only weak or
lacking genotype-phenotype correlation. According to the
study conducted by Chinese researchers, only 38% of age of
onset variability can be explained by genotype [7].

According to the EuroWilson registry, genotype explains
about 27% of age of onset variability and less than 20% of
disease form variability (hepatic or neurological form) [21].
With the p.His1069GIn and p.Glu1064Lys missense variants,
motor impairment was reported in B 53-58% of cases, brain
MRI alterations in 59-69%, Kayser—Fleischer rings in 29-31%,
cognitive impairment in 24-27% of cases. With the LOF variant
p.Met769HisfsTer26, ultrasonography revealed changes in the
liver in 60% of patients. No gender dependence was found [17].

Despite moderate correlation between the pattern of
nucleotide sequences in the ATP7B gene and the Wilson’s
disease course severity identified in our study, it is still difficult to
clearly determine genotype-phenotype relationships. This is due
to a complex of interrelated factors that can be systematized in
several key directions.

Genetic factors

Variable expression and clinical polymorphism. Thus, a broad
spectrum of clinical manifestations, from asymptomatic course
to severe multiple organ failure, was found within the same
family having the same genotype [14, 22]. This suggests the
impact of additional genetic and environmental modifiers.

High genetic heterogeneity. More than 60% of patients
turned out to be compound heterozygotes for two different
pathogenic variants. However, functional sequelae of the
majority of rare nucleotide sequences are still poorly understood,
which makes it difficult to predict the phenotype [23].

Lack of phenotype homogeneity in homozygotes for the
major variant. Patients with the same genotype (for example,
homozygotes for p.H1069Q) demonstrate significant differences
in the age of onset, liver damage severity, and neurological
symptoms [4, 7].

Influence of genetic modifiers. Along with the main gene
ATP7B, the phenotype is influenced by variants in other
genes: MTHFR (homocysteine metabolism); COMD1, ATOX1,
XIAP (copper homeostasis); APOE (lipid metabolism); PRNP,
HFE (common metabolic pathways), etc. These polymorphic
variants have a significant impact on the age of onset (before
5-12 years) [24, 25].

Clinical and demographic factors

Gender differences. In females, the WD onset occurs on average
3-6 years later, than in males, which is associated with protective
effects of estrogens on copper metabolism. Hormone levels,
puberty, and menopause can provoke aggravation of symptoms
or alter their severity [26].

Environmental and epigenetic factors
Features of the diet, increased copper consumption (for example,

with drinking water or food products) can accelerate the
disease onset.
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Comorbidities. Viral hepatitis infection, alcohol abuse, or
the use of hepatotoxic drugs worsens liver damage.

Epigenetic states. DNA methylation, histone modifications,
and the action of non-coding RNAs can modulate the expression
of ATP7B and modifier genes, affecting the phenotype [27].

Methodological study limitations

Heterogeneity of phenotyping criteria. Various scores for assessing
the severity of liver damage, neurological symptoms, and
biochemical markers are used in different studies. Insufficient
family screening coverage. The lack of information about the
relatives hampers segregation of genotypes and phenotypes
in families.

Late diagnosis. Many patients seek care as late as in
the phase of cirrhosis decompensation or neurological
complications, which results in misrepresentation of the natural
disease history.

Selective data loss. Patients with severe genotypes are
more likely to undergo liver transplantation or die before
inclusion in the study, which results in survivorship bias.

Small sample size. Small cohort size reduces statistical power
to detect correlations, especially for rare mutations [13, 28].

The ED pathogenesis multifactorial nature explains difficulties
in determining clear genotype-phenotype associations. The
following is necessary to overcome these limitations: large
multicenter studies involving the standardized phenotyping
criteria; comprehensive analysis of not only ATP7B, but
also genetic modifiers; consideration of environmental and
epigenetic factors in prediction models; prospective follow-up
of families with the identified genotype.

[t is only such integrated approach that will make it possible
to increase the WD course prediction accuracy and personalize
therapeutic strategies.

Despite the lack of direct correlation between the genotype
and the WD age of onset, the analysis conducted has shown
that the liver damage severity depends on the nature of
nucleotide variants. The use of NGS methods in clinical practice
significantly simplifies and accelerates the diagnosis of WD,
which allows for the prompt initiation of anti-copper therapy.

CONCLUSIONS

The study involving the use of next-generation sequencing
(NGS) in the cohort of Russian patients with Wilson’s disease
(WD) revealed 31 pathogenic variants in the gene ATP7B,
among which ¢.3207C>A (p.His1069GIn), ¢.3190G>A
(p.Glu1064Lys), and c.3402delC (p.Ala1135fs) were the
most common. We identified a correlation between the
nucleotide sequences causing severe ATP7B protein
abnormalities (nonsense, frameshift, and splice site variants)
and adverse clinical manifestations of WD (severe liver
damage, severe cirrhosis, decreased cholinesterase levels),
while homozygosity for the ¢.3207C>A (p.His1069GiIn)
variant was not correlated to the disease severity. The data
obtained confirm high diagnostic efficacy of NGS in WD and
emphasize promise of further research focused on genotype-
phenotype interactions for therapy personalization and patient
management improvement.
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A RELIABLE AND REPRODUCIBLE MULTIPLEX RT-QPCR ASSAY FOR mTOR
GENE EXPRESSION ANALYSIS
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The PISK/AKT/mTOR signaling pathway is a key regulator of cell growth, and its dysregulation is involved in oncogenesis. Existing methods for assessing mTOR
activity have design flaws. The aim of this work was to develop and validate a novel multiplex RT-qPCR assay for relative quantification of mTOR gene expression
normalized to RPLPO and TBP. Primers and probes were designed in silico. Validation was performed using the human SCP-1 cell line. Specificity was assessed
in 10 separate and 10 multiplex runs. Analytical sensitivity and efficiency were determined from 27 technical replicates using a protocol without an elongation
step. Specificity of amplification was assessed by agarose gel electrophoresis, and quantitative analysis was performed in real-time PCR using FAM (mTOR), HEX
(RPLPO), and ROX (TBP) fluorescence channels. The assay showed 100% specificity. Stable detection was achieved at 125,000 cells/mL. Amplification efficiencies
were 73-81%. The variation of mTOR expression normalized to RPLPO ranged from —21.5% to 26.4%, and normalized to TBP from —14.3% to 19.2%. Normalization to
the geometric mean of both reference genes provided the best reproducibility, with an interquartile range from —-9% to 23.4%. The developed assay demonstrates
high specificity, sensitivity, and reproducibility, making it a reliable tool for subsequent clinical research.
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HADEXXHAS 1 BOCMPOU3BOAVUMAST MYJIBTUMIIEKCHAS OT-MLP-PB TECT-CUCTEMA
N KOJIMHECTBEHHOW OLIEHKU SKCIMNPECCUN TEEHA mTOR

. O. KopHunos' = B. M. CumapsuHa’, A. A. Bextep', I'. . Macnakos?, 1. M. Hevaesa', A. E. KapsikuHa', ®. A. ®anees'?, E. C. BopolumnmHa'*,
[. J1. 3opHuKoB'

" Ypanbckuii rocynapCTBEHHbIN MEAVLIMHCKIIA yHUBEpCUTET, EkatepunHbypr, Poccus

2 NiHctuTyT umTonornn Poceuiickon akagemnmn Hayk, CaHkT-MeTepbypr, Poccust

S LeHTp cneumanuanpoBaHHbIX BUOOB MEANLIMHCKON MOMOLLM «/IHCTUTYT MEOULIMHCKNX KIETOYHbIX TEXHOMOrmin, ExkatepuHbypr, Poccus

4 MeamupmHcKkmii ueHTp «fapMoHust», EkaTtepuHbypr, Poccust

CurHanbHbin nyTb PISBK/AKT/MTOR — Kto4eBol perynsatop pocTa KNeTok, ero ANCperynsums BosneveHa B oHkoreHes. CylLecTBYHOLLIME CNOCOObl OLEHKN
akTBHOCTM MTOR UMELOT HegocTaTkL amdaiiHa. Llensto paboThl 6bi10 paspaboTaTh 1 NpoBeCTV Banmaaumio HOBoW MynsTunnekcHorn OT-TNLIP-PB-TecT-cuctemsl
[ON51 OTHOCUTESNTBHOIO KOMMHECTBEHHOTO aHanmaa akcnpeccun reHa mTOR ¢ Hopmanudaumen Ha redbl RPLPO n TBP. MNpariMepbl 1 30HObI CKOHCTPYMPOBaHbI
in silico. Banupauyo NpoBoanav Ha KNETOYHON JIMHMM CTPOMaUTbHBIX KIIETOK KOCTHOMO Mo3ra YenoBeka SCP-1. CrieumdiHoCTb oleHvBain B 10 cenaprpoBaHHbIX 1
10 MynbTUMNEKCHbBIX MOCTaHOBKaX. AHaNUTUHECKYIO YyBCTBUTENBHOCTE M 3(O(HEKTUBHOCTE ONPEAensim no 27 TEXHUYECKUM MOBTOPaM C UCMONb30BaHNEM
npoTokona 6e3 anoHrauun. CreumhnHHOCTb amnaMUKaLVv OLIEHNBAUIN C MOMOLLIBHO 3M1IeKTPO(Opesa B arapo3HOM refe, a KONMMYECTBEHHbIN aHaIn3 BbIMOHSIN B
pexxvMe peasibHoro BpeMeHw no kaHanam dnyopectieHummn FAM (mTOR), HEX (RPLPO) n ROX (TBP). TecT nokasan 100%-to cneumdmnyHocTb. CTabunbHas AeTexkums
nocturanack npu 125 Tbic. KNeTok/Mn. SdekTVBHOCTL amnndmrkaummn coctaBuna 73-81%. Bapuauys akcnpeccun mTOR, HopManudoBaHHon Ha RPLPO,
coctasuna ot —21,5 0o 26,4%, no TBP ot —14,3 0o 19%. Hopmannsauus Ha cpegHee reOMeTPU4EcKoe ABYX FeHOB 0becreHnna ny4Llyto BOCMPOU3BOAVMMOCTb
oT -9 10 23,4%. PaspaboTaHHblil TECT OTINHAETCS BbICOKOW CNELNMUYHOCTBIO, HYYBCTBUTEIBHOCTBIO 1 BOCMPOU3BOAVMOCTBIO, YTO AeMaeT ero HaaeXKHbIM
VNHCTPYMEHTOM [19 MOCNEAYHOLLMX KIMHUYECKMX NCCNenoBaHMI.

KnioyeBble crnoBa: NpohnimpoBaHie SKCMpPecCcHin reHoB, MOMNEKYNISiPHas AMarHOCTVIKa, MySIBTUMIIEKCHas MoNMMepaaHas LiernHas peakLiys, BOCMPOV3BOAMMOCTb
pesynsTaToB, NonMMepasHas LenHas peakLyst ¢ 06paTtHol TpaHckpunumen, TOR-CeprH-TPEOHHOBbIE KVHa3b!

BnarogapHoCTW: aBTOPbI BbIpaXKatoT 61arofapHOCTb COTPYAHMKAM Nabopatopumn SHTepabHbIX BUPYCHbIX MHpekLmin PBYH OHINBW «Bupom» PocnotpebHaazopa
3a MOMOLLb B OpraH1sauumn paboTbl.
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The phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/
mammalian target of rapamycin (mTOR) signaling pathway
is a crucial regulator of cellular processes like proliferation
and metabolism, with mTOR kinase acting as its central hub
[1, 2]. Its dysregulation is implicated in a wide spectrum of
pathologies, ranging from progeria and tuberous sclerosis to
neurological disorders and cancer, including breast cancer
[1, 3-5]. Consequently, the study of mTOR signaling attracts
significant interest from diverse scientific fields, including
oncology, aging research, and neurobiology [6-8].

This central role makes mTOR a high-priority target for
novel therapeutics to restore pathway homeostasis. The
broader scientific community actively pursues this direction
[9]. Inour previous work, miR-162a suppressed osteosarcoma
cell proliferation and viability, suggesting potential mTOR
inhibition [10]. The lack of a reliable mTOR expression assay
prevented direct confirmation of this mechanism, motivating
the development of the assay presented.

The high interest in studying mTOR regulation and its
functions drives the demand for reliable methods to assess its
activity. While established methods like Western blot [11] and
luminescence microscopy [12] are reliable, they suffer from high
cost, complexity, and operator-dependence.

An alternative method for evaluating protein activity is to
assess the level of gene expression (MRNA quantity) using
reverse transcription quantitative real-time polymerase chain
reaction (RT-gPCR) with relevant reference genes, typically
housekeeping genes which are stably expressed in most
cells under normal and pathological conditions, for example
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), Beta-
Actin (ACTB), Beta-2-Microglobulin (B2M), as well as some
of the most stable ones — TATA-binding protein (TBP) and
Ribosomal protein PO (RPLPO) [13-14].

A multiplex PCR assay for mTOR expression analysis
was previously developed by Quidville et al. [15], utilizing
the reference genes TBP and RPLPO, which are among the
most stable known to date [14]. However, a fundamental flaw
in its design — specifically, a probe-primer overlap for the TBP
gene — renders this system unreliable and highlights the critical
need for a properly constructed alternative [13, 15, 16].

The aim of this study was to develop and validate a new
multiplex RT-gPCR assay for the relative quantitative analysis
of mTOR expression normalized to the reference genes TBP
and RPLPO.

METHODS
In silico development and analysis of the PCR assay

Target gene mMRNA sequences (FASTA) were retrieved from
the NCBI Nucleotide database (https://www.ncbi.nlm.nih.
gov/nucleotide/) [Accessed 2024 Sep 23]. Transcripts were
annotated using the Assemble by CDS tool in Geneious
Prime 2019.2.1 software (Biomatters Ltd., USA). Primers and
probes were designed using the PrimerQuest Tool web service
(Integrated DNA Technologies, Inc., USA; https://www.idtdna.
com/pages/tools/primerquest) [Accessed 2024 Sep 23]. The
following selection criteria were used for primer design [17]:

— Specificity — primers complementary to a single region.

— Primer length of approximately 20 nucleotides.

— Guanine-cytosine (GC) content of approximately 50%.

— At least one guanine-cytosine base pair at the primer ends.

— No complementary regions between primers.

— Primer melting temperature (Tm) between 55 °C
and 65 °C.
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The following requirements were applied to the probes:

— Length of approximately 20 nucleotides.

— GC content of approximately 50%.

—No more than four consecutive guanine or cytosine repeats.

— The probe must be located as close as possible to the
primers but must not overlap them.

— The probe Tm must be 8-10 °C higher than the primer Tm.

Analysis of primer specificity, flanking, and spanning
was performed in Geneious Prime 2019.2.1 software using
the BLAST algorithm. Primer dimer formation was checked
using the OligoAnalyzer Tool web service (Integrated DNA
Technologies, Inc., USA; https://www.idtdna.com/pages/tools/
oligoanalyzer) [Accessed 2024 Sep 23] [17].

In vitro validation of the PCR assay
Cell line

The study used the human bone marrow stromal cell line
SCP-1, which was obtained from the Cell Culture Collection
of the Ural State Medical University (Yekaterinburg, Russia).
Cells were cultured in T-25 flasks (Sarstedt, Germany) with
an adhesive coating in a medium containing 94% LoSera
basal medium (HiMedia, India), 5% Fetal Bovine Serum
(FBS) (HiMedia, India), 0.01% L-glutamine (Servicebio,
China), and 0.01% (1 : 1 : 1) solution of penicillin, streptomycin,
and amphotericin B (Servicebio, China), in a CO, incubator
(Panasonic (Sanyo) MCO-15A, Japan) at 5% CO, and 37 °C [10].
Upon reaching 90-100% confluency, cells were passaged
by removing the spent medium, washing twice with Hanks'
Balanced Salt Solution (HBSS) without Ca and Mg ions
(Servicebio, China), and then adding 2.5 mL of 0.25% trypsin-
EDTA solution (Servicebio, China). The solution was removed
after 10 seconds of exposure. The flask was placed in the CO,
incubator for 1 minute 30 seconds. After adding fresh medium
with serum, detached cells were collected, centrifuged at 350g
for 3 minutes, resuspended, and distributed to new flasks at a
1 : 3 ratio [18]. For this study, a cell suspension was prepared
as described, and cells were counted in a Goryaev chamber
using the trypan blue exclusion method.

Nucleic acid extraction

For total RNA extraction, containing the mRNA fraction, the
cell suspension (1 million cells/mL) was placed in a 1.5 mL
Eppendorf tube and titrated with twofold dilutions in normal
saline to obtain samples with concentrations of 1 million, 500
thousand, 250 thousand, 125 thousand and 62,5 thousand
cells/mL. RNA was extracted from all dilutions to calculate the
analytical parameters of the PCR assay.

RNA extraction from cell culture samples was performed
using the «Proba-NK» reagent kit (<DNA-Technology» LLC,
Russia) according to the manufacturer's protocol. After the RNA
extraction, total RNA from the 1 million cells/mL suspension
was serially twofold diluted in normal saline to obtain samples
with the matrix concentrationsof 1,1:2,1:4,1:8and 1 : 16.
All RNA matrix concentration variants were used for amplification
to validate the PCR assay and calculate PCR efficiency.

Amplification

To analyze the specificity of the amplification product,
10 separate RT-gPCR technical repeats for each gene
were performed using the BioMaster RT-gPCR SYBR Blue
reagent kits («Biolabmix» LLC, Russia). Undiluted RNA matrix
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from a suspension of 1 million cells/mL was used. Primers,
according to the designed sequences, were synthesized by
«DNK-sintez» LLC, Russia. According to the manufacturer's
protocol, reaction mixtures were prepared from 12.5 pl of
“Reaction Buffer” (containing dNTP mix, Mg ions and SYBR
Green), 1 pl of “Master Mix” (containing genetically modified
Moloney Murine Leukemia Virus reverse transcriptase and
recombinant Tag DNA polymerase inactivated by specific
monoclonal antibodies), 5 pl of a mixture with probe, forward
and reverse primers (each at 0.12 ymol/L, 3 pmol/reaction),
and 6.5 pl of RNA matrix. The final reaction volume was 25 .
Additionally, 10 multiplex technical repeats (amplification of
the target gene and normalizers in one tube) were performed
using the BioMaster RT-gPCR reagent kits («Biolabmix» LLC,
Russia). Reaction mixtures were prepared as above, except
that the reaction buffer lacked an intercalating dye. Detection
was performed by endpoint analysis using horizontal agarose
gel electrophoresis.

The assay's analytical performance was assessed using the
comprehensive dilution scheme as described in the section Nucleic
Acid Extraction. This scheme incorporated both pre-analytical (cell
concentration) and analytical (RNA dilution) variables, enabling
simultaneous evaluation of amplification efficiency, analytical
sensitivity, and technical reproducibility. All resulting RNA samples —
from the five different cell concentrations and the four serial
dilutions — were analyzed in triplicate using the multiplex RT-gPCR
protocol described (Fig. 1). Three negative control replicates were
included. This design resulted in a total of 27 individual reactions
(9 unique sample types x 3 replicates). The results from these
27 technical repeats formed the primary dataset for all subsequent
calculations of PCR efficiency, reference gene stability, and
technical variability.

The amplification protocol consisted of reverse transcription
for 30 minutes at 45 °C, initial denaturation for 5 minutes at
95 °C, followed by 45 cycles of denaturation (15 seconds at
95 °C) and primer annealing (30 seconds at 68 °C). The
elongation step was excluded from the amplification protocol
to limit DNA amplification [19]. For real-time detection of mTOR,
RPLPO, and TBP amplification products, the fluorescent
channels FAM, HEX, and ROX were selected, respectively.

Real-time detection was performed, and the Crossing
Point (Cp) value was determined by the instrument's software
as the cycle number at the maximum of the second derivative
of the fluorescence growth curve [20]. As this study focused
on the relative quantification of gene expression using the
comparative method, no external calibration curves were run
alongside the experimental samples. Results were considered
valid if the Cp value was detected before the 315t amplification
cycle. This threshold was established experimentally: when
using a protocol that included an elongation step, additional
amplification products appeared starting from cycle 31, which
upon electrophoretic analysis corresponded in length to a
fragment amplified from genomic DNA (574 bp, the size of
the intron). Exclusion of the elongation step from the protocol
eliminated this nonspecific amplification, and no signals were
detected after the 31 cycle. Thus, the 31-cycle threshold was
set as the limit beyond which no contribution from genomic
DNA ampilification is guaranteed to occur.

Al runs used the «DTprime» thermal cycler (<DNA-Technology»
LLC, Russia) with the manufacturer's software.

Agarose gel electrophoresis

A 2,5% agarose gel was prepared using 2,5 g agarose powder
(Helicon, Russia) in 100 mL 1x TBE buffer («Biolabmix» LLC,

Russia) with the addition of 3 plL ethidium bromide (Servicebio,
China). Electrophoresis ran at 100 V/A in a Sub-Cell GT Cell
horizontal electrophoresis chamber (Bio-Rad, USA) for 40 minutes.
Results were analyzed on a UV table transilluminator (Vilber,
France) using a 10-25 DNA marker (Servicebio, China)
[25, 26]. Images were captured digitally and processed in
Adobe Photoshop CC 26.11 software (Adobe Inc., USA).

Statistical analysis

The expression value was determined based on the Cp value
using the "Fold Change" (FC) formula presented by Livak and
Schmittgen [22]. The formula was as follows:

reference ’

FC =27%, ACp = Cp,,pe = CP

i
reference S

where Cp,, .. is Cp value of the target gene and Cp
Cp value of the normalizer.

For the analysis, the ACp value was calculated using
each normalizer individually (RPLPO or TBP) and, additionally,

Cells
250K 125K 62,5K

——

1000K 500K

—— — ——

RNA matrix

i

1:2

14 X3
n=27

Created in BioRender.com bio

Fig. 1. Experimental design for multiplex RT-gPCR assay validation. The scheme
illustrates the two independent dilution series used to assess assay performance.
The pre-analytical series (yellow) involved total RNA isolation from SCP-1 cells
at five different starting concentrations. The analytical series (blue) was created
by twofold serial dilution of the RNA isolated from the highest cell concentration.
Each resulting RNA sample (n = 9) was analyzed in triplicate, totaling 27 individual
reactions for the evaluation of PCR efficiency, analytical sensitivity, and technical
reproducibility
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Table. Oligonucleotide characteristics for the multiplex RT-gPCR assay

OPUTMHAJIbHOE NCCJIEOOBAHWE | TEHETUKA

Type nG:r:Z Sequence, 5' - 3' Amplicon length, bp Melting T, °C GC% Detection
F-primer GCCCAGGCCGCATTGTCTCTAT 68 59.1
R-primer mTOR | GCAGTAAATGCAGGTAGTCATCCAGGTT 84 73 60.0 FAM
Probe TGGCTGCAATCCAGCTGTTTGGCGC 68 46.4
F-primer GGCGACCTGGAAGTCCAACTA 66 571
R-primer RPLPO | CCATCAGCACCACAGCCTTC 149 65 60.0 HEX
Probe ATCTGCTGCATCTGCTTGGAGCCCA 72 56.0
F-primer CACGAACCACGGCACTGATT 65 55.0
R-primer TBP | TTTTCTTGCTGCCAGTCTGGAC 89 65 50.0 ROX
Probe TGTGCACAGGAGCCAAGAGTGAAGA 69 52.0

Note: F — forward; R — reverse. Gene symbols refer to mammalian target of rapamycin (mTOR), ribosomal protein lateral stalk subunit PO (RPLPO), and TATA-box
binding protein (TBP). All primers and probes were designed to meet standard criteria for multiplex real-time PCR, including amplicon size (<150 bp), matched
melting temperatures within each set, optimal GC-content, and distinct, non-overlapping fluorescent detection channels

using the geometric mean of both normalizers Cp values as a
combined reference value.

PCR efficiency for the mTOR gene and reference genes was
assessed using linear regression of the Cp value dependence
on the log, of Cell Equivalent (CE). This metric, expressed in cell
equivalents, represents the theoretical number of cells from which
the RNA in the reaction was derived, accounting for both cell
suspension dilution and RNA dilution. The correlation between the
CE in the sample and the Cp value was assessed using Spearman's
correlation coefficient (p, considered statistically significant at
p < 0.05). The amplification efficiency (E) for each gene was
calculated based on the slope (b) of the linear regression line
plotted for the dependence of the Cp value on the log, of the CE.
Regression analysis yielded the following equation for each gene:

y=a->bsx,
where y is the predicted Cp value, a is the y-intercept, b is the

slope of the regression line, and x is log,(N), with N being the
calculated CE.

The CE was calculated as:
CE = initial cell concentration + cell dilution + matrix dilution.

The stability of the reference genes was assessed by analyzing
the distribution of the mTOR expression value normalized to
each reference gene (FC) and described by the median with the
0.25 and 0.75 percentiles.

Technical variability of the mTOR FC for a corresponding
reference gene(s) was represented as median with the 0.25 and
0.75 percentiles of variability value, which had been calculated
according to the formula:

varability value = 1 —(mTOR FC sample value / mean mTOR FC value).

mTOR FC values were calculated for the corresponding
normalization strategy (normalized to RPLPO, TBP, or the
geometric mean of both).

All analyses and graphs were performed in the R environment,
version 4.5.2.

A

Fig. 2. Results of amplification product specificity analysis by agarose gel electrophoresis. A. Separate RT-qgPCR technical repeats for each target gene. B. Multiplex
RT-gPCR technical repeats amplifying all three targets simultaneously. Lanes for each gene show a single amplicon corresponding to the expected size, confirming

high assay specificity

BECTHVK PIrMY | 2, 2026 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2026.011




ORIGINAL RESEARCH | GENETICS

mTOR:
Effiency — 81%

Effiency — 79%

TBP:
Effiency — 73%

RPLPO:

p=-0.81, p=2.7e-12

. 246
H y=39-0.81x
\.

27 4

Cp value

p =-0.84, p=2.3e-15 \
y=33-0.79x

A}

o p=-0.77, p = 4.9e-06
y= 41.—0.73x

29 - \

\

28 A

27 4

26 -

Cell equivalent (Log,)

Fig. 3. Amplification efficiency of the target gene mTOR and reference genes RPLPO and TBP. Amplification efficiency analysis for mTOR, RPLPO, and TBP genes
showing linear regression plots of Cp values versus log, of the Cell Equivalent. Experimental ampilification efficiencies were 81% for mTOR (regression equation:
y=39-0.81x), 79% for RPLPO (y = 33 - 0.79x), and 73% for TBP (y = 41 — 0.73x). The dashed red line represents theoretical 100% amplification efficiency (slope = -1),
when Cp value decreases by one for each twofold increase of cell concentration, while solid black lines show actual regression lines, and black dots indicate individual

data points from multiplex RT-qPCR technical repeats

RESULTS
In silico development and analysis of the PCR assay

Available methods to exclude genomic DNA amplification
include "spanning" — positioning one of the primers or the
probe to span two exons — and "flanking" — positioning
primers on exons separated by a large intron.

To subsequently check the primers for meeting this
condition, sequences (FASTA) of the mTOR (NM_004958.4),
RPLPO (NM_001002.4), and TBP (NM_003194.5) genes were
retrieved. Data from human chromosomes 1 (NC_000001.11),
12 (NC_000012.12), and 6 (NC_000006.12), where the target
genes are located, respectively, were used as reference sequences,
which were then annotated to highlight introns and exons.

Using obtained exons sequences of the genes, the primer
pairs and probes for the mTOR and RPLPO genes, described
previously [16], were verified and their effectiveness was
confirmed. 10 primer-probe sets for TBP were designed,
and the most specific and suitable combination was selected
(Table). Primer and probe sequences and parameters are
presented in Table.

The proposed normalization strategies and oligonucleotide
designs were verified in silico. For the mTOR and RPLPO genes,
primer flanking of exon-exon junctions was confirmed (exons
21-22 and 2-3, respectively, flanking strategy), and for the TBP
gene, probe spanning of the intron between exons 5 and 6 was
confirmed (spanning strategy), which guarantees the absence
of genomic DNA amplification. According to NCBI reference
sequences (NM_004958.4, NM_001002.4, NM_003194.5),
the primers and probes are localized on the CDS as follows:
for mTOR — forward primer 3381-3402, probe 3411-3435,
reverse primer 3437-3464; for RPLPO — forward primer
95-115, probe 181-205, reverse primer 224-243; for TBP —
forward primer 863-882, probe 902-926, reverse primer 930-951.

The primers for mTOR, RPLPO, and TBP did not form
stable dimers, indicating a low risk of nonspecific amplification
products.

In vitro validation of the PCR assay

When assessing the specificity of amplification products in all
separate (n = 10) and all multiplex (n = 10) technical repeats, a

single clear amplification product was obtained for each of the
target genes — mTOR, RPLPO, and TBP. All amplicon lengths
matched the calculated values (Table). Side or nonspecific
bands were not observed when analyzing amplification products
by gel electrophoresis (Fig. 2). The analytical specificity of the
PCR assay was 100%. To assess analytical sensitivity, various
cell dilutions were used; stable detection of all three genes was
maintained at a minimum concentration of 125 thousand cells/mL.

A linear regression plot between Cp and the CE (log,) was
constructed for all three genes (Fig. 3).

Spearman correlation coefficients for the relationship between
Cp and the CE (log,) were -0.81, -0.84, and -0.77 for mTOR,
RPLPO, and TBP, respectively (o < 0.05 in all cases), indicating
a strong and statistically significant inverse correlation between
the number of investigated cells and the Cp value for each target.

Amplification efficiency was calculated for each gene from
the slope of the linear regression. For the mTOR gene, the
efficiency was 81%, for RPLPO — 79%, for TBP — 73%. All
efficiency values were obtained based on the deviation of the
slope of the experimental regression from the theoretical slope
corresponding to 100% efficiency (slope = —1). The obtained
values indicate high ampilification efficiency of the investigated
primers, with the slopes of the experimental lines close to
-1 (y = 839 — 0.81x for mTOR, y = 33 — 0.79x for RPLPO,
y =41 -0.73x for TBP).

The stability of the reference genes was assessed in 27
multiplex technical repeats by analyzing FC of mTOR normalized
to RPLPO and TBP. The median FC value of mTOR normalized
to RPLPO was 0.02 (0.02 — 0.03), indicating a consistently
higher expression level of the RPLPO gene compared to mTOR
in the studied samples. When normalized to TBP, the median
FC of mTOR was 9.85 (8.57 — 12.13), indicating a consistently
lower expression level of TBP relative to mTOR (Fig. 4).

To assess variability between technical replicates, the
mTOR FC deviation from the mean value was calculated for
each sample. The median variability value for mTOR FC when
normalized to RPLPO was —2.3% (-21.5 — 26.4%). The median
variability value for mTOR FC when normalized to TBP was 7.2%
(-14.3 — 19.2%). When normalizing mTOR FC to both reference
genes, the median mTOR FC value was 4.9% (-9 — 23.4%) (Fig. 5).
In this case, the narrower interquartile range indicates higher
reproducibility of results when using the geometric mean of the
two reference genes for normalization.
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Fig. 4. Analysis of mTOR expression relative to reference genes RPLPO and TBP. The expression of mTOR was consistently lower than RPLPO and higher than TBP

in the SCP-1 cell line
DISCUSSION

In this study, we successfully developed and validated a
multiplex PCR assay for determining the expression level of
the mTOR gene normalized to the reference genes TBP and
RPLPO. The in silico analysis stage involved careful selection
and verification of primers and probes based on specificity,
thermodynamic parameters, and the absence of stable dimer
formation. A crucial achievement was the elimination of a
drawback of the previously published assay [15] — the overlap
between the probe and primer sequences for the TBP gene,
which had called into question the reliability of the results obtained
with it. Our proposed assay completely solves this problem.
Preclinical validation of the PCR assay confirmed high
analytical specificity: 100% analytical specificity was achieved
with the detection of a single, clearly defined amplification
product for each target gene in the complete absence of
nonspecific products. Furthermore, the developed PCR assay
demonstrated reliable analytical sensitivity, providing stable
detection at a minimum concentration of 125 thousand cells/mL.

There was stability of the expression ratios of both reference
genes RPLPO and TBP, regardless of cell concentration or
matrix RNA concentration, combined with low median variability
between technical replicates. This indicates the high reliability
and reproducibility of the developed multiplex PCR assay for
analyzing mTOR expression levels.

The amplification efficiency for all three genes ranged from
73 to 81%. This range is attributable to two key methodological
choices made to ensure the assay’s clinical relevance. First, we
validated the protocol using a widely adopted RNA extraction
kit to reflect real-world diagnostic conditions; the resulting RNA
purity, while representative, can modestly impact efficiency
[23]. Second, to mitigate the risk of amplifying contaminating
genomic DNA — a residue not fully removed by even advanced
kits — we omitted the elongation step from the amplification
protocol [19]. This precaution is particularly relevant given the
high processivity of modern Taqg polymerases [24]. Despite
these necessary trade-offs, assay specificity remained
uncompromised [22]. Future work may focus on fine-tuning
primer concentrations to further improve efficiency.
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Fig. 5. Assessment of analytical reproducibility using different normalization strategies. The percentage deviation of FC values for each sample from the overall median.
The reproducibility of results when mTOR expression normalized to RPLPO, TBP, and their geometric mean (RPLPO and TBP). The reduced variability (narrower
interquartile range) achieved by using two reference genes simultaneously
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Despite good median values, the interquartile ranges remain
relatively wide. This is explained by the use of the Fold Change
metric, based on an exponential formula, which amplifies the
influence of even small changes in expression levels on the
magnitude of percentage variability, which is an expected
result for relative quantitative PCR analysis. The original Cp
differences varied within a one-cycle range.

Such ranges of analytical FC variation fully correspond to
the data from most published studies on the development
of relative quantitative PCR kits without the use of absolute
standards and are consistent with the results of fundamental
works [22, 25]. In the study by Gentle et al. [26], the authors
report technical FC variation values from 23 to 52%,
depending on the number of technical replicates [26].

A key advantage of this study is the performance of
rigorous analytical validation on a standardized cell line. The
use of SCP-1 cells provided a homogeneous and controlled
system, free from the pre-analytical variables inherent in clinical
samples (such as tissue heterogeneity or variable RNA quality).
This allowed us to accurately determine the intrinsic analytical
parameters of the PCR assay — specificity, sensitivity, and
reproducibility — without the influence of confounding biological
factors. The demonstrated robustness of this PCR assay is a
prerequisite for its successful application in the analysis of more
complex biomaterial types, such as human tumor tissues,
which will be the next step in our research.

Our multiplex RT-gPCR assay provides a direct and
reproducible tool for assessing mTOR expression, capturing
the integrated activity of the PIBK/AKT/mTOR pathway [27]
and representing a promising objective alternative to operator-
dependent methods like immunohistochemistry [28]. Unlike
detecting mutations in genes like BRCA1/2 or PIK3CA —
which, despite their clinical utility, are limited to specific patient
subgroups and provide information on predisposition or disease
aggressiveness rather than serving as true diagnostic tools —
our method quantifies pathway output directly. Given the role
of mTOR overexpression in breast cancer [1, 6, 28], this assay
holds significant potential for integration into future diagnostic
and research strategies.

A limitation of this study is the use of a standardized cell line
(SCP-1), which does not reflect the full heterogeneity of clinical
tumor samples and does not account for the influence of
pre-analytical variables [30]. Furthermore, assay performance
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Hepatocellular adenoma is a rare benign liver tumor with the potentially unfavorable course due to the risk of hemorrhage and malignant transformation. Treatment
depends on the mass subtype and size. Here we present a clinical case of hepatocellular adenoma in a woman of reproductive age developed against the
background of the long-term use of oral contraceptives. The tumor sized 8 cm was detected accidentally during instrumental examination; morphological and
immunohistochemistry assessment confirmed that it was a benign one without B-catenin mutation. Liver resection was performed. The case highlights the
importance of careful monitoring of the patients during the long-term use of oral contraceptives, as well as of the timely surgical interventions in individuals with
large hepatocellular adenomas to prevent hemorrhage and malignization.
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Hepatocellular adenoma (HCA) is a rare benign liver tumor
diagnosed mainly in women of reproductive age [1, 2]. The long-
term use of oral contraceptives (for more than 5 years) is the
leading risk factor of HCA. The incidence of HCA in the general
population is uncertain, there are reports of o 0.001-0.004%.
According to the literature data [3], adenomas are considerably
more often diagnosed in women using oral contraceptives for
the long term (3.4 cases per 100,000 population), while the
rate among women not using such drugs varies between
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1-1.3 per 100,000 population. There is a direct relationship
between the duration of using contraceptives and the increase
in the rate of developing HCA and severity of HCA clinical
manifestations (patients’ complaints) [3]. In recent decades, the
female-to-male ratio has decreased from 11 : 1 to 4 : 1, which
is associated with the increasing use of anabolic steroids [4].
Additional risk factors include glycogenosis, obesity, metabolic
syndrome, alcohol abuse, and endocrine disorders, including
Klinefelter syndrome, type 3 diabetes (MODY), and polycystic
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ovary syndrome [5, 6]. In recent years, the HCA association
with the use of clomiphene and barbiturates has been shown
4, 71.

The main HCA complications include spontaneous hemorrhage
reported in 27% of cases of detecting masses sized over
5 cm [4] and malignant transformation. Hemorrhage can be
intratumoral, intrahepatic or intraperitoneal; intraperitoneal
hemorrhage is associated with the development of acute
hemorrhagic syndrome fraught with high risk of hemorrhagic
shock and fatality [5].

Male sex, B-catenin mutations (exon 3), and the tumor
size over 5 cm are associated with the increased risk of HCA
malignization [8, 9].

In terms of morphology, HCAs consisting of hepatocytes
without portal tracts and bile ducts are supplied by arteries
only [2]. Due to the limited diagnostic information content of
standard histological examination, especially when used for
differential diagnosis of subtypes of HCA and hepatocellular
carcinoma, immunohistochemistry and molecular genetic
methods become increasingly important [10-12]. In 2007,
the key immunohistochemistry markers for HCA classification
were proposed, including L-FABP, B-catenin, glutamine
synthetase, and serum amyloid A [13]. However, these
proteins can be expressed in other benign and malignant liver
lesions. Therefore, it is necessary to assess the nature of their
distribution in the context of the background liver tissue [2].
Thus, the HCA diagnosis requires consistent, comprehensive
assessment of clinical data, instrumental testing results, as well
as morphological and immunohistochemical verification of
the mass.

In 2017, the analysis of more than 500 HCA cases showed
the correlation of molecular and immunohistochemical subtypes
with the risk of hemorrhage, tumor growth, and malignant
transformation [4]. The authors expanded classification to eight
subtypes, including different variants of B-catenin-activated
adenomas, mixed forms, sonic Hedgehog signaling adenoma
(sh-HCA), associated with intratumoral hemorrhage [4, 14]. In
total, novel and unclassified subtypes constitute about one
third of all HCAs.

Thus, the current data emphasize the importance of
comprehensive approach to the HCA diagnosis and risk
stratification including clinical assessment, instrumental tests
(MRI, CT, ultrasonography), and immunohistochemistry, which
directly reflects the patient management strategy presented in
this case study.

Clinical case

Patient M. aged 28 presented with the right hypochondrial
pain, pressure in her epigastric region, and cough with a small
amount of sputum that emerged after acute respiratory viral
infection. She had a history of gastro-esophageal reflux disease
and the long-term (more than 10-year) use of combined oral
contraceptives. She had no family history of cancer of liver
disease. The patient denied occupational hazards and the
exposure to adverse production factors.

Assessment performed in a medical institution in Donetsk
occasionally revealed a liver mass. The patient contacted the
oncologic dispensary in Rostov-on-Don on her own for further
diagnosis and comprehensive assessment.

Assessment data

According to the abdominal magnetic resonance imaging
(08.10.2025, revision 05.10.2025), the liver is enlarged, with

an uneven outline; bilobar dimensions 208 x 186 mm. A solid
mass sized at least 65 x 76 x 80 mm in the S5-S6 segments
is visible, which is comparable with the intact liver parenchyma
based on signal intensity, with contrast uptake. When
performing differential diagnosis, we considered focal nodular
hyperplasia, hepatocellular adenoma, and hepatocellular
carcinoma. The diagnostic interpretation was difficult due to
technical limitations of the study (low signal-to-noise ratio, no
full-fledged arterial phase and wash-in/wash-out phases). No
ascites detected, bone structures without signs of abnormality.

The clinical and laboratory tests conducted revealed no
abnormality. The alpha-fetoprotein (AFP) level of 2.36 ng/mL
was within the reference range.

Due to the patient’s young age, no liver cirrhosis, AFP within
the reference range, the presence of the large solid mass, and
inability to reliably rule out both benign and malignant nature of
the tumor based on radiological data, it was decided to perform
trephine biopsy in order to morphologically verify the diagnosis,
which was of fundamental importance for determination of
further treatment tactics.

The biopsy specimen histological examination (19.10.2025)
revealed hepatocytes showing signs of focal protein (granular)
dystrophy; some cells were deformed and atrophic. There
were no portal tracts. Morphological features corresponded
to hepatocellular adenoma (ICD-10: D13.4). Considering the
need for malignization risk stratification, immunohistochemistry
(IHC) assessment aimed at estimating proliferation activity and
detecting 3-catenin mutation was recommended.

According to IHC data (19.10.2025), the Ki-67 index was 2%,
which suggests low proliferation activity of tumor cells. There was
no nuclear B-catenin expression, which allowed us to rule out the
-catenin-activated adenoma subtype associated with high risk
of malignization. Thus, IHC assessment confirmed that the mass
was benign and belonged to the group of low cancer risk.

The morphological and immunophenotyping data obtained
(no signs of B-catenin activation and low Ki-67 index) allowed us
to consider the tumor as benign. At the same time, considerable
tumor size (over 5 cm), risk of spontaneous bleeding, and the
long-term use of oral contraceptives as a potential etiological
factor made surgical treatment feasible.

On 07.11.2025 the patient underwent elective surgery with
endotracheal anesthesia and intraoperative monitoring of vital
functions. Midline laparotomy with layer-by-layer dissection
of the anterior abdominal wall tissues was performed. After
dissection the abdominal cavity was thoroughly revised: no free
fluid was detected, no signs of tumor dissemination or peritoneal
lesion were found. The liver was enlarged, in the projection of
segments VI-VII there was a soft elastic mass with a diameter
up to 8-9 cm (Fig.). Considering the tumor localization and size,
anatomic resection of the liver segments VI-VII was performed
using an ultrasonic scalpel and waterjet dissector, within the
limits of visually intact tissues. The liver wound was treated
using an argon plasma coagulator and hemostatic sponge
(Tachocomb, Austria). A drainage tube made of polyvinyl
chloride was installed in the subhepatic space. The abdominal
cavity was sutured layer by layer. The radical surgery was
performed without any technical complications.

The resected material morphological examination has
shown that the mass is partially encapsulated and has uneven
outline. It is represented by beams formed by two cell layers
surrounded by the well-developed reticulin framework; there
are no portal tracts. Morphological features correspond to
hepatocellular adenoma.

The data obtained has confirmed that the resected liver
mass was the HCA showing no signs of nuclear B-catenin activity.
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Fig. Gross specimen. Liver tissue fragment sized 8 x 8 x 7 cm, at a distance of 1 cm from the nearest resection margin

Morphological verification of biopsy and resected materials
revealed typical HCA architecture with the beams of two cell
layers, well-developed reticulin framework, and the lack of
portal tracts. According to the immunophenotyping results,
the Ki-67 index is 2%, there is no nuclear B-catenin activity,
which corresponds to the group at low risk of malignization.
These signs that are prognostically favorable confirm the tumor
benign nature.

The postoperative period was uneventful, the patient was
discharged on day 7 after surgery in satisfactory condition.

Clinical case discussion

Modern concepts emphasize heterogeneity of this group of
neoplasms, differences between their molecular subtypes,
and variability of prognostic characteristics. In the literature, the
long-term use of oral contraceptives is considered as one of the
factors associated with HCA in women of child-bearing age. In
the case reported, the patient received hormonal contraceptives
throughout 10 years, which can be considered a significant
predisposing factor. However, the case report descriptive nature
does not allow us to draw causal conclusions. The long-term
hormonal exposure is associated with the increased expression of
proliferative and metabolic pathways in hepatocytes, contributing
to the development of adenomatous nodules. The tumor size over
5 cm remains the key prognostic criterion associated with the
increased likelihood of hemorrhagic complications, regardless
of the molecular subtype. It is also characterized by high risk
of rupture, especially in pregnancy and during menstruation,
which results in life-threatening complications [4, 9]. In large-
scale clinical trials, the rate of rupture with intraperitoneal
hemorrhage reached 17.5% [11].

In the clinical case reported, the patient’s tumor size reached
8 cm, which corresponded to the critical size associated with the
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increased risk of intrahepatic and intraperitoneal hemorrhage,
especially during hormonal stimulation. Immunohistochemistry
assessment revealed the lack of the B-catenin, reducing the
risk of malignant transformation, but the large tumor size itself
represents an indication for surgical intervention.

Establishing the final diagnosis became possible due
to coherent and comprehensive assessment of clinical
data, radiological test results, and morphological and
immunohistochemistry verification of the mass. Integration of
clinical/instrumental and pathomorphological data enabled
substantiated differential diagnosis of a focal liver lesion and
determination of rational treatment tactics.

CONCLUSION

HCA is a rare benign liver tumor characterized by the risk of
hemorrhagic complications and malignization. The long-term
use of oral contraceptives by women of child-bearing age
is considered as a significant etio-pathogenetic fator, which
results in the need for personalized approach to management
of patients and regular monitoring of benign focal liver masses.
The tumor size = 5 cm is an independent predictor of unfavorable
course and indication for surgery, regardless of the (3-catenin
mutation status. Anatomic resection of the liver in individuals
with large HCAs represents a rational treatment strategy aimed
at reducing the risk of life-threatening conditions and achieving
favorable treatment outcomes.

The case focuses on the need for increased clinical suspicion
of liver tumors in women of reproductive age, especially in cases
of the long-term use of hormonal contraceptives. The lack
of specific clinical and laboratory manifestations does not
preclude the existence of the tumor and requires in-depth
assessment with morphological verification in cases of
diagnostic uncertainty.
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CHANGES IN EXPRESSION OF HOMOLOGOUS RECOMBINATION GENES

IN CHEMOTHERAPY-INDUCED TUMORS /N VIVO

Tsyganov MM'2 =, Tsydenova IA', Loos DM', lbragimova MK'2

" Cancer Research Institute, Tomsk National Research Medical Center of the Russian Academy of Sciences, Tomsk, Russia

2 Siberian State Medical University, Tomsk, Russia

Studying molecular mechanisms of carcinogenesis, including abnormalities of the homologous recombination (HR) system, is an important objective when studying
malignization. Dysfunction of HR genes, such as BRCA1/2, contributes to genomic instability and the development of more aggressive tumor clones. The use of
chemical carcinogens, such as dimethylbenz(a)anthracene (DMBA), allows one to simulate tumorigenesis processes and assess changes in expression of repair
genes. It is important to study such changes to understand the mechanisms underlying adaptation of tumor cells to genotoxic stress and develop personalized
approaches to cancer treatment. The study aimed to assess the expression of major HR genes in chemotherapy-induced carcinogenesis in mice. The study involved
female outbred ICR laboratory mice (CD-1; n = 20). Two groups of animals were formed: the control group and the treatment group that was administered DMBA.
Histological analysis of autopsy specimens was conducted to identify tumors. Gene expression levels were assessed using RT-PCR, and testing for chromosomal
aberrations was performed using digital PCR. Tumors were found in four animals. Zero expression of the genes Brcal, Brca2, Cdk12, Chek2, Palb2, Bard1,
Brip1 and Rad paralogues was observed in three tumor samples. One sample showed high expression of the genes Cak12 (14.3), Chek1 (27.6), Rad51d (38.5).
Predominance of deletions in the test genes was reported in the majority of cases. Thus, tumorigenesis is associated with the decrease in expression of major
repair genes, chromosomal aberration formation, which can contribute to the emergence of more aggressive clones and increase sensitivity to chemotherapy drugs.
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W3MEHEHWA B 9KCMNPECCUW NrEHOB rOMONOrMYHOW PEKOMBUHALIMN B XUMUYECKU
MHOYUNPOBAHHbIX OrNyXonax IN Vivo

M. M. LpiraHos"? &, . A. Libigerosa’, . M. Jlooc!, M. K. M6parumosa’?

" Hay4Ho-nccnenoBatensCKUin UHCTUTYT OHKOMOM M, TOMCKUIA HaLMOHaNbHbI Hay4HO-MCCNEA0BaTENbCKUIA MEAVLIMHCKWIA LieHTp, ToMck, Poccunst

2 CBMPCKMIA rocyaapCTBEHHbIN MeOMLMHCKI yHBEpCUTET, ToMcK, Poccus

V13yHeHmne MonekynsapHbIX MEXaH13MOB KaHLeporeHesa, BKIlo4as HapyLleHne B CUCTEME FOMOSIOMMYHON pekoMbuHauum (IP), ABnseTcs BaxkHOWM 3apaden npu
13y4eHnn npoliecca ManmrHmaaunm. AuchyHkums reHos P, Taknx kak BRCA1/2, crnocobCTBYET reHOMHOWM HECTabUNbHOCTY U pa3BUTUiO Borsee arpecCrBHbIX
OMyXONEeBbIX KIIOHOB. VICNonb3oBaHNe XMMUYECKNX KaHLEPOreHoB, Takux Kak anmmMeTunnoeHs(a)aHtpaueH (AMBA), no3sonseT MoaenmposaTte NpoLeccsl
onyxoneobpas3oBaHyis 1 aHaNM3MPOBATb M3MEHEHNS SKCMPECCUM MreHOB pernapauin. 3ydeHne STux M3MEHEHWA BaXXHO A5 MOHUMaHVS MEXaH3MOB afianTaumm
OMyXOnEeBbIX KNETOK K FEHOTOKCUMHYECKOMY CTPECCY U pa3paboTKy NMepCoHaNM3npoBaHHbIX MOAXOLO0B K Tepanun paka. Liensto paboTbl 66110 OLEHUTL SKCIPeccuio
OCHOBHbIX reHoB P nmpv XVMMOVHAYLIMPOBAHHOM KaHLieporeHese y Mblllei. ViccnenoBaHve nNpoBOAUM Ha camkax ayTopeaHbix nabopaTtopHbix Mbiwei ICR
(CD-1; n = 20). CchopmmpoBaHO ABE MPynbl XMBOTHBIX: KOHTPOSBHAA 1 Fpynna nccnegosaHvs ¢ BBegeHnem IMBA. [ns naeHtudurkaumm onyxonemn ayToncuinHbIii
mMaTepvian nodseprany rmcTonorMieckoMy aHanmay. YpoBeHb SKCIpeccun reHoB olleHmBanu npu nomolum OT-TLP, Hanmyme XpoMocoMHbIX abeppauuin —
nocpencTeoM Lndposor MNUP. Hannune onyxonein yCcTaHOBNEHO Yy YeTbIPEX XXMBOTHbIX. B Tpex obpasiax onyxonv Habnoganm Hynesylo akcnpeccuto Breal,
Brca2, Cdk12, Chek2, Palb2, Bard1, Brip1 v napanoroB Rad. Y ogHoro obpasLia 3ad1KcnpoBaHbl BbICOKME ypoBHM reHoB Cadk12 (14,3), Chek1 (27,6), Rad51d
(38,5). B 6onblunHcTBE CriyqaeB 3aukcMpoBaHo npeobnagaHne aeneumin B nccnemyemMbix reHax. Takum obpasom, npu onyxoneobpasoBaHm Nponucxoant
CHVDKEHME SKCMPECCUM OCHOBHbIX MEHOB penapaLn, hopMm1poBaHNe XPOMOCOMHbIX abeppaLini, YTO MOXET COCOBCTBOBATL NMOABNEHMIO 60nee arpecCuBHbIX
KIOHOB, a TakXXe YBENMYMBATL YyBCTBUTENBHOCTL K XMMMOMpenapaTam.
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Studying the mechanisms underlying the emergence and
progression of solid tumors remains one of the most urgent
tasks of modern biomedicine [1]. Alteration of homologous
recombination system genes involved in double-stranded DNA
breakrepair, cell cycle regulation, and other cellular processes
can be one of the key events underlying carcinogenesis [2]. Such
alterations can manifest itself as dysfunction (accumulation
of mutations, major chromosomal rearrangements, changes
in expression, etc.) of the key homologous recombination
genes, specifically BRCA1 and BRCA2. Dysfunction leads to
deficiency of the repair of double-stranded DNA breaks, or
homologous recombination deficiency (HRD) [3]. At the same
time, the expression levels of BRCA1/2 and other HR system
genes represent the major ultimate factors determining not
only the genetic and functional dysfunction extent, but also the
tumor cell sensitivity to various chemotherapeutic agents.

According to the working hypothesis of the present study,
the mechanisms underlying the development of homologous
recombination deficiency are enhanced, increasing genetic
instability during the tumor transformation, growth, and
progression. From an evolutionary perspective, it is “beneficial”
for the tumor to form a mutator phenotype, primarily through
the homologous recombination dysregulation. Moreover, the
mechanisms underlying the development of HRD in tumor
cells have to be enhanced through the increase of the rate and
expansion of the range of abnormalities. Baseline mutations in
the HR genes can be complemented by deletions, methylation,
gene repression, etc., which should lead to generation of more
aggressive clones. However, this process remains practically
unexplored. The study of the process will help predict the risk
of malignant transformation for precancerous disorders and the
aggressiveness of early-stage tumors.

Chemicals that cause mutations and other genotoxic
changes are particularly valuable for carcinogenesis modeling,
since these are direct triggers of tumor development. The
7,12-dimethylbenz[alanthracene (DMBA) having the pronounced
carcinogenic properties and widely used in pre-clinical trials
for simulation of tumorigenesis processes in vivo and in vitro
is one of the most common polycyclic aromatic hydrocarbons
in our environment [4, 5]. Currently, the data on expression
profiles of the tumor genes induced by specific chemical
carcinogens remain scarce. The available data suggest
the association between the effects of chemicals and the
homologous recombination abnormalities. For example, it has
been shown that the exposure to the PAH doses appropriate
to the environmental conditions results in the dose-dependent
BRCAT1 expression decrease in breast cancer cells [6]. The
earlier research showed that PAH also suppressed BRCAT in
vitro and in vivo [7]. In this context, the use of mouse models
has become a powerful instrument for in vivo assessment
of cancer etiology and progression. However, studying the
homologous recombination suppression effects in vivo is still
a challenging task, especially in the context of chemotherapy-
induced carcinogenesis. For example, it has been shown that
the Rad571 mutations strongly predispose mice to lymphomas,
while the Brcal mutations contribute to the development of
tumors of other types [8]. Mouse models with the partial
loss of Brca2 function also show increased carcinogenesis
levels with predispodition to lymphomas [9]. In addition to
the BRCA1 and BRCAZ2 key HR genes, other components
of the pathways play an important role in both DNA repair
and carcinogenesis. The mouse model studies have shown
that the decrease in activity of the same Rad57 gene in vivo
does not contribute to tumor development, but rather ensures
protection against the tumor. These data suggest that the

Radb51-mediated repair can contribute to tumor progression
rather than function as a tumor suppressor [10, 11]. Other HR
genes with low penetrance, including ATM, CHEK2, BRIP1,
and BARD1, have been extensively studied in the context of
human breast carcinogenesis [12]. However, their function and
contribution to tumorigenesis in mouse models are still poorly
understood. Today, the data on the regulation of these genes
in mouse models are limited, which hinders full understanding
of their role in DNA repair and carcinogenesis [12]. That is
why the analysis of the HR gene expression changes during
carcinogenesis can make it possible to determine, how the
cells respond to genotoxic stress and how these processes
can be disrupted in tumor tissues [13]. Understanding of these
dynamic changes can determine the tumor cell sensitivity to
DNA-damaging agents, which is important for personalized
cancer treatment. Thus, the present study aimed to assess
the expression of the key homologous recombination system
genes in chemotherapy-induced carcinogenesis in mice.

METHODS
Animals

Chemotherapy-induced carcinogenesis was assessed in
20 female outbred ICR laboratory mice (CD-1). The animals
were handled in accordance with the European Convention for
the Protection of Vertebrate Animals Used for Experimental and
Other Scientific Purposes (ETS N 123). The animals were kept
in standard conditions at a temperature of 22 + 2 °C, relative
humidity of 50-60%, with the 12-h light/dark cycle (8:00 to
20:00). Food and water were provided freely. All the procedures
involving animals were conducted in the morning (9:00 to
11:00 local time) in accordance with the rules and guidelines on
humane treatment of animals used for experimental and other
scientific purposes. The health and behavioral aspects were
monitored daily, and any signs of discomfort or illness were
immediately eliminated by specialists.

Experimental design

The design was developed in accordance with the 3R principles,
reducing the number of animals to the necessary minimum and
minimizing discomfort. Two groups of animals were formed for
the experiment. Weighing and randomization (based on the mean
body weight, mean + 10%) were used to divide the animals
into the control (n = 10) and treatment (1 = 10) groups. The
mean body weight was 27.2 + 0.62 g in the control group and
26.4 + 0.56 g in the treatment group. Dimethylbenz(a)anthracene
(DMBA) (100 mg, 1,3-dimethylbutylamine, 98%, Sigma-Aldrich
#108-09-8) was used as a chemical agent possessing direct or
indirect genotoxicity to induce carcinogenesis.

Dose selection

Since DMBA is not soluble in water, but is well soluble in
organic solvents, when preparing the working solution, 100 mg
of the substance was dissolved in 10 mL of toluene until
completely dissolved, thereby obtaining a matrix solution with
the substance concentration of 1 mg per 0.1 mL (100 pL) of
the solvent. A total of 0.07 mg (70 pg) of the substance was
taken for the course. Recalculated on the solution: 70 pL of
the substance dissolved in toluene were adjusted to 30 ml of
vegetable oil. With this dilution, the substance dose was
23 pg/kg, provided that 0.25 mL of the solution per 25 g of
live weight would be administered. The resulting solution was
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intragastrically administered weekly throughout 3 months. It
should be noted that according to published data, toluene can
have a toxic effect on behavioral characteristics of laboratory
animals and some body’s molecular parameters [14]. However,
with minimal toluene doses cytochrome P4502A13 can
effectively metabolize this substance in the body [15] without
any negative effects.

Euthanasia

Humane euthanasia of animals was accomplished using the
CO, camera with the gradually increasing gas concentration.
Autopsy of the animals aimed at identifying the tumor was
performed in accordance with the method for laboratory animal
autopsy and organ harvesting [16]. After harvesting the tissue
was placed in the RNAlater solution (Thermo Fisher Scientific,
USA). After the 24-h incubation at +4 °C the tissue samples
were stored at a temperature of =80 °C for further DNA and
RNA extraction.

Morphological examination

To assess the pattern of morphological changes and confirm the
presence of tumor tissue in the samples, the tissue fragments
removed from the suspected tumor site, as well as metastases,
were examined. The tissue fragments sized 5 mm® were placed
in the 10% pH-neutral formalin (6.5-7.5). The duration of fixation
was 18-24 h. Then the material was processed in accordance
with the standard method and paraffin embedded. The 4-5 um
thick serial sections were prepared from paraffin blocks [17].
Slides were stained using the hematoxylin and eosin solutions
prepared in accordance with the generally accepted protocols.
Morphological examination was performed using the Axio
Scope.Al light microscope (Karl Zeiss, Germany). Microscopic
evaluation was carried out according to the generally accepted
criteria [18].

DNA and RNA extraction

RNA and DNA were extracted from the tumor tissue using
the RNeasy Plus mini Kit and QlAamp DNA mini Kit (Qiagen,
Germany), respectively, in accordance with the manufacturer’s
instructions.

Real-time qPCR

Expression levels of the homologous recombination genes
Brecal, Brca2, Atm, Bard1, Brip1, Cdk12, Chek1, Chek2, Fancl,
Palb2, Ppp2r2a, Rad51b, Rad571c, Rad51d, Rad54l, Parp1
were assessed using the reverse transcription quantitative
PCR in the real-time mode (RT-gPCR) based on the TagMan
technology in the Rotor-Gene-6000 thermal cycler (Qiagen,
Germany), as previously reported [19]. Two genes were used
as reference ones: Gapdh (glyceraldehyde 3-phosphate
dehydrogenase) and Actb (beta-actin); expression levels of
these genes were normalized with respect to normal expression
values of the genes and measured in arbitrary units. The gene
relative expression was assessed by the Pfaffl method [5]. RNA
extracted from the normal tissue was used for calibration.

Digital PCR
Digital PCR in the QlAcuity Digital PCR System (Qiagen,

Germany) was used as a method to analyze the Brcal, Brca2,
Cdk12, Chek1, Parp1, and Rad51c gene copy number. The
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copy number variation analysis involved determination of the
number of targets and reference loci by duplex amplification.
The Ap3b1 (adaptor related protein complex 3 subunit beta 1)
gene recommended by the manufacturer was selected as a
reference gene.

Statistical processing of the results

Statistical data processing was performed using the Statistica
8.0 software package (StatSoft Inc., USA).

RESULTS

In the first phase of the study, we assessed the dynamic changes
in body weight in the studied groups of animals between
30 December 2023 and 16 November 2025 (Fig. 1). Animals
of the control group showed no changes in body weight during
the follow-up period. DMBA administration caused significant
changes in the animals’ body weight within six weeks (Fig. 1).
In particular, the mean body weight of animals of the control
group in this period was 30.5 + 0.84 compared to that of
the DMBA group (28.3 + 0.54; p = 0.05). In three weeks, the
differences became more pronounced (p = 0.02), with the body
weight of the DMBA group (28.7 + 0.69) and that of the control
group (81.4 + 1.07), respectively. Later the upward trend of
the animals’ body weight was observed in both control and
experimental groups. However, no significant differences were
reported throughout the experiment.

Upon palpating (and visually examining), tumors were found
in four animals on weeks 46, 55, 56, and 61 of the experiment
(Fig. 1).

After euthanasia, autopsy of the animals was performed,
as well as testing for tumors and metastasis to distant organs
(if any). A total of four mice out of 10 developed tumors.
No tumors were found in the control group. Analysis of
specimen obtained from the laboratory animal No. 7, which
was located subcutaneously in the cervical region, revealed a
morphological pattern of a pleomorphic cellular tumor with the
invasive structure forming solid areas, variously sized sockets
and cords, as well as trabecular and glandular structures,
composed of moderately polymorphic cells of medium size
with the moderately pronounced eosinophilic cytoplasm and
rounded, hyperchromatic nuclei. Multiple tumor necrosis foci
were found in the central areas of glandular structures. The
stroma was moderately pronounced. It was represented by
various-sized strands of mature fibrous connective tissue with
hyalinosis and uneven lymphoplasmacytic infiltration. There
was an extremely small fragment of skin with the subcutaneous
fat along the edge of the fragment (Fig. 2A). Tumors with similar
morphological structure, but localized in the stomach area on
the peritoneum, were found in another two laboratory mice
(specimens No. 8 and No. 9). Subtotal tissue fragments were
represented by necrosis with signs of active inflammation.
Structures of the invasive tumor described above were found
along the periphery of a tissue fragment in some fields of view
(specimen No. 7). The signs of uneven moderate inflammatory
infiltration with the presence of neutrophils and corpuscular
purulenta were seen throughout the fragment. There were
sporadic small calcifications in the thickness of necrotic areas
(Fig. 2B and C).

In one more laboratory animal (No. 6), the tumor was
localized in the lung tissue (Fig. 2D). Morphological examination
revealed lung tissue fragments subtotally substituted with
the tumor of polymorphic structure within the slide. A
large part of the tumor was represented by merged solid
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Fig. 1. Dynamic changes in body weight in the studied groups of animals during the follow-up period. DMBA — group of animals administered dimethylbenz[a]
anthracene; * — significant differences; the time of tumor emergence in the studied group of animals is marked with arrows

areas of moderately polymorphic, moderately sized cells with
moderately pronounced eosinophilic cytoplasm and rounded,
hyperchromatic nuclei. In some fields of view, the tumor
consisted of the acinar structures composed of medium and
small sized relatively monomorphic cells. In some foci, the tumor
formed pseudovascular fissures; a few small foci of necrosis
were found. The moderately pronounced tumor stroma was
represented by strands of the mature fibrous connective tissue
with mild lymphoid infiltration.

In the next phase of the study, we assessed the expression
of homologous recombination genes in the tumor tissue
specimens collected (Fig. 3).

In particular, high expression of the genes Brcal (2.06 AU);
Atm (6.81 AU), Bard1 (56.62 AU), Cdk12 (14.36 AU), Chek1
(27.68 AU), Fancl (5.82 AU), Rad51d (38.57 AU) was found
for the tumor tissue specimen collected from the laboratory

mouse No. 6 (Fig. 3A), which suggests that the homologous
recombination system and its potential DNA damage repair
activity were preserved in this tumor. It should be also noted that
testing for chromosomal aberrations using digital PCR revealed
the Brcal gene amplification (Table). Low expression of the
test genes was observed in other tumor tissue specimens. In
particular, in the laboratory mouse No. 7, normal expression was
found typical only for Parp1 (1.001 AU), and hyperexpression
was reported only for Rad57c (2.9 AU). All other genes,
including Brca1/2, showed zero or very low expression (Fig. 3B).
Similar results were typical for another two samples. In the
tumor specimen from the mouse No. 8, zero expression was
typical for 8 test genes out of 16 (Brcal, Brca2, Cdk12, Chek2,
Palb2, Rad51b, Rad51c, Rad51d). In the tumor of mouse No. 9,
zero values were reported for 12/16 genes (Brcal, Brca2, Atm,
Bard1, Brip1, Chek2, Fancl, Palb2, Ppp2r2a, Rad51b, Rad51d,

Fig. 2. Microphotographs of the sections of tumor specimens obtained from laboratory animals No. 7 (A), No. 8 (B), No. 9 (C), and No. 6 (D), 10x magnification.

Hematoxylin and eosin stain
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Fig. 3. Homologous recombination gene expression levels in the group of mice administered carcinogen (DMBA)

Rad51]) (Fig. 3C and D). The deletion in the Brca was reported
for all specimens. Furthermore, Table 1 provides the data of
the analysis of chromosomal rearrangements in some test
genes in tumor specimens. The analysis results demonstrate
high genomic rearrangement heterogeneity. In particular, in the
specimen No. 6, amplification is reported for the genes Cdk12,
Chek1, Parp1, along with Brcal, and only two deletions are
reported for the genes Brca2 and Rad57c. Predominance of
deletions in the test genes or normal gene copy number was
observed in other specimens. In general, this suggests that
the emergence of major chromosomal rearrangements and
the DNA repair gene activity decrease can represent one of
the carcinogenesis primary events. Furthermore, the fact of
identifying ampilification and/or normal gene copy number is
correlated with high expression of the gene, which is in line with
the literature data [20].

Thus, considering the experimental data, it has been
found that disturbances of the homologous recombination
mechanisms lead to the accumulation of genomic abnormalities
and decreased reparative activity, thereby increasing the
risk of tumors. However, if the tumor already exists, such
disturbances make it more susceptible to DNA-damaging

agents. This has been shown in clinical material, where the
presence of the deletion and low BRCAT expression affected
the efficacy of chemotherapy with platinum-based drugs in
patients with breast cancer [21], as well as metastasis-free
survival of patients with non-small cell lung cancer [22]. The
studies of animal models show that such alterations (in HR
genes) can contribute to both the increase in the number of
tumor cases and the emergence of various tumor clones with
different molecular genetic characteristics.

DISCUSSION

Homologous recombination responsible for the repair of double-
strand DNA breaks plays an important role in maintaining
genomic stability and preventing of carcinogenesis [8].
However, when exposed to carcinogens, such as DMBA, the
HR system can show reduced activity, resulting in accumulation
of mutations and, therefore, to tumorigenesis [23]. Our
study demonstrates hyperexpression of the genes Cdk12,
Brcal, Atm, Bard1, Fancl, Chek1, and Parp1. Furthermore,
according to the literature data, disturbances in Cdk12
functional activity lead to DNA repair abnormalities, causing

Table. Presence of the homologous recombination gene DNA copy number aberrations in tumor specimens

Genes/samples Tumor specimen from Tumor §pecimen from Tumor §pecimen from Tumor §pecimen from
animal No. 6 animal No. 7 animal No. 8 animal No. 9

Brcat Gain Loss Loss Loss
Brca2 Loss Loss Loss Loss
Cdk12 Gain Loss Loss Loss
Chek1 Gain n n n

Parp1 Gain n n Gain
Radb51c Loss Gain Loss n

Note: the table provides the data on the presence of major chromosomal rearrangemens for some homologous recombination genes, where gain — amplification;

n — normal gene copy number; loss — deletion
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genomic instability and the decrease in expression of some
homologous recombination genes, such as Brcal, Fanci, and
Fancd? [21, 22]. Moreover, hyperexpression of the test genes
was observed in one specimen, which is not consistent with
the hypothesis provided. Unfortunately, since the expression
at the mRNA level is not always positively correlated with
the quantity and activity of appropriate proteins, the actual
functional activity of HR system in tumor cells may differ
from the data obtained. This phenomenon can be explained
by the influence of post-transcriptional regulatory mechanisms,
such as mRNA degradation, alternative splicing, microRNA
influence, post-translational modifications of proteins, etc.,
which can considerably modify the ultimate activity of genes in
tumor cells [24]. This emphasizes the need for further research,
including the study of HR system activity at the level of post-
transcriptional factors.

Special attention was paid to the Brcal gene, the
expression of which was significantly decreased in tumor
tissues. Cases have been reported, when mutant mice with
Brcal defects (Brcaltr/tr) developed tumors of various types,
including breast cancer and lymphomas, without any additional
genetic alterations, such as Trp53 gene inactivation. Our
data confirm these results and suggest the importance of
Breca1 dysfunction for the mechanism of carcinogenesis [10].
Moreover, assessment of the Brcal gene copy number using
digital PCR revealed the Brcal gene deletion in three animals
and amplification and the gene expression level of 2.06 in
one animal. Low expression of this gene in tumor tissues was
observed in the presence of the Brcal gene deletion. We also
revealed hyperexpression of the genes Rad57d and Rad57c
in three tumor specimens (Fig. 3). It can be assumed that
upregulation of those in tumors can represent a compensatory
mechanism in the context of Brca1/2 dysfunction [25]. A
number of studies confirm this hypothesis [10, 11]. As for
Bard1, it has been shown that the Bard7 inactivation induces
basal-like carcinomas of the breast with the rate, latency, and
histopathological characteristics indistinguishable from those
observed in mice with the Brca?l mutation or double Bard1/
Brca1 mutation [13]. Such results suggest that Bard1 functions
as the key tumor suppressor gene, along with Brca, and that
the Brca1-mediated tumor suppression is largely dependent on
the Bard1/Brcal heterodimer. However, the question remains,
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USING INTERACTIVE TECHNOLOGIES FOR REHABILITATION FOLLOWING REVISION
KNEE ARTHROPLASTY
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A chronic periprosthetic infection after knee replacement typically requires two-stage treatment. However, the inter-stage rehabilitation protocol for patients with
an articulating spacer has not been adequately developed. This study aimed to determine whether adding interactive biofeedback walking training on the Walker
View treadmill enhances the effectiveness of a standard recovery program following the first stage of two-stage revision treatment. The prospective randomized
controlled trial included 87 patients who had undergone removal of their endoprostheses and placement of articulating spacers. The treatment group (n = 43)
had the standard 21-day rehabilitation program combined with Walker View sessions, while the control group (n = 44) only followed the program. We assessed
knee joint movement volume, quadriceps EMG amplitude, stride length, walking speed, postural stability, and SF-36, WOMAC, and KSS scores. By the end
of the rehabilitation course, the results registered in the treatment group were better than in the control group: flexion — 78 + 6° versus 71 + 7° (o = 0.01);
EMG amplitude — 179 + 16 versus 165 + 16 pyV (o = 0.01); step length — 54.2 + 5.0 versus 49.5 + 5.0 cm (p = 0.01); walking speed — 0.70 + 0.05 versus
0.65 + 0.05 m/s (p = 0.02); overall stability — 80 + 8% versus 72 + 7% (p = 0.01); physical component SF-36 — 51 + 8 versus 47 + 7 points (o = 0.01). The
differences in WOMAC and KSS scores were insignificant (p = 0.06 and p = 0.07). The inclusion of Walker View sessions in the inter-stage rehabilitation program
yields more pronounced improvements in mobility, neuromuscular function, walking, and balance restoration.
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NCMOJNIb3OBAHME UHTEPAKTMBHbIX TEXHOJIOMMI B BOCCTAHOBUTEJIbHOM JIEYEHUMN
MOCNE PEBU3VWOHHOW APTPOIMJIACTUKN KOJIEHHOIO CYCTABA

B. L. Munacos', P. P. Sikyrnos', B. H. AkGawes'®, A. P. Bunsinos', V. O. Esrpacos!, K. K. Kapumog?, V1. B. MuHacos!, A. A. AxmensguHosa',
M. P. CanumbsiHoga'

" BalK1pcKuii rocyiapCTBEHHbIN MEAULMHCKMIA YHUBEpCUTeT, Pecnybnnka balikopTocTaH, Yda, Poccus

2 TaPKVIKCKIIA FOCYA@PCTBEHHbIN MEAVUMHCKIIA YHUBEPCUTET MeH AByann nbHu CuHo, dywaHbe, TapKukmicTaH

XpoHMYeckast NepynpoTe3Has MHMEKLMS Nocne SHAOMPOTE3NPOBAHNS KOMEHHOMO CycTaBa TpebyeT ABYX3TarnHoro SeqeHns, O[HaKO MexasTanHas peabunmraums
NaLMeHTOB C apTUKYNPYIOLLIIM CNencepoM paspaboTaHa HefocTaToqHO. Liensto paboTsl 6610 ONpeaenTh, MOBbILLAET NN BKITKOHEHNE MHTEPAKTUBHOW TPEHNPOBKM
X0fpbbl C BUONOrMHeECKol obpaTHOM CBA3bIO Ha komnnekce Walker View athhekTVBHOCTb CTaHAAPTHOM BOCCTAHOBUTESBHONM MPOrpaMMbl MOCHe NMepBoro atana
[BYX3TanHoM pesnauv. B mpocnekTBHoe paHooMU3MPOBaHHOE KOHTPOIMPYEMOE VCCIEA0BaHVE BKIIOHMNM 87 NaLVIEHTOB Moce yaaNeHns SHAoMpOoTe3a 1 YCTaHOBKN
apTuKynupytoLero cnencepa. OcHoBHasA rpynna (n = 43) Npoxoanna CTaHAAPTHYIO peabunmtaumio B codeTaHnn ¢ TpeHnpoBkon Ha Walker View, KOHTponbHas
(n = 44) — ToNbKO CTaHAAPTHYO MPOrpamMMy; Kypc cocTaBin 21 aeHb. OueHVBa 06beM ABVKEHWA B KONEHHOM CycTaBe, aMnmTyay OMI™ YeTbIpexrnaBo MbiLLbI,
[OIHY Lara, CKOPOCTb XoAb0bl, MOCTypasibHyO YCTONHMBOCTb, nokadatenn SF-36, WOMAC 1 KSS. K okoHYaHWIO Kypca B OCHOBHOW rpynne AOCTUMHYThI lyyine
pesynstathbl: crubaHne 78 + 6° npotue 71 + 7° (p = 0,01), amnutyga OSMIT 179 + 16 npotve 165 + 16 MkB (p = 0,01), onvHa wara 54,2 + 5,0 npotve 49,5 + 5,0 cm
(o = 0,01), ckopocTb xoapbbl 0,70 + 0,05 npotws 0,65 + 0,05 M/c (p = 0,02), obLas cTabunbHocTb 80 + 8% npotrs 72 + 7% (p = 0,01), PU3NHECKNIA KOMMOHEHT
SF-36 — 51 + 8 npotwe 47 + 7 6annos (o = 0,01). Paznnina no WOMAC 1 KSS 6binmn cTatucTndeckin HeaHaummbl (p = 0,06 1 p = 0,07). Bkntoderne Walker View B
MEXaTanHyto peabunmraumnio obecneqmnsaeT 6onee BblpaXXeHHOe BOCCTAHOBEHNE NOABVKHOCTU, HEMPOMBILLEYHOW (DYHKLMW, XOObObI 1 PABHOBECKA.

KniouyeBble cnoBa: peB13NOHHAS apTpOr/IacTka, KOMEHHbIA CycTaB, NepunpoTeaHas MHpeKLMS, peabunutaums, bronornyeckas obpatHas cesdb, Walker View,
[OBYXaTarnHoe PeBM3NOHHOE SHAONPOTE3MPOBAHNE, apTUKYIMPYIOLLWIA cneicep

Bknap aBtopos: b. LLI. MuHacoB — koHUenuws 1 auaaiH MCCnegoBaHns, HayYHOe PyKOBOACTBO, peaakTupoBanue; P. P. Akynos — ausaiH nccnenoBaHus,
aHanM3 aaHHbIX, NOAroToBka TekcTa; B. H. AkballeB — KOHLEeNUMa UCCnefoBaHns, MHTepnpeTaums peaynstatoB, pefaktnposaruve; A. P. bunanos — cbop
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The rising prevalence of destructive and dystrophic
musculoskeletal diseases has increased the frequency of large
joint replacement surgery. According to federal statistics, the
incidence of osteoarthritis in Russia rose from 546.9 cases
per 100,000 population in 2015 to 650.0 in 2024, an 18%
increase [1]. Knee replacement is the most effective surgery for
destructive and dystrophic joint lesions. In modern orthopedics,
it is the gold standard, considerably improving patients' quality
of life and life expectancy. However, the implants placed are
limited functionally, and over time, the components of the
endoprosthesis wear out. It is projected that by 2030, more
than 260,000 revision knee surgeries will be performed annually
in the United States [2]. Over the years, tension force vectors
in the bone and connective tissue around the endoprosthesis
shift, leading to a biomechanical conflict with the supporting
structures. As a result, aseptic instability, metallosis, and
osteolysis can develop, as well as periprosthetic infection (PPI)
if microbial factors are involved.

PPl is one of the most severe complications of knee
replacement. Large-scale cohort studies report the incidence
of PPl as 1-2% after primary arthroplasty, and up to 4% after
revision surgeries [3]. PPl is the leading cause of revision
intervention, more common than aseptic instability and wear
of polyethylene [4]. Chronic periprosthetic knee joint infection
causes soft tissue and bone destruction, impairing limb
function. It often requires two-stage revision arthroplasty with
a temporary antibiotic spacer.

Two-stage revision arthroplasty remains the most recognized
treatment for chronic PPI. The first stage is aimed at rehabilitating
the infection site, stabilizing soft tissue and bone structures, and
partially preserving limb function when using an articulating spacer.
The key factor in the effectiveness of the two-stage approach
is the quality of recovery during the period between the stages,
which usually ranges from 6 to 12 weeks [5]. The rehabilitation
itself commonly includes early mobilization of the joint and physical
therapy [6]. The use of articulating spacers allows patients to start
recovery activities in the early postoperative period [7]. However, it
is not yet fully clear which rehabilitation methods are optimal under
these conditions. Some authors recommend a gentle regimen to
prevent spacer dislocation, while others emphasize the need
for early activation to prevent muscular atrophy [8].

In recent years, biofeedback technologies have been
increasingly integrated into musculoskeletal rehabilitation. The
Walker View platform (TecnoBody, Italy) is a treadmill with an
integrated 3D motion analysis system and a touchscreen that
allows real-time evaluation of temporal and spatial gait parameters,
step symmetry, and joint kinematics [9, 10]. The technology has
been proven effective in post-knee replacement rehabilitation [11],
but there is no information about its efficacy in the context of a two-
stage revision arthroplasty that involves a temporary spacer [12].

Thus, the relevance of this study stems from the availability
of data on the effectiveness of interactive biofeedback
technology in rehabilitation after primary knee joint arthroplasty,
coupled with the lack of evidence on its use between stages of
revision surgery with an articulating spacer.

This study aimed to evaluate the effectiveness of a
comprehensive rehabilitation program that includes interactive
biofeedback sessions on a Walker View treadmill in comparison
with the standard rehabilitation protocol followed after the first stage
of two-stage revision knee arthroplasty undertaken to treat PPI.

METHODS

This study was a prospective, randomized controlled trial
designed to evaluate the effectiveness of comprehensive

rehabilitation following the first stage of two-stage revision
knee arthroplasty in patients with chronic periprosthetic
joint infection. In the context of the study, we compared a
standard rehabilitation program and an extended program that
incorporates the use of interactive biofeedback technology.

Inclusion criteria: age 55-75 years, diagnosed chronic
knee periprosthetic infection (ICD-10 code T84.5), absence
of significant somatic diseases that could hinder rehabilitation,
and informed consent to participate in the study.

Exclusion criteria: acute infectious diseases at the time
of enrollment; severe comorbidities in the decompensation
stage, such as class lll-IV cardiovascular insufficiency (NYHA
classification); diabetes mellitus with glycated hemoglobin
(HbA1c) > 8.5%; severe chronic obstructive pulmonary disease
with forced expiratory volume in 1 second (FEV1) <50%
of predicted; end-stage chronic kidney disease (glomerular
filtration rate < 15 mL/min/1.73 m? or dialysis dependence);
patient's refusal to participate; cognitive impairments preventing
completion of the rehabilitation program (MMSE score
< 24 points).

Sample characteristics

The study included 87 patients hospitalized for chronic
periprosthetic knee infection who underwent the first stage
of two-stage revision arthroplasty with an articulating spacer
(made in BSMU's Additive Technologies Laboratory; Eurasian
Application No. 202492817).

The sample size was calculated using the G*Power 3.1.9.7
program. Based on the expected difference in the range of
10° knee joint motion (control group average: 70° + 15°;
treatment group average: 80° + 15°), with 80% study power
and a significance level of a = 0.05, each group should have
included at least 36 patients. Since it was assumed that 15%
of the participants would drop out, the plan was to invite
44 patients to each group, for a total sample size of 88.
Eventually, 87 patients were included (one patient refused to
participate before the beginning of the rehabilitation). The mean
age of the sample was 65.4 + 5.2 years. Gender distribution:
51 female (58.6%) and 36 male (41.4%). The sample was
randomized by the block randomization method (block size 4)
using a random number generator: treatment group, n = 43;
control group, n = 44.

The patients were divided into groups after the first stage of
surgery. Blinding of patients and rehabilitation specialists was
not possible due to the nature of the intervention. The functional
outcomes and statistical data were analyzed by specialists who
were uninvolved in the rehabilitation program and unaware of
the patients' group affiliations. The groups were comparable in
age and gender (p > 0.05).

Rehabilitation program

The rehabilitation program began on the first day after the
first stage of revision arthroplasty. It lasted for 21 days, and
the patients remained in the hospital throughout its duration.
The program included two consecutive stages: the early
postoperative period stage (days 1-4) and the core rehabilitation
stage (days 5-21).

Early postoperative period stage (days 1-4)
In the early postoperative period, patients performed gentle

isometric exercises to prevent thromboembolic complications,
maintain muscle tone, and preserve basic motor activity.
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Table 1. The standard medical rehabilitation program
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Component Brief description of the intervention

Parameters Intended goal

Cryotherapy Local cooling of the knee joint area

15-20 minutes, 2-3 times a day;
t°-5..+5°C

Reduction of pain and swelling,
control of inflammation

Mechanical passive joint mobilization using
the Artromot device with a gradual increase in
amplitude

Continuous passive
motion (CPM)

20-30 minutes, 2-3 times a day;
increase of 5-10° a day

Contracture prevention,
ROM maintenance

Pneumocompression

lymphatic drainage Sequential pneumocompression of the lower limb

30 minutes, 1-2 times a day;
pressure 40-60 mmHg

Reduction of edema, improvement
of lymphovenous drainage

Active exercises for the muscles of the thigh,
lower leg, buttocks using resistance bands and
body weight

Physical therapy

30-40 minutes a day; 2-3 sets
of 10-15 repetitions

Restoration of strength and
weight-bearing ability

Neuromuscular electrical stimulation of
m. quadriceps femoris and m. gastrocnemius

Electrical muscle
stimulation

Frequency 30-50 Hz, pulse duration

250-300 microseconds, 15-20 minutes Prevention of atrophy, activation

Classical and lymphatic drainage massage

Soft tissue massage of the thigh and lower leg muscles

15-20 minutes a day, a course
of 10-14 procedures

Improved microcirculation,
decreased muscle tone

Learning walking techniques with the distance

Graded walking gradually increasing

10-15 minutes, 2 times a day;
weight-bearing intensity as allowed
by the spacer protocol

Normalization of walking
patterns, early mobilization

The set included the following.

1. Isometric exercises for the thigh muscles — static tension
of the quadriceps femoris and adductor muscles with a gradual
increase in the duration of tension from 5 to 10-15 seconds,
followed by 10-second relaxation; 10 repetitions, 3 times a day.

2. Active movements of the ankle joints — flexion and
extension of the foot, circular movements; 15-20 repetitions
of each exercise, 4-5 times a day to stimulate venous outflow.

3. Straight leg lift while supine: knee extension followed by
lifting the straightened leg 15-20 cm from the bed surface, with
a 5-second hold; 8-10 repetitions, twice daily, emphasizing the
anterior thigh muscles.

4. Knee joint passive flexion and extension — performed
within the permissible range of motion (usually 0-30 ° on the
first day), taking into account the features of the installed spacer
and muscle balance; 5-10 repetitions, 2 times a day.

5. Respiratory exercises — diaphragmatic breathing, chest
expander exercises to prevent congestion in the lungs.

Core rehabilitation stage (days 5-21)

On days 5-7 post-surgery, once the patients' condition had
stabilized and provided there were no signs of inflammatory
complications and the postoperative wound was satisfactory,
they advanced to the core rehabilitation stage. Table 1 presents
the standard rehabilitation program followed in both groups.

Interactive rehabilitation program (treatment group)

In the treatment group, the standard rehabilitation program
was extended to include sessions on the Walker View 3.0
SCX system (TecnoBody S.r.l., Italy). This integrated platform
features a treadmill with load sensors, an optical 3D motion
analysis array with four cameras, a touch surface for assessing
weight-bearing distribution, and real-time gait analysis software.

The Walker View sessions took place every day starting from
days 5-7 post-surgery, provided that the postoperative wound
had healed and there were no signs of an active inflammmatory
process. Each session lasted for 20-30 minutes. The patients
held onto a support bar at all times. On days 5-10, they walked
on the treadmill while resting their weight on the side rails of
the Walker View platform, which ensured a stable position and
prevented loss of balance. The load on the operated limb was
controlled according to an individual protocol, based on the
type of articulating spacer implanted and the postoperative
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wound condition. As patients regained the ability to bear their
own weight and gained walking confidence, handrail support
was gradually reduced. The axial load was monitored using
Walker View's built-in pressure sensors. These enabled real-
time control of load distribution across the limbs and prevented
exceeding the safe load limit on the operated side.

Each session included three consecutive stages.

Stage one — basic gait analysis: patients performed a
standard walking test to record baseline parameters at a
comfortable pace. "The system automatically recorded the
following parameters: step length and symmetry between
the operated and contralateral limbs; duration of the weight-
bearing and transfer phases; movement speed and cadence;
spatial parameters of pelvis and trunk motion (lateral shifts and
rotation); kinematic characteristics of the hip and knee joints
(sagittal-plane movement amplitude); and load distribution
between the limbs. The data obtained was used to determine
the individual targets for the current training session.

Stage two — Gait Trainer module, interactive learning
involving real-time visual biofeedback: the patients saw the
target parameters of the step and the walking cycle phases on
the screen in front of them. The training included the following
components.

1. Step length symmetry correction — visualization of the
difference in step length between the operated and healthy
limbs to equalize the metrics.

2. Walking phases optimization — gradual increase of
weight-bearing time on the operated limb, normalization of the
push-off moment.

3. Control trunk's lateral motions and rotation of the pelvis —
visualization of deviations of the center of mass from the midline
with feedback on the accuracy of the trajectory.

4. Restoration of the axis of the lower limb — stabilization
of the knee joint in the sagittal plane and correction of varus/
valgus deviations.

5. Kinematic exercises — execution of movements with
visualization of the angular parameters of the knee joint to
restore the amplitude of flexion and extension.

6. Load distribution normalization — control of symmetry in
the load response recorded by the platform’s pressure sensors.

To ensure physiological accuracy and safety of movements,
we used SCX Speed Control technology, which automatically
adapts treadmill speed to the patient's pace. The technology
eliminated the need to maintain the set speed and reduced the
risk of loss of balance.
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Stage 3 — session report. At the end of the training, the
patient received a summary visual assessment of the achieved
changes in key parameters: step length, phase symmetry,
movement speed, lateral stability, and angular kinematics of
the joints. These data were stored in the system and used for
subsequent adjustment of training tasks.

We used the interactive Walker View program to establish
a physiological gait pattern early on, reduce limb movement
asymmetry, improve neuromuscular control, and restore the
limb's supporting function while using the articulating spacer.

Efficacy assessment methods

The efficacy of the rehabilitation program was assessed based
on a comprehensive analysis of the functional state of the
operated limb, kinematic characteristics of gait, neuromuscular
activity, parameters of postural stability, and quality of life
indicators (Table 2). The patients were examined twice: on the
day after the first stage of revision arthroplasty (before active
rehabilitation) and after completing the three-week inpatient
rehabilitation program. All methods were standardized, with an
identical examination protocol for both groups. Procedures were
performed by a qualified specialist trained in the equipment used.

Knee joint range of motion assessment

The amplitude of knee joint flexion and extension was
determined on an Arthromot ORMED FLEX-FO1 Active
complex (Ormed LLC, Russia). For the assessment, the patient
lay supine with the hip joint fixed at 90° flexion to prevent
compensatory movements. We measured the maximum angles
of active flexion and extension that the patient could tolerate
without a marked increase in pain. Each measurement was
performed in triplicate, and the average was used for analysis.
The measurement error was +1°.

Electromyographic examination

The functional state of the lower extremity muscles was
assessed using surface electromyography on a Neuro-
MVP-4 device (NPP Medical Computer Technology, Russia).
Biopotentials were recorded from the quadriceps femoris
(rectus femoris) and gastrocnemius (medial head) muscles
on the operated side. The electrodes were placed over the
muscular abdomen, with the specific position selected based
on anatomical landmarks; the skin was pre-treated with an
alcohol solution. We analyzed the amplitude (in mV) of voluntary
muscle contractions using standardized isometric tests: knee
extension against resistance (quadriceps muscle) and standing
on tiptoes (gastrocnemius muscle). The recording duration was
5 seconds, the gain — 1000 mV/div. The measurements were
taken in triplicate, with an interval of 30 seconds.

Analysis of temporal and spatial gait parameters

The kinematic and temporal-spatial characteristics of gait were
evaluated using the Walker View 3.0 SCX system (TecnoBody
S.rl., ltaly). The patients walked at a comfortable self-selected
pace on an instrumented treadmill 150 cm long. We recorded
the following parameters: step length (cm), movement speed
(m/s), load phase duration for the operated limb (ms), transfer
phase duration for the operated limb (ms), and step symmetry
coefficient between the operated and contralateral limbs.

The testing began after a two-minute adaptation to the
treadmill. The parameters were registered for 30 seconds of

continuous walking. The average values from stable walking
cycles (at least 10 consecutive steps) were used for the analysis.

Stabilometric study

Postural stability and equilibrium reactions were assessed using
the Huber 360 stabilometric complex (LPG Systems, France).
The study included the following tests:

1) static test — recording of center of pressure (CP) deviations
during 30-second quiet stance on two legs with eyes open;

2) statodynamic test — assessing stability limits during
forward, backward, and sideways torso bending.

We recorded the following parameters: the area of the CP
scattering ellipse (mm?), the amplitude of trunk motions in the
frontal and sagittal planes (mm), the integral index of overall
stability (%), and the stability limit (% of the maximum possible
bending). The stabilometric study served only diagnostic
purposes, and Huber 360 was not used for rehabilitation.

Clinical questionnaires

The clinical efficacy of rehabilitation and its impact on the
quality of life were assessed using validated Russian-language
versions of the following questionnaires.

1. Medical Outcomes Study 36-Item Short-Form Health
Survey (SF-36): comprehensive assessment of quality of life's
physical and mental components. We analyzed the total score
of the physical component as the most sensitive to changes in
motor function in the early postoperative period.

2. Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC): assessment of the severity of pain
(5 questions), stiffness (2 questions) of the knee joint, and its
physical function (17 questions). We used the Likert Il version
of the index (0-4 points); the maximum possible total score was
96 (the higher the score, the worse the condition).

3. Knee Society Score scale (KSS): assessment of the clinical
status of the knee joint (Knee Score, maximum 100 points) and
its functional state (Function Score, maximum 100 points).

All questionnaires were filled out by patients independently
under the supervision of a researcher.

Standardization of measurements

To minimize variability in data processing, all studies and
examinations were conducted by one certified specialist who
was not involved in the rehabilitation. The equipment used was
calibrated as prescribed by the manufacturer before each test/
study. All quantitative indicators were measured in triplicate (or
more); for statistical analysis, we used the arithmetic mean. All
patients underwent a specific test or study in the same time of
day (morning or afternoon).

The endpoints of the study

The primary endpoint was the knee joint active flexion index after
21 days of inpatient rehabilitation. The secondary endpoints
were the index of active extension, the amplitude of EMG of
m.quadriceps femoris, step length, walking speed, load phase
duration, integral indicators of postural stability, as well as the data
collected using the SF-36, WOMAC, and KSS questionnaires.

Statistical data processing

IBM SPSS Statistics 26.0 (IBM Corp., USA) was used for
statistical processing of the data. Normality of distribution of
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Table 2. Rehabilitation results assessment methods
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Method Measured parameters

Tool / equipment Purpose

Range of motion (ROM)
assessment

Angle of active flexion and extension
of the knee joint

Arthromot ORMED FLEX-FO01
Active (Russia)

Assessment of mobility restoration
and contracture prevention

The amplitude of arbitrary contractions

Electromyography (EMG) of m. quadriceps femoris and m. gastrocnemius

Analysis of neuromuscular activation

Neuro-MVP-4 (Russia) and muscle tone

Step length, movement speed, load phase

Assessment of recovery of motor

limit, integral stability

Gait analysis duration, step symmetry coefficient Walker View 3.0 SCX (ltaly) patterns and gait parameters
-~ ) . Diagnosis of postural stability
Stabilometry Pressure center, oscillation amplitude, stability |, o 350 (France) (not included in the rehabilitation

program)

SF-36: quality of life; WOMAC: pain, stiffness,
function; KSS: clinical and functional
parameters of the joint.

Clinical questionnaires

Comprehensive assessment of

Paper forms clinical efficacy and functional status

the quantitative data was assessed using the Shapiro-Wilk test.
We calculated the mean and standard deviation (M + SD) for
normally distributed data and the median and interquartile range
(Me [Q,; Q) for non-normal data. The intergroup differences
between the treatment and control groups were assessed
using the independent Student's t-test for normally distributed
quantitative data; the Mann-Whitney test for quantitative data
without a normal distribution; and Pearson's x? test or Fisher's
exact test for categorical variables.

To assess dynamics within the groups (before and after
rehabilitation), we used the paired t-test when differences were
normally distributed and the Wilcoxon test otherwise.

The differences were considered significant at p < 0.05. The
hypothesis testing at the primary endpoint was confirmatory.
The analysis of secondary endpoints was exploratory; the
obtained p-values were interpreted with adjustment for the
multiplicity of compared indicators. To minimize systematic
errors, all calculations were performed by one specialist who
was not involved in the rehabilitation and clinical examination
of patients.

RESULTS

The mean service life of the first endoprosthesis before the
development of periprosthetic infection was 7.2 + 2.8 years in
the treatment group and 7.5 + 3.1 years in the control group
(o = 0.64). We confirmed the diagnosis of chronic periprosthetic
infection in all participants according to the Musculoskeletal
Infection Society (MSIS) criteria. The distribution of patients
according to the Cierny-Mader classification did not differ
between the groups (p = 0.78).

The initial values of all assessed indicators (range of motion,
electromyographic parameters, gait parameters, stabilometry,
quality of life) were statistically comparable between the treatment
and control groups at baseline (all p > 0.05), enabling accurate
evaluation of the rehabilitation programs' effectiveness.

Range of motion and neuromuscular activity

At the end of the three-week rehabilitation course, the knee
joint motion amplitude has increased significantly in both
groups (Table 3). In the treatment group, flexion increased
by 30% from baseline, compared to 22% in the control
group. Extension improved by 6% and 5%, respectively. The
intergroup differences in the final values of flexion and extension
were significant (o = 0.010 and p = 0.040 respectively).
Electromyographic study revealed that the amplitude
of voluntary muscle contractions of m. quadriceps femoris
has grown in both groups. The relative increase was 17.8%
in the treatment group and 11.5% in the control group (o = 0.010
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between the groups). A similar trend was observed for
m. gastrocnemius, but the intergroup difference was smaller.
The recorded increase in the amplitude of biopotentials indicates
restoration of neuromuscular activation after surgery.

Gait parameters

The dynamics of temporal and spatial characteristics of gait
were positive in both groups. The step length increased by
18% in the treatment group and by 12.5% in the control group
(o = 0.010). Movement speed increased by 14.8% and 10.2%,
respectively (p = 0.020).

The duration of load on the operated limb decreased in both
groups (p < 0.001), which reflects the restoration of confidence
in the functionality of that limb. The transfer phase shortened
from 412 + 38 ms to 371 + 34 ms in the treatment group
and from 415 + 40 ms to 390 + 37 ms in the control group
(o = 0.040 between groups). This indicates improved movement
control without load. The step symmetry coefficient (ratio of the
operated limb's step length to that of the contralateral limb)
improved from 0.82 to 0.94 in the treatment group and from
0.81 10 0.89 in the control group (p = 0.015 between groups).

Postural stability

The integral indicators of stabilometry significantly increased
in both groups. Overall stability increased by 21% in the
treatment group and 12.5% in the control group (p = 0.010).
The stability limit increased by 24.6% and 13.3%, respectively
(o =0.010).

Meanwhile, local parameters (amplitude of pressure center
fluctuations and pressure center deviation) did not differ
significantly between groups (p = 0.070 and 0.080). This may
indicate that the accuracy characteristics of postural control
require a longer recovery period than the integral indicators.

Quality of life and functional status

The SF-36 score demonstrated an improvement in the physical
component of the quality of life in both groups. The absolute
increase was 10 points in the treatment group and 8 points in
the control group (p = 0.010 between the groups).

The WOMAC score decreased by 30% in the treatment
group and by 20% in the control group, indicating an
improvement in condition. However, the intergroup differences
in the final values did not reach statistical significance (o = 0.060).
A similar trend was observed for the KSS score: both groups
exhibited clinical status improvement, but the intergroup
differences were insignificant (o = 0.070). This lack of
significance may stem from the load limitation associated with
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Table 3. Post-rehabilitation functional state assessment

Indicator Treat(rgeefr;treg)roup Treat(?;r;treg)roup Cor;;;oflogr);)up Control group (before) p between groups
Knee joint flexion, ° 60 +7 78+ 6 58 +8 MM=x7 0.01
Knee joint extension, ° 166 + 4 176 £ 2 165+5 173+ 3 0.04
Quadriceps EMG, mV 152 + 17 179+ 16 148 + 18 165 + 16 0.01
Operated limb's step length, cm 46 +5 542+5 44 +5 495+5 0.01
Walking speed, m/s 0.61 +0.06 0.70 + 0.05 0.59 +0.07 0.65 + 0.05 0.02
Operated limb's load phase, ms 767 49 690 + 51 762 + 52 714 + 48 0.01
Operated limb's transfer phase, ms* 412 + 38 371+ 34 415 + 40 390 + 37 0.04
Step symmetry coefficient 0.82 + 0.06 0.94 + 0.04 0.81 +0.07 0.89 + 0.05 0.015
Pressure center deviation, mm 23+4 18+3 22 + 4 20+ 3 0.08
Oscillation amplitude, mm 12+2 10.8 +2 11+2 10+ 2 0.07
Overall stability, % 66 +9 80+8 64 +9 72+7 0.01
Limit of stability, % 61+7 767 60+7 68 +7 0.01
SF-36, points 417 51+8 39+8 47 +7 0.01
WOMAC, points 66 + 8 46 + 11 65+9 52 +10 0.06
KSS, points 56 +9 81+8 55+9 76+ 8 0.07

Note: the knee extension index is represented as the value of the external angle; full extension is 180°. The increase in the indicator reflects a decrease in the extension

deficit. p — the level of statistical significance of intergroup differences; EMG — electromyography.

the spacer, and from insufficient sensitivity of instruments in the
early postoperative period.

DISCUSSION

The data obtained reflect the features of the functional recovery
dynamics observed in patients after the first stage of two-stage
knee revision arthroplasty. Both groups exhibited extending
motion amplitudes and increasing muscle activity indicators,
which aligns with the recovery expectations. However, the
differences between the groups reveal that the magnitude of
these changes is not similar. An increase in the amplitude of
flexion and extension may be associated with both a gradual
reduction of postoperative pain and adaptation of periarticular
tissues to new biomechanical conditions [13]. The observed
post-rehabilitation intergroup differences suggest that the
selection of patterns of motor activity in this context may affect
the recovered range of motion [14].

The interpretation of the results of this study should factor
in the specifics of the period after the first stage of two-stage
revision arthroplasty. Unlike patients after primary arthroplasty,
those with an articulating temporary spacer naturally have
limited functional restoration. This stems from the need for gentle
exercise, preservation of postoperative soft tissue integrity, and
gradual increases in range of motion. In this regard, it seems
natural to expect an earlier response in the objective motor
parameters (range of motion, EMG, and temporal-spatial gait
indicators), while WOMAC and KSS clinical scales may be less
sensitive during the early post-revision period.

Changes in electromyography parameters indicate a gradual
restoration of neuromuscular activation. The increase in the
amplitude of quadriceps biopotentials in both groups reflects
reinnervation and normalization of muscle tone after surgery
[15-17]. Statistical differences between groups after treatment
suggest that exercise type and motor activity nature influence
muscle group recruitment patterns, which in turn affect motor
response development. Post-rehabilitation intergroup differences
allow considering different rehabilitation models as a factor
influencing the rate of change in kinematic characteristics [18-19].

Compared to gait and ROM parameters, the dynamics
of stability indicators was less drastic. This may be explained

by the compensatory action of intact components that help
maintain posture after the first stage of revision arthroplasty [20].

The changes registered with the quality-of-life scales
were also unidirectional; they revealed gradual improvement
of the functional state. The differences in final SF-36 scores
between groups reflect how motor activity influences patients'
subjective perceptions of daily function. At the same time, the
lack of statistically significant differences in WOMAC and KSS
scores may stem from the limited workload imposed by the
temporary spacer, as well as these scales' greater sensitivity
in later rehabilitation stages [21].

The dynamics of temporal and spatial characteristics of gait
were rather similar. Growing step length, movement speed,
and a shortening load phase reflect the gradual restoration of
basic parameters in the cyclic motor stereotype [22].

With an articulating spacer, such parameters are closely
related to the specifics of load distribution and the degree of
participation of the operated limb in the transfer of body weight.

Individual parameters (general stability, stability limit) were
different between the groups, while local indicators (amplitude
of fluctuations, deviation of the pressure center) remained
comparable. This aligns with the faster changes in integral
stability indicators during the early post-surgery period,
while precision and local stabilization parameters take longer
to recover [23].

A comprehensive interpretation of the results suggests
that motor parameters — ROM, EMG, gait characteristics —
are more susceptible to changes in the early recovery period.
Postural stability and clinical scales exhibit different dynamics,
reflecting the heterogeneity of recovery processes with an
articulating spacer and the need for a differentiated approach
to assessing rehabilitation effectiveness.

The results are comparable with data from previous studies,
confirming the importance of a multi-level restorative approach in
revision arthroplasty. Comparison with literature data shows that
the observed range of motion (71-78° of flexion) corresponds
to values expected in patients with an articulating temporal
spacer during the early postoperative period [7]. They are slightly
lower than after implantation of the final endoprosthesis (usually
90-110°), due to the design of the temporary implant and the
need to limit loading during the interim period.
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The present study has a number of limitations. Firstly, it
was conducted in a single clinical center, which may limit the
generalizability of the results. Secondly, the follow-up period
was 21 days of inpatient rehabilitation; long-term outcomes,
including after the second stage of revision arthroplasty,
were not evaluated. Third, the relatively small sample size
(87 patients) could be insufficient to identify intergroup differences
on the WOMAC and KSS clinical scales, which are typically less
sensitive in the early stages. Despite the blindness in assessing
the primary outcomes, complete blindness of patients and
researchers regarding the type of rehabilitation program was
not possible due to the specifics of the intervention.

CONCLUSIONS

We conducted a prospective randomized controlled
trial comparing a comprehensive rehabilitation program
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ELECTRICAL MYOSTIMULATION EFFECTS ON NEUROMUSCULAR CONDUCTION AND FUNCTIONAL
STATE OF MUSCLES AFTER COMPONENT SEPARATION

Demin NA'2, Achkasov EE', Polyaev BA?, Shishkin AA?, Medvedeva Al®, Ostanin OE?=

" Sechenov First Moscow State Medical University (Sechenov University), Moscow, Russia
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Muscular dysfunction of the anterior abdominal wall persists in many patients post component separation due to postoperative ventral hernia. Electrical
myostimulation can contribute to better recovery, but its efficacy after such surgical procedures is poorly understood. The study aimed to assess the effect of the
postoperative electrical myostimulation on the neuromuscular conduction and functional activity of the rectus abdominis muscles. A total of 128 patients (average
age 47.9 + 8.6 years) post component separation were included in a prospective controlled non-randomized study. The index group (n = 64) received electrical
myostimulation starting from day 10 (12 sessions, 5-10 min each, 3 times a week, COMPEX SP-2.0° muscle stimulator, Switzerland), and the control one (n = 64)
received no electrical myostimulation. Electroneuromyography of the rectus abdominis muscles was performed before and after the course using the Synapsis
system (Neurotech, Russia). In the index group, the latency period reduced from 10.1 to 7.9 ms (by 21.8%; p < 0.001), and in the control group it reduced from
9.7 10 9.2 ms (by 5.2%; p < 0.001); the intergroup difference p = 0.002. The M-response amplitude improved in both groups (index group: from 8.4 to 8.9 mV,
+5.6%, p < 0.001; control group: from 8.2 to 8.8 mV, +6.8%, p < 0.001), without any intergroup differences (p = 0.295). The induced muscle contraction velocity
changed minimally in the index group (from 45.0 to 45.4 m/s, p = 0.049) and did not change in the control group (p = 0.316); in 89.1% of patients, the values were
still below normal. Conclusions: postoperative electrical myostimulation significantly accelerates the neuromuscular conduction restoration, but does not affect the
muscular response amplitude. It is reasonable to include electrical myostimulation in rehabilitation programmes.

Keywords: electrical myostimulation, postoperative rehabilitation, ventral hernia, hernioplasty, neuromuscular conduction, electroneuromyography
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BIIMAHUNE SNEKTPOMUOCTUMYNALIMN HA HEPBHO-MBILLIEHHYHO NMPOBOAMMOCTb
N ®YHKLUMOHANBbHOE COCTOSAHUE MbILLUL, MOCNE CEMAPALMOHHON FEEPHUOMNACTUKN

H. A. Oemun'2, E. E. Adkacos', B. A. Mongaes?, A. A. LLUnwkuH2, A. V. Measepesa®, O. E. OctaHmH? B2

" MepBblii MOCKOBCKMIA rOCYAapCTBEHHbIN MEAULMHCKMIA YHMBEpCUTET uMermn . M. CedeHoBa (CedeHoBCkumin YHnBepcuTeT), Mockea, Poccus
2 POCCUCKMIA HaUMOHaTbHBIN MCCNeaoBaTENbCKUIN MeAVULIMHCKUI yHBEpCUTET UMeHn H. . Muporosa (Minporosckuii YHneepeuTteT), Mockea, Poccust
3 Poccumnekuin yHMBepcuTeT Apy>k6bl HapoaoB uMenn Matpuca Jymymos! (PYH), Mocksa, Poccuis

[Mocne cenapaumoHHON rEPHMOMAACTVKI MO MOBOAY NMOCNEoNePaLmOHHbIX BEHTPabHbIX FPbK Y MHOMMX MaLMEHTOB COXPAHAETCA MblLleYHas ANCAHYHKLNA
nepeaHet OPIOLLIHOV CTEHKI. DNEKTPOMUOCTUMYNIALIMS MOXET YYHLLIMTL BOCCTAHOB/EHE, HO ee ath(EKTUBHOCTL MOCE Takyix onepaLmin 1dyHeHa HeaoCTaTo4HO.
Llenbto nccnenoBannst 66110 OLEHUTL BAVSIHME NOCNEONepaLyioHHON 3NEKTPOMUOCTUMYALIM HA HEPBHO-MbILLEYHYIO MPOBOAVUMOCTE U OYHKLIMOHANBHYIO
AKTVBHOCTb MPAMbIX MbILLLL XXMBOTa. B MpOCNeKTNBHOE KOHTPOIMPYEMOE HEPaHOOMU3NPOBAaHHOE UCCNenoBaHMe BKIIOHYMIM 128 nauveHToBs (CpeaHuin Bo3pacT
47,9 + 8,6 net), nepeHecLnX cenapaumoHHyto repHronnacTnky. OcHoBHas rpynna (n = 64) nonyyana anekTpoMMoCcTUMynsumio ¢ 10-x cyTok (12 ceaHcoB Mo
5-10 MuH, 3 pasa B Hepento, annapat COMPEX SP-2.0°, LLseluapusi), KOHTponbHas (1 = 64) — HeT. DnekTpoHepoMmuorpaduio MPSMbIX MblLLL, XK1BOTA
npoBOANM A0 M MOCNE Kypca Ha annapare «Synapsis» (000 HM® «HepoTex», Poccus). B ocHoBHOM rpynne nateHTHbI neprog cokpatuncs ¢ 10,1 o 7,9 mc
(Ha 21,8%; p < 0,001), B KOHTpPONbHOM — ¢ 9,7 [0 9,2 MC (Ha 5,2%; p < 0,001); MexxrpynnoBoe pasnuyve p = 0,002. AMnnnTyaa M-oTBeTa yny4iumnacs B 06enx
rpynnax (ocHoBHas: ¢ 8,4 1o 8,9 MB, +5,6%, p < 0,001; koHTponbHas: ¢ 8,2 1o 8,8 MB, +6,8%, p < 0,001) 6e3 pasnuiumii mexay rpynnamu (o = 0,295). CkopocTb
VNHOYLWPOBAHHOMO MbILLEYHOIO COKPALLEHNS B OCHOBHOW MPyMne n3mMeHnnacb MuH1MansHo (¢ 45,0 go 45,4 m/c, p = 0,049), B KOHTPOMLHOM — HeT (p = 0,316);
y 89,1% nauveHToB nokasaTesb OCTaBanCs Hke HOPMbl. BbiBOAbI: MOCneonepaLyoHHas aNeKTPOMUOCTUMYNALMS AOCTOBEPHO YCKOPSIET BOCCTAHOBIEHME
HEPBHO-MbILLIEYHONM MPOBOAVIMOCTU, HO He BAVSIET Ha aMnANTYLy MbILLEYHOro OTBeTa. BkloyeHre SNekTPOMUOCTUMYNSLMM B peabUAnTaLMOHHbIE MPOrpamMMbl
LienecoobpasHo.

KntoueBble cnosa: a1eKTPOMUOCTVMYALMS, NocneonepaLmoHHas peabunmntauus, BEeHTpasbHbIE MPbKM, FePHUOMIACcTVIKA, HEPBHO-MbILLEYHAs MPOBOAUMOCTb,
ANEKTPOHerpoMmorpadms
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In recent decades, surgery for postoperative ventral hernias
(PHR) has fundamentally changed. Widespread introduction
into world’s clinical practice of separation hernioplasty
techniques, such as the anterior component separation
according to Ramirez, posterior component separation with the
transversus abdominis release (TAR), and their combination,
has made it possible to radically reduce the incidence of
recurrence and severe postoperative complications even in
patients with giant and repeatedly recurring hernias [1, 2]. The
possibility of adequate anterior abdominal wall defect closure
with restoration of the anterior abdominal wall structural
integrity and functional framework has transformed the
formerly palliative interventions into full-fledged reconstructive
surgical procedures. However, despite the obvious progress in
surgical techniques, the problem of full functional rehabilitation
of patients post component separation has not been finally
resolved.

Extensive mobilization of the muscular-aponeurotic layers,
which is inevitable with separation techniques, is associated
with the severe surgical soft tissue injury, intersection of
intermuscular neurovascular bundles, and creation of extensive
wound surfaces. This results in a complex of pathophysiological
alterations in the anterior abdominal wall muscles, primarily in
the rectus abdominis muscles. Intraoperative damage to the
terminal branches of the intercostal nerves innervating the
rectus abdominis muscles, as well as the development of
local inflammatory edema and ischemia in the operated site
underlie the neuromuscular conduction impairment [3]. The
above factors cause temporary denervation of muscle fibers,
the clinical manifestations of which are the nerve conduction
slowdown and muscle contractility reduction. A significant
proportion of patients show signs of muscle dysfunction in the
postoperative period, even with the technically flawless surgery:
structural atrophy of muscle fibers, decreased muscle fiber
contractility, nerve conduction slowdown in motor fibers [4].
Clinical manifestations of such impairment include persistent
abdominal weakness, persistent pain, limitation of daily physical
activity, and, as a result, significant deterioration of the patients’
quality of life for weeks or even months after hospital discharge
[6]. Thus, there is an objective need to develop effective and
pathogenetically substantiated postoperative rehabilitation
methods aimed at accelerating the abdominal wall muscle
functional state restoration.

Today, various approaches to rehabilitation of patients post
hernioplasty are used, including therapeutic exercises, breathing
exercises, manual therapy, kinesiotaping, and physiotherapy
treatments. However, the effectiveness of many of these
methods in terms of restoring neuromuscular conduction
remains insufficiently proven, and the terms of prescription
and optimal exposure parameters are not standardized [6]. In
particular, active physical exercise in the early postoperative
period is often limited due to pain and the risk of suture failure,
which dictates the need to search for alternative, passive
methods of muscle activity stimulation.

Instrumental electrical myostimulation (EMS) represents
one of the most promising and physiological methods of
impact onto the neuromuscular system in the context of
forced hypokinesia. The EMS therapeutic effect is based on
artificial generation of electrical impulses, which reach motor
neuron terminals and muscle fibers, causing depolarization and
subsequent contraction of the latter. This enables simulation
of the physiological voluntary muscle contraction process,
maintains tissue trophism, and prevents the development of
neurogenic atrophy during periods, when active movement is
limited due to pain or the risk of suture failure [7]. Experimental

studies involving the use of hernioplasty models have clearly
demonstrated that the use of EMS of the anterior abdominal
wall muscles contributes to the significant decrease in the
postoperative muscle fiber atrophy severity, microcirculation
improvement in the operated area, and faster return of muscle
activity functional parameters back to normal [8].

Despite the compelling theoretical and experimental
basis, the clinical use of EMS in rehabilitation programmes
after hernioplasty due to PVH is still poorly understood.
The clinical data available in the literature are fragmentary,
often contradictory and do not allow for the development
of unambiguous guidelines for practical healthcare [9]. In
particular, questions remain about optimal time intervals for
the beginning of stimulation in the early postoperative period,
most effective electric current parameters (frequency, pulse
duration, intensity), as well as differentiated EMS effects on the
outcomes of various types of reconstructive interventions on
the anterior abdominal wall, depending on the traumatic nature
of the procedure [10, 11]. The lack of standardized protocols
and evidence base hinders the widespread implementation of
this method into routine clinical practice of abdominal surgeons
and medical rehabilitation specialists.

The study aimed to assess the effect of postoperative EMS
on the restoration of neuromuscular conduction and functional
activity of the rectus abdominis muscles in patients post
component separation due to ventral hernia.

METHODS

A prospective controlled non-randomized study was conducted
at the Department of Surgery of the Vorokhobov City Clinical
Hospital, Moscow, between Sepember 2019 and March 2022.
The study design was compliant with the CONSORT guidelines
for non-randomized interventional studies [12].

Selection of patients

Of 207 patients post elective open component separation
due to postoperative ventral hernias (PVH), 128 individuals
(71 females, 57 males) age 28-83 years (average age 47.9 + 8.6
years) were included in the study after applying the selection
criteria. The follow-up period was 6-10 months (median follow-
up period 8 months).

Inclusion criteria: age over 18 years; elective open component
separation with the retromuscular polypropylene implant
installation; submitted informed consent to take part in the
study; remote communication capability for protocol execution
monitoring; body mass index (BMI) < 39.9 kg/m?.

Non-inclusion criteria (assessed before patient enroliment):
refusal of submitting the informed consent; history of recurrent
PVH; pacemaker installed; decompensated somatic disorder
(decompensated diabetes mellitus, NYHA functional class llIHV
chronic heart failure, grade lI-lll chronic respiratory failure);
active cancer or cancer treatment finished less than 6 months
before; clinically significant musculoskeletal disorder limiting
the performance of test exercises; mental disorder impeding
the protocol execution; personal circumstances making
participation impossible.

Exclusion criteria (applied after patient enrollment):
postoperative complications requiring the rehabilitation tactics
modification (wound infection, hematoma requiring drainage,
thromboembolic complications, pneumonia, recurrent hernia
during follow-up); informed consent revocation by the patient;
identification of a previously undiagnosed condition meeting
the non-inclusion criteria during follow-up.
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Characteristics of hernias

The following parameters were analyzed to assess
comparability of the groups based on the hernial defect
baseline characteristics: hernia orifice size (cm), localization
according to the European Hernia Society (EHS) guidelines,
presence of the loss of domain (determined based on the
computed tomography (CT) data as a ratio of hernia sac volume
to abdominal cavity volume > 20%). The above characteristics
are provided in Table 1. No significant intergroup differences in
these parameters were revealed (p > 0.05).

Surgical technique

All the patients underwent open posterior component separation
with the transversus abdominis release (TAR) in combination
with the retromuscular polypropylene implant placement. The
term “combination” reflects the combination of a separation
component (mobilization of the muscular aponeurotic layers)
with the prosthetic reconstruction. All interventions were
performed by the same surgical team in accordance with
the standardized protocol. The average hernial defect area
calculated based on CT data was 150.4 + 38.1 cm? (range
103.0-351.3 cm?). The implant size was selected individually
in order to ensure complete defect closure capturing at least
5 cm of healthy tissue in each direction.

Group formation

The patients were divided into two groups, 64 individuals
per group, depending on the postoperative rehabilitation
protocol. The index group was through the course of electrical
myostimulation (EMS) starting from day 10 after surgery; the
control group was through standard rehabilitation without EMS.

Justification for the timing of the electrical myostimulation
start and duration

The EMS course was started on day 10 after surgery due to
the fact that the acute phase of postoperative inflammation
was over by this time, severe pain was relieved, and no
surgical wound dehiscence was observed, which enabled
safe electrode placement on the rectus abdominis muscles
without any risk of tissue infection or damage. The course
duration of 12 sessions (4 weeks) was selected based on the
earlier published experimental data, according to which the
minimal time necessary for the clinically significant changes in
neuromuscular conduction under exposure to EMS was at least
10-12 sessions [6]. The frequency of procedures (3 sessions
per week with an interval of at least 48 h) ensured the optimal
balance of the stimulating effect and the time necessary for
restoration of muscle fibers after applying electrical load.

Electrical myostimulation protocol

The COMPEX SP-2.0° 6-channel muscle stimulator (Compex
Medical SA, Switzerland) was used for EMS. Stimulation was
conducted with the pulse current frequency of 5.0-30.0 Hz
and pulse duration of 50.0-100.0 ps. The course consisted of
12 sessions (3 sessions per week with an interval of at least
48 h), 5-10 min each. The procedure was conducted in a
supine position; in a number of cases, the patient was asked
to perform slight flexion of the neck and bring the chin to the
chest for additional tension in the rectus abdominis muscles to
enhance the effect (Fig.).

BULLETIN OF RSMU | 2, 2026 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2026.020

ORIGINAL RESEARCH | SURGERY

Fig. Electrical muscles myostimulation of the anterior abdominal wall (10" day
after hernioplasty)

Assessment methods

The main instrumental method for assessing the neuromuscular
system functional state was electroneuromyography (ENMG) of
the rectus abdominis muscles performed with the 4-channel
Synapsis system (Neurotech, Russia) using the following
settings: operating sampling frequency — 40.0 kHz, stimulation
amplitude — 0-100.0 mA, signal measurement range —
0.1-200.0 mV. The following parameters were analyzed:
latency period (LP, normal range 5.0-7.0 ms) reflecting the
nerve conduction time; M-response amplitude (normal range
5.0-10.0 mV) characterizing the total muscle fiber activity;
induced muscle contraction measure (IMR, normal range
50.0-75.0 m/s) estimating the rate of muscle fiber contraction
in response to the electrical stimulus. Parameters were
recorded twice: at the baseline (before the EMS course in the
index group and in comparable terms in the control group) and
after the end of the 4-week rehabilitation course.

Statistical data processing was performed using the
StatTech v.4.8.0 software package (StatTech, Russia). The
quantitative data distribution was tested for normality using
the Shapiro-Wilk data. The normally distributed data were
presented as the mean (M) + standard deviation (SD); Student’s
t-test was used to compare such data in two groups, and the
paired t-test was used to compare the data obtained before
and after the intervention. The non-normally distributed data
were described using the median (Me) and interquartile range
(Q,—Qy); the Mann-Whitney U-test (for unrelated samples) and
Wilcoxon test (for related samples) were used for comparison.
Categorical data were presented as absolute values (n) and
percentage (%). The differences were considered significant at
p < 0.05.

RESULTS

When conducting electroneuromyography before the beginning
of the electrical myostimulation course, there were no significant
differences in latency period values between the index and
control groups (p = 0.639). The intergroup differences became
significant after the end of the electrical myostimulation course
(o = 0.002) (Table 1).

The best latency period values were recorded in the group
of patients, who received postoperative EMS: the median
latency period reduced from 10.1 ms to 7.9 ms, i.e. by 21.8%
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Table 1. Dynamic changes in neuromyography latency period values (ms)

Follow-up stages
Group LP before LP after p
Me Q-Q, Me Q,-Q,
No EMS 9.7 8.3-12.0 9.2 8.0-11.3 < 0.001*
EMS 10.1 8.2-11.9 7.9 7.0-9.9 < 0.001*
P 0.639 0.002* -
Note: * — significant differences (p < 0.05), the following methods were used: Mann-Whitney U-test, Wilcoxon test.
Table 2. Dynamic changes in neurographic muscle motor response amplitude values (mV)
Follow-up stages
Group M-response before M-response after P
Me Q-Q, Me Q-Q,
No EMS 8.2 7.5-9.1 8.8 8.0-9.3 <0.001*
EMS 8.4 7.8-9.3 8.9 8.1-9.8 <0.001*
P 0.139 0.295 -

Note: * — significant differences (p < 0.05), the following methods were used: Mann-Whitney U-test, Wilcoxon test.

(o < 0.001). In the control group, the median latency period
reduced from 9.7 ms to 9.2 ms, which corresponded to
reduction by 5.2% (p < 0.001).

The analysis of the M-response amplitude revealed no
significant differences between groups both before the
beginning (o = 0.139) and after the end (p = 0.295) of the EMS
course. At the same time, the parameter improvement relative
to baseline was reported in both groups. In the control group,
the mean M-response amplitude four weeks after surgery was
8.8 mV, which was 6.8% higher compared to the baseline
value of 8.2 mV (p < 0.001). In the index group, the amplitude
increased from 8.4 mV to 8.9 mV, i.e. by 5.6% (p < 0.001)
(Table 2).

There were no significant intergroup differences in the
induced muscle contraction rate, neither before, nor after the
rehabilitation course. In 89.1% of subjects, the values of this
parameter remained below the reference value of 50.0 m/s
throughout the follow-up period. In the index group, the minimal,
but significant increase in the induced muscle contraction rate
was reported: the median increased from 45.0 m/s to 45.4 m/s
(o = 0.049). There were no dynamic changes in this parameter
in the control group (p = 0.316) (Table 3).

DISCUSSION

The study conducted has shown that postoperative EMS of the
anterior abdominal wall muscles in patients post component
separation significantly improves neuromuscular conduction,
which is most clearly manifested by the latency period
reduction. In the index group, the latency period reduced by
21.8%, while in the control group it reduced by 5.2% only
(o = 0.002). These data suggest that EMS accelerates the

physiological neuromuscular function restoration in the early
postoperative period.

Such a pronounced latency period reduction under the
exposure to EMS can be explained by several mechanisms. First,
rhythmic electrical stimulation contributes to microcirculation
improvement in the operated area, thereby accelerating the
postoperative edema resorption and reducing the nerve fiber
compression. Second, passive muscle fiber contraction under
the exposure to electrical impulses maintains activity of the
sodium-potassium pumps in the sarcolemma and prevents
the development of denervation hypersensitivity. Third, regular
stimulation of motor units prevents atrophy of the fast (type Il)
muscle fibers most vulnerable in the context of postoperative
immobilization.

The M-response amplitude improved to approximately equal
extent in both groups (by 5.6% in the index group and 6.8%
in the control group), which suggests natural processes of the
muscle tissue postoperative regeneration that do not depend
on the use of EMS. The findings are consistent with the fact
that EMS primarily affects neurogenic mechanisms underlying
the muscle activity regulation, rather than the actual contractile
properties of muscle fibers [13]. Similar conclusions were
drawn by other authors, who showed that the neuromuscular
conduction values improved faster, than the muscle strength
and volume increased after the EMS course [14].

The induced muscle contraction rate remained low in the
vast majority of patients (89.1%), although in the index group
the minimal, but significant increase in this value (from 45.0
to 45.4 m/s, p = 0.049) was reported. The fact, that in most
patients the induced muscle contraction rate did not reach
normal values even after the rehabilitation course completion,
suggests the postoperative muscle dysfunction severity and

Table 3. Dynamic changes in neurographic induced muscle contraction values (m/s)

Follow-up stages
Group IMR before IMR after P
M + SD 95% ClI M + SD 95% CI
No EMS 456+1.9 45.1-46.2 458 +2.2 45.1-46.4 0.316
EMS 45.0+2.0 44.6-45.8 454 +2.0 44.8-46.0 0.049*
P 0.293 0.436 -

Note: * — significant differences (p < 0.05), the following method was used: Student’s t-test.
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the need for longer recovery period. It is likely that the longer
rehabilitation course or combining EMS with other physical
therapy methods, such as therapeutic and breathing exercises
is needed to bring this parameter back to normal. Our findings
are consistent with the data showing that the use of EMS after
extensive abdominal surgery made it possible to reduce the
muscle mass loss by 20-25%, but did not ensure complete
restoration of functional parameters during the 4-week follow-
up period [15]. Furthermore, our data are correlated to the
experimental results obtained using the hernioplasty model
that has shown that EMS accelerates restoration of the muscle
bioelectrical activity, but longer time is required to achieve full
functional recovery [6].

Clinical significance of the findings lies in the fact that
even a relatively short EMS course can considerably accelerate
the neuromuscular conduction restoration, which can contribute
to earlier activation of patients, decreased risk of developing
abnormal motor stereotypes, and, finally, to improved quality of
life in the postoperative period. It is important to note that the
EMS procedure was well tolerated by patients; it caused no
complications and did not require the patients’ active involvement,
which made it especially valuable in the early postoperative period,
when the opportunities for active physical activity were limited.

Limitations of this study include the lack of blinding
design, the relatively short follow-up period (four weeks
of intervention), and the lack of assessment of long-term
outcomes. Furthermore, clinical outcomes, such as quality of
life and pain severity, were not assessed. These may become
the subject of further research. Assessment of the impact of
various EMS parameters (frequency, pulse duration, intensity)
on the muscle function recovery rate and development of
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EARLY ADMINISTRATION OF XENON-OXYGEN MIXTURE IN NEONATAL HYPOXIC-ISCHEMIC ENCEPHALOPATHY
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Hypoxic-ischemic encephalopathy remains a leading cause of neonatal mortality and disability. Experimental data suggest potential neuroprotective properties of
xenon; however, the mechanisms and extent of its effect are not fully understood. The study aimed to evaluate the neuroprotective properties of a xenon-oxygen
mixture in a neonatal ischemia-hypoxia rat model using MRI and follow-up neurological assessment. The experiment involved Wistar rat pups (n = 16). Neonatal
ischemia-hypoxia was induced by the Rice-Vannucci method. Thirty minutes post-hypoxia, animals received the 60-min inhalation of either nitrogen-oxygen (control,
n = 8), or 50/50 xenon-oxygen mixture (n = 8). Brain MRI was performed on day 7. In the xenon group, brain lesion volume was significantly reduced by 25%
compared to controls on day 7 (p = 0.001). Neurological development was assessed from day 3 to 28 using a combination of behavioral tests. Xenon-treated
animals demonstrated earlier formation of forelimb and hindlimb grasping reflexes (p = 0.025 and p = 0.005), better hindlimb placement and cliff avoidance on
day 7 (p = 0.045 and p = 0.03), and better preserved auditory startle response on day 14 (p = 0.035). Thus, early administration of a xenon-oxygen mixture after
ischemia-hypoxia exerts pronounced neuroprotection in newborn rats, confirmed by reduced brain damage and improved neurological outcomes.
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[nokcryeckas nemmHeckas sHLeManonaTns 0CTaeTcst OAHON 13 BEOYLLMX MPUHNH HEOHATabHOM CMEPTHOCTY U MHBAIMAM3ALMN. SKCNEPUMEHTaTbHbIE AaHHbIe
CBUOETENbCTBYIOT O MOTEHLWASIbHbIX HEMPOMPOTEKTOPHBIX CBOVICTBAX KCEHOHA, OOHAKO MEXaHN3MbI 11 BbIP&XKEHHOCTb €ro adhdexTa 13dyHeHbl HeAoCTaToqHo. Liensto
paboTbl BbII0 OLEHUTE HEMPOMPOTEKTOPHbIE CBONCTBA KCEHOH-KUCNOPOAHOM CMECH Ha MOLENMN HEOHATANbHON ULLEMUN-TUMOKCUN Y KPbIC C MCMONb30BaHNEM
MPT 1 gnHammn4eckoro aHanmnaa HeBPONOrM4ECKOro cTatyca. JKCnepuMeHTanbHas paboTa BbimonHeHa Ha kpbicaTax avHum Wistar (n = 16). HeoHatanbHyto
MLLIEMMIO-TUMOKCUIO MOZenpoBany no metoay Parica-BaHy4dn. HYepesd 30 MUH NMOCHE MMNOKCUM XXMBOTHbIE MONyYanv MHransumio nnbo asoT-KUCnopoaHo
CcMecH (KOHTPOSb, N = 8), B0 KCeHOH-K1cnopoaHon cmecn 50/50 (n = 8) B TeueHne 60 MuH. Ha 7-e cyTkun npoogmnm MPT ronosHoro moara. B rpynne kceHoHa
06BbEM NOBPEXAEHNS MONIOBHOMO MO3ra Ha 7-€ CYTKM Obln CTAaTUCTUYECKW 3HAYNMO HUDKE Ha 25% MO CpaBHEeHMO ¢ KoHTponeM (p = 0,001). HeBponoruieckoe
pa3BuUTUE OLEHMBAIN C TPETBIX MO 28-e CYTKM C 1CMONb30BaHNEM KOMMEKca NoBeaeHHeCKX TeCTOB. XKVBOTHbIe rpynmbl Xe AeMOHCTpupoBam 6onee paHHee
hopmrpoBaHne xBaTaTeflbHbIX PeNeKCoB NepeaHrx 1 3aiHMX KoHedHocTel (p = 0,025 n p = 0,005), Ny4iwyto NOCTaHOBKY 3aflHMX KOHeYHOCTel 1 6onee
BbIPaXKEHHYIO PeakLmio n3beranns obpeisa Ha 7-e cyTku (p = 0,045 n p = 0,03), a Takke 6onee CoXpaHHYHO CITyxXOBYIO CTapTI-peakLmio Ha 14-e cyTkm (p = 0,035).
Takm 06pasoM, paHHee NPUMEHEHVE KCEHOH-KVCNIOPOAHOM CMeCU Nocne MOAENMPOBaHS ULLEMUM-TUNOKCAN OKa3bIBAET BbIPaXKEHHbI HEMPONPOTEKTOPHbIN
3PeKT y HOBOPOXKAEHHBIX KPbIC, HTO MOATBEPXKAAETCH YMEHbLUEHVEM O6bemMa NMOBPEXAEHNS FOIOBHOMO MO3ra W Yy4LLIEHNEM HEBPONOTMYECKIX NMoKasaTtenen.
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The term "hypoxic-ischemic encephalopathy" refers to acute
damage to the brain structures caused by perinatal asphyxia.
The prevalence worldwide varies between 1 and 3 cases per
1000 live births in developed economies, while in resource-
limited States the prevalence can be 10 times higher [1, 2]. In
the Russian Federation the rate is 13.3 per 1000 newborns [3].

The hypoxic-ischemic encephalopathy pathogenesis is
induced by the cerebral perfusion decrease resulting in hypoxia,
ischemia, and energy deficiency, and the neurological outcome
severity is correlated with gestational age and localization of the
lesion [4]. Oxidative stress, neuroinflammation, excitotoxicity,
apoptosis, and cell necrosis represent the key links of the
complex pathophysiological cascades induced in the brain.
However, the exact pathophysiological mechanisms underlying
the development of hypoxic-ischemic encephalopathy are
poorly understood [5, 6].

Today, therapeutic hypothermia remains the only evidence-
based neuroprotection method used in hypoxic-ischemic
encephalopathy [7-10]. However, the method efficacy is limited,
since therapeutic hypothermia only partially reduces the risk of
mortality and disability [11-13]. This encourages active search
for new therapeutic strategies capable of enhancing the effects
of hypothermia or having independent neuroprotective effects.

One promising direction is the use of noble gases, which,
according to experimental data, possess pharmacological
activity [14—16]. Xenonis of particular interest, its neuroprotective
properties have been demonstrated in various brain damage
models [17]. However, the results of clinical trials, such as
the international TOBY-Xe trial, have revealed no significant
improvement of outcomes when adding xenon to hypothermia
in full-term newborns [18, 19]. This does not mean that there
is no xenon potential, but rather points to the need for more
thorough preclinical assessment of the xenon mechanisms of
action, dosing regimens, and delayed effects. In particular, the
xenon ability to influence functional maturation of the brain in the
post-ischemic period, which can be assessed in experimental
models using the long-term neuro-behavioral testing and brain
imaging methods, needs to be clarified.

The study aimed to evaluate the neuroprotective properties
of a xenon-oxygen mixture in a neonatal ischemia-hypoxia
rat model and assess the extent of brain damage and some
neurological status indicators.

METHODS

The experiment involved male and female Wistar rat pups
with the body weight of 25-30 g (n = 16). The animals were
simply randomized into groups using a random number
generator. Animals that showed signs of disease in the initial
phase based on the results of a standard examination and
behavior assessment were excluded from the study, along with
the ones that died due to complications from anesthesia or
surgical intervention. The following data were the criteria for
humane withdrawal from the experiment: postoperative wound
infection, no startle response, weight loss of more than 20% in
one day, manifestations of autoaggressive behavior, inability to
self-feed and drink 24 h after the ischemia-hypoxia induction.
The study design provided for formation of two experimental
series. Control group (group C, n = 8): within 30 min after the
ischemia-hypoxia modeling the animals were subjected to the
nitrogen-oxygen mixture inhalation (nitrogen 50%/oxygen 50%;
InertGasMedical, Russia) for 60 min. Experimental group (group
Xe, n = 8): within 30 min after the ischemia-hypoxia modeling the
animals received the xenon-oxygen mixture (XenOx 50, xenon
50% /oxygen 50%; registration certificate No. LP-006493,

InertGasMedical, Russia) for 60 min. Laboratory animals were
euthanized through the anesthetic agent overdose after the
end of the experiment.

Neonatal ischemia-hypoxia was simulated using the Rice-
Vannucci model [20]. Isoflurane anesthesia (induction 3%,
maintenance 1.5-2% in 100% O,) on the hot bench (36 °C)
was used. The anesthesia depth was regulated by monitoring
the loss of corneal and interdigital reflexes. After microsurgical
isolation and lygation of the left common carotid artery we
perceived no distal pulse, and the wound was sutured. The
rat pups were placed in a thermostat (36 °C, 60 min), then in
a multi-gas incubator with the hypoxic mixture (8% O, / 92%
N,) for 90 min with temperature monitoring and visual control.

Within 30 min after the end of hypoxia induction, during
which the animals had access to the mother, the rat pups were
placed in a chamber for 60 min for inhalation of the control
and experimental gas mixtures. N,/O, 50/50 or XenOx 50 was
supplied continuously with the flow rate of 0.5-1 L/min. The
temperature within the chamber was regulated at 36°C, with
the relative humidity maintained between 40% and 60%. There
were no more than five rat pups in the chamber at once; a layer
of wood litter was introduced at the base to ensure biological
fluid absorption. The contour was fitted with a desiccant (silica
gel) and CO, adsorber (soda lime); recirculation was ensured
by a fan. The animals’ arousal level and motor activity were
assessed after the end of the exposure.

Neurological status

The newborn rat pups’ neurological development was
assessed using 8 behavioral tests starting from day 3 after
birth in accordance with the previously reported protocols
[21-23].

The forelimb grasping reflex was assessed starting from the
third day of life: a blunt rod was gently pressed to the forelimb
palmar surface, which normally induced finger flexion and
grasp. The reflex was considered to be completely developed
with stable grasping with both front paws throughout two
consecutive days. A three-point assessment scale was used,
where score O corresponded to no reflex, score 1 corresponded
to grasping with one front paw (with the side specified), and
score 2 corresponded to grasping with both front paws.
Similarly, the hindlimb grasping reflex was assessed by the
same method starting from the third day: score O — no grasp,
score 1— grasping with one hind limb, score 2 — grasping
with both hind limbs.

The righting reflex was also tested starting from the third
day: the rat pup was placed in a supine position with the limbs
straightened, and then released, recording the time taken to
return to a prone position. The maximum time allowed for the
response to complete was 15 s. No prone position restoration
within this time was scored O, roll over on the side (with the side
specified) or incorrect posture was scored 1, and complete roll
over resulting in a physiologically correct posture (onto all four
paws) was scored 2.

The hindlimb placement reflex was assessed starting from
the fourth day of life: the rat pup was held vertically by the
body and the edge of a hard surface was touched with the
back of the hind paw. Normally, the animal pulled back its
paw and placed it on the surface. No response was scored O,
placement of one limb (with the side specified) was scored 1,
and placement of both limbs was scored 2.

The cliff avoidance response also assessed starting from
the fourth day was tested by placing the rat pup with its front
paws and muzzle over the edge of a horizontal surface; a soft
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Fig. The animals’ brain MRI scans on day 7. Group C — left, group Xe — right

pad was placed under the edge to prevent injury from fall.
Reflexive avoidance manifested itself in turning away from the
edge. No movement or fall was scored 0, an attempt to move
away from the edge with dangling limbs was scored 1, and
complete departure from the edge was scored 2.

The auditory startle response was assessed starting from
the 10" day: a loud tone was presented just above the animal.
Sudden movement or startle was considered as positive
response and scored 1, no response was scored 0.

The nature of posture when moving on a non-slip surface
was assessed starting from the 12th day of life. Not fully
developed posture (dragging of the abdomen, the limbs
perpendicular to the body) was scored 1, the fully developed
posture (elevated abdomen, the limbs parallel) was scored 2;
no movement corresponded to 0 points. At the same age,
since day 12, eye opening was recorded: the eyelids fused shut
corresponded to O, opening of one eye (with the side specified)
corresponded to 1 point, opening of both eyes corresponded
to 2 points.

The limb sensorimotor function was assessed using the
limb placement on support test. After three days of adaptation
to hands the animals were through seven trials aimed at
assessing the limb sensorimotor integration. The trials involved
alternately moving the front and back paws off the edge of the
table in different positions (with visual control, laterally, when
pushing the body towards the edge, and when lowering to the
surface by the tail). A three-point scale was used to assess
performance in each trial: score 2 — normal performance,
score 1 — slow or incomplete performance, score 0 — no response.

Magnetic resonance imaging

On day 7 after the ischemia-hypoxia modeling, the animals
underwent in vivo MRI'in the 7 T MRI scanner with the 105 mT/m
gradient system (BioSpec 70/30; Bruker, Germany). After
being anesthetized with isoflurane at a concentration of 1.5-2%,
the animal was placed in a stereotactic fixation system
with thermal control. A standard brain assessment protocol
involving acquisition of T2-weighted images was used. A linear
transmitter with the internal diameter of 72 mm was used to
transmit the radio frequency signal; a surface receiver coil for
the rat brain was used for signal detection. The RARE spin
echo sequence had the following parameters: TR = 6000 ms,
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TE = 63.9 ms, slice thickness — 0.8 mm with an increment of
0.8 mm, matrix size — 256 x 384, resolution — 0.164 x 0.164
mm/pixel. The overall scan time per animal was about 30 min.

The extent of brain damage was assessed by planimetric
analysis of MR images with subsequent calculation of the
damaged tissue volume. The series of MRI scans was used
to calculate the lesion area (mm?) for each slice in ImageJ
(National Institutes of Health, Bethesda, MD, USA). For that
the areas of the intact tissue in the healthy (S,) and damaged
(S,) hemispheres were isolated, and the lesion area for a slice
was calculated using the following formula: S = S-S, where
TS was the lesion area on a single slice (mm?) [24]. The brain
damage volume was calculated using the following formula:
V =XS xd, where d was the slice thickness (0.8 mm), £S_was
the sum of lesion areas on all slices (mm2).

Statistical analysis

Statistical analysis was performed using SPSS Statistics 28.0.1
and GraphPad Prism 10.4.2. The distribution was tested for
normality using the Shapiro-Wilk test. Since the indicators were
ordinal scales and their distribution was non-normal, the data
are provided as the median and interquartile range Me (Q,; Q).
Groups were compared using the Mann-Whitney U-test. The
differences were considered significant with the two-tailed
p < 0.05. To minimize the systematic error, the researcher, who
conducted MRI and assessed the animals’ neurological status
in behavioral tests, was blinded; he/she was unaware of the rat
pup distribution into groups.

RESULTS

According to the MRl imaging data obtained on day 7, the group
of animals that received the xenon-oxygen mixture showed a
significant brain damage volume reduction. This value was
25% lower, than in the control group (p = 0.001; Fig.).

The neurological status analysis revealed significant reflex
formation acceleration in the rat pups of group Xe. On day
3, the median forelimb grasping reflex estimate of this group
was significantly higher compared to that of the control group
(o = 0.025; Table), which suggests a significant xenon-oxygen
mixture neuroprotective effect in terms of motor functions.
Similarly, even more pronounced dynamic changes were
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Table. Neurological status indicators in rat pups of groups C and Xe

Day Test Group C (n=8) Group Xe (n=8) p-value
Forelimb grasping reflex 1[0; 1] 1.5[1;2] 0.025
3 Hindlimb grasping reflex 1[1;1] 1.5[1; 2] 0.005
Righting reflex 11[0; 1] 1[1; 2] 0.19
Hindlimb placement 0.51[0; 1] 1.5[1;2] 0.045
! Cliff avoidance response 11[0; 1] 1[1;2] 0.03
Startle response to tone 1[0; 1] 1[1;2] 0.035
1 Eye opening 101;2] 1[1;2] 0.1
28 Limb placement on support 12 [8; 13] 13 [12; 13.5] 0.08

reported for the hindlimb reflex (o = 0.005). The righting reflex
test revealed no significant differences between the studied
groups (p = 0.190).

On day 7, animals of group Xe showed significantly better
performance in the hindlimb placement test (p = 0.045), as well
as more pronounced cliff avoidance response compared to
controls (p = 0.030).

By day 14, the significantly better preserved startle response
to tone was reported in the rat pups, which received the xenon-
oxygen mixture (p = 0.035). There were no significant differences
in the terms of eye opening between groups (p = 0.100).

On day 28, sensorimotor integration assessment based
on the limb placement on support test revealed no significant
differences (p = 0.080).

DISCUSSION

The data obtained show that the xenon-oxygen mixture
(60% Xe/50% O,) inhalation in the early recovery period after
ischemia-hypoxia has a pronounced neuroprotective effect in
the Rice-Vannucci model rat model. A significant reduction of
the brain lesion volume by 25% in the Xe group on day 7
based on the MRI data has become the key finding. This
result is in line with the conclusions of the recent large-scale
systematic review and meta-analysis showing that xenon
reduced neurological deficit on average by 39.7% in mouse,
rat, and swine pre-clinical hypoxic-ischemic encephalopathy
models [25]. Our study confirms that even a single 60-minute
application of xenon can significantly limit the development of
brain infarction, as can be seen in T2-weighted images.

The improvement recorded in behavioral tests confirms
morphological data and has a clear temporal logic. Improvement
of grasping reflexes and the limb placement test results on
days 3-7 suggests that xenon contributes to preservation of
the sensorimotor pathways and cortical centers responsible
for these reflexes. This is critically important since it is motor
impairment that underlies such severe hypoxic-ischemic
encephalopathy outcomes, as cerebral palsy. The preserved
startle response to tone on day 14 suggests better functional
state of the auditory systems and brainstem, which resonates
with the data of the abovementioned review, in which the
authors note the xenon capability of apoptosis reduction and
neuroinflammation modulation [25]. The lack of significant
differences in the limb placement on support test results on day
28 is likely to be associated with small sample size and high
variability resulting from the immature brain’s compensatory
capacity.

Our findings fit well into modern concepts of the xenon
mechanisms of action. The xenon neuroprotective effect is
mediated by both NMDA receptor antagonism and pleiotropic
effects: activation of two-pore-domain potassium channels,
modulation of AMPA receptors, and, which is especially
important for the neonate’s brain, anti-apoptotic effect [26].
It has been shown that xenon reduces neuronal death and
suppresses chronic neuroinflammation [27, 28]. Improvement of
neurological outcomes in our experiment is likely to result from
such a combined effect: limitation of primary lesion and creation
of more favorable conditions for postnatal brain maturation.

Our preclinical data gain particular importance in the light
of the results of clinical trials, such as TOBY-Xe. In this trial
adding xenon to hypothermia in neonates did not result in
improvement of outcomes, which the authors attribute, among
other things, to the late start of therapy. In our study xenon was
administered strictly 30 min after hypoxia, which emphasizes
critical importance of the therapeutic window. According to
other data, the maximum xenon efficacy is also achieved when
therapy is initiated in the first hours after stroke [25].

Thus, the use of the xenon-oxygen mixture after modeling
hypoxic-ischemic encephalopathy ensured neuroprotective
effect in newborn rats, which allows us to consider the goal of
the study as achieved. It is necessary to consider a number of
limitations when interpreting the results obtained. The animal
experiments did not involve therapeutic hypothermia being an
essential component of modern clinical practice. Furthermore,
the 28-day follow-up period is not equivalent to the complete
life cycle, which leaves open the question of the long-term
effectiveness of the drug.

CONCLUSIONS

The xenon-oxygen mixture (xenon 50%/oxygen 50%)
administration in early neonatal ischemia-hypoxia ensures a
pronounced neuroprotective effect in newborn Wistar rats, which
is confirmed by significant brain lesion reduction by 25% on day
7 based on MRI data. The xenon-oxygen mixture contributes to
acceleration of the central nervous system postnatal functional
maturation: the earlier formation of grasping reflexes, improvement
of sensorimotor responses, and preservation of auditory startle
response have been reported in group Xe. The data obtained
confirm the crucial role of early therapy initiation within the
therapeutic window and substantiate the need for further
exploration of optimal xenon dosing regimens, as well as xenon
potential synergism with therapeutic hypothermia for optimization
of hypoxic-ischemic encephalopathy treatment in newborns.
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Treatment of mandibular fractures remains a pressing issue in maxillofacial surgery. This paper presents a novel single-jaw splinting technique (RF patent No.
2735258) for the immobilization of bone fragments in fractures located within the dental arch. Mathematical modeling using the finite element method (FEM), based
on computed tomography data from one volunteer, was performed to assess its biomechanical efficiency. A 3D model of the mandible with the fixation construct
and an indenter (simulating occlusal load up to 50 N) was constructed. The modeling results showed that the relative movement between the fragments was
approximately 25 pm, which is comparable with literature data for two-titanium-plate osteosynthesis. The maximum equivalent stress values in the metal splint
reached 100 MPa, and in the splint these reached 3 MPa. The developed method ensures stable fixation without involvement of the maxilla. The analysis involved
only a single model and no experimental validation; therefore, confirmation in further research is required. Nevertheless, the obtained data suggest that the method
is promising as an alternative to existing immobilization techniques.
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BMOMEXAHUYECKASA OLIEHKA METO[A LLUMHUPOBAHUA HUXXHE YEKOCTU
MPU NMEPEJIOMAX B NPEAENIAX 3YBHOIO PAOA

X. M. Oapayuie’, P. B. Menm+?, E. A, Akynunndes’, . A. Mowncees® =2, O. B. CHexko?, V. C. Konewkuin®, 0. J1. Bacunbes'
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2 HaumoHasbHbIn UCCnenoBaTenbCK HKEropoaCKmiA FoCcyAapCTBEHHBI YHBEPCUTET UMeHn H. . Nlobadesckoro, HkHuin Hosropog, Poccus
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4 HoBOCMBUPCKII rocyiapCTBEHHbI MEeAVLIMHCKIIA yH1BEpCHUTeT, HoBocnbmpek, Poccust

JleqeHre NepenoMoB HKHEN YEMOCTY OCTAETCA aKTyaslbHON NPOOIEMON HENOCTHO-NMLIEBOI Xpypriv. B nccnenoBaHmm npeacTaBneH HoBblin METog OAHOHEMIOCTHOMO
LIMHMPOBaHuA (mateHT PP Ne2735258) Ans MMMOBUAM3aLymn OTIOMKOB Mpu NepenomMax B npeaenax 3yoHoro psga. [ns oLeHKy ero 6romexaHn4eckon adexTnBHOCTH
1ICMOMNb30Ba/IN MaTeMaTU4eCKoe MOAENMPOBaHME METOAOM KOHEYHbIX aremMeHToB (MKO) Ha 0CHOBE KOMMLIOTEPHOM ToMorpacu oaHoro AobpoBonsLa. NocTtpoeHa
TpexXMepHast MOAEb HKHEN HENOCTY C (DUKCUPYIOLLIEA KOHCTPYKLIMEN 1 IMNaKTOPOM, MUTUPYIOLLIIM XXeBaTENbHYIO Harpy3ky Ao 50 H. PesynsraTsl MogenmpoBaHns
rnokasani, 4To OTHOCUTENBbHOE CMELLIEHNE MEXAY OTSIOMKaMU COCTaBSIET OKOMO 25 MKM, YTO COMOCTaBUMO C AaHHBIMU IUTEPATYPbI MO OCTEOCUHTESY ABYMSI
TUTaHOBbLIMYV M1aCTUHaMN. MakcMaribHble SKBVBASIEHTHbBIE HAMPSXKEHWA B METasM4ecKoi winHe gocturaiot 100 MIMa, B kanne — ao 3 MlMa. PaspaboTtaHHblii MeTop,
obecnedmBaeT CTabubHyIO hrKcaumio 6e3 BOBEYEHNS BEPXHEN HeNtoCTW. AHaNM3 BbINOIHEH HAa EAVHCTBEHHON MoAen 6e3 aKCcnepuUMeHTaNIbHON BanmaaLmu,
4TO TPebYeT NMOATBEPXXAEHNS B AaslbHENLLMX paboTax. TeM He MeHee, MoslydYeHHble AaHHble CBUAETENbCTBYIOT O MEPCNEKTVBHOCTU METOAA Kak anbkTepHaTUBbI
CYLLIECTBYIOLLIMM Ccriocobam MMMOBUAn3aLmn.
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Mandibular fractures hold a significant position in maxillofacial
surgery worldwide and represent one of the most prevalent
types of jaw injuries [1]. Treatment of mandibular fractures
should be aimed at preserving the integrity of the anatomical
structures and stabilizing bone fragments in a fixed position
until healing, while restoring the correct occlusal relationship
and maintaining the proportions of the lower third of the face.

In recent years, surgical intervention using bone fixation
with various types of bone plates has become widely adopted.
However, there is debate regarding their rigidity and stability,
as well as depending on the clinical case: the location of
the fracture (within or outside the dental arch), displaced
mandibular fractures depending on the severity of the injury,
and the increase in the cost of medical services provided [2, 3].

An important condition for the provision of qualified medical
care is the physician’s level of training and valid manual skills,
which allow correct screw positioning, a competent approach
to plate selection considering tissue resources and the type
of injury, and consideration of the clinical and anatomical
features of the mandibular structures, including abnormalities.
In the absence of these factors, dangerous precedents of
deficiencies in the provision of medical care or harm are
created, which, under local legislation, may be considered
a criminally punishable act.

Conservative treatment methods for fractures using
intermaxillary fixation with dental splints and elastic tension
are also accepted. Along with a large number of advantages,
these methods have a number of disadvantages, the most
significant of which are a marked decrease in oral hygiene and
the patient’s quality of life during the period of bite fixation [4, 5].

It should be noted that splinting remains a compromise
method for treating mandibular fractures in areas with low
population density or complex geographic landscape.
Moreover, an important role in the care provision protocol is
played by factors such as the clinic’s material and technical
resources, the professional skills of healthcare staff, etc.

In terms of prevalence, mandibular fractures account
for 57-82% of all facial bone fractures [6]. According to a
large epidemiological study by Morris et al. (2015), fractures
of the mandibular body are the most common (16.8%) [7].
Similar patterns have been reported for the Russian population:
according to Shashkov et al. (2021) [8], fractures of the mandibular
body were distributed as follows: in the incisor area — 3.9%, in
the canine and premolar area — 15.9%, and in the molar area —
15.3%. Such fractures significantly decrease patients’ quality of
life, including influencing their socialization and eating habits, the
alteration of which may worsen the comprehensive rehabilitation
process. We should also note the deterioration of dental health
resulting from treatment with splints of previous generations:
according to the literature, there is an increase in the rate of
carious lesions of hard dental tissues and inflammatory diseases
of periodontal tissues, which is associated with difficulties in
hygiene when using classic dental splints [9, 10].

In this regard, the development of new methods for
fragment immobilization in mandibular fractures remains an
urgent problem and requires further solution; therefore, we have
developed a novel single-jaw splinting technique for mandibular
fractures (RF invention patent No. 2735258 dated 29.10.20).

For null hypothesis testing, the use of mathematical
modeling by the finite element method, widely used in physical
and mathematical modeling, would be a rational solution.
Such an approach is an important experimental instrument
that makes it possible to assess the efficacy of the planned
treatment method. The main purpose of finite element analysis
in medicine, as in other fields, is to analyze the effects of force

on a given structure, evaluate the stability and resistance of the
structure to pressure, force, and other external influences [11].
Today, this method allows us to effectively assess biomechanical
stability, calculate the stress between bone fragments of the
facial skull, and their fixation strength in the context of specific
mandibular injuries [12, 13]. The data obtained that confirm the
null hypothesis can be transferred into clinical practice without
fear of adverse effects on biological tissues, thereby increasing the
quality of skilled care provision in the field of maxillofacial surgery.
This study aimed to perform a finite element analysis of the
efficacy of a novel mandibular fracture fixation method.

METHODS
Data

Computer modeling and the finite element method (FEM)
were used to simulate the stress-strain state (SSS) of two
configurations of the fractured mandible: with the proposed
fixation construct and with the conventional treatment
approach using osteosynthesis, the results of which were
reported in a previous study [14]. The jaw and teeth were
segmented on multiplanar reconstruction from dental CBCT
data (KaVo ORTHOPANTOMOGRAPH OP300 Maxio cone
beam computed tomography scanner, 312 slices, pixel size
250 pm) of a volunteer (male, born in 1989) with no pathological
changes detected in the mandibular region, using a trial version
of the software (Inobitec PRO 2.10, Voronezh, Russia) (Fig. 1A).

Routine segmentation in three projections was performed
for each anatomical structure. The contours obtained were
used to generate a voxel model, which was then converted
into an STL model (Fig. 1B).

NURBS modeling

Reverse engineering of the STL models was performed in
SolidWorks (Dassault Systemes SE, Veélizy-Villacoublay,
France). The ScanTo3D utility was used to generate NURBS
models (NURBS — Non-uniform rational B-spline) of the
mandible and teeth (Fig. 2A). In the STL model of the dental
arch, each tooth was segmented and converted into a NURBS
model (Fig. 2B). Using the basic tools of SolidWorks, a linear
fracture region with a gap of 0.1 mm, corresponding to a
simple uncomplicated fracture, was modeled between teeth 44
and 45, along with a pair of temporomandibular joints, a fixation
construct, and an indenter mimicking food (Fig. 2).

Pre-processing of the NURBS model for finite element
analysis was performed in HyperMesh (Altair Engineering Inc.,
Troy, Michigan, USA). A tetrahedral mesh was generated for
each anatomical structure (two mandibular segments, 15 teeth,
two temporomandibular joints), the indenter, and the fixation
construct. Mesh quality was controlled using the Jacobian
(threshold = 0.1) and Tet collapse (threshold < 0.1) metrics.
At least 98% of the elements met these criteria; elements that
failed the test were rebuilt manually. The final mesh contained
800,604 elements (Fig. 3) [15]. The resulting finite element
models were imported as orphan meshes into Abaqus CAE
(Simulia, Johnston, Rhode Island, USA) to assign mechanical
properties to materials and to set boundary conditions for
biomechanical analysis of the model [16].

Assumptions and mathematical formulation of the problem

From a mathematical point of view, a static problem in elasticity
theory was solved in each of the locally homogeneous
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Fig. 1. A. Interface of the Inobitec PRO software for segmentation of medical images: multiplanar reconstruction with highlighted contours of the zone of interest.
B. Segmentation result in the form of voxel 3D model of the mandible and dental arch

subregions of the heterogeneous functional element of the
model, considering the effect of a moment of force to simulate
the indentation of the fixed jaw segments into the elastic indenter.
To connect the jaw segments and teeth, the joints and condylar
processes, the mouthguard and the wire, multiple contact
without relative movement was employed, which constitutes
a critical assumption within the model. Contacts between
the jaw segments, teeth and mouthguard, and between the
mouthguard and the indenter were set as tangential with a
friction coefficient of 0.1 and normal "hard contact" behavior.
The upper surface of the fixator and the temporomandibular
joints were rigidly fixed (no degrees of freedom for any node
on the surface). The masseteric tuberosity regions (Fig. 4,
highlighted in pink) were kinematically connected at the mental
protuberance (Fig. 4, RP-3), to which a moment of force was
applied, linearly increasing to 500 N-mm (0.5 N-m). An isotropic
linear elastic material model was used for all materials [17, 18].
The mechanical characteristics taken from the literature are
provided in the Table.

In this study, a deterministic finite element analysis was
performed; no statistical processing was applied, because the
analysis was based on a single model.

RESULTS
The finite element method was used to obtain the stress-strain

state (SSS) of the mandibular segments with a fracture and a
fixation construct. It was found that the relative displacement

Temporomandibular joint

Right

mandibular splinter Left

Fracture line

Fig. 2. NURBS model of the mandible with the fixing construct and impactor
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in the proposed configuration increases linearly with a linearly
increasing load. Under a load of 50 N, a relative displacement of
25 ym was achieved between the fragments. The results were
compared with those of the two-plate fragment immobilization
method in two different configurations [14] (Fig. 5). Outliers on the
graph are associated with an increase in the solver increment.
The contact pressure between the fragments is shown in Fig. 6A
and reaches 2 MPa. In the deformed configuration, the relative
displacement is marked with a dotted line.

The maximum stress in the entire configuration is
concentrated on the metal splint (Fig. 6B) and reaches 100 MPa.
In turn, the maximum stress on the mouthguard is distributed
over the fracture area (Fig. 6B), reaching a value of 3 MPa.

The finite element analysis has shown that the proposed
fixation method demonstrates satisfactory displacement
between the fragments of about 25 pm with a linear increase
in the indenter load (mimicking food) to 50 N. The relative
displacement achieved with the proposed method is comparable
to the displacement obtained from the finite element calculation
for the fixation construct with two titanium plates.

DISCUSSION

The present study has a number of limitations. First, the finite
element analysis was performed based on CT data from a single
volunteer whose clinical and anatomical characteristics met
the indications for the use of the developed splinting device,
which does not allow for consideration of anatomical variability.

Mouthguard

Wire

mandibular splinter




OPUTMHAJIbHOE UCCJIEQOBAHNE | CTOMATOJIOI A

Fig. 3. Finite element model of the estimated area: left — frontal view, right — cutaway model (midsagittal plane)

Second, the model was not validated in a field experiment,
either on synthetic jaw models or on biological material. Third,
the efficacy of the developed splint was compared with literature
data on condylar process fixation using two plates [14], which
is not a direct analogue due to the lack of valid literature data
on similar constructs. Further research involving an expanded
sample of virtual models and experimental verification is
required to obtain more reliable data.

As previously stated in the modeling methods, multiple
contact without relative movement was used for dentoalveolar
structures, which is justified by the strategy of uniform load
redistribution over the entire surface of the splinting construct
and between the fragments.

Rigid tooth—splint contact (u = 0.1, slip-free) reflects the
clinical stability of dental splinting with multiple supports
(4-6 teeth) in adult patients, ensuring uniform load
redistribution without relative movement of the fragments
[25]. Microdisplacement (< 0.1 mm) does not exceed the
physiological mobility of the periodontium and does not affect
fracture consolidation.

All mandibular fracture treatment methods are aimed at
fixing bone fragments until they fuse and the masticatory
load provided by several muscle groups is restored. Due to
the complex anatomy of the mandible, which is determined
by its functions, the application of forces to the fracture line
or to the selected fixation system (plates) may inadequately
affect the restoration of physiological load. Indeed, there is
ongoing debate in the literature regarding the selection of the
most appropriate fixation system for each specific case. Some
surgeons prefer to use mini-plates and screws, while others
prefer titanium plates to stabilize fractures, believing that such
a system ensures sufficient rigidity and minimizes resistance to
physiological load. Furthermore, two-jaw dental splints can be
used for stabilization and fixation of the fracture during healing.

These splints have a specific design that helps maintain the
correct position of the jaw and prevents unwanted movement
or displacement of the fracture. Experimental data obtained by
Claes et al. [26] using a sheep model of metatarsal osteotomy
with an adjustable gap size and interfragmentary movement
show that with a gap of 1-2 mm and interfragmentary
movement of up to 0.5 mm (500 pm), successful fusion with
high mechanical stability (bending rigidity > 20 Nm/mm) is
achieved. The authors note that it is not the quantity but the
quality of the forming bone callus that determines the healing
outcome. In our study, the interfragmentary displacement was
only 25 pm, which is an order of magnitude lower than the
values at which stable fusion was observed in that study. Thus,
the results obtained can be extrapolated to our data, as they
indicate sufficient stability of the developed splinting construct,
ensuring fracture consolidation.

According to the generalized results of experimental studies
and clinical trials, when the gap between bone fragments is
no more than 3 mm, the interfragmentary displacement range
optimal for stimulation of bone fusion is 0.15-0.4 mm, and the
threshold exceeded by more than 1.0 mm is associated with
the risk of fusion failure [26-29]. In our study, the displacement
of splinters relative to each other under the load of 50 N was
as small as 0.025 mm (25 pm), which was almost an order of
magnitude below the optimal range lower limit.

Given the results, the fixation system for the mandibular
bone splinters should be selected based on the clinical
anatomy, fracture type, patient’s condition, and the aim of
surgery. It is important for the surgeon to select the most
appropriate fixation system, which would ensure the splinters’
stability without altering the physiological load on the jaw,
based on his/her experience and knowledge.

In the study, we used the one-jaw splinting method for
mandibular fractures we had developed, designed for fixation of

Table. Mechanical characteristics of the anatomical structures being parts of the segment asessed

Anatomical sructure Young's modulus E (MPa) Poisson's ratio Element type Reference
Bone 15 000 0.3 C3-D4 [19, 20]
Teeth 18 600 0.31 C3-D4 [21]
Temporomandibular joints 10.4 0.4 C3-D4
Impactor 0.1 0.45 C3-D4 @2l
Mouth guard (Ftorax) 1860 0.3 C3-D4 [23]
Wire (aluminum) 71000 0.33 C3-D4 [24]
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Fig. 4. Determination of contact interactions in the Abaqus CAE 6.14 software

fractures within the dental arch, which seems to be an optimal
solution for the distant regions and FAS, where high-tech
medical care is not always available in the required quantities
and with the necessary urgency.

The limits of force applied to various parts of the mandible
have been reported. Thus, in the symphysis zone the value was 82
MPa with the mouth closed and 117 MPa with the mouth open,
which allows one to predict the position of the jaws clenched more
beneficial in terms of the fracture prognosis [30]. The angle, at
which force is applied, is of great importance. According to some
data, the condylar process (in case of direct injury to the body) or
angle of the jaw is a common area of fracture [31].

In the literature, papers can be found focusing on
non-removable treatment techniques, in which, among
other findings, conclusions are drawn about the advantages
of splinting constructs for the rehabilitation of patients with
maxillofacial injuries [32-34]. Nevertheless, despite good

planning, detailed analysis of force loads, and fracture
prediction, there is very little information in the literature on
the finite element analysis of removable appliances. Our study
showed that the proposed fixation method demonstrates
satisfactory fragment displacement of about 25 ym with a
linear increase in indenter load to 50 N, which is comparable to
the displacement obtained from the finite element calculation
for a fixation construct with two titanium plates.

Summarizing and generalizing the data, we can state
that the developed splinting construct is physiological and
comparable in its characteristics to non-removable devices. The
findings of Graillon et al. [35], who concluded that mini-plates
have a traumatic effect, altering mandibular biomechanics and
even leading to more complex fractures, support the method
we propose. The developed method may be considered a
promising alternative to existing immobilization techniques,
provided it is further clinically evaluated.

50
45 ‘ X Relative displacement
between splinters/
40 Proposed configuration
£ 35
=
= 30
5 [
£ o5 5 *( [ Two-plate fixation.
3 M Parallel configuration
2 20
(2]
® s x % * 2
X
% X
10
X & Two-plate fixation.
5 4 Crossing configuration
0 X
0 10 20 30 40 50 60
Load (N)

Fig. 5. Relative displacement between splinters as a function of the load applied to the mandibular segment
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Fig. 6. A. Diagram of the contact pressure distribution in the fracture area. Q, — unloaded configuration, Q; — loaded configuration, areas of displacement
between splinters are highlighted with the dotted line. B. Diagrams of the stress distribution across splinters of the mandible fixed using the construct proposed.
C. Diagrams of the stress distribution across splinters of the mandible fixed using the construct proposed, and across the teeth

CONCLUSIONS

This paper presents a finite element analysis of the efficacy of a
novel single-jaw splinting method for mandibular fractures within
the dental arch. The developed splinting construct ensures
a relative displacement of the bone fragments of about 25 um
with a linear increase in masticatory load to 50 N, which is
comparable to fixation with two titanium plates and is far below
the threshold critical for fracture consolidation (150-400 um).
This provides reliable apposition of the mandibular fragments
without involving the maxilla in immobilization. The maximum
equivalent stress values in the metal splint are 100 MPa, and
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CLINICAL AND MORPHOLOGICAL ASSESSMENT OF BONE QUALITY IN THE DENTAL IMPLANTATION
ZONE IN PATIENTS WITH OSTEOPOROSIS

Akkalaev AB'™ Abdullaegva RR', Aliev MR', Mustafaev RG', Bedoeva AA', Mironova AA', Khugaeva VF', Kadieva LM?, Munapova KKh?

" North Ossetian State Medical Academy, Vladikavkaz, Russia
2 Khetagurov North Ossetian State University, Viadikavkaz, Russia

Systemic osteoporosis is one of the most significant systemic factors capable of worsening bone tissue quality and affect osseointegration of dental implants. The
increase in the number of patients of older age groups in need of implant treatment determines high clinical significance of preoperative assessment of the implant
bed condition in this category of patients. The study aimed to assess clinical and morphological features of bone tissue in the dental implantation zone in patients
with osteoporosis and determine the correlation of those with the primary stability of implants and early marginal bone remodeling. A total of 84 patients aged 55-75
were included in a prospective pilot study, who were planned for implantation in the areas of maxillary and mandibular premolars and molars: 42 with the confirmed
systemic osteoporosis and 42 having no signs of osteoporosis. All the patients underwent CBCT with the bone quality and type determination in accordance with
the Lekholm and Zarb classification; histological and histomorphometric analysis of bone biopsy specimens was performed in a subgroup of 32 patients. Primary
stability was assessed by the resonance frequency analysis; clinical monitoring was conducted after 2, 6, and 12 months. The D3-D4 type bones were more often
found in patients with osteoporosis, along with lower bone density and implant stability quotient (ISQ) values, reduced bone volume fraction (BV/TV), trabecular
thinning, and increased RANKL/OPG ratio. There was a positive correlation between the BV/TV, radiological bone density, and primary stability of implants. Systemic
osteoporosis degrades the implant bed quality, therefore, the implantation protocol personalization and comprehensive preoperative assessment are required.
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KITMHUKO-MOP®OTIOMNMYECKAS OLIEHKA KAYECTBA KOCTU B 30HE AEHTAJIbHOW
MMMNNAHTALUN Y NMALUMEHTOB C OCTEOINMOPO30M

A. B. Akkanaes'™, P. P. A6nynnaesa’, M. P. Anves’, P.T. Myctacbaes’, A. A. Benoesa’, A. A. Mvporosa’, B. ®. Xyraesa', J1. M. Kaavesa?, K. X. MyHarosa?

" CeBepo-OceTnHCKas rocynapcTBeHHas MeauLmHeKas akafemuis, Bnagvkaekas, Poccus
2 Ceepo-OceTUHCKIMIA rocyaapcTBeHHbIN yHBepcuTeT nvenn K. J1. Xetaryposa, Bnagukaekas, Poccuist

CUCTEMHBIN OCTEOMNOPO3 — OAVH U3 HaMbonee 3HAYUMbIX CUCTEMHBIX (HaKTOPOB, CMOCOBHbIX yXyAllaTh Ka4eCTBO KOCTHOW TKaHU 1 BAVSITb Ha yCNoBuUst
OCTEOVHTErpaLyn feHTanbHbIX MMMIaHTaTOB. YBeNMYeHWe Yincna NaLMeHToB CTapLUmnx BO3PACTHbIX MPYMM, HY>KAAIOLLMXCS B UMMIAHTONOMMYECKOM NIeHeHnH,
ONpefenseT BbICOKYI KIMHNYECKYIO 3HA4YMMOCTb MPEAONEePaLMOHHON OLEHKN COCTOSHMS KOCTHOMO oXka y 9To KaTeropum 60MbHbIX. Lienbto nccneposaqms
ObINI0 OLEHUTb KIMHMKO-MOPONOrMHECKNE OCOBEHHOCTN KOCTHOW TKaHW B 30HE AEHTasIbHON UMMaHTaLuM y NauyveHToB C OCTEONOPO30M W ONpPeaennTs
1X CBS3b C MEPBUYHOM CTaBWUIBHOCTBIO MMMAAHTATOB 1 paHHe! MapriHanbHOM PeEMOAENsiLmelt KocTu. B NpocnekTBHOe NMNOTHOE VCCNefoBaHne BKIOYEHD!
84 naupieHTa 55-75 neT, KOTOPbIM MAaHNPOBaSIA BbINOMHUTE UMMIaHTaLMIO B 061acTX MPEMOSISIPOB 1 MOSIPOB BEPXHEN U HDKHEN YetocTV: 42 C NOATBEPXKAEHHBIM
CUCTEMHbIM OCTEONOPO30M 1 42 6e3 MPU3HAKOB 0CTeornopo3a. Beem naueHTtam sbinonHsnm KIKT ¢ onpeneneHeM ninoTHOCTY KOCTW U Tvna KocTu no Lekholm n
Zarb; B nogrpynne 13 32 nauvieHToB NPOBOAMAM MMCTONOMMHECKNIA 1 TMCTOMOPIOMETPUHECKMIA @HaNM3 KOCTHBIX B1OMTaToB. [MepBUYHYI0 CTaBUIBHOCTL OLEHNBAM
METOAOM PE30HaAHCHO-4aCTOTHOIO aHanm3a, KIMHNYeCKoe HabnmoaeHe NPOBOAMN Yeped 2, 6 1 12 MecsaLeB. Y NaumMeHToB ¢ OCTEONOPO30M Halle BbIABAAIM
TUNbl KOCTN D3-D4, 6onee H13KME 3HAYEHNS MIIOTHOCTU KOCTU 1 KO3 ULMEHTA CTaBUIBHOCTV MMMNaHTaToB (ISQ), a TakKe CHYKEHNE 06BEMHO L0 KOCTHOM
TKaHn (BV/TV), ncToH4eHue Tpabekyn 1 nosbllleHve oTHoleHnst RANKL/OPG. YcTaHoBneHa nonoxutensHas koppenauma mexay BV/TV, peHTreHonorn4eckomn
MAOTHOCTBIO KOCTU 1 NMEPBUHHON CTaBbMIIBHOCTBIO UMMaHTaToB. CUCTEMHBIA OCTEOMNOPO3 YXYALLAET Ka4eCTBO KOCTHOIO NIOXa, YTO TPebyeT MHAVBMOyanM3aLm
MPOTOKONAa UMMAaHTALMN 1 KOMMIEKCHOW NPeAornepaLoHHOM OLEHKN.

KntouyeBble cnosa: AeHTasbHash UMMaHTaLysi, OCTEONOPO3, KAYECTBO KOCTHOW TKaHW, IMCTOMOPGOMETPUS, MepBrHHas CTABWIbHOCTL UMMJIAHTATOB, KOHYCHO-
Nly4eBasi KOMrboTepHast ToMorpadvist
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Dental implantation has firmly taken the place of one of
the basic orthopedic rehabilitation methods for the partially
and completely edentulous patients. The implant treatment
high clinical efficacy necessitates accurate evaluation of the
recipient implant bed condition, including its morphological
characteristics and radiodensity [1, 2].

The jawbone density quantification is considered as
an important preoperative planning phase allowing one to
predict primary stability of the implant and the risk of early
complications [3]. Osteoporosis associated with the bone
mineral density decrease and microstructure disruption
represents one of the most significant factors capable of
degrading the bone quality [4].

The bone quality is determined by not only bone volume, but
also the cortical to trabecular bone ratio, degree of mineralization,
and remodeling activity. Morphological assessment of implantation
outcomes shows that the features of bone microstructure
have a significant effect on the osseointegration course [5]. In
clinical practice, the Lekholm and Zarb classification linking the
radiological pattern to the implant bed surgical characteristics is
widely used to approximately determine the bone type [6].

As the population ages and the number of patients with
the postmenopausal and senile osteoporosis increases, the
problem of choosing the optimal implantation protocol is
becoming increasingly relevant. The issue of the impact of
systemic osteoporosis on the implant survival, marginal bone
loss, and early osseointegration phases is still a matter of
debate, which is confirmed by the data of systematic reviews
and meta-analyses [7, 8].

Modern concepts of bone quality include the analysis of
histomorphometric parameters: bone volume fraction, trabecular
thickness, number, and spacing. Matching morphometric
indicators to the clinical and radiological assessment allows
one to more accurately characterize the implant bed load-
bearing capacity [9]. Additional opportunities for preoperative
risk stratification are provided by the computed tomographic
modification of the jawbone quality classification [10].

The bone remodeling imbalance, including alterations in the
RANK/RANKL/OPG system and the decrease in bone formation
efficiency, represents an important link of the osteoporosis
pathogenesis. Morphological and histomorphometric testing in
implant dentistry confirm the importance of such alterations for
the formation of a stable contact between the implant and the
bone [11]. According to the data of modern meta-analyses, a
more thorough analysis of the early bone remodeling risk factors
is required, even with the high overall survival of implants in
patients with osteoporosis [12].

The study aimed to perform clinical and morphological
assessment of bone quality in the dental implantation zone
in patients with systemic osteoporosis and determine the
correlation of morphological characteristics of the bone with
the indicators of primary stability of implants and early results
of their functioning.

METHODS

A prospective comparative pilot study of 84 patients of the
older age group, who were planned for dental implantation
in the areas of maxillar and mandibular premolars and
molars, was conducted. The age range of 5-75 years was
selected considering the maximum prevalence of the clinical
postmenopausal and senile osteoporosis; when interpreting
the results, the WHO approach to age was used, according
to which elderly patients (60-74 years) were the main focus
of clinical interest, and inclusion of patients aged 55-59 and

75 reflected the actual patient traffic. The index group consisted
of 42 patients with the postmenopausal or senile osteoporosis
confirmed based on the dual-energy X-ray absorptiometry data
(T-score < —2.5); the comparison group consisted of 42 patients
without any signs of systemic osteoporosis. The patients’
gender was considered as a clinical characteristic, but no
separate gender-stratified analysis was conducted within the
framework of the pilot design; similarly, the osteoporosis drug
therapy was not singled out as an independent stratification
factor, which was considered when interpreting the results.

The cone-beam computed tomography was performed
before planning implantation in all cases. Only the lateral parts
of the maxilla and mandible were scanned; localization of
implantation was considered when performing the analysis,
but no separate analysis stratified by the jaws was conducted
due to small sample size. The alveolar ridge height and width,
the cortical plate thickness, the radiological bone density in
the proposed implantation area, and the bone type according
to the Lekholm and Zarb classification were analyzed [6, 10].
The bone density was measured in the standardized areas of
interest in the planned implant center, except the zones of artifacts.

In the subgroup of 32 patients (18 with osteoporosis and 14
without osteoporosis), a cylindrical bone fragment 2.0-2.5 mm
in diameter was collected using a trephine drill, when shaping
the bed for the implant. Biopsy specimens were fixed in the
10% neutral formalin, subjected to standard decalcification,
paraffin embedded. Then serial longitudinal sections were
made. The hematoxylin and eosin stain was used, along with
the Masson stain.

Histomorphometric assessment involved determination
of the bone volume fraction (BV/TV), trabecular thickness,
trabecular number per unit of length, trabecular spacing,
osteoid tissue area, relative osteoclast counts. In addition,
immunohistochemistry assessment was performed using
antibodies to osteocalcin and proteins of the RANK/RANKL/
OPG system [9, 11].

Implants were installed in accordance with the standard
surgical protocol with respect for the principles of atraumatic
surgery and constant cooling of the instrument. Sequential
dissection of the bed with a pilot drill followed by step-by-
step expansion in accordance with the clinical situation and
the manufacturer's recommendations was considered as the
standard protocol. A full drilling protocol was implemented in
the D1-D2 bone regions, while moderate underpreparation of
the final stage was allowed for the D3-D4 bone to increase
primary stability. The implant length and diameter were
selected individually based on the CBCT data and the alveolar
ridge parameters; comparative evaluation of various implant
systems and surface characteristics was not the scope of
this study. Primary stability was assessed by the resonance
frequency analysis with the ISQ recording in the vestibulo-oral
and mesiodistal directions and calculation of the mean.

Clinical monitoring was conducted 2, 6, and 12 months
after the implant placement. Control within 2 months was
selected for the early assessment of soft tissue healing, signs
of inflammation, and primary stability prior to the functional
load phase; the terms 6 and 12 months were used to assess
the early marginal bone remodeling and clinical functioning of
implants. The facts of having pain, signs of inflamsmation of peri-
implant tissues, as well as implant mobility, mucous membrane
condition, and marginal bone loss were assessed based on the
targeted intraoral radiography data.

Statistical processing of the results was performed using
the variation statistics methods. The distribution was tested for
normality using the Shapiro-Wilk test. The mean and standard
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deviation were calculated for quantitative characteristics; when
the distribution was normal, the differences between groups
were assessed using the Student’s t-test for independent
samples; when the distribution was non-normal, the Mann—
Whitney U-test was used. Categorical traits were compared
using the chi-squared test or Fischer’s exact test. The correlation
analysis involved calculation of the Pearson’s or Spearman’s
coefficient, depending on the data distribution. The differences
were considered significant at p < 0.05.

RESULTS

The comparative analysis showed that the share of regions with
the D3-D4 bone type reached 78.6% in patients of the index
group, while in the comparison group this value was 42.9%.
The average radiological bone density in the implantation zone
expressed in Hounsfield units (HU) was 452 + 118 in patients
with osteoporosis vs. 721 + 146 in the comparison group
(o < 0.001). The average implant stability quotient (ISQ) was
also lower in the index group — 62.3 + 5.1 vs. 71.4 + 4.3,
respectively (p < 0.001).

Histological assessment of biopsy samples confirmed
the presence of the bone microstructure alterations typical for
osteoporosis: trabecular thinning and sites of discontinuity in
trabeculae, trabecular spacing increase, emergence of resorption
lacunae and microcracks. According to histomorphometry
data, the bone volume fraction (BV/TV) was 21.3 + 4.2% in
patients with osteoporosis, while in the comparison group it was
32.7 + 51% (p < 0.001). At the same time, the trabecular
thickness decrease and trabecular spacing increase were
reported.

Immunohistochemistry assessment revealed the decrease
in osteocalcin expression in patients of the index group, along
with the increase in the RANKL/OPG ratio suggesting shifting
the balance of remodeling towards resorption. We found a
positive correlation between BV/TV and the ISQ value (r = 0.62;
p < 0.01), as well as between the radiological bone density and
primary implant stability (- = 0.55; p < 0.01).

The 12-month implant survival was 94.7% in the index
group and 98.3% in the comparison group; given small sample
size, this difference was considered as a clinical trend, not
as an independent finite performance criterion. The clinically
significant bone loss of more than 1.5 mm within the first year
of functioning was significantly more often observed in patients
with the lowest BV/TV and ISQ values.

DISCUSSION

The findings suggest that systemic osteoporosis is accompanied
by not only bone mineral density decrease, but also severe
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ORAL FLUID CHANGES IN XEROSTOMIA PATIENTS ON MEDICATIONS:
CLINICAL AND LABORATORY CHARACTERISTICS

Khetagurov SK ™, Sadaeva AA, Shovkhalova RU, Murzabekov BI, Dovletmurzaev ZS, Ozkan Zh-M, Sugaipova DA, Betersultanova DI, Oleinik |l
North Ossetian State Medical Academy, Vladikavkaz, Russia

Drug-induced xerostomia is common among elderly patients taking multiple medications. The condition significantly affects dental health and quality of life. This
study aimed to evaluate the clinical and laboratory characteristics of oral fluid (OF) in xerostomia patients taking xerogenic medications, and to assess associations
between total xerogenic load, salivary flow rates, and OF composition. The study included 60 people aged 45-75 years. The treatment group consisted of
40 patients with at least 3 months of dry mouth history and routine intake of two or more medications with known xerogenic potential. The control group included
20 healthy individuals exhibiting no signs of xerostomia and not taking medications routinely. We used the Xerostomia Inventory questionnaire to collect data from
the participants; they also underwent clinical dental examination and sialometry for unstimulated and stimulated oral fluid (OF). The fluid samples were examined in
the laboratory to determine pH, buffer capacity, total protein content, alpha-amylase activity, glucose and lactate levels. Compared to the control group, patients
in the treatment group showed marked hyposalivation, decreased OF pH and buffer capacity, increased total protein content and alpha-amylase activity, and
tended more often to have multiple caries lesions, candidal stomatitis, and atrophic changes in the oral mucosa. Thus, drug-induced xerostomia is accompanied
by pronounced quantitative and qualitative changes in OF as well dental health and quality of life deterioration. A comprehensive clinical and laboratory assessment
of OF provides an objective measure of xerostomia severity and enables compilation of tailored prevention and treatment programs.
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KITMHUKO-NTABOPATOPHASA XAPAKTEPUCTUKA USMEHEHUI POTOBOW XXUAKOCTU
Y NALUMEHTOB C KCEPOCTOMMEIN HA ®OHE NMPUEMA JIEKAPCTBEHHbIX MPEMAPATOB

C. K. Xetarypos B, A, A. Capnaesa, P. Y. LLloBxanoga, b. V. Mypsabekos, 3. C. [oBnetMmyp3aes, X.-M. OskaH, [. A. Cyravnosa,
. N. Betepcyntanoea, . N. OneHnk

CeBepo-OceTuHCKasi rocylapCTBeHHas MeanUvHCKas akanems, Bnagvikaskas, Poccust

MeounkameHTo3Has KCepoCTOMMS LLIMPOKO pacnpocTpaHeHa Ha dhoHe nonvnparMasvi y nauyieHToB CTapLuUvx BO3PACTHbIX MPYMn U CYLLECTBEHHO BAMSIET Ha
CTOMaTONOMMHYECKUIA CTATYC W Ka4ecTBO »xM3HW. Llensto nccnepoBaHnst 6bi10 OLEHWTb KIMHUKO-NabopaTopHblIe XapakTEPUCTVIK POTOBOM »UAKOCTY (PXK)
Y MaLUMEHTOB C KCEPOCTOMUEN, Pa3BMBLLENCS Ha (DOHe npuemMa NekapcTBeHHbix npenapatos (N71) ¢ KceporeHHbIM athdeKToM, 1 ONpeaennTs CBS3b Mexay
CYMMapHOW KCEPOreHHOM HarpysKkoW, nokasartensmy CoHOOTAENeHUs 1 n3MeHeHraMn coctasa PXK. B nccneposaHne BktodeHo 60 4denosek 45-75 neT.
OcHoBHast rpynna — 40 NauneHToB € »kanobamun Ha CyxoCTb BO PTY MPOACIKUTENBHOCTLIO HE MeHee 3 MeCsLIEB NP OAHOBPEMEHHOM Mpueme AByx 1 6onee
JIM ¢ 3BECTHBIM KCEPOreHHbIM MoTeHLUmManom. KoHTposnbHas rpynna — 20 300poBbIX L, 683 MPU3HAKOB KCepocToMUM 1 6e3 perynspHoro npuema Ji.
[MpoBoannn aHkeTMpoBaHWe (ONPOCHKK Xerostomia Inventory), kKNMHMYeckoe ctomaTosnorndeckoe obcnenoBaHue, CUanoMeTpuo HECTUMYIMPOBaHHON 1
cTuMynpoBaHHo PXK, a Takke nabopatopHoe nccneposanmne PXK ¢ onpegeneHviem pH, 6ydepHoin emkocTn, 06LLEro cofepkanns b6enka, akTBHOCTY anbida-
amunnasbl, YPOBHEN MIOKO3bl 1 NaKTaTa. Y MaumMeHToB OCHOBHOW MPyMMbl BbISBEHb! BbIPaXKEHHAA rnocanmBaLms, CHvkeHne pH 1 BydepHon emxoctn PXK,
NoBbILLEHVE 0BLLEro cofepxanns 6enka 1 akTUBHOCTY asba-amunnasbl, a Takke 6onee BbICoKas YacToTa MHOXKECTBEHHOMO Kapueca, KaHAMA03HOro cToMatuTa
1N aTPOUHECKNX U3MEHEHWIN CM3NCTON 0O0MOYK MONOCTV PTa MO CPABHEHMIO C KOHTPOMBHOM rpynnol. TakvmM 06pa3oM, MeAVKaMEHTO3Has KCepoCTOMUS
COMPOBOXAAETCH BbIPAKEHHBIMI KONMHECTBEHHBIMUN 1 KAHECTBEHHBIMI 3MeHeHNAMN PXK, yxyALLieHremM CTOMaToNorM4ecKkoro CTaTyca 1 CHIDKEHEM Ka4ecTBa
XKN3HW. KoMMnnekcHas KNMHKo-nabopaTtopHast oleHka PXK no3BonseT 06beKTVBMU3MPOoBaTh TSHXKECTb KCEPOCTOMMM U 060CHOBATL VHAMBUAYAN3NPOBAHHbIE
nporpammbl MPOMUNAKTYKA 1 NEYEHNS.

KntoueBble croBa: KCepoCTOMUS, rnocanvBaLms, POToBast KMAKOCTb, CtOHa, IEKapCTBEHHbIE Mpernaparbl, CUarioMETPHsl, CTOMATONOMMHECKUI CTaTyC

Bknap aBTopos: C. K. XeTarypoB — KOHLEeNuVs 1 AnsanH UCCNefoBaHns, Hay4HOe PyKOBOACTBO, peaakTupoBaHme pykonueu; A. A. Capaesa, P. Y. LLioBxanosa,
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CobntopeHne aTMHeCcKMX CTaHAapToB: VccnefoBaHe 0Of0OPEHO NOoKabHbIM 3THeckM kommteTom GFBEOY BO COMMA MuHsgpasa Poccum (npotokon Ne 5
ot 20 ceHTA6pst 2025 1.). Bce y4acTHUKM nccneoBaHus rnognmncani 4o6poBobHoe NHPOpMUpOBaHHOE corflacie Ha yqacTvie B UccneaoBaHnn. Viccneposaqve
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The physiology of salivation and the composition of oral fluid
are fundamentally important for dental health. Normally, saliva
moisturizes the mucous membranes, helps form the food
bolus, supports remineralization of hard tooth tissues, regulates
acid-base balance, and performs protective functions via its
enzymes, mucins, and immune proteins [1, 2].

Xerostomia is a subjective feeling of dryness in the oral
cavity; it can be concomitant with decreased salivation, qualitative
changes in secretions, or impaired saliva distribution on the
surface of the mucous membrane [3-5]. Dry mouth is a common
complaint among adults, particularly older patients [6, 7].

The etiological factors of xerostomia are diverse and include
autoimmune diseases, endocrine and metabolic disorders,
chronic somatic pathology, radiation therapy in the head and
neck area, as well as long-term drug therapy [5, 8-13]. Among
medications, the most pronounced xerogenic potential has
been described for antidepressants, anxiolytics, neuroleptics,
antihypertensive agents, diuretics, antiarrhythmic drugs, and
antihistamines [6, 11-13].

Clinical manifestations of drug-induced xerostomia include
a constant feeling of dry mouth, thirst, difficulty swallowing
dry food, speech disorders, changes in taste, burning of the
mucous membranes and tongue, and reduced tolerance
for removable dentures [4, 7, 12]. Prolonged hyposalivation
increases the risk of multiple carious lesions, root caries,
candidal mucosal lesions, and atrophic glossitis [4, 7, 12].

Diagnosis of xerostomia is based on a combination of clinical
assessment and objective research methods. Standardized
questionnaires, including the Xerostomia Inventory, are
widely used to quantify subjective symptoms, while objective
assessments of secretory function are performed using
sialometry for unstimulated and stimulated oral fluid [14-16].

Laboratory examination of oral fluid enables measurement
of saliva's pH, buffering capacity, protein composition, and
enzymatic activity; this expands the possibilities for objectively
assessing the degree of hyposalivation and the risk of dental
complications [1, 2, 17]. In the context of polypharmacy,
combined clinical and laboratory analysis of oral fluid appears
to be the most informative [5, 6, 11-13, 18].

However, the relationship between total xerogenic drug
load and specific oral fluid changes (detected via clinical and
laboratory analysis) in xerostomia patients remains poorly
understood.

This study aimed to evaluate the clinical and laboratory
characteristics of oral fluid in xerostomia patients taking
xerogenic medications, and to assess associations between
total drug-related xerogenic load, salivary flow rates, and
changes of the oral fluid composition.

METHODS

This was a single-stage, comparative observational study
conducted at a dental clinic and the therapeutic department of
a multidisciplinary hospital.

The study included 60 patients of both sexes aged
45-75 years. The treatment group consisted of 40 patients who
had complained of dry mouth for at least 3 months and had
routinely taken two or more potentially xerogenic medications
for 6 months or longer. The control group included 20 practically
healthy people of comparable age who did not complain of
dry mouth, routinely take medications, or use anything beyond
occasional non-narcotic analgesics and nonsteroidal anti-
inflamnmatory drugs.

Based on the literature, the considered xerogenic drugs
were antidepressants, anxiolytics, neuroleptics, the main

groups of antihypertensive drugs, diuretics, antiarrhythmic
medications, and antihistamines [8, 9, 11-13, 18]. Exclusion
criteria: Sjogren's syndrome and other autoimmune diseases,
decompensated diabetes mellitus, chronic renal or liver failure,
previous radiation therapy of the head and neck, alcohol
abuse, acute infectious and inflammatory diseases at the time
of examination, pregnancy and lactation.

All patients underwent a standard dental examination. We
evaluated their complaints, medical and life histories, drug
therapy (including structure and duration), and examined the
oral cavity, assessing the condition of the mucous membrane,
tongue, lips, and gums, and noting any atrophy, erythema,
cracks, erosions, plaques, or signs of candidal lesions.
Dental health was described using the DMFT index calculated
according to a generally accepted method.

The subjective severity of xerostomia was assessed using
a modified Xerostomia Inventory (XI) [14, 15]. The patient filled
out the questionnaire independently and asked for the doctor's
help if necessary. A higher total score indicated more severe
dry mouth syndrome, as perceived by the patient.

Unstimulated whole-saliva flow was quantitatively assessed
using Navazesh sialometry [16]. The oral fluid was collected
in the morning, no earlier than 2 hours after eating, drinking,
smoking and hygiene procedures. The patient was seated,
breathing through the nose, and spitting the generated saliva
into a graduated tube every 30 seconds over a 5-minute period.
The salivation rate was calculated in mL/min.

Stimulated salivation was measured after chewing a standard
paraffin pellet (weight 1.0 g) for 5 minutes. The collected saliva
was measured in a graduated cylinder to calculate stimulated
flow rate. The accepted hyposalivation thresholds were
0.1 mL/min (unstimulated) and 0.5 ml/min (stimulated).

After collection, samples were centrifuged at 3000 rpm for
10 min; the supernatant was subjected to biochemical analysis
no later than 2 h after sampling. Table gives the key analytical
modes, reagents, and equipment used for the purpose.

To asses the drug load, we analyzed the prescribed therapy.
Each xerogenic medication was assigned a conditional score
depending on the severity of the effect on salivation according
to literature data [11-13, 18]. The total score for each patient
was considered as an integral indicator of the xerogenic load.

Statistical processing was performed using standard
application software packages. The normality of distribution
was assessed using the Shapiro-Wilk test. The results were
presented as M + SD for normally distributed data and as Me
@Q,; Q,) for non-normal distributions. The Student's t-test
or Mann-Whitney U test was used for quantitative variables
between groups; for categorical variables, the chi-square test
or Fisher's exact test. Correlation analysis was performed using
the Pearson or Spearman correlation, depending on the nature
of the distribution. The differences were considered statistically
significant at p < 0.05.

RESULTS

The mean age of patients in the treatment group was 62.3 + 7.4
years, in the control group — 60.8 + 6.9 years; the differences
were not statistically significant. Female participants were
the dominant cohort in both groups. The average number of
concomitant medications was 4.8 + 1.6 in the treatment group
and 0.9 + 0.4 in the control group, indicating a significantly
higher drug load in patients with xerostomia.

All patients in the treatment group complained of dry mouth
of varying severity. The Xerostomia Inventory mean score was
37.8 + 6.1, which corresponded to severe xerostomia. The
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Indicator/stage

Method, reagents, and equipment

Preanalytical stage

The samples were collected in graduated tubes and centrifuged at 3000 rpm for 10 minutes in a CM-6M laboratory centrifuge
(ELMI Ltd., Latvia). The resulting supernatant was analyzed in the next stage

The pH was determined immediately after centrifugation using a SevenCompact S220 desktop pH meter (Mettler Toledo,

Oral fluid pH Switzerland) equipped with an InLab Expert Pro-ISM glass electrode. Three-point calibration was performed with standard
buffer solutions (pH 4.01, 6.86, and 9.18)
. To 1.0 mL of oral fluid, we sequentially added 0.1 mL of 0.01 mol/L HCI and 0.01 mol/L NaOH using single-channel pipettes
Buffer capacity

(Research plus, Eppendorf AG, Germany) until the pH shifted by 1.0 unit. The volumes of titrant used were recorded

Total protein content
(Awareness Technology, USA)

Biuret method: 1.0 mL of biuret reagent was added to 20 pL of oral fluid, and the mixture was incubated for 10 minutes
at 37 °C. Optical density was measured at 540 nm using a Stat Fax 1904 Plus semi-automatic biochemical analyzer

Alpha-amylase activity

Kinetic colorimetric assay using a chromogenic substrate: mixed 20 pL of sample with 1.0 mL of reagent, and measured
absorbance at 405 nm on a semi-automatic biochemical analyzer (Stat Fax 1904 Plus, Awareness Technology, USA)

Glucose oxidase peroxidase method (GOD-PAP): mixed 10 pL of sample with 1.0 mL of reagent, then incubated for 10 minutes

Technology, USA)

Glucose at 37 °C, and performed photometry at 505 nm using a semi-automatic biochemical analyzer (Stat Fax 1904 Plus, Awareness
Technology, USA)
Enzymatic colorimetric method: 20 pL of sample was mixed with 1.0 mL of reagent, incubated for 10 minutes at 37 °C,
Lactate and absorbance was measured at 540 nm using a semi-automatic biochemical analyzer (Stat Fax 1904 Plus, Awareness

Microscopy of sediment

fungi were evaluated

Native oral fluid sediment preparations were studied at magnification x100 and x400 on a Primo Star light microscope
(Carl Zeiss Microscope GmbH, Germany); the number of epithelial cells, leukocytes, and the presence of yeast-like

most typical complaints were a constant feeling of dryness, the
need to keep water nearby, difficulty swallowing dry food, and
sleep disturbances due to needing to drink water at night. In
the control group, the total score of XI was 16.3 + 3.2; the
complaints were episodic and did not affect the quality of life.

In the treatment group, the mucous membrane was often
pale or moderately hyperemic, thinned, with a matte surface
and pronounced stickiness Papillary atrophy, flattening of the
surface, and individual fissures were often observed on the
tongue. The DMFT index in xerostomia patients was significantly
higher and amounted to 21.4 + 5.2, while in the control group it
was 15.8 + 4.1 (p < 0.01). Moreover, in the treatment group, we
registered significantly more cases of multiple carious lesions,
including root caries, and non-carious lesions.

Candidal  stomatitis  (mainly  erythematous and
pseudomembranous forms) was diagnosed in 32.5% of
treatment group participants. These patients reported burning
and soreness of the oral mucous membrane, which worsened
when consuming spicy or hot food. In the control group, only
one patient (5%) showed signs of candidal lesions. Atrophic
glossitis was found in about a quarter of patients in the
treatment group, while in the control group this condition was
very rare.

Sialometry revealed severe hyposalivation in the treatment
group. The rate of unstimulated salivation averaged at
0.08 + 0.03 mL/min and was significantly lower than that in the
control group (0.32 + 0.09 mL/min) (o < 0.001). The stimulated
salivation rate in xerostomia patients equaled 0.32 + 0.11 mL/min,
whereas in the control group it was 0.86 + 0.21 mL/min
(o < 0.001). Both unstimulated and stimulated saliva flow rates
indicated pronounced hyposalivation in most treatment group
patients.

Laboratory examination of the oral fluid revealed significant
qualitative changes. The average pH in the treatment group
was 6.47 + 0.21, significantly lower than in the controls
(6.86 = 0.18) (p < 0.01). Xerostomia patients had reduced
buffering capacity, which made titrant-induced pH changes
occur more rapidly. The oral fluid total protein content in
the treatment group was higher than in the control group,
potentially indicating compensatory restructuring of the salivary
glands' secretory function.
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Alpha-amylase activity in the treatment group was also
significantly higher than in the control group. At the same time,
we registered a moderate growth of the levels of glucose and
lactate. Microscopic examination revealed increased numbers
of exfoliated epithelial cells and leukocytes, along with more
frequent yeast-like Candida fungi. These findings aligned with
the clinical signs of candidal stomatitis.

The analysis of drug therapy confirmed the significant role
of xerogenic drugs in the development of hyposalivation. Most
treatment group patients took antidepressants and antihypertensive
drugs in various combinations. The mean integrated xerogenic
load index was 7.1+2.4 (arbitrary units). Correlation analysis
revealed a statistically significant negative relationship between
the total xerogenic score and the rate of unstimulated as well as
stimulated salivation, whereas a positive correlation was observed
with the Xerostomia Inventory total score.

Thus, patients who take xerogenic medications for a long
time develop persistent hyposalivation with pronounced clinical
manifestations of xerostomia and a complex of quantitative
and qualitative changes in oral fluid that adversely affect dental
health.

DISCUSSION

The results of our study confirm previously reported findings
that drug-induced xerostomia and hyposalivation are especially
common in senior patients receiving combination therapy for
chronic somatic diseases [5-7, 11-13, 18]. The registered
unstimulated and stimulated salivation rates indicate pronounced
hypofunction of the salivary glands, consistent with values reported
in clinical recommendations and review papers [5, 7, 16].

High Xerostomia Inventory scores in the treatment group
confirm dry mouth's significant impact on the daily activities
and quality of life of the patients. The revealed relationship
between the total xerogenic load and the severity of subjective
complaints corresponds to data on the role of polypragmasia in
the pathogenesis of xerostomia [6, 13-15, 18].

Clinical manifestations, including multiple caries, non-carious
lesions, candidal stomatitis, and atrophic glossitis are
consistent with prolonged saliva deficiency and changes in its
composition. A decrease in salivary pH and buffering capacity
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favors cariogenic bacteria growth and enamel demineralization,
explaining the higher DMFT index in the treatment group
M,2,7,12,17].

An increase in total protein content and alpha-amylase
activity reflects compensatory adaptation in salivary gland
secretion as overall secretion volume declines. The more
frequent detection of Candida yeasts and the increased
incidence of clinically evident candidal stomatitis suggest
impaired local immunity and disruption of the oral microbiota
[2,7,12].

The findings emphasize the need for an interdisciplinary
approach to the management of patients with xerostomia.
Correcting drug therapy — taking into account the xerogenic
properties of the drugs — by a general practitioner, cardiologist,
psychiatrist, or other specialists can help reduce symptoms
and partially restore normal salivation [5, 11-13]. When therapy
cannot be adjusted, local symptomatic measures become
more important, including salivation stimulation, use of salivary
substitutes, optimization of oral hygiene, prevention of caries
and candidiasis [5, 13].

It is clinically important to include not only sialometry but
also an extended oral fluid analysis (assessing pH, buffer
capacity, protein profile, and enzymatic activity) in protocols for
examining patients with dry mouth complaints. This approach
enables more accurate quantification of the severity of
drug-induced xerostomia, allowing use of the resulting
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CLINICAL COURSE OF CHRONIC GENERALIZED PERIODONTITIS IN OBESE PATIENTS

WITH TYPE 2 DIABETES MELLITUS

Dzaraeva ZR™, Dulaeva AA, Dudaeva LR, Makieva KA, Tsakhilova ZS, Alakhverdieva SS, Sagilaeva KhM, Kurmagomedov MA, Dzhafarov UL
North Ossetian State Medical Academy, Vladikavkaz, Russia

Type 2 diabetes mellitus (T2D) and obesity enhance systemic inflammation, microcirculation and immune disorders, which can make the course of chronic
generalized periodontitis more severe. Comparative assessment of clinical and radiological manifestations of the disease in individuals with these conditions is
important for interdisciplinary management of patients. The study aimed to conduct comparative assessment of clinical and radiological manifestations of chronic
generalized periodontitis (CGP) in patients with T2D, obesity and having no somatic disorders. A total of 90 patients with moderate CGP aged 35-60 were assessed,
who were stratified into three groups (30 individuals per group) matched for gender and age: without any somatic disorders, with T2D and obesity. OHI-S, SBI,
periodontal pocket depth (PPD), clinical attachment loss (CAL), and radiological signs of bone resorption were assessed; the analysis of correlations with HbA1c,
BMI, and lipid profile was conducted. OHI-S was 1.8 + 0.3 in group |, 2.3 + 0.4 in group Il, and 2.2 + 0.5 in group IIl; SBl was 42 + 9%, 61 + 11%, and 56 + 10%,
respectively (o < 0.05 for groups Il and Il compared to group |). PPD and CAL were higher in obese patients with T2D, than in patients having no somatic disorders
(o < 0.05), while the differences between groups Il and Ill were non-significant (for PPD p = 0.09). HbA1c levels were correlated to PPD (r = 0.42), CAL (r = 0.39),
and SBI (r = 0.36); BMI was correlated to PPD (r = 0.33) and SBI (r = 0.35) (p < 0.05). Thus, T2D and obesity are associated with the more adverse clinical and
radiological manifestations of CGP; it is necessary to consider poorer oral hygiene in patients with comorbidities when interpreting intergroup differences.
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Author contribution: Dzaraeva ZR — study concept and design, scientific advising, manuscript editing; Dulaeva AA — clinical material collection, literature review,
manuscript writing; Dudaeva LR, Tsakhilova ZS, Alakhverdieva SS — clinical assessment of patients, database creation, statistical processing; Makieva KA,
Sagilaeva KhM, Kurmagomedov MA, Dzhafarov UL — interpretation of results, formatting the list of references, manuscript editing.

Compliance with ethical standards: the study was approved by the Ethics Committee of the North Ossetian State Medical Academy (protocol No. 6 dated 18
March 2025). All subjects submitted the informed consent for participation in the study and personal data processing.

><] Correspondence should be addressed: Zarina R. Dzaraeva
Pushkinskaya, 40, Vladikavkaz, 362019, Republic of North Ossetia-Alania, Russia; sogma@minzdrav.alania.gov.ru

Received: 19.03.2026 Accepted: 16.04.2026 Published online: 28.04.2026
DOI: 10.24075/brsmu.2026.019

KIMMHNYECKOE TEHEHUE XPOHUYECKOI'O FrEHEPAJTIM3OBAHHOI O MAPOAOHTUTA
Y NALIMEHTOB C CAXAPHbIM OVUABETOM 2-I0O TUMA N O>)KUPEHVEM

3. P. [zapaesa™, A. A. Oynaesa, J1. P. Oynaesa, K. A. Makvesa, 3. C. Llaxunosa, C. C. Anaxsepanesa, X. M. Carvnaesa, M. A. Kypmaromenos,
Y. J1. [xadapos

Ceepo-OceTvHcKas rocyfapcTBeHHas MeauumHekas akagemusi, Bnagyvikaekas, Poccuist

CaxapHbin anabet 2-ro Tina (CA2) 1 oXKMpeHne YCUnmMBatoT CUCTEMHOE BOCTAIEHNE, HAPYLLEHNS MUKPOLIMPKYIALMM 1 IMMYHHOIO OTBETA, YTO MOXKET YTSHKENATb
TEYEHNE XPOHNHECKOTO MeHEPaIM30BaHHOMO MapofoHTUTa. CpaBHUTENbHAs OLIEHKA KITMHUKO-PEHTIEHONOMHECKUX MPOSIBIEHW 3a0051EBaHNSA MY STUX COCTOSHSIX
BabKHa L1151 MEXIVICLMMNIMHAPHOIO BEAEHWSt NaLmMeHToB. Lienbio nccnepaosaHyist 66110 NPOBECTN CPaBHUTENBHYHO OLEHKY KIMHVKO-PEHTIEHONOMMHECKYIX MPOSIBEHNIA
XPOHUYECKOr0 reHepanM3oBaHHOro napogoHTuTa (XIM) y naupeHToB ¢ C2, oxunpeHrem n 6e3 comatmdeckon natonorum. Obcnenosany 90 nauneHToB 35-60 net
¢ XIT1 cpegHer CTeneHn TSHXKECTW, pasaeneHHbIX Ha TP ConocTaBMMble MO Moty 1 Bo3pacTy rpynnbl no 30 Yenosek: 6e3 comarndeckon naronorum, ¢ GO2 n ¢
oxunpeHrem. OueHmsann OHI-S, SBI, rmybuHy napogoHTanbHbix kapmaHos (1K), notepto kKnHndeckoro npukpenneHns (KYTT) v peHTreHonorndeckue npuaHakm
Pe30pPOLMN KOCTW; BbINOSHSAIN KOPPENALMOHHbIA aHannd ¢ HbA1c, VIMT n naunugHeim npodunem. ViHoekc OHI-S coctasun 1,8 + 0,3 B | rpynne, 2,3 + 0,4 Bo Il n
22+0,58Ill; SBI—42 + 9%, 61 + 11% 1 56 + 10% cootBeTcTBEHHO (P < 0,05 Ang Il v Il rpynn no cpasHerwto ¢ 1). TTIK 1 KYTT 6biim Bbilwe y nauyeHtos ¢ CO2
1 OKUPEHMEM, YeM Y NaumueHToB 6e3 comaTmdeckoin natonorum (p < 0,05), Toraa kak pasnmyms mexxay |l v 1l rpynnamm He 4ocTUrani CTaTUCTUHECKOM 3HAYUMOCTH
(ona MK p = 0,09). YposeHb HbA1c koppenmposan ¢ MK (r = 0,42), KYI (r = 0,39) n SBI (r = 0,36), a IMT — ¢ I'TIK (r = 0,33) 1 SBI (r = 0,35) (p < 0,05). Takum
obpasom, C2 1 okupeHne accoLmmpoBaHbl ¢ 6onee HebnaronPUATHBEIMN KITMHMKO-PEHTTEHONOMMHECKMI NPOoABReHAMM XITTT; HTepnpeTaums MexrpynnoBbIx
pas3nnyni fOMKHa YUMTbIBATbL XyALLee MMrMeHNYECKOoe COCTOsIHME MONOCTU pTay KOMOPOUAHbBIX MaLMEHTOB.

KnioueBble cnoBa: XpOHWYECKU reHepannM30oBaHHbIi MapOAOHTUT, caxapHbli AnabeT 2-ro Tuna, OXKUpeHre, KOMOPOUAHOCTb, CUCTEMHOE BOCMANEeHVe,
meTabonudeckumii cuHapom, HbA1c, pesopbuyst anbBeonspHO KOCTH
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Chronic generalized periodontitis (CGP) remains one of the
most common inflammatory disorders of the oral cavity. In
is more and more often considered as a component of the
systemic inflammatory continuum. According to the GBD 2021
analysis, the number of cases of severe periodontitis in the world
increased by 91.54% in 1990-2021, which emphasizes stable
medical and social significance of the disorder [1]. In this context,
the growing prevalence of metabolic disorders, primarily type 2
diabetes mellitus (T2D) and obesity, reinforces the urgency of
multidisciplinary analysis of periodontal tissue damage [2, 3].

T2D is associated with chronic hyperglycemia, accumulation
of advanced glycation end products, impaired microcirculation,
and immune dysfunction. These mechanisms make periodontal
tissues more susceptible to inflammation, accelerate the clinical
attachment loss, and enhance the alveolar bone resorption
[4-6]. According to the data of the systematic review and
meta-regression analysis of prospective studies, diabetes is
associated with higher risk of periodontitis [7], and a modern
review reports the increase in the risk of the disease occurrence
or progression by 86% (RR 1.86; 95% CI 1.3-2.8) [5].

Obesity is considered as an independent risk factor of
inflammatory periodontal disorders. Adipokines and pro-inflammatory
cytokines of the adipose tissue support chronic subclinical
inflammation, alter tissue reactivity; these also can make the
course of periodontitis more severe [8-13]. In one of the
studies, among 314 obese young adult patients, gingivitis was
found in 63.7% of cases, and stage Il periodontitis in 22.6%
of cases; the increase in body mass index was positively
correlated to the increase in PD, CAL, RD, and PI (p < 0.05)
[11]. In the published systematic review and meta-analysis,
obesity was associated with the increased risk of periodontitis
(OR 1.31; 95% CI 1.22-1.41) [14].

Systemic inflammation, endothelial dysfunction, and metabolic
disorders provide the common pathogenetic background for
periodontitis, T2D, obesity, and cardiovascular disorders [15].
At the same time, direct comparisons of the CGP clinical and
radiological phenotype in patient with T2D and obese patients
within the same diagnostic protocol are limited. Such comparative
assessment is important for the clinical routing of patients and
clarification of the factors associated with the more severe disease
course. The study aimed to conduct comparative assessment
of clinical and radiological manifestations of CGP in patients with
T2D, obesity and those having no somatic disorders.

METHODS

A total of 90 patients (42 males and 48 females) aged 35-60
(average age 47.3 + 6.1 years) with the diagnosis of moderate
chronic generalized periodontitis, exacerbation or unstable
remission, were included in the comparative cross-sectional
clinical trial. All patients were divided into three groups,
30 individuals per group: group | — patients with CGP without
any defined somatic disorder; group Il — patients with CGP
against the background of T2D; group Il — patients with CGP
against the background of obesity. The groups formed were
matched for gender and age.

Inclusion criteria: age 35-60 years, at least 20 teeth,
and the confirmed diagnosis of moderate CGP. Patients
with acute inflammatory disorders of the oral cavity, severe
decompensation of concomitant conditions, and the
combination of T2D and obesity were not included in the
study. The groups were allocated based on the somatic status
and the data on the presence of T2D or obesity from medical
records. The smoking status and other behavioral factors
were not used as the criteria for stratification of the groups,
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which was taken into account as a potential limitation of the
study when interpreting the results.

Clinical assessment included estimation of the simplified
oral hygiene index (OHI-S), sulcus bleeding index (SBI),
periodontal pocket depth (PPD), clinical attachment loss (CAL).
Measurement was performed using a standard periodontal
probe at six points near each tooth. CAL was calculated as
the sum of the periodontal pocket depth and the value of the
gingival recession/displacement of the gingival margin relative
to the cement-enamel junction. Radiological assessment of the
alveolar bone condition was performed based on the digital
orthopantomography data and targeted intraoral radiographs
obtained using the standard protocol in the clinic X-ray room. In
patients of group I, the T2D duration, glucose-lowering therapy
pattern, and HbA1c levels were also assessed; in patients of
group lll, body mass index (BMI) and the lipid profile indicators
were evaluated.

Statistical data processing was conducted using the
standard software package. The data are presented as M + SD.
The distribution was tested for normality using the Shapiro-Wilk
test. One-way analysis of variance (ANOVA) with subsequent
post-hoc Tukey’s test was used to compare quantitative
indicators between three groups. Student’s t-test was used
for pairwise comparison, and Pearson’s correlation coefficient
was used to assess the relationship between traits. The 95%
confidence intervals (Cl) of the differences of mean values
were also calculated for some key intergroup differences. The
differences were considered significant at p < 0.05.

RESULTS

There were no significant differences in the average age of
patients in the groups (I: 46.8 + 6.0; II: 47.5 + 5.9; lll: 47.7 + 6.5
years; p > 0.05). The share of males was 43.3% in group |, 46.7%
in group Il, and 46.7% in group Il (o > 0.05), which suggested
that the groups were comparable based on major demographic
characteristics.

In group I, the average T2D duration was 9.2 + 3.8 years;
the combination glucose-lowering therapy was reported
in 63.3% of cases, and insulin therapy was reported in
36.7% of cases. The average HbA1c level was 8.1 = 1.0%,
which corresponded to insufficient glycemic control in a large
number of patients. In group lll, BMI was 33.8 + 3.4 kg/m?;
class Il obesity was diagnosed in 46.7% of patients, and class
lll obesity was reported in 23.3%. Hypercholesterolemia and
atherogenic dyslipidemia (increased levels of triglycerides and
LDL cholesterol, decreased HDL cholesterol levels) were typical
for this group.

The gum hygiene and inflammation indicators were worse
in patients with somatic comorbidities. OHI-S was higher in
groups lland Il (2.3 £ 0.4 and 2.2 + 0.5 points, respectively)
compared to group | (1.8 + 0.3; p < 0.05). The difference
between the mean OHI-S values was 0.50 points (95% CI
0.32-0.68) for Il-I and 0.40 points (95% CI 0.19-0.61) for
lNI-I. SBI was 42 + 9% in group |, 61 + 11% in group Il
and 56 + 10% in group lIl; the differences II-I and lli-I were
significant (p < 0.05). The difference between the mean
SBI values was 19 percentage points (95% Cl 13.8-24.2)
between groups Il and | and 14 percentage points (95% CI
9.1-18.9) between groups Il and I. Diffuse gingival bleeding
and episodes of spontaneous bleeding with minimal trauma
were more often found in patients with T2D, while in obese
patients the localized areas of hyperemia and hypertrophy of
the interdental papillae with the pronounced bleeding upon
probing prevailed.
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The periodontal pocket depth and clinical attachment loss
values were higher in groups Il and Il compared to group |. The
differences between groups Il and |, as well as between groups
Il and | were significant (p < 0.05). There were no significant
differences in PPD between groups Il and lll (p = 0.09), and the
differences in CAL were also non-significant (o > 0.05).

The X-ray examination more often revealed infrabony
pockets and uneven resorption of the interalveolar septa, while
the combination of the horizontal and focal vertical resorption,
especially in the area of multi-rooted teeth, prevailed in obese
patients. In group Il, a moderate positive correlation between
HbA1c levels and the periodontal pocket depth (r = 0.42;
p < 0.05), clinical attachment loss (r = 0.39; p < 0.05), and
SBI (r = 0.36; p < 0.05) was revealed. In group lll, there was a
moderate correlation of BMI with PPD (r = 0.33; p < 0.05) and
SBI (r = 0.35; p < 0.05), and triglyceride levels were correlated
to the bone resorption severity (r= 0.31; p < 0.05).

Thus, in this cross-sectional study T2D and obesity were
associated with the less favorable clinical and radiological
characteristics of CGP; some intergroup differences could be
due to poorer oral hygiene in patients with comorbidities.

DISCUSSION

The data obtained confirm that metabolic disorders considerably
modify the CGP course. The less favorable indicators in
patients with T2D are consistent with the modern reviews and
meta-analyses emphasizing the role of chronic hyperglycemia,
advanced glycation end products, oxidative stress, and
microcirculation disorders in the progression of periodontitis; in
particular, the risk of periodontitis development or progression
in patients with diabetes was estimated to be 86% higher (RR
1.86; 95% Cl 1.3-2.8) [5].

The identified correlation of HbA1c with the pocket depth,
attachment loss, and bleeding suggests the clinical significance
of carbohydrate metabolism compensation. This is in line with
the concept of bidirectional relation between diabetes and
periodontitis, with which inflammation in periodontal tissues
maintaining the systemic pro-inflammatory background can
make it difficult to achieve glycemic targets [2-6].

In obese patients, a significant worsening of the CGP
course compared to the group without somatic disorders
was also observed. This is consistent with both distinct case
reports and modern reviews. Thus, among obese young adult
patients gingivitis was reported in 63.7% of cases, and stage Il
periodontitis in 22.6% of cases; the increase in BMI was
accompanied by the increase in PD, CAL, RD, and Pl (p <0.05) [11].
According to the results of the published systematic review and
meta-analysis [14], obesity is associated with the increased risk
of periodontitis (OR 1.31; 95% CI 1.22-1.41). The association
of BMI and triglycerides with periodontal indicators revealed in
our study further confirms the involvement of the adipose
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