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Zinoveva AA, Bakhchinian E, Kamenkov SS, Shcherbakova LN, Bugerenko AE, Ogay DS, Voloshin NS, Chechekhina ES    , Kulebyakin KYu

POSTMENOPAUSAL CHANGE IN MSCs SENSITIVITY TO TESTOSTERONE, 17β-ESTRADIOL, AND PTH 
ARE ASSOCIATED WITH IMPAIRED ADIPOGENESIS 

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, 

17β-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, 17β-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, 17β-estradiol, PTH, adipogenic potential, menopause, menopausal hormone therapy
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ПОСТМЕНОПАУЗАЛЬНОЕ ИЗМЕНЕНИЕ ЧУВСТВИТЕЛЬНОСТИ МСК К ТЕСТОСТЕРОНУ, 
17β-ЭСТРАДИОЛУ И ПТГ АССОЦИИРОВАНО С НАРУШЕНИЕМ АДИПОГЕНЕЗА

Менопаузальный переход сопровождается снижением уровня эстрогенов и изменением соотношения эстрогенов и андрогенов, что приводит 

к дисрегуляции дифференцировки мультипотентных мезенхимных стромальных клеток (МСК) подкожной жировой ткани, снижению их адипогенного 

потенциала, гипертрофии адипоцитов и прогрессированию метаболических нарушений. Для коррекции менопаузальных расстройств назначается 

менопаузальная гормональная терапия (МГТ), однако влияние экзогенных гормонов на МСК остается малоизученным. Целью исследования было изучить 

адипогенную дифференцировку МСК подкожной жировой ткани и их чувствительность к тестостерону, 17β-эстрадиолу и паратиреоидному гормону 

(ПТГ) в постменопаузе. В исследование включено шесть пациенток с доброкачественной гинекологической патологией, из них две в репродуктивном 

периоде, одна в перименопаузе и три в постменопаузе. Адипогенную дифференцировку МСК проводили в течение 14 дней с добавлением тестостерона, 

17β-эстрадиола или ПТГ по 10 нМ, после чего оценили долю клеток с жировыми каплями. Базовый уровень адипогенеза в контроле составил 26–30% 

у пациенток репродуктивного возраста и 12–42% в постменопаузе с выраженной межиндивидуальной вариабельностью. Гормональная стимуляция 

значительно подавляла адипогенез МСК в постменопаузе: тестостерон снизил эффективность до 46–56% от контроля, эстрадиол — до 51–84%, 

ПТГ — до 53–66%, тогда как в репродуктивном возрасте эффект был умеренным (65–85%). Полученные данные демонстрируют сдвиг гормональной 

чувствительности МСК подкожной жировой ткани в постменопаузе и свидетельствуют о том, что МГТ может оказывать дополнительное ингибирующее 

действие на адипогенез через подавление дифференцировки МСК.
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Table 1. Clinical characteristics of patients

Note: * — the patient had a history of using topical estrogens.

ID
Age, 
years

BMI, kg/m2 Reproductive aging stage
 (Straw classification)

Extent of surgery Somatic diseases

1 35 25.5 -4 Diagnostic laparoscopy, chromopertubation Migraine

2 25 22.3 -4 Diagnostic laparoscopy, chromopertubation Not detected

3 45 20.1 -1
Laparoscopic hysterectomy due 

to multiple fibroids 
Hashimoto's thyroiditis

4* 71 25.3 2 Laparoscopic sacral colpopexy
Grade 3 hypertension, 

Cardiovascular risk class 3 

5 69 24.3 2 Laparoscopic sacral colpopexy Not detected

6 71 40.6 2 Laparoscopic sacral colpopexy
Grade 3 hypertension, 

Cardiovascular risk class 4. 
CAD: angina pectoris

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 
bone tissues [1, 2]. MSCs represent a key 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, 17β-estradiol signaling is 
involved in the stromal tissue morphology and energy balance 
regulation during the menstrual cycle [5]. After menopause, the 
decrease in 17β-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 17β-estradiol) deficiency. 
MHT has a complex effect on adipose and bone tissues. It 
is well known that transdermal 17β-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 

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, 17β-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, 17β-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 cm3. 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 
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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

MSCs of patients of childbearing age

MSCs of postmenopausal patients

ID 3

ID 6
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ID 4
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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 I 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

2
 

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 µm 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 µg/mL 
insulin (Merck Millipore, Germany), 1 µМ dexamethasone (Abcam, 
UK), 0.5 mМ IBMX (Abcam, UK)). One hormone was added to 
certain wells: 10 nМ 17β-estradiol (Tocris Bioscience, UK), 
10 nМ testosterone (Cloud-Clone Corp., USA), or 10 nМ 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 

ID
Age, 
years

Reproductive aging stage 
(Straw classification)

Adipogenic differentiation, 
control

Adipogenic 
differentiation + 

testosterone

Adipogenic differentiation 
+ 17β-estradiol

Adipogenic 
differentiation + PTH

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%

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, 17β-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), 17β-estradiol (D), and 
PTH (E) normalized to the control differentiation conditions (n = 2,3; * — p < 0.05; t-test).
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using the AI 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).
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Table 3. Changes in adipogenic differentiation efficiency depending on testosterone, 17β-estradiol, and PTH supplementation in patients of various age groups

ID
Age, 
years

Reproductive aging stage 
(Straw classification)

Adipogenic differentiation + 
testosterone, % of control 

differentiation 

Adipogenic differentiation + 
17β-estradiol, % of control 

differentiation

Adipogenic differentiation + PTH, 
% of control differentiation

1 35 –4 72% 83% 75%

2 25 –4 74% 85% 65%

3 45 –1 57% 56% 54%

4 71 2 56% 84% 66%

5 69 2 52% 51% 53%

6 71 2 46% 66% 53%

RESULTS

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. 2А–C; Table 3). 17β-estradiol and PTH 
also inhibited differentiation in the late postmenopausal women 
(51–84% and 53–66% of the control, respectively) (Fig. 2 А–B, 
D–E; Table 3). 

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

basal adipogenesis value turned out to be especially insensitive 
to the effects of 17β-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 17β-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 

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 = 2–3) 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 
to 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

It 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 (17β-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 

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: c.3207C>A (p.His1069Gln) — 51.85% alleles, c.3190G>A (p.Glu1064Lys) — 8.64% 

alleles, and c.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

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

1 Sechenov First Moscow State Medical University (Sechenov University), Moscow, Russia
2 Petrovsky National Research Centre of Surgery, Moscow, Russia
3 Moscow Scientific and Practical Center for Laboratory Research, Moscow, Russia
4 Ott Research Institute of Obstetrcis, Gynecology and Reproductive Medicine, St. Petersburg, Russia
5 Federal Scientific and Clinical Center for Infectious Diseases of the Federal Medical Biological Agency, St. Petersburg, Russia
6 State Scientific Center of the Russian Federation — Federal Medical Biophysical Center named after A. I. Burnazyan, Moscow, Russia

Received: 24.02.2026 Accepted: 11.03.2026 Published online: 01.04.2026

DOI: 10.24075/brsmu.2026.012

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 study. 

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/).

Author contribution: Balashova MS — follow-up of patients, NGS data analysis, manuscript writing; Zhuchenko NA — literature review and analysis, manuscript 
writing; Tuluzanovskaya IG — 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.

М. С. Балашова1,2, Н. А. Жученко1, И. Г. Тулузановская1      , О. С. Глотов3,4,5, О. С. Сенина1, Т. М. Игнатова6, А. Ю. Асанов1 

NGS-ТЕХНОЛОГИИ КАК ИНСТРУМЕНТ ДИАГНОСТИКИ И ОЦЕНКИ ТЯЖЕСТИ ПАТОЛОГИЧЕСКОГО 
ПРОЦЕССА ПРИ БОЛЕЗНИ ВИЛЬСОНА–КОНОВАЛОВА 

На протяжении нескольких десятилетий болезнь Вильсона–Коновалова (БВК) остается в фокусе внимания широкого круга специалистов: гепатологов, 

терапевтов, неврологов, генетиков и др. Однако несмотря на значительный прогресс в понимании ее молекулярных основ, одной из ключевых 

нерешенных проблем остается установление четких корреляций между генотипом и клиническим фенотипом заболевания. Целью работы было выявить 

закономерности между генетическими вариантами в гене ATP7B и клиническими проявлениями БВК на основе метода секвенирования нового поколения. 

В работе использовали данные 81 пациента с БВК, которых наблюдали в период с 2015 по 2019 гг. Молекулярно-генетическое исследование образцов 

биоматериала (кровь) проводили методом NGS. При анализе результатов молекулярно-генетического исследования методом таргетного NGS выявлен 

31 патогенный вариант. Наибольшую частоту имели варианты: c.3207C>A (p.His1069Gln) — 51,85% аллелей, c.3190G>A (p.Glu1064Lys) — 8,64% аллелей 

и c.3402delC (p.Ala1135fs) — 6,17% аллелей. Установлена умеренная корреляция генотипа и фенотипа: патогенные варианты (нонсенс, фреймшифт, 

сплайсинг) в гомо- или компаунд-гетерозиготном состоянии ассоциированы с тяжелым поражением печени, выраженной степенью цирроза и более 

низким уровнем холинэстеразы. Полученные данные подчеркивают важность молекулярно-генетической диагностики для уточнения диагноза БВК и 

прогнозирования тяжести течения заболевания.

Ключевые слова: болезнь Вильсона–Коновалова, ген АТР7В, корреляция генотип-фенотип, секвенирование нового поколения
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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.His1069Gln (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 

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 (Illumina, 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/), IonReporter (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 
(among 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 
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Table 1. Dynamic changes in the disease course

Indicators Initial examination Follow-up examination

Liver cirrhosis (decompensated) 23.90% 0

Neurological symptoms 
(including sleep disorder, 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%

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 µg/day, with the considerable 
variation (standard deviation 635.82). The levels did not exceed 
the normal value of 50 µg/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.

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: c.3207C>A (p.His1069Gln) — the 
most common, found in 51.85% of alleles; c.3190G>A 
(p.Glu1064Lys) — found in 8.64% of alleles; c.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: c.1870-8A>G; c.3655A>T (p.Ile1219Phe); 
c.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.
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Table 2. ATP7B gene variants identified 

Note: adapted from [11].

Domain Exon Variant Effect Abundance, %

Metal-binding

2 c.331C>T (p.Gln111*) stop 1.85

2 c.403_404delTC(p.Ser135fs) frameshift 0.62

2 c.414_415insAG (p.Pro139fs) frameshift 1.24

4 c.1630C>T (p.Gln544*) stop 0.62

Transmembrane

6 c.1870-8A>G splising 0.62

7

c.1969A>C (p.Ser657Arg) missens 0.62

c.1971dupC (p.Met658fs) frameshift 0.62

c.2121+3A>G splising 0.62

8

c.2128G>A (p.Gly710Ser) missens 0.62

c.2293G>A (p.Asp765Asn) missens 0.62

c.2304dupC (p.Met769fs) frameshift 4.94

c.2332C>G (p.Arg778Gly) missens 2.47

c.2336G>A (p.Trp779*) stop 0.62

Phosphatase 11 c.2605G>T (p.Gly869*) stop 0.62

Transmembrane 13
c.2998G>A (p.Gly1000Arg) missens 0.62

c.3036dupC (p.Lys1013fs) frameshift 1.23

Phosphorylating 14
c.3190G>A (p.Glu1064Lys) missens 8.64

c.3207C>A (p.His1069Gln) missens 51.85

Transmembrane
15 c.3402delC (p.Ala1135fs) frameshift 6.17

16 c.3556+1G>T splising 0.62

ATP-binding 17

c.3098C>T(p.Thr1033Ile) missens 0.62

c.3646G>A (p.Val1216Met) missens 0.62

c.3649_3654delGTTCTG indel 4.32

c.3655A>T (p.Ile1219Phe) missens 0.62

c.3659C>T (p.Thr1220Met) missens 0.62

Phosphorylating 18 c.3809A>G (p.Asn1270Ser) missens 0.62

Transmembrane 19

c.3948delG (p.Thr1317fs) frameshift 0.62

c.3955C>T (p.Arg1319*) stop 0.62

c.3965G>C (p.Arg1322Pro) missens 0.62

C-terminus (stabilizing function) 20
c.4022G>A (p.Gly1341Asp) missens 0.62

c.4125-2A>G splising 2.47

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, 

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 
c.3207C>A (p.His1069Gln) 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 groups based on the 

effect

frameshift/ frameshift 3%

1 8%frameshift /nonsence 2%

frameshift/splising 3%

frameshift /indel 3%

2 34%
frameshift /missense 19%

missense / nonsence 8%

missense / splising 4%

missense / missense 56%
3 58%

missense / indel 2%

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

Scope of the study
Informational value, %

By patients By alleles

Only с.3207C>A 72.90% 51.85%

12 frequent variants: c.1340_1343del4, c.1770incT, c.2304insC, c.2532delCA, c.3026_3028delTCA, c.3029insT, 
c.3031insC, с.3207C>A, c.3402delC, c.3627_3630del4, c.3649_3654del6, c.3942deLAT, 3947deL

88.30% 62.80%

NGS of the gene ATP7B 96% 98%

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 c.3207C>A 
(p.His1069Gln) variant turned out to be the most common 
(51.85% 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), c.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, c.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.His1069Gln (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 АТР7В 
(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].

In addition, we compared the range of nucleotide sequences 
identified in the gene АТР7В 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: c.2304insC; c.3207C>A; c.3402delC; 
c.3649_3654del6. We identified three variants, which were 
regularly reported in patients we examined, but were not 
included in the standard panel: c.2332C>G (p.Arg778Gly); 
c.4125−2A>G; c.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 
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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.His1069Gln and p.Glu1064Lys missense variants, 
motor impairment was reported in в 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. 

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. 

It 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 c.3207C>A (p.His1069Gln), c.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 c.3207C>A (p.His1069Gln) 
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

The PI3K/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 RPLP0 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 

(RPLP0), 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 RPLP0 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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Д. О. Корнилов1       , В. М. Симарзина1, А. А. Бехтер1, Г. П. Маслаков2, Д. М. Нечаева1, А. Е. Карякина1, Ф. А. Фадеев1,3, Е. С. Ворошилина1,4, 
Д. Л. Зорников1

НАДЕЖНАЯ И ВОСПРОИЗВОДИМАЯ МУЛЬТИПЛЕКСНАЯ ОТ-ПЦР-РВ ТЕСТ-СИСТЕМА 
ДЛЯ КОЛИЧЕСТВЕННОЙ ОЦЕНКИ ЭКСПРЕССИИ ГЕНА mTOR 

Сигнальный путь PI3K/AKT/mTOR — ключевой регулятор роста клеток, его дисрегуляция вовлечена в онкогенез. Существующие способы оценки 

активности mTOR имеют недостатки дизайна. Целью работы было разработать и провести валидацию новой мультиплексной ОТ-ПЦР-РВ-тест-системы 

для относительного количественного анализа экспрессии гена mTOR с нормализацией на гены RPLP0 и TBP. Праймеры и зонды сконструированы 

in silico. Валидацию проводили на клеточной линии стромальных клеток костного мозга человека SCP-1. Специфичность оценивали в 10 сепарированных и 

10 мультиплексных постановках. Аналитическую чувствительность и эффективность определяли по 27 техническим повторам с использованием 

протокола без элонгации. Специфичность амплификации оценивали с помощью электрофореза в агарозном геле, а количественный анализ выполняли в 

режиме реального времени по каналам флуоресценции FAM (mTOR), HEX (RPLP0) и ROX (TBP). Тест показал 100%-ю специфичность. Стабильная детекция 

достигалась при 125 тыс. клеток/мл. Эффективность амплификации составила 73–81%. Вариация экспрессии mTOR, нормализованной на RPLP0, 

составила от –21,5 до 26,4%, по TBP от –14,3 до 19%. Нормализация на среднее геометрическое двух генов обеспечила лучшую воспроизводимость 

от –9 до 23,4%. Разработанный тест отличается высокой специфичностью, чувствительностью и воспроизводимостью, что делает его надежным 

инструментом для последующих клинических исследований.
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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]. In our 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-qPCR) 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 P0 (RPLP0) [13–14].

A multiplex PCR assay for mTOR expression analysis 
was previously developed by Quidville et al. [15], utilizing 
the reference genes TBP and RPLP0, 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-qPCR assay for the relative quantitative analysis 
of mTOR expression normalized to the reference genes TBP 
and RPLP0.

METHODS

In silico development and analysis of the PCR assay

Target gene mRNA 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.

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

2
 incubator 

(Panasonic (Sanyo) MCO-15A, Japan) at 5% CO
2
 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

2
 

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 concentrations of 1, 1 : 2, 1 : 4, 1 : 8 and 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-qPCR technical repeats for each gene 
were performed using the BioMaster RT-qPCR SYBR Blue 
reagent kits («Biolabmix» LLC, Russia). Undiluted RNA matrix 
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Fig. 1. Experimental design for multiplex RT-qPCR 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

Cells

RNA matrix

X3
n = 27

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 µl of 
“Reaction Buffer” (containing dNTP mix, Mg ions and SYBR 
Green), 1 µl of “Master Mix” (containing genetically modified 
Moloney Murine Leukemia Virus reverse transcriptase and 
recombinant Taq DNA polymerase inactivated by specific 
monoclonal antibodies), 5 µl of a mixture with probe, forward 
and reverse primers (each at 0.12 µmol/L, 3 pmol/reaction), 
and 6.5 µl of RNA matrix. The final reaction volume was 25 µl. 
Additionally, 10 multiplex technical repeats (amplification of 
the target gene and normalizers in one tube) were performed 
using the BioMaster RT-qPCR 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-qPCR 
protocol described (Fig. 1). Three negative control replicates were 
included. This design resulted in a total of 27 individual reactions 
(9 unique sample types × 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, 
RPLP0, 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 31st 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 31st cycle. Thus, the 31-cycle threshold was 
set as the limit beyond which no contribution from genomic 
DNA amplification is guaranteed to occur.

All 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 µL 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:

                 FC = 2–ΔCp, ΔCp = Cp
target

 – Cp
reference 

,  

where Cp
target

 is Cp value of the target gene and Cp
reference

 is 
Cp value of the normalizer. 

For the analysis, the ∆Cp value was calculated using 
each normalizer individually (RPLP0 or TBP) and, additionally, 
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Table. Oligonucleotide characteristics for the multiplex RT-qPCR assay

Note: F — forward; R — reverse. Gene symbols refer to mammalian target of rapamycin (mTOR), ribosomal protein lateral stalk subunit P0 (RPLP0), 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

Type
Gene 
name

Sequence, 5' → 3' Amplicon length, bp Melting Т, °C GC% Detection

F-primer

mTOR

GCCCAGGCCGCATTGTCTCTAT

84

68 59.1

FAMR-primer GCAGTAAATGCAGGTAGTCATCCAGGTT 73 60.0

Probe TGGCTGCAATCCAGCTGTTTGGCGC 68 46.4

F-primer

RPLP0

GGCGACCTGGAAGTCCAACTA

149

66 57.1

HEXR-primer CCATCAGCACCACAGCCTTC 65 60.0

Probe ATCTGCTGCATCTGCTTGGAGCCCA 72 56.0

F-primer

TBP

CACGAACCACGGCACTGATT

89

65 55.0

ROXR-primer TTTTCTTGCTGCCAGTCTGGAC 65 50.0

Probe TGTGCACAGGAGCCAAGAGTGAAGA 69 52.0

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

А

B

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

2
 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

2
 of the CE. 

Regression analysis yielded the following equation for each gene:
                                          
                                   y = a – b • x,

where y is the predicted Cp value, a is the y-intercept, b is the 
slope of the regression line, and x is log

2
(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:

variability value = 1 – (mTOR FC sample value / mean mTOR FC value).

mTOR FC values were calculated for the corresponding 
normalization strategy (normalized to RPLP0, TBP, or the 
geometric mean of both).

All analyses and graphs were performed in the R environment, 
version 4.5.2. 
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Fig. 3. Amplification efficiency of the target gene mTOR and reference genes RPLP0 and TBP. Amplification efficiency analysis for mTOR, RPLP0, and TBP genes 
showing linear regression plots of Cp values versus log

2
 of the Cell Equivalent. Experimental amplification efficiencies were 81% for mTOR (regression equation: 

y = 39 – 0.81x), 79% for RPLP0 (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
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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), 
RPLP0 (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 RPLP0 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 RPLP0 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 RPLP0 — 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, RPLP0, 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, RPLP0, 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
2
) was 

constructed for all three genes (Fig. 3).
Spearman correlation coefficients for the relationship between 

Cp and the CE (log
2
) were –0.81, –0.84, and –0.77 for mTOR, 

RPLP0, and TBP, respectively (p < 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 RPLP0 — 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 amplification efficiency of the investigated 
primers, with the slopes of the experimental lines close to 
–1 (y = 39 – 0.81x for mTOR, y = 33 – 0.79x for RPLP0, 
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 RPLP0 and TBP. The median FC value of mTOR normalized 
to RPLP0 was 0.02 (0.02 – 0.03), indicating a consistently 
higher expression level of the RPLP0 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 RPLP0 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. 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 RPLP0, TBP, and their geometric mean (RPLP0 and TBP). The reduced variability (narrower 
interquartile range) achieved by using two reference genes simultaneously
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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 
RPLP0. 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 RPLP0 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 Taq 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.

Fig. 4. Analysis of mTOR expression relative to reference genes RPLP0 and TBP. The expression of mTOR was consistently lower than RPLP0 and higher than TBP 
in the SCP-1 cell line
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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-qPCR assay provides a direct and 
reproducible tool for assessing mTOR expression, capturing 
the integrated activity of the PI3K/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 

is inextricably linked to the specific reagents and protocols 
employed in this work. Therefore, the clinical applicability of 
the developed test system for assessing mTOR expression in 
breast cancer diagnosis and stratification must be established 
through future studies on representative tissue cohorts. Such 
studies will determine its diagnostic accuracy (sensitivity, 
specificity, AUC) and evaluate the potential for implementation 
into routine clinical practice. It should also be noted that 
increased mTOR expression is observed not only in oncological 
but also in other diseases (e.g., rheumatic pathologies); 
therefore, the interpretation of results will depend on the type 
of biological material studied and the clinical study design. 
Depending on the specific task, future applications may require 
either the establishment of diagnostic thresholds for particular 
sample types (e.g., tumor biopsies) or the introduction of 
additional markers (e.g., RILP) to differentiate conditions with 
similar mTOR expression profiles. Despite the need for further 
research, the developed PCR assay represents a promising 
foundational tool for advancing molecular diagnostics in breast 
cancer.

CONCLUSIONS

In this study, we designed and validated a novel multiplex 
RT-qPCR assay for the relative quantification of mTOR gene 
expression normalized to RPLP0 and TBP. A critical flaw of the 
the previously described design, which consisted of overlapping 
sequences of the probe and primer for the TBP gene was 
eliminated in the developed assay through the correct design 
of oligonucleotides, verification of the absence of primer-dimer 
interactions, and the use of optimal strategies to prevent 
genomic DNA amplification. The assay demonstrated 100% 
analytical specificity and a sensitivity of 125 thousand cells/mL. 
The amplification efficiency was 73% for TBP, 79% for RPLP0, 
and 81% for mTOR. In the SCP-1 cell line, the expression of 
mTOR was substantially higher than that of TBP but lower than 
RPLP0. Normalization to the geometric mean of both reference 
genes yielded the highest reproducibility, with a median Fold 
Change deviation of 4.9% between technical replicates. The 
developed PCR assay allows to overcome a critical design 
flaw of a previously published assay and, given the role of 
mTOR overexpression in carcinogenesis, is a promising tool for 
advancing molecular diagnosis in breast cancer.
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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 о 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 

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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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 β-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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Гепатоцеллюлярная аденома является редкой доброкачественной опухолью печени с потенциально неблагоприятным течением, обусловленным риском 

кровоизлияния и злокачественной трансформации. Лечение зависит от подтипа и размеров образования. Представлено клиническое наблюдение 

гепатоцеллюлярной аденомы у женщины репродуктивного возраста на фоне длительного применения оральных контрацептивов. Опухоль размером 8 см 

была случайно выявлена при инструментальном обследовании; морфологическое и иммуногистохимическое исследование подтвердили доброкачественный 
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профилактики риска кровоизлияний и малигнизации.
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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, 7].  

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, β-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, β-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 β-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 М. 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 
(03.10.2025, revision 05.10.2025), the liver is enlarged, with 

an uneven outline; bilobar dimensions 208 × 186 mm. A solid 
mass sized at least 65 × 76 × 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 β-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 β-catenin expression, which allowed us to rule out the 
β-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 β-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 β-catenin activity.
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Fig. Gross specimen. Liver tissue fragment sized 8 × 8 × 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 β-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 

increased risk of intrahepatic and intraperitoneal hemorrhage, 
especially during hormonal stimulation. Immunohistochemistry 
assessment revealed the lack of the β-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 β-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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Tsyganov MM1,2       , Tsydenova IA1, Loos DM1, Ibragimova MK1,2

CHANGES IN EXPRESSION OF HOMOLOGOUS RECOMBINATION GENES 
IN CHEMOTHERAPY-INDUCED TUMORS IN VIVO

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 Brca1, Brca2, Cdk12, Chek2, Palb2, Bard1, 

Brip1 and Rad paralogues was observed in three tumor samples. One sample showed high expression of the genes Cdk12 (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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М. М. Цыганов1,2      , И. А. Цыденова1, Д. М. Лоос1, М. К. Ибрагимова1,2

ИЗМЕНЕНИЯ В ЭКСПРЕССИИ ГЕНОВ ГОМОЛОГИЧНОЙ РЕКОМБИНАЦИИ В ХИМИЧЕСКИ 
ИНДУЦИРОВАННЫХ ОПУХОЛЯХ IN VIVO

Изучение молекулярных механизмов канцерогенеза, включая нарушение в системе гомологичной рекомбинации (ГР), является важной задачей при 

изучении процесса малигнизации. Дисфункция генов ГР, таких как BRCA1/2, способствует геномной нестабильности и развитию более агрессивных 

опухолевых клонов. Использование химических канцерогенов, таких как диметилбенз(а)антрацен (ДМБА), позволяет моделировать процессы 

опухолеобразования и анализировать изменения экспрессии генов репарации. Изучение этих изменений важно для понимания механизмов адаптации 

опухолевых клеток к генотоксическому стрессу и разработки персонализированных подходов к терапии рака. Целью работы было оценить экспрессию 

основных генов ГР при химиоиндуцированном канцерогенезе у мышей. Исследование проводили на самках аутбредных лабораторных мышей ICR 

(CD-1; n = 20). Сформировано две группы животных: контрольная и группа исследования с введением ДМБА. Для идентификации опухолей аутопсийный 

материал подвергали гистологическому анализу. Уровень экспрессии генов оценивали при помощи ОТ-ПЦР, наличие хромосомных аберраций — 

посредством цифровой ПЦР. Наличие опухолей установлено у четырех животных. В трех образцах опухоли наблюдали нулевую экспрессию Brca1, 

Brca2, Cdk12, Chek2, Palb2, Bard1, Brip1 и паралогов Rad. У одного образца зафиксированы высокие уровни генов Cdk12 (14,3), Chek1 (27,6), Rad51d 

(38,5). В большинстве случаев зафиксировано преобладание делеций в исследуемых генах. Таким образом, при опухолеобразовании происходит 

снижение экспрессии основных генов репарации, формирование хромосомных аберраций, что может способствовать появлению более агрессивных 

клонов, а также увеличивать чувствительность к химиопрепаратам.

Ключевые слова: химиоиндуцированный канцерогенез, гены гомологичной рекомбинации, Brca1, экспрессия, диметилбензантрацен
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ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    ОНКОЛОГИЯ

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[a]anthracene (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 
BRCA1 expression decrease in breast cancer cells [6]. The 
earlier research showed that PAH also suppressed BRCA1 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 Rad51 mutations strongly predispose mice to lymphomas, 
while the Brca1 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 BRCA2 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 Rad51 gene in vivo 
does not contribute to tumor development, but rather ensures 
protection against the tumor. These data suggest that the 

Rad51-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 (n = 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 µL) of 
the solvent. A total of 0.07 mg (70 µg) of the substance was 
taken for the course. Recalculated on the solution: 70 µL of 
the substance dissolved in toluene were adjusted to 30 ml of 
vegetable oil. With this dilution, the substance dose was 
23 µg/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 
СО

2
 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 °С the tissue samples 
were stored at a temperature of –80 °С 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 mm3 were placed 
in the 10% рН-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 µm 
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.A1 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 QIAamp DNA mini Kit (Qiagen, 
Germany), respectively, in accordance with the manufacturer’s 
instructions.

Real-time qPCR

Expression levels of the homologous recombination genes 
Brca1, Brca2, Atm, Bard1, Brip1, Cdk12, Chek1, Chek2, Fancl, 
Palb2, Ppp2r2a, Rad51b, Rad51c, Rad51d, Rad54l, Parp1 
were assessed using the reverse transcription quantitative 
PCR in the real-time mode (RT-qPCR) based on the TaqMan 
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 QIAcuity Digital PCR System (Qiagen, 
Germany) was used as a method to analyze the Brca1, Brca2, 
Cdk12, Chek1, Parp1, and Rad51c gene copy number. The 

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 (31.4 ± 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. 2А). 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
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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 Brca1 (2.06 AU); 
Atm (6.81 AU), Bard1 (5.62 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 

Fig. 2. Microphotographs of the sections of tumor specimens obtained from laboratory animals No. 7 (А), No. 8 (B), No. 9 (C), and No. 6 (D), 10× magnification. 
Hematoxylin and eosin stain

А B

C D

mouse No. 6 (Fig. 3А), 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 Brca1 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 Rad51c (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 (Brca1, Brca2, Cdk12, Chek2, 
Palb2, Rad51b, Rad51c, Rad51d). In the tumor of mouse No. 9, 
zero values were reported for 12/16 genes (Brca1, Brca2, Atm, 
Bard1, Brip1, Chek2, Fancl, Palb2, Ppp2r2a, Rad51b, Rad51d, 
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Rad51l) (Fig. 3C and D). The deletion in the Brca1 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 Brca1, and only two deletions are 
reported for the genes Brca2 and Rad51c. 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 amplification 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 BRCA1 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, 
Brca1, Atm, Bard1, Fancl, Chek1, and Parp1. Furthermore, 
according to the literature data, disturbances in Cdk12 
functional activity lead to DNA repair abnormalities, causing 

Fig. 3. Homologous recombination gene expression levels in the group of mice administered carcinogen (DMBA) 
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Table. Presence of the homologous recombination gene DNA copy number aberrations in tumor specimens 

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

Genes/samples
Tumor specimen from

 animal No. 6
Tumor specimen from 

animal No. 7
Tumor specimen from 

animal No. 8
Tumor specimen from 

animal No. 9

Brca1 Gain Loss Loss Loss

Brca2 Loss Loss Loss Loss

Cdk12 Gain Loss Loss Loss

Chek1 Gain n n n

Parp1 Gain n n Gain

Rad51c Loss Gain Loss n
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genomic instability and the decrease in expression of some 
homologous recombination genes, such as Brca1, Fanci, and 
Fancd2 [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 Brca1 gene, the 
expression of which was significantly decreased in tumor 
tissues. Cases have been reported, when mutant mice with 
Brca1 defects (Brca1tr/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 
Brca1 dysfunction for the mechanism of carcinogenesis [10]. 
Moreover, assessment of the Brca1 gene copy number using 
digital PCR revealed the Brca1 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 Brca1 gene deletion. We also 
revealed hyperexpression of the genes Rad51d and Rad51c 
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 Bard1 inactivation induces 
basal-like carcinomas of the breast with the rate, latency, and 
histopathological characteristics indistinguishable from those 
observed in mice with the Brca1 mutation or double Bard1/
Brca1 mutation [13]. Such results suggest that Bard1 functions 
as the key tumor suppressor gene, along with Brca1, and that 
the Brca1-mediated tumor suppression is largely dependent on 
the Bard1/Brca1 heterodimer. However, the question remains, 

why high Bard1 expression is observed despite the decreased 
Brca1 expression. In our previous in vitro study, it was found 
that when continuously exposed to cytostatic agents, the cell 
lines with BRCA1 dysfunction acquired genetic alterations 
characterized by the HR gene amplification  (including BARD1) 
and increased expression [14].

Among the genes tested, it is also important to highlight the 
Rad51 gene paralogues that are involved in attracting Rad51 to 
the sites of DNA damage [26] and contribute to formation and 
stabilization of the Rad51 nucleoprotein filament. However, the 
exact role of each paralogue is not yet fully defined. Nevertheless, 
none of the RAD51 mutations are associated with predisposition 
to cancer, which constitutes the “RAD51 paradox” [25]. One 
potential explanation of the “RAD51 paradox” is that the 
mutations affecting the mediator genes/accessory genes (such 
as BRCA1 or BRCA2) in cancer result in the lack of RAD51 
in damaged DNA, leaving access to alternative, exclusively 
mutagenic repair processes [25]. Thus, it has been shown in the 
mouse model that decreasing the Rad51 activity in vivo not only 
contributes to tumorigenesis, but also protects against tumors. 
These data suggest that the Rad51-controlled repair is not a 
tumor suppressor, but rather contributes to tumor progression 
[10, 11].

CONCLUSIONS

Thus, carcinogenesis is accompanied by developing the 
homologous recombination deficiency, and the related repair 
gene abnormalities are enhanced at early stages of transformation 
and tumor progression. We found significant changes in the 
copy number and expression profiles of the genes involved in 
biotransformation of xenobiotics, apoptosis, and cell proliferation. 
The findings emphasize the need for comprehensive analysis 
of the homologous recombination gene aberrant states aimed 
at understanding the carcinogenesis mechanisms and suggest 
potential directions for the development of novel diagnostic and 
therapeutic strategies in oncology. Understanding of abnormalities 
in the test genes, their homo- or heterogeneity can contribute 
to the development of the algorithms to determine the tumor 
chemosensitivity to DNA-damaging agents in the future. Such an 
approach will shed more light on the role of genetic instability in 
carcinogenesis and open new avenues for treatment methods.
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Minasov BSh1, Yakupov RR1, Akbashev VN1      , Bilyalov AR1, Evgrafov IO1, Karimov KK2, Minasov IB1, Akhmeldinova AA1, Salimyanova MR1 

USING INTERACTIVE TECHNOLOGIES FOR REHABILITATION FOLLOWING REVISION 
KNEE ARTHROPLASTY

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° (p = 0.01); 

EMG amplitude — 179 ± 16 versus 165 ± 16 μV (p = 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 (p = 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.

Keywords: revision arthroplasty, knee joint, periprosthetic infection, rehabilitation, biofeedback, Walker View, two-stage revision arthroplasty, articulating spacer
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Б. Ш. Минасов1, Р. Р. Якупов1, В. Н. Акбашев1      , А. Р. Билялов1, И. О. Евграфов1, К. К. Каримов2, И. Б. Минасов1, А. А. Ахмельдинова1, 
М. Р. Салимьянова1

Хроническая перипротезная инфекция после эндопротезирования коленного сустава требует двухэтапного лечения, однако межэтапная реабилитация 

пациентов с артикулирующим спейсером разработана недостаточно. Целью работы было определить, повышает ли включение интерактивной тренировки 

ходьбы с биологической обратной связью на комплексе Walker View эффективность стандартной восстановительной программы после первого этапа 

двухэтапной ревизии. В проспективное рандомизированное контролируемое исследование включили 87 пациентов после удаления эндопротеза и установки 

артикулирующего спейсера. Основная группа (n = 43) проходила стандартную реабилитацию в сочетании с тренировкой на Walker View, контрольная 

(n = 44) — только стандартную программу; курс составил 21 день. Оценивали объем движений в коленном суставе, амплитуду ЭМГ четырехглавой мышцы, 

длину шага, скорость ходьбы, постуральную устойчивость, показатели SF-36, WOMAC и KSS. К окончанию курса в основной группе достигнуты лучшие 

результаты: сгибание 78 ± 6° против 71 ± 7° (p = 0,01), амплитуда ЭМГ 179 ± 16 против 165 ± 16 мкВ (p = 0,01), длина шага 54,2 ± 5,0 против 49,5 ± 5,0 см 

(p = 0,01), скорость ходьбы 0,70 ± 0,05 против 0,65 ± 0,05 м/с (p = 0,02), общая стабильность 80 ± 8% против 72 ± 7% (p = 0,01), физический компонент 

SF-36 — 51 ± 8 против 47 ± 7 баллов (p = 0,01). Различия по WOMAC и KSS были статистически незначимы (p = 0,06 и p = 0,07). Включение Walker View в 

межэтапную реабилитацию обеспечивает более выраженное восстановление подвижности, нейромышечной функции, ходьбы и равновесия.

Ключевые слова: ревизионная артропластика, коленный сустав, перипротезная инфекция, реабилитация, биологическая обратная связь, Walker View, 
двухэтапное ревизионное эндопротезирование, артикулирующий спейсер
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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. 

PPI is one of the most severe complications of knee 
replacement. Large-scale cohort studies report the incidence 
of PPI as 1–2% after primary arthroplasty, and up to 4% after 
revision surgeries [3]. PPI 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 III–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 m² 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 α = 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. 



43

ORIGINAL RESEARCH    ORTHOPEDICS

BULLETIN OF RSMU   2, 2026   VESTNIK.RSMU.PRESS   DOI: 10.24075/BRSMU.2025.018| ||

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 inflammatory 
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 

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.

Table 1. The standard medical rehabilitation program

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

Continuous passive 
motion (CPM)

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

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

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

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

Restoration of strength and 
weight-bearing ability

Electrical muscle 
stimulation

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

Frequency 30–50 Hz, pulse duration 
250–300 microseconds, 15–20 minutes

Prevention of atrophy, activation

Soft tissue massage
Classical and lymphatic drainage massage 
of the thigh and lower leg muscles

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

Improved microcirculation, 
decreased muscle tone

Graded walking
Learning walking techniques with the distance 
gradually increasing

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

Normalization of walking 
patterns, early mobilization
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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-F01 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.r.l., Italy). 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 (mm²), 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 III 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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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

1
; Q

3
]) 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 χ² 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 
(p = 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 (p = 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 (p = 0.010 

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 
(p = 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 
(p = 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 to 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 
(p = 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 (p = 0.060). 
A similar trend was observed for the KSS score: both groups 
exhibited clinical status improvement, but the intergroup 
differences were insignificant (p = 0.070). This lack of 
significance may stem from the load limitation associated with 

Table 2. Rehabilitation results assessment methods

Method Measured parameters Tool / equipment Purpose

Range of motion (ROM) 
assessment

Angle of active flexion and extension 
of the knee joint

Arthromot ORMED FLEX-F01 
Active (Russia)

Assessment of mobility restoration 
and contracture prevention

Electromyography (EMG)
The amplitude of arbitrary contractions 
of m. quadriceps femoris and m. gastrocnemius

Neuro-MVP-4 (Russia)
Analysis of neuromuscular activation 
and muscle tone

Gait analysis
Step length, movement speed, load phase 
duration, step symmetry coefficient

Walker View 3.0 SCX (Italy)
Assessment of recovery of motor 
patterns and gait parameters

Stabilometry
Pressure center, oscillation amplitude, stability 
limit, integral stability

Huber 360 (France)
Diagnosis of postural stability 
(not included in the rehabilitation 
program)

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

Paper forms
Comprehensive assessment of 
clinical efficacy and functional status
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Table 3. Post-rehabilitation functional state assessment

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.

Indicator
Treatment group 

(before)
Treatment group 

(before)
Control group 

(before)
Control group (before) p between groups

Knee joint flexion, ° 60 ± 7 78 ± 6 58 ± 8 71 ± 7 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 54.2 ± 5 44 ± 5 49.5 ± 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 76 ± 7 60 ± 7 68 ± 7 0.01

SF-36, points 41 ± 7 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

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 

incorporating interactive biofeedback technology (Walker View) 
with a standard program in patients undergoing the interval 
phase between the two stages of revision knee arthroplasty 
for chronic periprosthetic joint infection. After the three-week 
interstage rehabilitation period, the treatment group showed 
significantly greater range of motion, neuromuscular activity, 
temporal-spatial gait characteristics, and overall postural 
stability indicators than the control group. Local stabilometry 
parameters and the WOMAC and KSS scores were not 
significantly different between groups. The data reveal distinct 
recovery dynamics depending on the rehabilitation model used, 
highlighting the need for a differentiated approach to assessing 
functional state with a temporary spacer. Further research 
could focus on assessing long-term outcomes after the second 
stage of surgery, evaluating how rehabilitation models affect 
complication rates, and developing criteria for readiness for 
final replacement.
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Demin NA1,2, Achkasov EE1, Polyaev BA2, Shishkin AA2, Medvedeva AI3, Ostanin OE2

ELECTRICAL MYOSTIMULATION EFFECTS ON NEUROMUSCULAR CONDUCTION AND FUNCTIONAL 
STATE OF MUSCLES AFTER COMPONENT SEPARATION 

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 to 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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Н. А. Демин1,2, Е. Е. Ачкасов1, Б. А. Поляев2, А. А. Шишкин2, А. И. Медведева3, О. Е. Останин2

ВЛИЯНИЕ ЭЛЕКТРОМИОСТИМУЛЯЦИИ НА НЕРВНО-МЫШЕЧНУЮ ПРОВОДИМОСТЬ 
И ФУНКЦИОНАЛЬНОЕ СОСТОЯНИЕ МЫШЦ ПОСЛЕ СЕПАРАЦИОННОЙ ГЕРНИОПЛАСТИКИ

После сепарационной герниопластики по поводу послеоперационных вентральных грыж у многих пациентов сохраняется мышечная дисфункция 

передней брюшной стенки. Электромиостимуляция может улучшить восстановление, но ее эффективность после таких операций изучена недостаточно. 

Целью исследования было оценить влияние послеоперационной электромиостимуляции на нервно-мышечную проводимость и функциональную 

активность прямых мышц живота. В проспективное контролируемое нерандомизированное исследование включили 128 пациентов (средний возраст 

47,9 ± 8,6 лет), перенесших сепарационную герниопластику. Основная группа (n = 64) получала электромиостимуляцию с 10-х суток (12 сеансов по 

5–10 мин, 3 раза в неделю, аппарат COMPEX SP-2.0®, Швейцария), контрольная (n = 64) — нет. Электронейромиографию прямых мышц живота 

проводили до и после курса на аппарате «Synapsis» (ООО НМФ «Нейротех», Россия). В основной группе латентный период сократился с 10,1 до 7,9 мс 

(на 21,8%; p < 0,001), в контрольной — с 9,7 до 9,2 мс (на 5,2%; p < 0,001); межгрупповое различие p = 0,002. Амплитуда М-ответа улучшилась в обеих 

группах (основная: с 8,4 до 8,9 мВ, +5,6%, p < 0,001; контрольная: с 8,2 до 8,8 мВ, +6,8%, p < 0,001) без различий между группами (p = 0,295). Скорость 

индуцированного мышечного сокращения в основной группе изменилась минимально (с 45,0 до 45,4 м/с, p = 0,049), в контрольной — нет (p = 0,316); 

у 89,1% пациентов показатель оставался ниже нормы. Выводы: послеоперационная электромиостимуляция достоверно ускоряет восстановление 

нервно-мышечной проводимости, но не влияет на амплитуду мышечного ответа. Включение электромиостимуляции в реабилитационные программы 

целесообразно.
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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 
[5]. 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/m2.

Non-inclusion criteria (assessed before patient enrollment): 
refusal of submitting the informed consent; history of recurrent 
PVH; pacemaker installed; decompensated somatic disorder 
(decompensated diabetes mellitus, NYHA functional class III–IV 
chronic heart failure, grade II–III 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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Fig. Electrical muscles myostimulation of the anterior abdominal wall (10th day
after hernioplasty)

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 см2 (range 
103.0–351.3 cm2). 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 µs. 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.).

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

1
–Q

3
); 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 
(p = 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 2. Dynamic changes in neurographic muscle motor response amplitude values (mV)

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

Group

Follow-up stages

pM-response before M-response after

Me Q
1
–Q

3
Me Q

1
–Q

3

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 –

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

Note: * — significant differences (p < 0.05), the following method was used: Student’s t-test.

Group

Follow-up stages

pIMR before IMR after

M ± SD 95% CI M ± SD 95% CI

No EMS 45.6 ± 1.9 45.1–46.2 45.8 ± 2.2 45.1–46.4 0.316

EMS 45.0 ± 2.0 44.6–45.8 45.4 ± 2.0 44.8–46.0 0.049*

p 0.293 0.436 –

Table 1. Dynamic changes in neuromyography latency period values (ms)

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

Group

Follow-up stages

pLP before LP after

Me Q
1
–Q

3
Me Q

1
–Q

3

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* –

(p < 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 (p = 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 
(p = 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 
(p = 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 II) 
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 
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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 

personalized rehabilitation protocols depending on the surgery 
extent and baseline characteristics of the patient also seem to 
be a promising area.

CONCLUSIONS

The study conducted has demonstrated a significant positive 
effect of postoperative EMS on the functional recovery of 
the anterior abdominal wall muscles in patients post open 
component separation due to PVH. The ENMG analysis 
revealed a significant improvement of the neuromuscular 
conduction parameters in the group that received EMS, with 
the significant LP reduction by 21.8% relative to baseline 
(from 10.1 to 7.9 ms; p < 0.001). In the control group that did 
not receive EMS, the dynamics of LP restoration was 5.2%. 
However, the M-response amplitude changes in both groups 
were comparable, which suggests natural processes of 
postoperative muscle function restoration that do not depend 
on the use of EMS. Of special interest is the identified trend 
towards IMR improvement in the EMS group, despite the 
fact that absolute values of this parameters remained below 
normal. The findings confirm the feasibility of including EMS 
in postoperative rehabilitation programmes, which could 
potentially contribute to the more rapid neuromuscular 
conduction restoration and serve as a preventative measure 
for prolonged muscle atony among patients post hernioplasty 
for PVH. Thus, EMS is a promising postoperative rehabilitation 
instrument. However, further studies with the longer follow-up 
period and assessment of the long-term outcomes depending 
on the hernioplasty type and other parameters of the patient 
are required for optimization of protocols.
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EARLY ADMINISTRATION OF XENON-OXYGEN MIXTURE IN NEONATAL HYPOXIC-ISCHEMIC ENCEPHALOPATHY

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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И. М. Дементьев1,2, М. В. Габитов1      , С. С. Тимошин2, А. Н. Кузовлев1, О. А. Гребенчиков1

РАННЕЕ ПРИМЕНЕНИЕ КСЕНОН-КИСЛОРОДНОЙ СМЕСИ ПРИ НЕОНАТАЛЬНОЙ ГИПОКСИЧЕСКОЙ 
ИШЕМИЧЕСКОЙ ЭНЦЕФАЛОПАТИИ

Гипоксическая ишемическая энцефалопатия остается одной из ведущих причин неонатальной смертности и инвалидизации. Экспериментальные данные 

свидетельствуют о потенциальных нейропротекторных свойствах ксенона, однако механизмы и выраженность его эффекта изучены недостаточно. Целью 

работы было оценить нейропротекторные свойства ксенон-кислородной смеси на модели неонатальной ишемии-гипоксии у крыс с использованием 

МРТ и динамического анализа неврологического статуса. Экспериментальная работа выполнена на крысятах линии Wistar (n = 16). Неонатальную 

ишемию-гипоксию моделировали по методу Райса–Вануччи. Через 30 мин после гипоксии животные получали ингаляцию либо азот-кислородной 

смеси (контроль, n = 8), либо ксенон-кислородной смеси 50/50 (n = 8) в течение 60 мин. На 7-е сутки проводили МРТ головного мозга. В группе ксенона 

объем повреждения головного мозга на 7-е сутки был статистически значимо ниже на 25% по сравнению с контролем (p = 0,001). Неврологическое 

развитие оценивали с третьих по 28-е сутки с использованием комплекса поведенческих тестов. Животные группы Xe демонстрировали более раннее 

формирование хватательных рефлексов передних и задних конечностей (p = 0,025 и p = 0,005), лучшую постановку задних конечностей и более 

выраженную реакцию избегания обрыва на 7-е сутки (p = 0,045 и p = 0,03), а также более сохранную слуховую стартл-реакцию на 14-е сутки (p = 0,035). 

Таким образом, раннее применение ксенон-кислородной смеси после моделирования ишемии-гипоксии оказывает выраженный нейропротекторный 

эффект у новорожденных крыс, что подтверждается уменьшением объема повреждения головного мозга и улучшением неврологических показателей.  

Ключевые слова: ксенон, ксенон-кислородная смесь, гипоксическая ишемическая энцефалопатия, нейропротекция, модель Rice-Vannucci, крысы
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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]. Xenon is 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

2
) 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

2
 / 92% 

N
2
) 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

2
/O

2
 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

2
 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 0 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 0 — 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 0, 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 0, 
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 10th 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 0, 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 Т2-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, 

TE = 63.9 ms, slice thickness — 0.8 mm with an increment of 
0.8 mm, matrix size — 256 × 384, resolution — 0.164 × 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 (mm2) for each slice in ImageJ 
(National Institutes of Health, Bethesda, MD, USA). For that 
the areas of the intact tissue in the healthy (S

1
) and damaged 

(S
2
) hemispheres were isolated, and the lesion area for a slice 

was calculated using the following formula: ΣS = S
1
–S

2
, where 

ΣS was the lesion area on a single slice (mm2) [24]. The brain 
damage volume was calculated using the following formula: 
V = ΣS

n
 × d, where d was the slice thickness (0.8 mm), ΣS

n
 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

1
; Q

3
). 

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 MRI 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 
(p = 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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reported for the hindlimb reflex (p = 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 
(50% Xe/50% O

2
) 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.

Table. Neurological status indicators in rat pups of groups C and Xe 

Day Test Group C (n = 8) Group Xe (n = 8) p-value

3

Forelimb grasping reflex 1 [0; 1] 1.5 [1; 2] 0.025

Hindlimb grasping reflex 1 [1; 1] 1.5 [1; 2] 0.005

Righting reflex 1 [0; 1] 1 [1; 2] 0.19

7
Hindlimb placement 0.5 [0; 1] 1.5 [1; 2] 0.045

Cliff avoidance response 1 [0; 1] 1 [1; 2] 0.03

14
Startle response to tone 1 [0; 1] 1 [1; 2] 0.035

Eye opening 1 [1; 2] 1 [1; 2] 0.1

28 Limb placement on support 12 [8; 13] 13 [12; 13.5] 0.08
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BIOMECHANICAL EVALUATION OF MANDIBULAR SPLINTING METHOD FOR FRACTURES 
WITHIN THE DENTAL ARCH

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 µm, 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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Х. М. Дарауше1, Р. В. Меллин2, Е. А. Акулиничев1, Д. А. Моисеев3       , О. В. Снежко4, И. С. Копецкий3, Ю. Л. Васильев1

БИОМЕХАНИЧЕСКАЯ ОЦЕНКА МЕТОДА ШИНИРОВАНИЯ НИЖНЕЙ ЧЕЛЮСТИ 
ПРИ ПЕРЕЛОМАХ В ПРЕДЕЛАХ ЗУБНОГО РЯДА 

Лечение переломов нижней челюсти остается актуальной проблемой челюстно-лицевой хирургии. В исследовании представлен новый метод одночелюстного 

шинирования (патент РФ №2735258) для иммобилизации отломков при переломах в пределах зубного ряда. Для оценки его биомеханической эффективности 

использовали математическое моделирование методом конечных элементов (МКЭ) на основе компьютерной томографии одного добровольца. Построена 

трехмерная модель нижней челюсти с фиксирующей конструкцией и импактором, имитирующим жевательную нагрузку до 50 Н. Результаты моделирования 

показали, что относительное смещение между отломками составляет около 25 мкм, что сопоставимо с данными литературы по остеосинтезу двумя 

титановыми пластинами. Максимальные эквивалентные напряжения в металлической шине достигают 100 МПа, в каппе — до 3 МПа. Разработанный метод 

обеспечивает стабильную фиксацию без вовлечения верхней челюсти. Анализ выполнен на единственной модели без экспериментальной валидации, 

что требует подтверждения в дальнейших работах. Тем не менее, полученные данные свидетельствуют о перспективности метода как альтернативы 

существующим способам иммобилизации.

Ключевые слова: перелом нижней челюсти, иммобилизация отломков, метод конечных элементов, одночелюстное шинирование, биомеханика
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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 µm) 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 Systèmes SE, Vélizy‑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. А. 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 

А B

Fig. 2. NURBS model of the mandible with the fixing construct and impactor
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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 

in the proposed configuration increases linearly with a linearly 
increasing load. Under a load of 50 N, a relative displacement of 
25 µm 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 µm 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. 
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Fig. 3. Finite element model of the estimated area: left — frontal view, right — cutaway model (midsagittal plane)

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
[22]

Impactor 0.1 0.45 C3-D4

Mouth guard (Ftorax) 1860 0.3 C3-D4 [23]

Wire (aluminum) 71 000 0.33 C3-D4 [24]

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 (μ = 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 µm), 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 µm, 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 µm), 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 
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Fig. 4. Determination of contact interactions in the Abaqus CAE 6.14 software

Fig. 5. Relative displacement between splinters as a function of the load applied to the mandibular segment 
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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 µm 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.
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Fig. 6. А. Diagram of the contact pressure distribution in the fracture area. Ω₀ — unloaded configuration, Ω₁ — 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  

АB

C

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 µm 
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 µm). 
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 

in the mouthguard these reach 3 MPa, which does not exceed 
the tensile strength of the materials used. Immobilization is 
achieved without maxillary involvement, thereby improving 
oral hygiene and the patient’s quality of life during treatment. 
The proposed method may represent an effective and safe 
alternative to conventional osteosynthesis, especially in 
settings with limited access to high-tech surgery and in 
patients with contraindications to open reduction. However, 
validation of the results is necessary in field experiments using 
synthetic and biological models, as well as in clinical trials 
with an expanded sample, to confirm long-term stability and 
optimize the construct.
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Akkalaev AB1     , Abdullaeva RR1, Aliev MR1, Mustafaev RG1, Bedoeva AA1, Mironova AA1, Khugaeva VF1, Kadieva LM2, Munapova KKh2

CLINICAL AND MORPHOLOGICAL ASSESSMENT OF BONE QUALITY IN THE DENTAL IMPLANTATION 
ZONE IN PATIENTS WITH OSTEOPOROSIS 

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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КЛИНИКО-МОРФОЛОГИЧЕСКАЯ ОЦЕНКА КАЧЕСТВА КОСТИ В ЗОНЕ ДЕНТАЛЬНОЙ 
ИМПЛАНТАЦИИ У ПАЦИЕНТОВ С ОСТЕОПОРОЗОМ

Системный остеопороз — один из наиболее значимых системных факторов, способных ухудшать качество костной ткани и влиять на условия 

остеоинтеграции дентальных имплантатов. Увеличение числа пациентов старших возрастных групп, нуждающихся в имплантологическом лечении, 

определяет высокую клиническую значимость предоперационной оценки состояния костного ложа у этой категории больных. Целью исследования 

было оценить клинико-морфологические особенности костной ткани в зоне дентальной имплантации у пациентов с остеопорозом и определить 

их связь с первичной стабильностью имплантатов и ранней маргинальной ремоделяцией кости. В проспективное пилотное исследование включены 

84 пациента 55–75 лет, которым планировали выполнить имплантацию в области премоляров и моляров верхней и нижней челюсти: 42 с подтвержденным 

системным остеопорозом и 42 без признаков остеопороза. Всем пациентам выполняли КЛКТ с определением плотности кости и типа кости по Lekholm и 

Zarb; в подгруппе из 32 пациентов проводили гистологический и гистоморфометрический анализ костных биоптатов. Первичную стабильность оценивали 

методом резонансно-частотного анализа, клиническое наблюдение проводили через 2, 6 и 12 месяцев. У пациентов с остеопорозом чаще выявляли 

типы кости D3–D4, более низкие значения плотности кости и коэффициента стабильности имплантатов (ISQ), а также снижение объемной доли костной 

ткани (BV/TV), истончение трабекул и повышение отношения RANKL/OPG. Установлена положительная корреляция между BV/TV, рентгенологической 

плотностью кости и первичной стабильностью имплантатов. Системный остеопороз ухудшает качество костного ложа, что требует индивидуализации 

протокола имплантации и комплексной предоперационной оценки.
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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 inflammation 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 
(p < 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 ± 5.1% (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 (r = 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 

impairment of its trabecular architecture in the implantation 
zone. This is consistent with the data of the systematic reviews 
emphasizing the role of local bone quality as one of the key factors 
of successful osseointegration in patients with osteoporosis 
[7, 8, 12].

The combination of CBCT-based assessment and 
histomorphometric analysis made it possible to match 
radiological signs of low bone density to certain morphological 
alterations: decreased BV/TV, trabecular thinning, and 
trabecular spacing increase. Such an approach enhancing 
the preoperative assessment diagnostic potential is in line with 
modern ideas about the relationship between tomographic and 
morphometric characteristics of the bone [9–11].

In practical terms, the findings confirm the fact that 
osteoporosis is not an absolute contraindication to dental 
implantation, but personalization of the surgical and orthopedic 
protocol is required. When spotting signs of the D3–D4 bone 
type, it is reasonable to more gently prepare the bed, as well 
as to use a differentiated approach to the finite dissection 
diameter, delayed functional load, and enhanced radiological 
monitoring in the early postoperative period [7, 8, 12].

A number of limitations of the study should be taken 
into account. The biopsy subgroup was relatively small, 
so morphometric and immunohitochemistry data should 
be considered as the pilot phase results. The study aimed 
at obtaining early results did not envisage stratification by 
gender, implant localization (maxilla/mandible), drug therapy of 
osteoporosis, and implant system type; no separate analysis of 
the impact of antiresorptive therapy was conducted, despite the 
fact that this factor is clinically significant due to the risk of the 
medication-related osteonecrosis of the jaw. In this regard, it is 
reasonable to interpret the differences in the 12-month survival 
of implants as a trend that should be confirmed in larger studies. 
Further monitoring should include the histomorphometric 
subgroup expansion, the analysis stratified by the anatomical 
localization and gender, consideration of antiresorptive therapy, 
and extension of the follow-up period to at least 24–36 months.

CONCLUSIONS

Patients with systemic osteoporosis significantly more often 
show signs of the D3–D4 bone type, decreased radiodensity, 
and deterioration of the bone histomorphometric characteristics 
in the dental implantation zone.  The BV/TV decrease, trabecular 
thinning, and the RANKL/OPG ratio increase are associated 
with the lower primary stability of implants and higher risk of 
early marginal bone loss. The comprehensive preoperative 
assessment, including CBCT and morphological analysis (if 
possible), makes it possible to stratify the risk and personalize 
the implantation protocol in patients with osteoporosis.
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С. К. Хетагуров    , А. А. Садаева, Р. У. Шовхалова, Б. И. Мурзабеков, З. С. Довлетмурзаев, Ж.-М. Озкан, Д. А. Сугаипова, 
Д. И. Бетерсултанова, И. И. Олейник

КЛИНИКО-ЛАБОРАТОРНАЯ ХАРАКТЕРИСТИКА ИЗМЕНЕНИЙ РОТОВОЙ ЖИДКОСТИ 
У ПАЦИЕНТОВ С КСЕРОСТОМИЕЙ НА ФОНЕ ПРИЕМА ЛЕКАРСТВЕННЫХ ПРЕПАРАТОВ

Медикаментозная ксеростомия широко распространена на фоне полипрагмазии у пациентов старших возрастных групп и существенно влияет на 

стоматологический статус и качество жизни. Целью исследования было оценить клинико-лабораторные характеристики ротовой жидкости (РЖ) 

у пациентов с ксеростомией, развившейся на фоне приема лекарственных препаратов (ЛП) с ксерогенным эффектом, и определить связь между 

суммарной ксерогенной нагрузкой, показателями слюноотделения и изменениями состава РЖ. В исследование включено 60 человек 45–75 лет. 

Основная группа — 40 пациентов с жалобами на сухость во рту продолжительностью не менее 3 месяцев при одновременном приеме двух и более 

ЛП с известным ксерогенным потенциалом. Контрольная группа — 20 здоровых лиц без признаков ксеростомии и без регулярного приема ЛП. 

Проводили анкетирование (опросник Xerostomia Inventory), клиническое стоматологическое обследование, сиалометрию нестимулированной и 

стимулированной РЖ, а также лабораторное исследование РЖ с определением pH, буферной емкости, общего содержания белка, активности альфа-

амилазы, уровней глюкозы и лактата. У пациентов основной группы выявлены выраженная гипосаливация, снижение pH и буферной емкости РЖ, 

повышение общего содержания белка и активности альфа-амилазы, а также более высокая частота множественного кариеса, кандидозного стоматита 

и атрофических изменений слизистой оболочки полости рта по сравнению с контрольной группой. Таким образом, медикаментозная ксеростомия 

сопровождается выраженными количественными и качественными изменениями РЖ, ухудшением стоматологического статуса и снижением качества 

жизни. Комплексная клинико-лабораторная оценка РЖ позволяет объективизировать тяжесть ксеростомии и обосновать индивидуализированные 

программы профилактики и лечения.

Ключевые слова: ксеростомия, гипосаливация, ротовая жидкость, слюна, лекарственные препараты, сиалометрия, стоматологический статус
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Khetagurov SK    , Sadaeva AA, Shovkhalova RU, Murzabekov BI, Dovletmurzaev ZS, Ozkan Zh-M, Sugaipova DA, Betersultanova DI, Oleinik II

ORAL FLUID CHANGES IN XEROSTOMIA PATIENTS ON MEDICATIONS: 
CLINICAL AND LABORATORY CHARACTERISTICS

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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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-
inflammatory 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

1
; Q

3
) 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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Table. Key analytical modes, reagents, and equipment used in the study

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

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

Buffer capacity
To 1.0 mL of oral fluid, we sequentially added 0.1 mL of 0.01 mol/L HCl and 0.01 mol/L NaOH using single-channel pipettes 
(Research plus, Eppendorf AG, Germany) until the pH shifted by 1.0 unit. The volumes of titrant used were recorded

Total protein content
Biuret method: 1.0 mL of biuret reagent was added to 20 μL 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 
(Awareness Technology, USA)

Alpha-amylase activity
Kinetic colorimetric assay using a chromogenic substrate: mixed 20 µL 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
Glucose oxidase peroxidase method (GOD-PAP): mixed 10 µL of sample with 1.0 mL of reagent, then incubated for 10 minutes 
at 37 °C, and performed photometry at 505 nm using a semi-automatic biochemical analyzer (Stat Fax 1904 Plus, Awareness 
Technology, USA)

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

Microscopy of sediment
Native oral fluid sediment preparations were studied at magnification ×100 and ×400 on a Primo Star light microscope 
(Carl Zeiss Microscope GmbH, Germany); the number of epithelial cells, leukocytes, and the presence of yeast-like 
fungi were evaluated

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) (p < 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 
(p < 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.

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 
[1, 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 

indicators to monitor the effectiveness of preventive and 
therapeutic measures.

The limitations of this study include a relatively small sample 
size, the simultaneous nature of the observations, and a lack 
of stratified analysis for individual classes of xerogenic drugs. 
In the future, it is advisable to conduct prospective studies 
involving a larger number of patients and comparing different 
schemes for the prevention and treatment of drug-induced 
xerostomia.

CONCLUSIONS

Patients with medication-induced xerostomia develop 
hyposalivation, characterized by a significant reduction in 
unstimulated and stimulated saliva flow rates, decreased pH 
and buffering capacity of oral fluid, and increased total protein 
content and alpha-amylase activity. Medication-induced 
xerostomia is accompanied by a high incidence of multiple 
caries, non-carious lesions, candidal stomatitis, and atrophic 
changes in the oral mucosa, leading to deteriorated dental 
status and reduced quality of life. A comprehensive assessment 
of the clinical and laboratory characteristics of oral fluid enables 
objective evaluation of drug-induced xerostomia severity, 
links xerogenic drug load to the degree of hyposalivation, and 
provides a basis for individualized prevention and treatment 
programs.
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Dzaraeva ZR    , Dulaeva AA, Dudaeva LR, Makieva KA, Tsakhilova ZS, Alakhverdieva SS, Sagilaeva KhM, Kurmagomedov MA, Dzhafarov UL

CLINICAL COURSE OF CHRONIC GENERALIZED PERIODONTITIS IN OBESE PATIENTS 
WITH TYPE 2 DIABETES MELLITUS 

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), сlinical 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 I, 2.3 ± 0.4 in group II, and 2.2 ± 0.5 in group III; SBI was 42 ± 9%, 61 ± 11%, and 56 ± 10%, 

respectively (p < 0.05 for groups II and III compared to group I). PPD and CAL were higher in obese patients with T2D, than in patients having no somatic disorders 

(p < 0.05), while the differences between groups II and III 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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З. Р. Дзараева    , А. А. Дулаева, Л. Р. Дудаева, К. А. Макиева, З. С. Цахилова, С. С. Алахвердиева, Х. М. Сагилаева, М. А. Курмагомедов, 
У. Л. Джафаров

КЛИНИЧЕСКОЕ ТЕЧЕНИЕ ХРОНИЧЕСКОГО ГЕНЕРАЛИЗОВАННОГО ПАРОДОНТИТА 
У ПАЦИЕНТОВ С САХАРНЫМ ДИАБЕТОМ 2-ГО ТИПА И ОЖИРЕНИЕМ

Cахарный диабет 2-го типа (СД2) и ожирение усиливают системное воспаление, нарушения микроциркуляции и иммунного ответа, что может утяжелять 

течение хронического генерализованного пародонтита. Сравнительная оценка клинико-рентгенологических проявлений заболевания при этих состояниях 

важна для междисциплинарного ведения пациентов. Целью исследования было провести сравнительную оценку клинико-рентгенологических проявлений 

хронического генерализованного пародонтита (ХГП) у пациентов с СД2, ожирением и без соматической патологии. Обследовали 90 пациентов 35–60 лет 

с ХГП средней степени тяжести, разделенных на три сопоставимые по полу и возрасту группы по 30 человек: без соматической патологии, с СД2 и с 

ожирением. Оценивали OHI-S, SBI, глубину пародонтальных карманов (ГПК), потерю клинического прикрепления (КУП) и рентгенологические признаки 

резорбции кости; выполняли корреляционный анализ с HbA1c, ИМТ и липидным профилем. Индекс OHI-S составил 1,8 ± 0,3 в I группе, 2,3 ± 0,4 во II и 

2,2 ± 0,5 в III; SBI — 42 ± 9%, 61 ± 11% и 56 ± 10% соответственно (p < 0,05 для II и III групп по сравнению с I). ГПК и КУП были выше у пациентов с СД2 

и ожирением, чем у пациентов без соматической патологии (p < 0,05), тогда как различия между II и III группами не достигали статистической значимости 

(для ГПК p = 0,09). Уровень HbA1c коррелировал с ГПК (r = 0,42), КУП (r = 0,39) и SBI (r = 0,36), а ИМТ — с ГПК (r = 0,33) и SBI (r = 0,35) (p < 0,05). Таким 

образом, СД2 и ожирение ассоциированы с более неблагоприятными клинико-рентгенологическими проявлениями ХГП; интерпретация межгрупповых 

различий должна учитывать худшее гигиеническое состояние полости рта у коморбидных пациентов.
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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 сlinical 
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 III 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 I — patients with CGP without 
any defined somatic disorder; group II — patients with CGP 
against the background of T2D; group III — 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, 

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), сlinical 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 II, the T2D duration, glucose-lowering therapy 
pattern, and HbA1c levels were also assessed; in patients of 
group III, 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 (CI) 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; III: 47.7 ± 6.5 
years; p > 0.05). The share of males was 43.3% in group I, 46.7% 
in group II, and 46.7% in group III (p > 0.05), which suggested 
that the groups were comparable based on major demographic 
characteristics.

In group II, 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 III, BMI was 33.8 ± 3.4 kg/m2; 
class II obesity was diagnosed in 46.7% of patients, and class 
III 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 II and III (2.3 ± 0.4 and 2.2 ± 0.5 points, respectively) 
compared to group I (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 II–I and 0.40 points (95% CI 0.19–0.61) for 
III–I. SBI was 42 ± 9% in group I, 61 ± 11% in group II, 
and 56 ± 10% in group III; the differences II–I and III–I were 
significant (p < 0.05). The difference between the mean 
SBI values was 19 percentage points (95% CI 13.8–24.2) 
between groups II and I and 14 percentage points (95% CI 
9.1–18.9) between groups III 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 сlinical attachment loss 
values were higher in groups II and III compared to group I. The 
differences between groups II and I, as well as between groups 
III and I were significant (p < 0.05). There were no significant 
differences in PPD between groups II and III (p = 0.09), and the 
differences in CAL were also non-significant (p > 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 II, a moderate positive correlation between 
HbA1c levels and the periodontal pocket depth (r = 0.42; 
p < 0.05), сlinical attachment loss (r = 0.39; p < 0.05), and 
SBI (r = 0.36; p < 0.05) was revealed. In group III, 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% CI 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 III
periodontitis in 22.6% of cases; the increase in BMI was 
accompanied by the increase in PD, CAL, RD, and PI (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 

tissue hormonal and metabolic disorders in the periodontal 
destruction progression.

When directly comparing the groups with T2D and obesity, 
the differences in PPD and CAL were non-significant. That is why 
we cannot declare a definitely more severe overall CGP course 
in individuals with T2D compared to obese ones based on our 
data. At the same time, a diffuse bleeding pattern, episodes of 
spontaneous hemorrhage with minimal trauma, more frequent 
vertical bone defects, and a correlation of periodontal indicators 
with HbA1c were more typical for patients with T2D, which 
suggests differences in the periodontal tissue lesion clinical 
phenotype. This is likely to reflect differences in predominant 
pathogenetic mechanisms. However, systemic inflammation 
linking periodontitis to metabolic syndrome and cardiovascular 
risk remains a common link for both disorders [15].

The relatively small sample size, cross-sectional design, and 
the lack of a separate group of patients with the combination 
of T2D and obesity should be considered the study limitations, 
which make it impossible to assess a possible synergistic effect 
of these conditions. The number of patients with a combination 
of disorders not included in the sample was not separately 
recorded within the protocol. Furthermore, the groups were not 
stratified based on the smoking status, and higher OHI-S values 
in groups II and III indicate a possible confounding influence 
of behavioral factors and the quality of personal hygiene. This 
limits the interpretation of the identified intergroup differences as 
an independent effect of metabolic disorder alone. Prospective 
studies with the inclusion of local and systemic inflammation 
biomarkers, a separate group of patients with a combination of 
T2D and obesity, and a multifactorial adjustment for behavioral 
risk factors are promising.

CONCLUSIONS

The cross-sectional comparative study revealed poorer oral 
hygiene and more severe gum inflammation in patients with 
T2D and obesity, than in patients without any somatic disorder: 
OHI-S was 2.3 ± 0.4 and 2.2 ± 0.5 vs. 1.8 ± 0.3 points, SBI 
was 61 ± 11% and 56 ± 10% vs.42 ± 9%, respectively (p < 0.05). 
PPD and CAL were higher in the groups with T2D and obesity, 
than in the group without somatic disorders (p < 0.05), but 
there were no significant differences in PPD between T2D 
and obesity (p = 0.09), and the differences in CAL were also 
non-significant. Correlations of HbA1c with PPD (r = 0.42), CAL 
(r = 0.39), and SBI (r = 0.36) were typical for the T2D group, which 
suggests the relationship between the degree of carbohydrate 
metabolism compensation and severity of periodontal changes. 
The findings should be interpreted considering higher levels of 
dental plaque in the groups with comorbidities and the lack of 
stratification by smoking; at the same time, patients with CGP 
and metabolic disorders need multidisciplinary management 
involving dentist, endocrinologist, and general practitioner.
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