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Yurchenko DA    , Markova ZhG, Minzhenkova ME, Vorontsova EO, Shilova NV

MOLECULAR CYTOGENETIC CHARACTERISTICS OF SMALL SUPERNUMERARY MARKER 
CHROMOSOMES 15 AND 22 IN ASYMPTOMATIC CARRIERS

Small supernumerary marker chromosomes (sSMC) are structurally abnormal chromosomes that cannot be identified unambiguously by standard cytogenetic 

methods. A comprehensive approach involving the use of molecular cytogenetic methods is required for the more thorough morphological assessment of such 

chromosomes, as well as for the development of strategy for genetic counseling of the patients being the sSMC carriers. It is widely accepted that the development 

of abnormal phenotype by the patients having sSMC in their karyotype is associated with the presence of euchromatic region material in the marker chromosome. 

Therefore, it results from the presence of relatively large DNA copy number variations (CNVs) in the form of duplication, triplication, and more increased copy numbers; 

which are localized in the pericentromeric region of the appropriate chromosome. Pericentromeric CNVs can be involved in the chromosome imbalance in 

asymptomatic carriers of sSMC as well, however, the boundaries of such imbalance have not been clearly identified. The study was aimed to acquire additional 

information about the genomic topology of the DNA regions insensitive to the genes copy number increase. FISH analysis with commercial and homemade DNA 

probes was performed in 18 carriers of sSMC 15 and 22 having no clinically significant phenotypic abnormalities. The molecular cytogenetic testing showed that 

pericentromeric euchromatic regions sized 1.2 Mb and 714 kb, respectively, were found in 33% of cases (6 out of 18). We assume that these regions comprise 

no potentially dosage-sensitive genes. 

Keywords: sSMC, CNV, pericentromeric euchromatin, FISH, homemade DNA probe
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Д. А. Юрченко    , Ж. Г. Маркова, М. Е. Миньженкова, Е. О. Воронцова, Н. В. Шилова 

МОЛЕКУЛЯРНО-ЦИТОГЕНЕТИЧЕСКАЯ ХАРАКТЕРИСТИКА МАЛЫХ СВЕРХЧИСЛЕННЫХ МАРКЕРНЫХ 
ХРОМОСОМ 15 И 22 У АСИМПТОМАТИЧЕСКИХ НОСИТЕЛЕЙ

Малые сверхчисленные маркерные хромосомы (мСМХ) — структурно аномальные хромосомы, которые невозможно однозначно идентифицировать 

с использованием методов стандартной цитогенетики. Для более детального анализа морфологии таких хромосом и разработки стратегии медико-

генетического консультирования пациентов-носителей мСМХ необходим комплексный подход, включающий молекулярно-цитогенетические методы. 

Общепринят тот факт, что формирование аномального фенотипа у пациентов с мСМХ в кариотипе связано с наличием материала эухроматиновых 

районов, вовлеченных в состав маркерной хромосомы. И, как следствие, обусловлено присутствием в геноме протяженных вариаций числа копий 

участков ДНК (copy number variations, CNV) в виде дупликации, трипликации и большей копийности, которые локализованы в прицентромерном 

районе соответствующей хромосомы. Прицентромерные CNV могут быть вовлечены в хромосомный дисбаланс и у асимптоматических носителей 

мСМХ, однако границы такого дисбаланса окончательно не установлены. Целью исследования было получить дополнительные сведения о геномной 

топографии участков ДНК, не чувствительных к увеличению копийности генов. Был проведен FISH-анализ с коммерческими и несерийными 

ДНК-зондами у 18 носителей мСМХ 15 и 22 без клинически значимых аномалий фенотипа. Установлено, что в 33% (6 из 18) случаев присутствуют 

участки прицентромерного эухроматина размером 1,2 м.п.н. и 714 т.п.н. соответственно. Мы предполагаем, что эти регионы не содержат потенциально 

чувствительных к дозе генов.

Ключевые слова: мСМХ, CNV, прицентромерный эухроматин, FISH, несерийный ДНК-зонд
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Соблюдение этических стандартов: исследование одобрено этическим комитетом ФГБНУ «МГНЦ» (протокол № 4/2 от 19 апреля 2021 г.). Получено 
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Small supernumerary marker chromosomes (sSMC) represent 
a heterogeneous group of structurally abnormal chromosomes 
that cannot be identified unambiguously by standard 
cytogenetic testing due to their small size and the features of 
genetic makeup, specifically due to the submicroscopic copy 
number variation of DNA (Copy Number Variations, CNV) [1]. 
The share of sSMC carriers among newborns in the population 
is 0.044%, among them 70% have no apparent clinical 
manifestations [2, 3]. This sSMCs can originate from any one 
of the 24 human chromosomes and can have different shapes, 
such as inverted duplication (inv dup), ring (r), and minute (min) 
shapes [4, 5]. In people having the 47,XN,+mar karyotype, 
sSMC most often originate from chromosomes 15 (about 30%) 
and 22 (about 20%) [1]. Clinical manifestations associated with 
the presence of sSMC in the karyotype can vary considerably, 
from normal phenotype to significant disturbances of physical 
and psychomotor development. These manifestations depend 
on the chromosomes involved in their development, the 
presence of euchromatic regions, gene content, degree of 
mosaicism and uniparental disomy.

Phenotypically normal carriers of sSMC can have CNVs in 
the form of duplication/triplication located in the pericentromeric 
euchromatic regions [6]. This suggests that such CNVs 
comprise no dosage sensitive genes, so the increase in the 
number of copies do not results in major phenotype alterations. 
Over the past decade, there is growing evidence of the fact 
that the presence of CNVs involving rather long euchromatic 
regions, sized up to several million base pairs (Mb), does not 
cause phenotypic alterations in the carriers [7]. 

Thus, euchromatic sSMC in the karyotype of asymptomatic 
carriers can represent a perfect model for analysis of the 
length of human genome regions insensitive to the changes 
in the copy number of genes located in the pericentromeric 
regions. This will make it possible to more accurately define the 
boundaries, where the dosage-insensitive regions end and the 
genome regions, the changes in the copy number of which can 
result in abnormal phenotype and psychomotor development 
delay, begin [8]. Thorough assessment of each sSMC 
case and accumulation of additional data contribute to the 
expansion of knowledge about the mechanisms of formation 
and pathogenetic significance of CNVs associated with the 
presence of such supernumerary marker chromosomes in the 
genome. The study was aimed to acquire additional data on 
the genome topology of the DNA regions insensitive to the 
genes copy number increase.

METHODS

The study involved 18 peripheral blood samples collected from 
asymptomatic carriers of sSMC 15 (n = 9: 3 males, 6 females) 
and sSMC 22 (n = 9: 5 males, 4 females). Inclusion criteria: all 
individuals taking part in the assisted reproductive technology 
program.

Cytogenetic assessment of the GTG-banding chromosomes 
was carried out in accordance with the standard protocol [9]. 
The marker chromosomes were identified by FISH with the 
commercial DNA probes for the centromeric (pericentromeric) 
regions of chromosomes 15 (SE 15, Kreatech; Netherlands) 
and 22 (CCP22-Pericentromeric, CytoTest Inc.; USA), as well 
as for the regions 15q11.2 (LSI SNRPN, Kreatech; Netherlands) 
and 22q11.2 (LSI TBX1, Kreatech; Netherlands), in order to rule 
out the clinically significant euchromatic regions comprised in 
the marker chromosome. FISH analysis involving the use of 
commercial DNA probes was performed in accordance with 
the manufacturers’ protocols (Kreatech, CytoTest Inc.; USA). 

Denaturation and hybridization were performed using the 
ThermoBrite hybridization system (StatSpin; USA). The analysis 
involved the use of the AxioImager M.1 epifluorescence 
microscope (Carl Zeiss; Germany) and the Isis software tool for 
digital image processing (MetaSystems; Germany)

A fundamental phase of the study involved the development 
of our own (homemade) DNA probes for the pericentromeric 
euchromatin of chromosomes 15 and 22 and FISH analysis 
aimed to identify CNVs potentially insensitive to the increase 
in the DNA region copy number. Primers were selected using 
the Primer-BLAST NCBI software [10] and the UCSC Genome 
Browser database [11]. The OligoAnalyzer™ Tool was used 
to test specificity of the selected primers [12]. Primers were 
synthesized by Evrogen (Russia). The nucleotide sequences of 
the DNA primers selected are provided in Table 1.

The sequences of the selected DNA primers were 
used to conduct Long-range PCR using the BioMaster LR 
HS-PCR (2x) kit (Biolabmix; Russia) in the GeneAmp PCR 
System 9700 (Applied Biosystems; USA) in accordance with 
the manufacturer’s protocol [13]. The resulting amplicons 
were purified on the columns using the diaGene kit for the 
reaction mixture DNA purification (Dia-M; Russia) in accordance 
with the manufacturer’s instructions, then the purified DNA 
products were combined in one tube in order to obtain a DNA 
probe with the size of 10–30 thousand base pairs (kb). Nick 
translation was used to introduce a fluorescent label into the 
DNA probe [14–16].

To perform FISH with homemade DNA probes, we denatured 
DNA of the chromosome preparation and DNA probe separately 
[14, 15, 17].

DAPI I (Abbott Molecular; USA) dissolved in the Vectashield 
solution (Vector Labs; USA) to a ratio of 1:20 was used for 
counterstaining of chromosomes. The images of metaphase 
chromosomes were analyzed using the Isis software tool for 
digital image processing (MetaSystems; Germany) and the 
AxioImager M.1 epifluorescence microscope (Carl Zeiss; 
Germany).

RESULTS

Conventional cytogenetics analysis revealed the karyotype 
with a supernumerary marker chromosome (47,XN,+mar) in 
all patients (n = 18). Mosaicism with high levels of abnormal 
clone (above 40%) was observed in all cases. FISH with 
commercial DNA probes for the centromeric regions of 
acrocentric chromosomes made it possible to identify sSMC 
as the one originating from chromosome 15 in 9 cases and 
as the one originating from chromosome 22 in 9 cases (Fig. 1А). 
Furthermore, the molecular cytogenetic analysis results 
confirmed the lack of clinically significant CNVs in the small 
supernumerary marker chromosomes in all the cases (Fig. 1B). 

FISH analysis aimed to detect CNVs in the proximal 
euchromatic regions involved the chromosome preparations 
derived from cultured lymphocytes of all 18 asymptomatic 
carriers of the sSMC derived from chromosomes 15 and 22. 
The homemade locus specific DNA probes (hm) were 
developed for this purpose. When selecting localization of 
these DNA probes, we were guided by knowledge about the 
pericentromeric euchromatic regions of chromosomes 15 
and 22 which are insensitive to changes gene dosage. It was 
3 Mb for chromosome and about 100 kb for chromosome 22 [7, 18] 
Thus, two hm with the size of about 10–30 kb were designed 
for chromosome 15. The proximal DNA probe that was most 
close to the centromere (hm-15-prox) was located at a distance 
of 1.2 Mb from the pericentromeric heterochromatin, while the 
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Fig. 1. Results of FISH with commercial DNA probes for chromosome 15. А. The marker chromosome originating from chromosome 15 in the form of inverted 
duplication (ish dic (15;15)(D15Z1+,D15Z1+)). Centromere of chromosome 15 (D15Z1) — red hybridization signal, pericentromeric region of chromosome 22 
(CCP22-Pericentromeric) — green hybridization signal (control). B. The marker chromosome originating from chromosome 15 comprises no 15q11.2-q13 euchromatic 
region. Centromere of chromosome 15 (D15Z1) — green hybridization signal, LSI SNRPN — red hybridization signal

А B

distal DNA probe (hm-15-dist) was located at a distance of 
2.2 Mb from the pericentromeric heterochromatin of 
chromosome 15 (Fig. 2А). The interval between two DNA 
probes was 1 Mb. Three homemade locus specific DNA 
probes (hm) with the size of about 30 kb were designed in 
order to assess the pericentromeric euchromatic region of 
chromosome 22. The proximal DNA probe, that was most 
close to the centromere (hm-22-proximal), was located at a 
distance of 478 kb from the pericentromeric heterochromatin, 
the median one (hm-22-median) was located at a distance 
of 714 kb from the pericentromeric heterochromatin, and the 
distal DNA probe (hm-22-distal) furthest from the centromere 
was located at a distance of 1.2 Mb from the pericentromeric 
heterochromatin of chromosome 22 (Fig. 2B).

The results of FISH analysis of the pericentromeric 
euchromatic regions of sSMC originating from chromosomes 

15 and 22 involving the designed homemade DNA probes 
is provided in Table 2; a total of 30 metaphase chromosome 
spreads were assessed in all cases.

As shown in Table 2, no pericentromeric euchromatin 
was found in four patients with sSMC 15 and eight patients 
with sSMC 22, i.e. the marker chromosomes comprised 
heterochromatic regions only. 

In five patients (№ 3, 6–9; Table 2), pericentromeric 
euchromatin was found in the sSMC originating from 
chromosome 15, however, only the proximal DNA probe 
hybridization signal was detected, i.e. the euchromatic 
region size did not exceed 1.2 Mb from the chromosome 
15 pericentromeric heterochromatin (Fig. 3).

In one case (11 in Table 2), hybridization with two homemade 
DNA probes, specifically proximal and median, revealed 
pericentromeric euchromatin in the sSMC 22. Therefore, the 

Table 1. Nucleotide sequences of primers used in the study

Chromosome region
DNA probe location relative to 

centromere
Sequences of DNA primers PCR product size (bp)

15q11.2

Proximal
F 5'-TACATCTTACACCCCACCCACCCAAACC-3' 
R 5'-TTTGCGGAAGGCATTAGTCCCCTTTGTT-3'

9882

Distal

F 5'-TTAAAACGTGGGCTCTTCATTATCGCCT-3' 
R 5'-TGGACACCAGACAAAACAAAGGAGTCAA-3'

9323

F 5'-TGACTCCTTTGTTTTGTCTGGTGTCCAA-3' 
R 5'-CTTATCCTTCCACACTCGCTGAGAACAG-3'

9140

F 5'-CATGGTAATGTTGCGGTGTGTCTTTGTT-3' 
R 5'-CTATCTTTAGGCTGCTTGTCTGGTGCTT-3'

9676

22q11.2

Proximal

F 5'- CCCATATCCTTTCCCAAACTCAACACGA-3' 
R 5'-TTTTTCCCTCTGAACTGGTTTCTGCACT-3'

9441

F 5'- AGTGCAGAAACCAGTTCAGAGGGAAAAA-3' 
R 5'-GAACCATCCACGAGGGAGAGTAGTTTTG-3'

9842

F 5'-TCGCCATGTACTTCACTTTGTTCTGGTT-3' 
R 5'-GACTGGTCAAGGATGAGGATTTGTCAGG-3'

9600

Median

F 5'-TCTTCCTTGCCTGGAGGTGGGATCTAGT-3' 
R 5'-GAGGAGGGAGGGTGCTGACAAAACTGAA-3'

9531

F 5'-CAATGTCTAGGGGCAACAGAGGGCAGAT-3' 
R 5'-AGGGCAGGAAATGTGTTCGTCTCGCTTA-3'

9316

Distal

F 5'-AGAGAGAGGAAGGGGTCGGCTCAAACTA-3' 
R 5'-TGTGGGGTGTTGGTGACATGGAGTATGG-3'

9718

F 5'-CAATCCATGCCCACAACATACCAGCCAC-3' 
R 5'-TATCACTGCCACCCCATCCCCATTTCTG-3'

9862

F 5'-CAGAAATGGGGATGGGGTGGCAGTGATA-3' 
R 5'-CAAGAGGCTGGGGCTTCTCTGGTCTTAG-3'

9761
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Fig. 2. А. Size and localization of homemade DNA probes within the pericentromeric euchromatic region of chromosome 15. B. Size and localization of homemade 
DNA probes within the pericentromeric euchromatic region of chromosome 22
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Pericentromeric euchromatic regions of chromosomes 15 and 22 (according to the data reported in [7])

Gene dosage-insensitive euchromatin triplication region (according to the data reported in [23])

Distance between pericentromeric heterochromatin and the boundary of the designed homemade DNA probes

overall size of the imbalance involved in the chromosomal 
rearrangement was 714 kb (Fig. 4).

Thus, in the carriers of the sSMC originating from chromosomes 
15 and 22 having no apparent clinical manifestations, the marker 
chromosomes comprise heterochromatic regions only in 67% 
of cases (12/18); in 33% of cases, euchromatic regions were 
identified in the pericentromeric regions of the chromosomes 
15 and 22 sized 1.2 Mb (chr15 [hg19]: 20,700,000–21,910,881) 
and 714 kb (chr22 [hg19]: 17,900,000–18,614,436), respectively.

DISCUSSION

Small supernumerary marker chromosomes represent a rare 
chromosomal abnormality, since these are both numerical 
and structural aberrations [18]. The clinical manifestations 
associated with sSMC vary, however, syndromal forms have 
been reported for some of those, such as cat eye syndrome 
(MIM#115470), Emanuel syndrome (MIM#609029), Pallister–-
Killian syndrome (MIM#601803), and isochromosome 18p 
syndrome (MIM#614290) [19].

The clinical features can be most often largely explained 
by euchromatin involvement in the chromosome imbalance, 
i.e. the presence/absence of dosage-sensitive genes in the 

Fig. 3. Results of hybridization involving the homemade DNA probe for the 
chromosome 15 pericentromeric euchromatin — hm-15-prox
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Table 2. Molecular cytogenetic characteristics of sSMC 

Note: hm (homemade) — homemade DNA probe.

pericentromeric euchromatic regions. However, no specific 
genes have been yet identified [7]. 

With the development of molecular cytogenetics  
methods, it became possible to determine the sSMC 
chromosomal origin and classify sSMC based on the 
presence or absence of euchromatic regions, thereby 
facilitating the analysis of the relationship between sSMC and 
clinical phenotypic abnormalities [6]. Laboratory approaches to 
the diagnosis and assessment of sSMC are well represented 
in the literature [20–22]. Fluorescent in situ hybridization and 
chromosomal microarray analysis are most often used to 
identify the structure and determine the gene content. The 
shortcomings of the latter include difficulties in interpreting 
the exact degree of mosaicism, which is a crucial point, given 
the high frequency of the sSMC mosaic forms [1]. It is more 
preferable to use FISH, however, the commercial DNA probes 
not always cover the chromosomal region of interest. Thus, the 
homemade DNA probes designed to solve specific problems 
become more and more important. In one of the studies, 
the possibility of using the PeCR-FISH kit for determination 
of pericentromeric euchromatin in sSMC developed by the 
authors is discussed; it has been shown that the locus specific 
homemade DNA probes based on the BAC clones can be used 
to accurately determine the sSMC size and the pericentromeric 
euchromatin involvement [7]. During the reported study, we 
have designed our own homemade oligonucleotide DNA probes 
for the pericentromeric euchromatin of chromosomes 15 and 22. 
The FISH analysis results demonstrate high quality of hybridization 
signals and, therefore, the possibility of using this approach to 
assess pericentromeric euchromatin in sSMC carriers.

Our data on the pericentromeric euchromatin size in 
asymptomatic carriers of sSMC 15 and 22 are consistent 
with the available literature data and complement these data. 
To date, there is a rather large number of reported cases 
of the presence of sSMC 15 in the karyotype of patients 
without phenotypic features, specifically 418 cases according 

to the marker chromosome database (ChromosOmics —
Database, [23]), among which the majority of sSMC comprise 
heterochromatin only. The number of sSMC cases with 
euchromatin involvement, apart from prenatal cases, is small 
[18]. For example, it was found that in an asymptomatic 
carrier of sSMC15 with a history of infertility, the length of the 
gene dose-insensitive region is 3.8 Mb (15-Oq11.2/2-6 in 
the above database). It should be noted that high degree of 
mosaicism has been reported in the patient (74% based on the 
abnormal clone). The proximal pericentromeric euchromatic 
region revealed in five asymptomatic carriers of sSMC 15 in 
our sample turned out to be shorter (1.2 Mb) compared to 
the previously reported “non-critical” region, which makes 
it possible to significantly complement the database of the 
marker chromosome 15 region insensitive to the genes dosage. 

The number of papers focused on studying sSMC 22 in 
asymptomatic carriers is much smaller, which correlates with 
the rate of this chromosomal abnormality [24]. To date, the 
data of 156 such patients have been reported (according to 
the website), among them the majority have sSMC comprising 
heterochromatin only [23]. It has been shown that the size 
of dosage-insensitive pericentromeric euchromatin region  
of chromosome 22 in case of triplication is about 100 kb. 
However, it is important to note that the reported case is 
unique, it is represented by detection of triplication in the 
fetus, i.e. identified during prenatal assessment, while normal 
phenotype has been reported after birth [7, 18]. In the case 
we have identified, the size of pericentromeric euchromatin of 
chromosome 22 in the sSMC 22 asymptomatic carrier was 
714 kb, which far exceeded the reported size of the “non-
critical” proximal region of the chromosome 22 q-arm. New 
data were obtained on the size of the proximal euchromatin of 
chromosome 22, which is insensitive to an increase in the dose 
of genes, may be important for the prenatal diagnosis of cases 
of the chromosome 22 genomic imbalances (duplication, 
triplication). 

№ Sex FISH with  commercial DNA probes
FISH with  homemade DNA probes (hm)

Proximal Median Distal

1 М ish dic(15;15)(D15Z1+,SNRPN-;SNRPN-,D15Z1+) hm15-
Not provided for 

для sSMC 15
–

2 F ish dic(15; 15)(D15Z1+,SNRPN-;SNRPN-,D15Z1+ ) hm15- –

3 F ish dic(15; 15)(D15Z1+,D15S10-;D15S10-,D15Z1+) hm15+ hm15-

4 F ish dic(15; 15)(D15Z1+,SNRPN-;SNRPN-,D15Z1+) hm15- –

5 F ish dic(15; 15)(D15Z1+,D15S10-;D15S10-,D15Z1+) hm15- –

6 F ish dic(15; 15)(D15Z1+,D15S10-;D15S10-,D15Z1+) hm15+ hm15-

7 М ish dic(15; 15)(D15Z1+,D15S10-;D15S10-,D15Z1+) hm15+ hm15-

8 М ish dic(15; 15)(D15Z1+,D15S10-;D15S10-,D15Z1+) hm15+ hm15-

9 F ish dic(15; 15)(D15Z1+,D15S10-;D15S10-,D15Z1+) hm15+ hm15-

10 F ish dic(22; 22)(D14Z1/D22Z1+,TBX1-;TBX1-;D14Z1/D22Z1+) hm22- – –

11 М ish dic(22; 22)(D14Z1/D22Z1+,TBX1-;TBX1-;D14Z1/D22Z1+) hm22++ hm22+ hm22-

12 М ish r(22)(p13q11.1)(D14Z1/D22Z1+,TBX1-) hm22- – –

13 F ish dic(22; 22)(D14Z1/D22Z1+,TBX1-;TBX1-;D14Z1/D22Z1+) hm22- – –

14 F ish dic(22; 22)(D14Z1/D22Z1+,TBX1-;TBX1-;D14Z1/D22Z1+) hm22- – –

15 М ish i(22)(р10)(D14Z1/D22Z1+,acro-p++) hm22- – –

16 F ish dic(22; 22)(D14Z1/D22Z1+,TBX1-;TBX1-;D14Z1/D22Z1+) hm22- – –

17 М ish dic(22; 22)(D14Z1/D22Z1+,TBX1-;TBX1-;D14Z1/D22Z1+) hm22- – –

18 М ish dic(22; 22)(D14Z1/D22Z1+,TBX1-;TBX1-;D14Z1/D22Z1+) hm22- – –
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Fig. 4. Results of hybridization involving the homemade DNA probe for the chromosome 22 pericentromeric euchromatin. А. Proximal DNA probe. B. Median DNA 
probe. C. Distal DNA probe

А B C

CONCLUSIONS

Our research findings suggest that, in the pericentromeric 
euchromatin of the long arm of chromosome 15 (chr15(hg19): 
20,700,000–21,910,881) and the long arm of chromosome 22 
(chr22(hg19): 17,900,000–18,614,436), there is an apparent 
absence of genes that are potentially sensitive to an increase 

in the copy number of DNA sections. The genomic imbalance 
resulting from duplication/triplication of these regions does not 
appear to have an adverse impact on intellectual development or 
cause developmental abnormalities. Our developed approach 
utilizing non-serial DNA probes has demonstrated the high 
sensitivity and specificity of the FISH method for analyzing the 
pericentromeric euchromatin of chromosomes 15 and 22.
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FILAGGRIN LOSS-OF-FUNCTION MUTATIONS 2282DEL4, R501X, R2447X 
AND S3247X IN ATOPIC DERMATITIS

Atopic dermatitis (AD) is a widespread multifactorial genetically determined inflammatory skin disease caused by, among other causes, impaired functions of the 

epidermal barrier. Loss-of-function mutations of the filaggrin gene (important part of the natural moisturizing factor system) that arrest production of the full-fledged 

precursor protein is associated with AD. This study investigated the frequency of the 2282delACTG (rs558269137), R501X (rs61816761), S3247X (rs150597413), 

R2447X (rs138726443) loss-of-function mutations of the filaggrin gene in adults of European origin with moderate to severe AD. The study involved 99 adult patients 

of both sexes aged 18-68 years. The mutations were identified with the help of the purpose-developed method of multiplex analysis of four single nucleotide 

polymorphisms that relies on the SNaPshot technique (minisequencing). The incidence of loss-of-function mutation of filaggrin 2282delACTG was 5.3%, that 

of R501X — 0.5%, R2447X — 1%. No S3247X mutation was detected in the sample. Collation of the results with Russian and European samples revealed a 

comparable level of the analyzed filaggrin gene mutations in adult patients with AD from different regions of the Russian Federation.
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Д. А. Вербенко    , А. Э. Карамова, В. В. Чикин, И. В. Козлова, К. М. Аулова, А. А. Кубанов, П. В. Городничев

Атопический дерматит (АтД) — широко распространенное мультифакторное генетически детерминированное воспалительное заболевание кожи, 

обусловленное среди прочих причин нарушением функций эпидермального барьера. Нулевые мутации гена филаггрина — важного компонента системы 

натурального увлажняющего фактора, приводящие к отсутствию выработки полноценного белка-предшественника, ассоциированы с АтД. Цель 

исследования — оценить частоту наиболее распространенных в европейских популяциях нулевых мутаций гена филаггрина 2282delACTG (rs558269137), 

R501X (rs61816761), S3247X (rs150597413), R2447X (rs138726443) у взрослых пациентов со среднетяжелой и тяжелой степенью АтД. Анализ проведен 

у 99 взрослых пациентов обоих полов в возрасте 18–68 лет, со среднетяжелым и тяжелым АтД. Идентификацию мутаций осуществляли с помощью 

разработанного метода мультиплексного анализа четырех однонуклеотидных полиморфизмов при использовании минисеквенирования. Частота 

встречаемости нулевой мутации филаггрина 2282delACTG оказалась на уровне 5,3%, R501X — на уровне 0,5%, R2447X — на уровне 1%. Нулевая мутация 

S3247X гена FLG в выборке пациентов не обнаружена. Сравнение результатов с российскими и европейскими выборками выявило сопоставимый 

уровень анализируемых мутаций гена филаггрина у взрослых пациентов с АтД из различных регионов Российской Федерации.
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Atopic dermatitis (AD) is a multifactorial genetically determined, 
chronic and recurrent inflammatory skin disease characterized 
by itching, age-dependent localizations and morphology of 
lesions. This is one of the most common skin diseases [1–2]. The 
prevalence and incidence of AD in the entire population of the 
Russian Federation (RF) in 2022 amounted to 384.7 and 157.1 
cases per 100,000 population, respectively [3, 4]. In German-
speaking countries, 25% of all referrals to a dermatovenerologist 
turn out to have moderate or severe AD [5]. 

 A filaggrin gene mutation and change of function of the 
epidermal barrier are the genetic factors of AD development 
[2]. Hereditary determination plays an important role in its the 
pathogenesis, causing skin barrier disruptions, immunity defects 
(stimulation of Th2 cells with subsequent hyperproduction 
of IgE), hypersensitivity to allergens and non-specific stimuli, 
colonization by pathogenic microorganisms (Staphylococcus 
aureus, Malassezia furfur), and autonomic nervous system 
disbalance with increased production of inflammatory mediators 
[1, 6, 7]. Twin and family studies confirm the magnitude of 
effect of hereditary factors (72–90%) on the development of 
the disease. Eighty percent of children whose parents have AD 
suffer from the disease; this figure goes down to 50% if only 
one parent has AD, but the risk grows 1.5-fold if that parent 
is mother [8]. Thus, genes encoding structural and functional 
proteins of the epidermis and those managing innate and 
acquired immunity underly pathogenesis of the disease [1, 9, 10]. 
However, genome-wide association studies (GWAS) show that 
genomic regions associated with AD explain only about 15% 
of cases of the disease, and the remaining variability, the so-
called "missing heritability" peculiar to complex diseases, may 
stem from its pronounced heterogeneity, cumulative effects of 
structural variations, and fluctuations of quantity of genomic 
copies, as well as epigenetic influences [8-10]. 

The size of the FLG gene is 2 kb; it is located on the 1st 
chromosome of the epidermal differentiation complex counting 
70 genes [1, 11]. The gene consists of three exons, the first two 
of which regulate its expression, and the third contains from 10 
to 13 tandemly arranged filaggrin repeats [12]. The product of 
the gene is profilaggrin, a protein expressed in the epidermis 
basal cells. Diffused into the upper layers of the outer skin, 
it undergoes a number of biochemical transformations that 
result in formation of filaggrin monomers, degradation of which 
produces components that are part of the natural moisturizing 
factor [8, 13]. 

Numerous studies have confirmed that loss-of-function 
mutations in the filaggrin gene, which stop production of the 
protein, are the key AD development factor [1, 2, 8, 11–18]. 
Carriers of such mutations run a 3.12-fold greater risk of having 
this disease, and in the Russian population, the ultimate risk may 
be 8.13 times greater [19, 20]. In the AD pathogenesis, FLG 
gene loss-of-function mutations compromise protective function 
of the skin barrier, which facilitates penetration of the epidermis 
by environmental factors that initiate inflammatory reactions and 
subsequent moderate-to-severe course of the disease. 

The frequency of such mutations has been shown to 
be increased in AD patients, and their spectrum revealed 
to depend on these patients' ethnicity [15]. In European 
populations, the most common loss-of-function mutations are 
2282del4, R501X, R2447X, S3247X, and in Asian populations 
- c.3321delA, c.6950del8, p.S2706X, p.K4022X, p.E2422X, 
p.Q2417X, p.S1515X, p.S406X, etc. [11–18]. There is evidence 
of a correlation between the frequency of FLG gene loss-of-
function mutations and the severity of AD [16, 21].

The classic approach to identification of the FLG gene 
loss-of-function mutations involves a PCR with the considered 

locus and a subsequent restriction analysis of the product 
of this reaction [22]. However, unstable performance of the 
restriction enzyme may produce a biased estimate of the 
frequency. Sanger sequencing of the FLG gene's third exon 
is complicated by repetitive sequences of filaggrin monomers 
[8, 11, 13]; the same reason is likely to be behind lack of common 
application of allele-specific hybridization as well as TaqMan 
real-time PCR [23, 24], which is also used to detect mutations 
of the filaggrin gene. Next-generation sequencing (NGS) can 
reveal the full spectrum of the FLG gene loss-of-function 
mutations [17]. However, NGS requires special equipment and 
large samples, since some loss-of-function mutations are rare; 
in addition, targeted filaggrin LOF sequencing kits are not yet 
commercially available in Russia. At the same time it is possible 
to set up single-tube studies (in any PCR laboratory equipped 
for fragment analysis) and identify such FLG gene mutations 
most common in the European populations.

This study aimed to estimate the frequency of 2282delACTG 
(rs558269137), R501X (rs61816761), S3247X (rs150597413), 
R2447X (rs138726443), most common FLG gene loss-of-
function mutations in the European populations, using the new 
method based SNaPshot technique.

METHODS

The study was conducted in the State Research Center of 
Dermatovenereology and Cosmetology of the Ministry of Health 
of the Russian Federation. The study's inclusion and exclusion 
criteria have been described earlier [25].

The total number of AD patients participating in the study 
was 99, 50 female and 49 male, aged 18-68 years. The mean 
age of the patients was 31.07 ± 10.53 years; all of them have 
been diagnosed with AD before the study, and when included, 
had the disease confirmed as exhibiting features described by 
J.M. Hanifin and G. Rajka [2, 26]. Ninety-six patients were of 
European origin, three — Asian ethnics.

Table 1 gives the age of onset of AD in the participants.
The disease manifested primarily in childhood. Most often 

(49.5% of cases), the onset was registered in infancy, before 
the age of 1 year. Sixty-eight patients (68.7%) developed AD 
before the age of 3. In 88 patients, the disease first manifested 
when they were under 7 years of age. However, 5 (5.0%) 
patients reported the onset of AD in adulthood. 

Allergic rhinitis was diagnosed in 17 (17.2%) patients, 
bronchial asthma in 15 (15.2%), pollinosis in 11 (11.1%), allergic 
conjunctivitis in 9 (9.1%).

The analysis of the family history considered blood-related 
siblings, parents and grandparents, and uncles and aunts; in 
44 patients, it revealed atopic and allergic burdens. AD was 
diagnosed in relatives of 40 (40.4%) participants: fathers of 14, 
mothers of 13, grandparents of 6, siblings of 6, uncles/aunts 
of 7. Relatives of 8 (8.1%) AD patients suffered from bronchial 
asthma. Three patients reported that their fathers have been 
diagnosed with bronchial asthma, 2 patients pointed to this 
disease in their brothers, and 1 participant stated that this 
diagnosis was announced to his mother, grandfather and 
grandmother. Two (2.0%) patients mentioned relatives with 
pollinosis, a father of one and a grandmother of another. As 
for allergic rhinitis, this disorder affected both parents of one 
patient and father of another patient, which means there were 
2 (2.0%) participants with it in their family medical history.

The severity of AD was established with the help of the 
SCORAD. The participants that who 25 through 50 points on 
its scale were considered to have moderate AD, those with the 
score above 50 — severe AD [27].
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Table 1. Participating AD patients by the disease onset age

Infancy
(1 month to 1 year)

Early childhood 
(1 to 3 years)

Preschool age 
(3 to 7 years)

Junior and senior school 
age (7 to 18 years)

Early adulthood
(18 to 44 years)

Total

Number of 
patients

абс. 49 19 20 6 5 99

% 49,5 19,2 20,2 6,1 5 100

Table 2. Oligonucleotide sequences of primers for multiplex PCR of target regions of the FLG gene

Genome region Primer direction Nucleotide sequence 5'–3'

2282delACTG
direct TGGTAGTCAGGCCACTGACAGTG

reverse GGTGACCAGCCTGTCCATGG

R501X
direct GACCTATTTACCGATTGCTCGTGG

reverse GGACGTTCAGGGTCTTCCCTCT

S3247X
direct ACTGGACCCCCAGTGTCTACT

reverse GGTGGTCTGGGTCTGCTTCCAG

R2447X
direct TGGGATGTGGTGTGGCTGTGATGAG

reverse CAAGGATCCCACCACAAGCAGGCA

Thus, 64 (64.6%) patients were diagnosed with moderate 
AD, and 35 (35.4%) with severe atopic dermatitis. The SCORAD 
scores in the sample ranged from 25.2 to 77.1 points (mean — 
47.20 ± 12.57 points). 

The participants donated venous blood samples, 4–5 ml 
of which were collected into VACUETTE® K3E K3EDTA tubes 
(Greiner Bio-One; Austria), and separated into cellular and 
plasma fractions at 3000 g for 10 minutes in an Allegra X-14 
centrifuge (Beckman Coulter; USA), the results of separation 
then stored at -20 °C until DNA extraction. 

Genomic DNA was isolated from cellular biomass with 
the help of QIAamp DNA Mini Kit (QIAGEN; Germany), as 
prescribed by the manufacturer. Resulting genomic DNA's 
concentration and purity were analyzed in a NanoVue 2000 
spectrophotometer (GeneralElectric; France).

To detect loss-of-function mutations of the FLG gene, 
we carried out a two-stage multiplex PCR with intermediate 
purification and subsequent identification of single-nucleotide 
polymorphisms after separation in 3130 Genetic Analyzer 
according to the instructions of the manufacturer of the 
SNaPshot kit (Applied Biosystems; USA). The sequences of 
oligonucleotides and hybridization probes were selected based 
on the data from BLAST (USA) [28], using Ugene software 
v.44.0 (http://ugene.net /); the synthesis was performed by 
Syntol LLC (Russia).

The first stage of PCR involved four regions of the FLG gene 
and was done with primers; Table 2 shows their nucleotide 
sequence. PCR was followed by visualization of the successful 
reaction in VersaDoc gel documentation system (Bio-Rad; USA), 
with ethidium bromide staining after separation of fragments by 
electrophoresis in 2% agarose gel (TAE buffer, voltage — 180 V, 
time — 30 minutes). To determine the molecular weight of the 
amplified fragments, we used a 100-1000 bps lengths marker. 
(Thermo Fisher Scientfic; США).

For PCR, we used in 0.1 ml tubes (Biologix; China); the 
volume of the mixture was 20 µl, including 10 µl of PCR 

buffer from the QUAGEN Multiplex PCR Kit (Germany), 5 pM 
of each primer per 1 µl of the mixture, from 1 to 100 nM of 
DNA, and deionized water. The amplification program involved 
DNA melting and activation of Taq polymerase for 15 minutes 
at 95 °C, followed by 40 cycles that included annealing of 
primers at 57 °C for a minute, a minute long elongation at 
72 °C, and melting at 95 °C for 30 seconds. When the reaction 
was over, we purified the PCR products by incubation at 37 °C 
for 45 minutes in the presence of exonuclease I and alkaline 
phosphatase enzymes: 0.5 µl of ExoI and 1 µl of FastUP 
(Thermo Fisher Scientific; USA) were added to 5 µl of the PCR 
product, and 15-minute enzymes inactivation at 85 °C.

The purified PCR products from the first stage were used 
in the hybridization PCR with oligonucleotides flanking single 
nucleotide polymorphisms, the sequences of which are shown 
in Table 3. The reaction occurred in 0.1 ml tubes (Biologix; 
China), the substance volume was 10 µl, including 5 µl of 
the finished mixture of 2× SNaPshot PCR ready Master Mix, 
3 µl of water, 1 µl of mixed purified PCR products, and 1 µl 
of a primers mixture. At this stage, the amplification program 
included 25 cycles: primers annealing at 50 °C for 5 seconds, 
elongation at 60 °C for 30 seconds, and melting at 95 °C 
for 10 seconds. Once the reaction was over, PCR products 
were purified through incubation at 37 °C for 45 minutes in 
the presence of alkaline phosphatase: 1 µl of FastUP enzyme 
(Thermo Fisher Scientific; USA) was added to 5 µl of the PCR 
product, and subsequent inactivation at 85 °C for 15 minutes.

To 0.5 µl of the purified second-stage PCR product, 
we added 9 µl of deionized formamide and Gene Mapper 
LIZ-120 molecular weight marker (Applied Biosystems; USA), 
denatured the resulting mixture at 95 °C for 5 minutes, then 
cooled it on ice. 

The mixture of products of the second stage of multiplex 
PCR was separated in an ABI 3130 Genetic Analyser (Applied 
Biosystems; USA), according to the SNaPshot kit protocol. For 
this operation, we used a standard 50 cm capillary tube filled 

Table 3. Detection of the FLG gene loss-of-function mutations 2282delACTG (rs558269137), R501X (rs61816761), S3247X (rs150597413), R2447X (rs138726443); 
oligonucleotide sequences of primers, second stage (hybridization PCR).

Mutation Hybridizing primer 5'-3' nucleotide sequence Amplicon size Wild type alleleic

2282delACTG (rs558269137) (CT)
22

ACCAGCCTGTCCATGGCCTGACACTG 71 A

R501X (rs61816761) (CT)
20

CGCTGAATGCCTGGAGCTGTCTC 64 G

S3247X (rs150597413) (TC)
11

TGGTGTCTGGAGCCGTGCCTT 44 G

R2447X (rs138726443) (CT)
13

CCGTTGAGTGCCTGGAGCTGTCTC 51 G
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Fig. Electrophoregram of detection of the four single nucleotide polymorphisms of FLG gene loss-of-function mutations (minisequencing). Peak color signals the allelic 
variant, its size (retention time) indicates the specific polymorphism. Left to right: S3247X (rs150597413), R2447X (rs138726443), R501X (rs61816761), 2282delACTG 
(rs558269137). A. All allelic variants are wild-type, loss-of-function mutations not detected. B. An example of a 2282delACTG mutation heterozygote

А

B

with POP-7 polymer. The sample was introduced in the course 
of 7 seconds. We visualized the resulting chromatograms in 
Peak Scanner Software 2 (Applied Biosystems; USA), and 
decoded by comparing the retention time of the amplified 
fragments and Gene Mapper LIZ-120. The SNaPshot kit 
manufacturer (Applied Biosystems; USA) also offers Gene 
Mapper Software that can automatically decode single 
nucleotide polymorphisms. Comparison of the resulting data 
with wild-type alleles (enabled by electrophoregram imaging) 
allowed detecting presence of the filaggrin gene loss-of-
function mutations against identification of the wild-type alleles.

To confirm detection of the 2282delACTG loss-of-function 
mutation by minisequencing, we analyzed an amplified 
fragment of the filaggrin gene (Table 1) using Ade I (Dra III) 
restrictase (SibEnzyme; Russia), as described in a previously 
published study [22]. 2282delACTG deletion creates a Dra III 
restrictase recognition site, which is visualized as two bands 
after separation of the hydrolysis products in an agarose gel. 

For PCR, we used T100 (Bio-Rad; USA) and 96-well plates 
(Applied Biosystems; USA). The reaction was carried out in 
10 µl of a mixture comprising 0.1 µm of each primer per 1 µl, 
5 µl of the PCR reaction mixture from a commercially available 
Multiplex PCR mix kit (QIAGEN; Germany), deionized water, and 
a DNA matrix. The amplification program included DNA melting 
and polymerase activation for 15 minutes and subsequent 40 
cycles of 30-second primer annealing at 54 °C, 30-second 
elognation, and mixture melting at 95 °C for 15 seconds.

The hydrolysis of the PCR fragment was enabled by T100 
(Bio-Rad; USA) in 96-well plates (Applied Biosystems; USA); the 
procedure lasted for 3 hours at 37 °C, and involved 20 µl of the 
reaction mixture containing 5 units of restriction endonuclease, 
2 µl of restriction buffer, 10 µl of the PCR product, and deionized 
water. The restriction sites were detected after 30-minute 
separation in a chamber (Bio-Rad; USA) on 2% agarose gel at 
180 V by visualization of ethidium bromide-stained fragments 
in UV light.

RESULTS

To estimate the frequency of the filaggrin gene loss-of-function 
mutations 2282delACTG (rs558269137), R501X (rs61816761), 

S3247X (rs150597413), R2447X (rs138726443) in adult 
patients with moderate to severe AD, we developed a method 
based the detection of single-nucleotide polymorphisms 
that signal presence of such mutations. This method allows 
simultaneous identification of four FLG gene loss-of-function 
mutations; it is based on two consecutive PCRs, with the 
first reaction yielding the specific mutation locus, and second 
effecting single nucleotide elongation of the hybridizing primer 
with a special kit that allows determining allelic variants of a 
single nucleotide polymorphism. Simultaneous detection of the 
four considered single nucleotide polymorphisms is possible 
after separation in the capillary tube of 3130 Genetic Analyzer, 
performed as prescribed by the SNaPshot kit manufacturer 
(Applied Biosystems; USA); presence of the alleles different 
from the wild type allow conclusions about presence of loss-of-
function mutations. Figure  shows an example of the analysis of 
four loss-of-function mutations in the filaggrin gene.

The developed method of detection of loss-of-function 
mutations was verified by restriction analysis targeted at 
2282delACTG in exon 3 of the filaggrin gene. The frequency 
of such mutations yielded by the analysis was 5.2%, which is 
comparable to the minisequencing data. Thus, the developed 
method of detection of the FLG gene loss-of-function mutations 
using minisequencing can be used to assess the prevalence 
thereof, including among the AD patients. 

 The study involved 99 adult patients with moderate to severe 
AD. In this sample, 6.8% of the participants had 2282delACTG, 
R501X, R2447X mutations, namely, 2282delACTG was detected 
in 5.05% of them, R501X — in 0.5%, R2447X — in 1%, and 
S3247X was not detected in any of the participating patients 
(Table 4). The loss-of-function mutation as a deletion of 4 p.o. in 
the heterozygous 2282delACTG was detected in 4% of patients, 
in the homozygous state — in one patient (1%), and along with 
R501X — in one patient, as a compound heterozygote.

DISCUSSION

The prevalence of the considered four mutations in the 
conditionally healthy populations represented in the 1000 
Genomes catalog is below 1% [36]. The analysis of data 
describing adult AD patients revealed a slightly increased 
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Table 4. Frequency of occurrence of 2282delACTG, R501X, S3247X, R2447X in AD patients, Russian and European populations

Sample size 2282delACTG R501X S3247X R2447X Reference

Patients with moderate to severe AD 99 5.05 0.5 0 1

Residents of Novosibirsk 470 6.7 1.2 – – [29]

Russians of the central region of Russia 474 2.9 0.9 – – [30]

Russians of Bashkortostan 177 6.03 – – – [31]

Tatars 126 9.35 – – – [31]

Austrians and Germans 462 14.7 6.5 3 1.7 [32]

Germans 476 10.9 5.7 – – [33]

Italians 178 0.9 0.6 – – [34]

Finns 501 3.4 0.9 1.3 – [35]

frequency of the FLG gene loss-of-function mutations (6.8%) 
compared with normal variability. In our study, the occurrence 
of R501X, S3247X and R2447X filaggrin gene mutations 
among AD patients was at the level of population variability 
for the cohort of conditionally healthy individuals. Thus, of 
the four studied FLG gene loss-of-function mutations, only 
2282delACTG was associated with onset and development of 
AD in adult patients from the Russian Federation.

A comparison of the data on prevalence of the FLG gene 
loss-of-function mutations among adult AD patients in the 
Russian and European populations (Table 4) revealed slight 
fluctuations in the frequency of occurrence of the 2282delACTG 
mutation in different regions of the Russian Federation. The 
frequency variations, which, most likely, have evolutionary 
gene pool differences behind them, were twofold or less. 
The frequency of the 2282delACTG mutation in European 
adult AD patients varies more widely, and the value closest to 
that identified in our study was found in the respective reports 
from Finland. The data we obtained are comparable with the 
results of other studies investigating FLG gene loss-of-function 
mutations in Russian adult AD patients. 

The integral frequency of the four FLG gene loss-of-
function mutations (6.8%), as established in our study, was 
significantly lower than that registered in children with severe 
AD, which is 32.8% in the Russian population [21] and 42% in 
the comparable European patients [11]. A partial explanation of 
this phenomenon suggested by the researchers is that carriers 
of the loss-of-function mutations in the filaggrin gene have the 

diseases onset at an earlier age (the odds ratio in the group 
under 20 years is 8.9; in the group under 5 years — 7.8) [37]. 
The detailed classification of AD types based on the specifics of 
immune pathways of development of the disease (Th2/retinol, 
skin homing, Th1/Th2/Th17/IL1, and Th1/IL1 with the influence 
of eosinophils) can also explain the differences in the frequency 
of the FLG gene loss-of-function mutations in patients of 
different age groups [38, 39]. The severity of the disease and 
the pathogenesis of AD in adults are associated only with the 
‘skin homing’ inflammation pathway, which is consistent with 
data on the prevalence of AD in 20% of children and 2–8% of 
adults [40].

CONCLUSIONS

The technique for detection of the four FLG gene loss-of-
function mutations most common in the European populations 
was developed based on the SNaPshot (minisequencing) 
approach. Examination of patients with moderate to severe AD 
with this technique revealed following frequencies of mutations: 
2282delACTG — 5.05%, R501X — 0.5%, R2447X — 1%. 
No S3247X mutation was detected in the sample. The level 
of the FLG gene loss-of-function mutations is comparable to 
that reported in other studies examining adult AD patients 
from Russia. The data obtained suggest that the filaggrin 
gene loss-of-function mutations most common in the 
European populations contribute to the development of AD 
insignificantly.
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Mamedov IS1, Zolkina IV2      , Sukhorukov VS3, Krapivkin AI1

DETERMINING THE DIAGNOSTIC VALUE OF THE MARKERS OF CONGENITAL METABOLIC 
DISORDERS BY CHROMATOGRAPHY–MASS SPECTROMETRY

Thorough investigation of metabolome by mass spectrometry is of great importance for personalized and preventive medicine. It is only timely laboratory diagnosis 

involving the use of high-tech chromatographic analysis methods that can help identify the patients with disorders of amino acid and acylcarnitine metabolism. 

The study was aimed to determine the efficacy of conventional and additional markers of metabolic disorders of amino acids and acylcarnitines detected by 

chromatography–mass spectrometry for the diagnosis of congenital metabolic disorders in children, as well as to create specific panels of the most effective 

indicators and determine the potential diagnostic efficacy of indentification of the relationships between the levels of amino acids and acylcarnitines in pediatric 

patients with congenital metabolic disorders. We assessed amino acid and acylcarnitine profiles in blood spots by high-performance liquid chromatography–tandem 

mass spectrometry in patients aged 6 months to 16 years (48 boys and 32 girls) with suspected aminoacidopathy and organic aciduria/acidemia. The comparison 

group consisted of 35 children with suspected peroxisomal metabolic disorders, the control group included 40 generally healthy children of various age groups. 

The data obtained were used to conduct the analysis of correlations between the groups of markers. Strong correlation was revealed for the levels of metabolically 

most closely related compounds (r < 0.8, р < 0.001). However, a similar relationship between metabolically not closely related compounds (correlation coefficient 

0.45–0.73 (р < 0.001)) was revealed for some groups of compounds. Thus, the acylcarnitine profile can be proposed as an additional potential marker to be used 

in cases of borderline phenylalanine levels, and the sum of normalized acylcarnitine levels (С12+С16) can be a potential secondary marker of phenylketonuria.
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И. С. Мамедов1, И. В. Золкина2      , В. С. Сухоруков3, А. И. Крапивкин1

ОПРЕДЕЛЕНИЕ ДИАГНОСТИЧЕСКОЙ ЗНАЧИМОСТИ МАРКЕРОВ НАСЛЕДСТВЕННЫХ БОЛЕЗНЕЙ 
ОБМЕНА С ПРИМЕНЕНИЕМ МЕТОДА ХРОМАТО-МАСС-СПЕКТРОМЕТРИИ

Для развития персонализированной и превентивной медицины большое значение приобретает детальное изучение метаболома с применением 

масс-спектрометрии. Только своевременная лабораторная диагностика с помощью высокотехнологичных методов хроматографического анализа 

может помочь в выявлении пациентов с нарушениями метаболизма аминокислот и ацилкарнитинов. Целью работы было определить эффективность 

классических и дополнительных маркеров нарушений обмена аминокислот и ацилкарнитинов, детектируемых хромато-масс-спектрометрическими 

методами, в диагностике наследственных болезней обмена у детей, создать специфические панели наиболее эффективных показателей и 

определить потенциальную диагностическую эффективность выявления взаимосвязей между показателями аминокислот и ацилкарнитинов у 

педиатрических пациентов с врожденными нарушениями метаболизма. Были изучены профили аминокислот и ацилкарнитинов в пятнах крови методом 

высокоэффективной хромато-масс-спектрометрии у пациентов в возрасте от 6 месяцев до 16 лет (48 мальчиков и 32 девочки) с подозрением на 

аминоацидопатии и органические ацидурии/ацидемии. Группа сравнения состояла из 35 детей с подозрением на пероксисомные болезни обмена, 

контрольная группа — из 40 практически здоровых детей разных возрастных групп. По полученным данным, между группами маркеров был проведен 

корреляционный анализ. Содержание метаболически наиболее близких соединений имело выраженную корреляционную взаимосвязь (r < 0,8, р < 0,001). 

Однако такая взаимосвязь проявилась и среди метаболически слабо связанных соединений (коэффициент корреляции варьировал от 0,45 до 

0,73 (р < 0,001) для некоторых групп соединений. Так, ацилкарнитиновый профиль может быть предложен в качестве потенциального дополнительного 

маркера при пограничных показателях фенилаланина, а сумма нормализованных показателей ацилкарнитинов (С12+С16) может быть потенциальным 

вторичным маркером фенилкетонурии.

Ключевые слова: масс-спектрометрия, аминокислоты, ацилкарнитины, наследственные болезни обмена, корреляционный анализ, дифференциальная 
диагностика
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In the leading countries of the world mass spectrometry is 
among the newest and most popular laboratory medicine 
methods. Thorough investigation of metabolome is impossible 
without the use of mass spectrometry; the datasets acquired 
by this method are of great importance for the development 
of innovative personalized medicine technologies ensuring the 
switch from reactive to predictive and preventive medicine. 
Since introduction into practice of preventive check-ups and 
information technology for the development of the disease 
diagnosis algorithms is the most promising direction in solving 
the range of problems of personalized medicine, the tandem 
mass spectrometry is considered to be the method most 
suitable for fulfillment of these aspects [1–3].

Based on the prevalence, the disorders of amino acid and 
acylcarnitine metabolism are rather frequent compared to other 
congenital metabolic disorders. The prevalence of the majority 
of inherited metabolic disorders, many of which are acidemias 
that manifest themselves in the neonatal period, is 1:1000 – 
1:5000 newborns. Individual pathogenetic pattern of amino 
acid and acylcarnitine metabolism disorders is complicated 
by the fact that certain clinical signs in various combinations 
having varying severity can emerge in individuals with different 
types of metabolic diseases. As a result, it is only timely laboratory 
diagnosis involving the use of high-tech chromatographic analysis 
methods that can help identify the patients with such disorders.

The study was aimed to determine the efficacy of the 
main (conventional) markers of amino acid and acylcarnitine 
metabolism disorders detected by chromatography–mass 
spectrometry for the diagnosis of congenital metabolic 
disorders, as well as to create specific panels of the most 
effective indicators and determine the potential diagnostic 
efficacy of indentification of the relationships between mass 
spectrometry indicators in children with inherited metabolic 
disorders of amino acids and acylcarnitines.

METHODS

The study was carried out at the Veltischev Research and 
Clinical Institute for Pediatrics and Pediatric Surgery of the 
Pirogov Russian National Research Medical University and the 
Voino-Yasenetsky Scientific and Practical Center for Specialized 
Assistance to Children in 2012–2023.

The group of affected individuals included children and 
adolescents with suspected aminoacidopathy and organic 
aciduria/acidemia, as well as patients with undifferentiated 
metabolic disorders. The age of patients included in the 
group was between 6 months and 16 years. The gender 
distribution of the group of patients was as follows: 48 boys and 
32 girls. Inclusion criteria: children from birth to 18 years of age; 
history of the following symptoms: psychomotor and physical 
development retardation, cramps, muscle tone abnormality, 
ataxia, the combined symptoms including enlarged liver, 
decreased visual acuity, dermatitis. Exclusion criteria: age over 
18 years, severe comorbidities (for example, cerebral palsy, 
congenital anomalies of the kidney and urinary tract, severe 
cardiovascular disorders) that could complicate fulfillment of 
the assessment conditions or cause harm to the patient. The 
comparison group for this group of affected individuals included 
35 children with suspected peroxisomal metabolic disorders. 
Inclusion criteria for the comparison groups: age under 18 years, 
history of sharp typical neuronal migration defects, micronodular 
cirrhosis, kidney cysts, chondrodysplasia punctata, corneal 
opacity, cataract, glaucoma and retinopathy, congenital heart 
defects and dysmorphic features. The control group consisted 
of 40 generally healthy children of various age groups.

The study involved the use of the method for quantification 
of 12 amino acids and 30 acylcarnitines in dry blood spots 
by high-performance liquid chromatography–tandem mass 
spectrometry [4–7] modified in the following way: the mass 
spectrometry detection parameters for all analytes were 
optimized to increase sensitivity, the eluent flow rate was 
increased to reduce the single sample analysis time. 

Reference samples: MassChrom®AminoAcids and 
Acylcarnitines lyophilized mixture of internal standards 
(Chromsystems; Germany).

Reagents: acetonitrile (LC/MS Grade) (Fisher Scientific; USA), 
butanol-1 (AR Grade; Chimmed, Russia), n-butyl acetate (AR 
Grade; Chimmed, Russia), hydrochloric acid (AR Grade; Chimmed, 
Russia), methanol (AR Grade; Sigma-Aldrich, Germany).

Laboratory glassware and materials: Whatman 903® filter 
paper for biomaterial sample collection (Whatman; USA), 
96-well microplate with protective adhesive film (Eppendorf; 
Germany).

Laboratory equipment: DSB Puncher (PerkinElmer; USA), 
ST-3 thermal shaker (ELMI; Latvia), EVA EC-S evaporator (VLM; 
Germany), Sartorius Biohit Proline single-channel mechanical 
pipettes (Sartorius Biohit Liquid Handling Oy; Finland) having 
the volume of 0–100.0 µL, 0–200.0 µL with original disposable tips.

Biomaterial collection 

The blood sample drawn from the newborn’s heel or finger of 
the older patient was collected on the special Whatman 903® 
paper in the form of sheets for capillary blood collection and 
dried at room temperature until completely dry. Special paper 
soaked in biomaterial was stored at room temperature for up 
to one month.

Biomaterial sample preparation

To conduct the analysis, a circle with a diameter of 3.1 mm 
(corresponding to 3.2 µL of blood sample) was cut out from 
the dry blood spot with a puncher and placed in the microplate 
well. To ensure extraction, it was added 200.0 µL of the internal 
standard mixture (previously dissolved in acetonitrile); then the 
microplate was covered with protective adhesive film to avoid 
evaporation and splashing of the sample and mixed on the 
shaker at 600 rpm for 20 min at room temperature. To ensure 
evaporation, protective film was removed from the microplate, 
and the sample was evaporated at 60 °С in the air stream until 
dry. Sample derivatization was accomplished by adding 60.0 µL of 
the derivatization reagent (mixture of butanol-1, n-butyl acetate, 
hydrochloric acid in a volume ratio of 7:2:1) to the sample dry 
residue in the microplate, then the microplate was covered 
with the protective film and incubated at 60 °С and 600 rpm 
for 15 min. To concentrate the sample, the protective film was 
removed from the microplate, and the sample was evaporated 
in the air stream until dry. The final phase of sample preparation 
included dissolving the dry residue in 10.0 µL of methanol. 
After that the sample was mixed at 600 rpm for 1 min at room 
temperature. A total of 10.0 µL of the prepared sample were 
injected in the HPLC system.

Chromatographic conditions

The analysis was performed using the HPLC system consisting 
of the Agilent 1200 binary gradient pump, vacuum trap, column 
thermostat, and CTC HTS PAL autosampler connected to the 
Agilent 6410 QQQ MS detection system (Agilent Technologies; 
USA). The adaptor coupling was used as a column, and 
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Table. Diseases found in the group of patients with suspected aminoacidopathy and organic aciduria/acidemia based on the dry blood spot analysis by high-performance 
liquid chromatography–tandem mass spectrometry

Disease entity Changes in marker levels Number of patients

Disorders diagnosed by dry blood spot analysis by HPLC-MS/MS

Phenylketonuria due to phenylalanine hydroxylase deficiency
Elevated phenylalanine levels,  
decreased tyrosine levels

7

Homocystinuria due to cobalamin metabolism disorders
Decreased methionine levels,  
presence of homocysteine

5

Argininemia Elevated arginine levels 4

Cobalamin А type (cblA) and cobalamin B type (cblB) 
methylmalonic acidemia (MMA)

Elevated propionylcarnitine (С3)  
and methylmalonylcarnitine (С4DC) levels

5

Medium-chain acyl-coenzyme A dehydrogenase (MCAD) 
deficiency

Elevated levels of medium-chain acylcarnitines (С6, С8, С10) 3

Carnitine uptake defect (CUD) Decreased free carnitine levels (C0) 1

Glutaric acidemia type I (GA I) Elevated glutarylcarnitine levels (С5DC) 3

Tyrosinemia type I Elevated levels of tyrosine, phenylalanine, and methionine 3

Tyrosinemia type II Elevated tyrosine levels 1

Hyperammonemia due to N-acetylglutamate synthase 
deficiency

Elevated alanine levels 5

Citrullinemia
Elevated citrulline levels,  
decreased arginine levels

2

Isovaleric acidemia/aciduria (IVA) Elevated isovalerylcarnitine levels (С5) 2

Propionic acidemia (PA)
Elevated propionylcarnitine levels (С3)  
and the С3/С2 ratio

2

Nonketotic hyperglycinemia Elevated glycine levels 5

Maple syrup urine disease (leucinuria) (MSUD) Elevated total indicator (leucine + isoleucine) 6

acetonitrile was used as a mobile phase and solution used to 
wash the injector needle. The HPLC system settings were as 
follows: injection volume — 10.0 µL, analysis time — 1.7 min, 
mobile phase flow rate during system equilibration — 0.5 mL/min. 

Data processing

The data obtained were processed in МassHunter® (Agilent 
Technologies; USA).

The analytes were quantified by the internal standard 
method. The concentration of each analyte in the sample was 
calculated using the formula (1) as a ratio of its analytical signal 
intensity in the sample to the analytical signal intensity of the 
corresponding internal standard in the same sample multiplied 
by the concentration of this internal standard in the mixture of 
internal standards (calibration mixture):

 c_(A, µmol/L) = ( 〖A_A〗_ )/A_IS × c_(IS, mmol/L),   (1)

where c_(A, µmol/L) was the concentration of analyte in the 
sample (µmol/L); A_A was the analyte analytical signal 
intensity in the sample; c_(IS, mmol/L) was the concentration of 
internal standard in the calibration mixture (µmol/L); A_IS was 
the internal standard analytical signal intensity in the sample.

The concentrations of all internal standards in the 
MassChrom®AminoAcids and Acylcarnitines mixture 
(Chromsystems; Germany, registration certificate № RZN 
2018/7415 dated 27.07.2018) were provided in appropriate 
supporting documents.

Method validation characteristics

Depending on the analyte, the rate of amino acid and 
acylcarnitine extraction from dry blood spots was 69–97%; 
the detection limit for amino acids varied between 2.0 and 
15.6 µmol/L, while that for acylcarnitines was 0.1–1.6 µmol/L; 

the coefficients of variation for all analytes were within the range 
of 3.4–15.6%; the linearity range of amino acids was up to 
2000 µmol/L, while that of acylcarnitines was up to 200 µmol/L.

To demonstrate the diagnostic value, ROC curves were 
plotted [8]. Hierarchical cluster analysis and the heatmaps based 
on Spearman’s rank correlation were also used. The correlation 
analysis was performed using a programming language R, and 
the median values were compared with the interquartile ranges. 
The results were processed using the Morpheus statistical tool 
and the SPSS Statistics 23® (IBM Corporation; USA), Statistica 
6.0® (StatSoftInc.; USA), Excel’2007® (MicroSoft Corp.; USA) 
software packages. 

RESULTS

Based on the analysis of dry blood spots collected from 
80 children in the first group with suspected aminoacidopathy 
and organic aciduria/acidemia and clinical and laboratory 
characteristics, a total of 54 patients with the following 
monogenic disorders were identified: aminoacidopathies, 
organic acidemia, fatty acid oxidation defects, and carnitine 
transport defect. These diagnoses were later verified by 
molecular genetic methods (Table). Based on the analysis of 
dry blood spots collected from 35 individuals in the comparison 
group (patients with suspected peroxisomal disorders), low 
free carnitine levels (С0) in blood were revealed in five patients 
(within the range of 10–16 µmol/L, while the reference range 
was 19–45 µmol/L), which could be indicative of other 
metabolic disorder, such as secondary carnitine deficiency. In 
other patients, all the indicators were within reference ranges 
or at their high ends. The analysis of dry blood spots collected 
from 40 children in the control group confirmed the fact that the 
group included generally healthy children, since all the studied 
indicators were within reference ranges in all children.

When comparing the median values with the interquartile 
ranges of marker metabolites in the subjects of the comparison 
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Fig. 1. Comparison of marker metabolite levels in surveyed individuals of the comparison group and the patients with phenylketonuria (diagnostic marker — phenylalanine 
(Phe)), nonketotic hyperglycinemia (diagnostic marker — glycine (Gly)), and hyperammonemia (diagnostic marker — alanine (Ala))
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Fig. 2. Comparison of marker metabolite levels in surveyed individuals of the comparison group and the patients with methylmalonic acidemia (diagnostic marker —
propionylcarnitine (С3)) and homocystinuria (diagnostic marker — methionine (Met))
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group and the patients diagnosed with metabolic disorders, 
significant (10–100-fold) differences become evident. This 
is exemplified by comparison of marker metabolite levels 
in surveyed individuals of the comparison group and the 
patients diagnosed with congenital amino acid metabolism 
disorders: phenylketonuria (more than 100-fold), nonketotic 
hyperglycinemia, and hyperammonemia (Fig. 1).

It is noteworthy that the levels of propionylcarnitine (C3) 
being the main marker of the disease are significantly higher 
in patients with methylmalonic acidemia than in surveyed 
individuals in the comparison group; the opposite trend is 
observed in patients with homocystinuria: the levels of the main 
marker, methionine (Met), are lower in affected patients than in 
individuals in the comparison group (Fig. 2). 

The above examples confirm the diagnostic value of the 
biochemical markers determined by chromatography–mass 
spectrometry in this study when used to diagnose metabolic 
disorders of amino acids, acylcarnitines. 

Fig. 3 presents a heatmap with a dendrogram for patients 
with identified metabolic disorders of amino acids and 
acylcarnitines, in the rows of which the data on each patient 
with identified disorder are provided, and the columns of which 
provide data on the tested metabolytes; potential markers are 
clustered by cluster analysis.

The more detailed review of the data provided in the upper 
right corner of the heatmap shows the decreased blood levels 
of short-chain and long-chain acylcarnitines in patients with 
phenylketonuria compared to subjects in the comparison group, 
along with preserved levels of medium-chain acylcarnitines. 
These results have been confirmed for acylcarnitines C12, 
С14, C14:1, С16, C16:1, C18, C18:1, С5, C5OH using the 
nonparametric Mann–Whitney U test at p < 0.05. Thus, the 
acylcarnitine profile can be proposed as an additional potential 
marker to be used in cases of borderline phenylalanine levels.

A downward trend in different acylcarnitine profile indicators 
(short-, medium-, and long-chain acylcarnitines) is also observed 
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Fig. 3. Heatmap with a dendrogram of amino acid and acylcarnitine profile in patients with disturbed metabolism of these substances (the ratio of the diagnostic marker 
concentrations to the average concentration value in the control groups corresponds to the color chart)
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in patients with citrullinemia and nonketotic hyperglycinemia. 
Despite the fact that these data are not enough to make 
statistically significant conclusions, the data definitely constitute 
the grounds for further research focused on identification of the 
groups of marker metabolites for the diagnosis of metabolic 
disorders of amino acids.

Specificity represents a far more important parameter for 
rare disorders than sensitivity, therefore, the tests having higher 
specificity show higher diagnostic efficacy [9]. Fig. 4 presents 
the ROC curve for the sum of normalized acylcarnitine levels 
(С12+С16). High values of area under the curve (> 0.9), 
specificity (almost 100%), and sensitivity (above 80%) make it 
possible to propose this parameter as a potential secondary 
marker of phenylketonuria.

It is obvious that phenylalanine levels represent one 
the most important diagnostic markers of phenylketonuria 

compared to others, but further study of the acylcarnitine profile 
will make it possible to differentiate phenylketonuria from other 
hyperphenylalaninemias with its help.

These examples allow us to say with certainty that 
hierarchical cluster analysis can be a reliable tool for physicians 
to be used in differential diagnosis of congenital metabolic 
disorders in children. 

The analysis of correlations between certain markers and 
groups of markers selected based on the cluster analysis results 
was performed. The correlation analysis results are presented 
as the figures, in which the divisions mark the abscissa and 
ordinate axes for histograms; the concentration distribution 
graph for each marker metabolite is arranged diagonally; the 
graphs showing correlations between two variables are located 
under the diagonal, while the correlation coefficients and 
significance levels are located above the diagonal.
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Fig. 4. ROC curve for the sum of normalized acylcarnitines (С12+С16)
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Fig. 5. Results of the correlation analysis performed in the group of marker short-chain acylcarnitines (р < significance level)
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Predictably, the closest metabolically related substances, 
such as short-chain acylcarnitines, show the highest degree of 
correlation (Fig. 5).

However, the correlation between not metabolically closely 
related amino acids, such as methionine and tyrosine, was 
also observed (r = 0.73); the ornithine levels rather strongly 
correlated with the levels of aspartic acid, glycine, and glutamic 
acid (r = 0.55 and 0.43). The levels of the latter, in turn, were 
correlated to the levels of glycine, alanine, and ornithine (r = 0.47, 
0.45, and 0.48, respectively) (Fig. 6).

High correlation of free carnitine (С0) with acetylcarnitine 
(С2) and butyrylcarnitine (С4) is confirmed by the correlation 
analysis results: r = 0.46 and 0.48, respectively (р < 0.001). 
High correlation between all markers in the group of long-chain 
acylcarnitines (С12, С14, С16, С18) enables the complex use 
of this group of markers, i.e. in the form of the common profile: 
the correlation coefficient for these markers vary between 0.69 
and 0.88 (р < 0.001).

DISCUSSION

In our country, chromatography–mass spectrometry has been 
introduced and used in clinical laboratory diagnosis for more 
than 10 years, and the reports published reflect the practical 
relevance of using the method by physicians of various 
specialties for the diagnosis of different disorders and disease 
entities, especially congenital metabolic disorders [10, 11]. The 
published papers contain information about the use of various 
developed qualitative and quantitative metabolic disorder 
marker determination methods for the diagnosis of different 
congenital and acquired metabolic disorders, however, no 
correlation analysis of indicators of various marker groups was 
performed, and different marker groups were not compared 
with each other. The published studies involved no big data 
analysis and no search for new statistically significant markers 
[12, 13].  At the same time, the tactics of big data analysis 
is currently being actively used in laboratory diagnosis. Large 
samples make it possible to create the datasets on their basis, 
allowing one to apply parametric tests used in statistical (cluster, 
correlation) analysis of various types. This represents an extra 
tool to be used to search for new laboratory markers and assess 
their diagnostic efficacy. Several papers were published, in which 
assessment of the entire set of data on the concentrations of 

amino acids and acetylcarnitines and the search for correlations 
between these groups of metabolytes provided additional 
information and made it possible to determine the associations 
and develop the algorithms for the diagnosis of various metabolic 
disorders, such as type II diabetes mellitus and metabolic 
syndrome [14, 15]. Thus, a prognostic model containing a panel 
of acetylcarnitines and amino acids improved the classification 
of diabetes mellitus cases compared to the model comprising 
the identified risk factors only [15]. At the same time, no studies 
focused on assessing the sets of data on the concentrations of 
amino acids and acetylcarnitines in pediatric population were 
conducted; these groups of metabolites were always considered 
separately from each other.

CONCLUSIONS

The experimental data analysis confirmed the efficacy of 
conventional markers of the disorders of amino acid and 
acetylcarnitine metabolism when used for the diagnosis of 
congenital metabolic disorders. The statistical processing 
applied enabled identification of new markers and marker 
profiles, which would help ensure a more thorough differential 
diagnosis of congenital metabolic disorders. The identified 
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Fig. 6. Results of the correlation analysis performed in the group of marker amino acids (р < significance level)
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relationships between mass spectrometry indicators of 
different groups (amino acids and acylcarnitines) demonstrate 
some potential diagnostic efficacy when testing children for 
congenital metabolic disorders. The acylcarnitine profile can be 
proposed as an additional potential marker to be used in cases 
of borderline phenylalanine levels, in patients with citrullinemia 

and nonketotic hyperglycinemia; the sums of normalized 
acylcarnitine levels (С12+С16) can be proposed as a potential 
secondary marker of  phenylketonuria, and high correlation 
between all markers belonging to the group of long-chain 
acylcarnitines (С12, С14, С16, С18) enables the complex use 
of this group of markers, i.e. as a common profile.
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Tolstova TV    , Pureczcky VK, Kozhin PM, Luzgina NG, Rusanov AL

INFORMATION CAPACITY OF THE NF-κB AND AP-1 SIGNALING ACTIVATION SENSORS 
IN IN VITRO ASSESSMENT OF DERMATOTOXIC EFFECTS 

Toxicity testing, including testing for skin toxicity, is essential for certification of novel pharmaceutical, chemical, and skincare products. The in vitro assessment 

models are considered to be the most promising; a number of such tests have been introduced into practice of approval testing. The new possibilities of detecting 

the early cellular response to damage can be provided by the cell-based sensors built upon visual quantification of the changes in activity of the signaling pathways 

involved in realization of such response. NF-κB and AP-1 represent two important protein transcription factors, the increase in activity of which in the cell is 

associated with damage, inflammation or redox balance alteration. The study was aimed to develop the cell-based sensors built upon the HaCaT immortalized 

human keratinocyte cell line that express green fluorescent protein (GFP) when the NF-κB (HaCaT/NF-κB) or AP-1 (HaCaT/AP-1) signaling pathway is activated, 

as well as to assess their information capacity when recording the dose-dependent response to the exposure to inducers of appropriate signaling pathways. The 

findings showed that the HaCaT/NF-κB cell fluorescence levels changed by 6.05 ± 0.51 and 5.53 ± 0.52 times upon exposure to TNFα or LPS (at a concentration 

of 0–80 ng/mL) in a dose dependent manner. The HaCaT/AP-1 biosensor also responded to the exposure to Cd (NO
3
)
2
 (at a concentration of 0–40 µМ) and 

ultraviolet A (UVA) (0–40 J/cm2), however, it enabled qualitative, but not quantitative detection. The censor cell fluorescence increased by 1.51 ± 0.24 and 

1.66 ± 0.43 times, respectively. The cell-based sensors developed can be used to assess cytotoxic effects of the test substances on the human skin cells in vitro 

and study the cytotoxicity mechanisms.
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Т. В. Толстова    , В. К. Пурецкий, П. М. Кожин, Н. Г. Лузгина, А. Л. Русанов

ИНФОРМАТИВНОСТЬ СЕНСОРОВ АКТИВАЦИИ СИГНАЛЬНЫХ ПУТЕЙ NF-κB И AP-1 
ПРИ ОЦЕНКЕ ДЕРМАТОТОКСИЧЕСКИХ ЭФФЕКТОВ IN VITRO

Для сертификации новых фармацевтических, химических или косметических продуктов необходимо тестирование на токсичность, в том числе 

дерматотоксичность. Модели in vitro исследований считают наиболее перспективными, и ряд таких тестов внедрен в практику сертификационных 

испытаний. Новые возможности для регистрации раннего ответа клеток на повреждение могут предоставить клеточные сенсоры, основанные на 

визуальной количественной регистрации изменений активности сигнальных путей, задействованных в реализации такого ответа. NF-κB и AP-1 — два 

важных фактора транскрипции белков, активность которых возрастает в клетке при повреждении, воспалении и изменении редокс-баланса. Целью 

исследования было разработать клеточные сенсоры на основе иммортализованных кератиноцитов человека линии HaCaT, которые экспрессируют 

зеленый флуоресцентный белок (GFP) при активации сигнальных путей NF-κB (HaCaT/NF-κB) или AP-1 (HaCaT/AP-1), и изучить их информативность при 

регистрации дозозависимого ответа на воздействие индукторов соответствующих сигнальных путей. Результаты показали, что уровень флуоресценции 

клеток HaCaT/NF-κB дозозависимо изменялся в 6,05 ± 0,51 и 5,53 ± 0,52 раз при воздействии TNFα или LPS (в концентрациях от 0 до 80 нг/мл). 

Биосенсор HaCaT/AP-1 также реагировал на воздействие Cd (NO
3
)
2
 (в концентрациях от 0 до 40 мкМ) и ультрафиолетового излучения типа A (УФ-А) 

(от 0 до 40 Дж/см2), однако позволял регистрировать его качественно, но не количественно. Флуоресценция клеток сенсора возрастала в 1,51 ± 0,24 и 

1,66 ± 0,43 раз соответственно. Разработанные клеточные сенсоры могут быть использованы для оценки цитотоксического действия тестируемых 

веществ на клетки кожи человека in vitro и изучения механизмов цитотоксичности.
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The risk of skin injury or irritation represents one of the restrictions 
for implementation of novel pharmaceutical substances, 
chemical compounds, and skincare products. In this regard, the 
approval safety testing of such products involves mandatory skin 
toxicity testing. 

There is a number of routine in vivo tests approved by the 
Organization for Economic Cooperation and Development 
(OECD) and regulated by GOST of the RF. In particular, the 
OECD protocol № 429 based on the murine local lymph node 
assay [1], protocol № 406 (Guinea Pig Maximisation Test 
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(GPMT) of Magnusson and Kligman) [2], as well as methods 
for “Testing of Chemicals of Human Hazard”, including “Skin 
Sensitisation Testing” (GOST 32375-2013) [3] and “Repeated 
Dose Dermal Toxicity Testing. 21/28-day Study” (GOST 32642-
2014) [4], etc., are widely used to assess skin toxicity.

However, the animal studies of adverse drug effects acquire 
more and more restrictions [5], while the in vitro tests based on using 
human cells are species-specific, show higher reproducibility and 
sufficient reliability [6, 7]. In particular, assessment of the eye injury 
and/or irritation can be performed using the reconstructed human 
cornea-like epithelium (EpiOcular™ (MatTek; USA), MCTT HCE™ 
(Biosolution; South Korea)) [8, 9], while the corrosion properties can 
be assessed using the reconstructed human epidermis (EpiSkin™ 
(L’Oréal; France), epiCS® (Phenion; Germany)) [10, 11].

Cytotoxicity testing, for example, involving the HaCaT 
immortalized human keratinocytes, by colorimetry or fluorimetry 
(MTT assay, Annexin V or trypan blue stain) represents one of 
the stages of the test substance biosafety testing [12]. However, 
cytotoxic effects may be represented not only by metabolic 
activity alterations or cell death, but also activation of certain 
signaling pathways. The use of genetically modified cells carrying 
the reporter genes controlled by the stress sensitive promoters is 
a promising approach to detection of cytotoxic effects [13–15]. 
For example, the KeratinoSens™ assay representing the cell line 
carrying a luciferase reporter gene controlled by the antioxidant 
response component (AKR1C2 gene) is widely used to assess 
the test substances’ skin sensitizing potential [16]. 

The transcription factors, such as NF-κB and AP-1, are 
involved in the cells’ response to a wide range of stimuli: heavy 
metals, ultraviolet radiation, cytokines, infectious agents, etc., 
and may be of interest as biomarkers of cytotoxic effects [15, 17].
Thus, the important NF-κB transcription factor regulates 
transcription of proteins involved in inflammation, immune 
response, oxidative stress, apoptosis. AP-1 plays a key role 
in the cells’ proliferation, differentiation, aging and death. A 
fluorescent biosensor based on the 3T3-L1 preadipocyte cell 
line, showing stable GFP expression when the NF-κB pathway 
was activated, was earlier used to detect the anti-inflammatory 
effects of the plant-derived antioxidants [18]. The previously 
developed cell-based model of human small intestine wall built 
upon the Сaco-2 cell line ensured the dose-dependent detection 
of the NF-κB transcription factor activation under exposure to 
cadmium [15]. The cell-based biosensor built upon HT-29 with 
the regulatory element for АР-1 transcription factor and the gene 
encoding the mCherry fluorescent protein was successfully 
used for screening of heavy metal toxicity [17]. However, the 
cell-based sensors detecting activation of the NF-κB and AP-1 
signaling pathways have not yet been studied when used to 
assess dermatotoxic effects during in vitro testing. 

The study was aimed to develop the cell-based sensors 
built upon the HaCaT immortalized human keratinocyte cell line 
that express green fluorescent protein (GFP) when the NF-κB 
(HaCaT/NF-κB) or AP-1 (HaCaT/AP-1) signaling pathway is 
activated, as well as to assess their information capacity when 
detecting the dose-dependent cell damage.  

METHODS

HaCaT cell line transduction with a lentiviral construct 
comprising the regulatory elements of the NF-κB/AP-1 
transcription factors and the gene encoding green 
fluorescent protein 

The HaCaT cells (CLS Cell Lines Service, 300493; Germany) 
were cultured in the DMEM/F12 (Gibco; USA) culture medium 

supplemented with 10% fetal bovine serum (Gibco; USA), 0.1% 
GlutaMAXTM, and penicillin/streptomycin at a concentration of 
100 U/mL and 100 µg/mL, respectively (Gibco; USA), in the 
СО

2
 incubator (MCO-20АIС Sanyo; Japan) at a temperature 

of 37 ± 1 °C, 90 ± 10% humidity, and CO
2
 concentration of 

5.0 ± 1.0%. The culture medium was replaced with fresh 
medium every 48 h. Upon reaching 80% confluence, the 
cells were dissociated with the 0.25% trypsin-EDTA solution 
(PanEco; Russia) and resuspended in the fresh culture medium. 

The cell transduction was performed using the Cignal 
Lenti Reporter Assay kits (QIAGEN; USA) containing lentiviral 
particles with the NF-κB/AP-1-induced GFP reporter. The 
concentration of lentiviral particles was 2 × 107 particles/mL. 
For transduction, the cells were plated in the 24-well plate 
(Corning; USA), 4 × 104 cells per well, and incubated overnight 
in the СО

2
 incubator (MCO-20АIС Sanyo; Japan). 

After 18 h the medium was collected; 80 µL of lentiviral 
particles were added, which corresponded to multiplicity 
of vector uptake of 40, together with 6 µL of SureENTRY 
Transduction Reagent (QIAGEN; USA) for transfection efficacy 
improvement. The total volume of the solution was brought 
to 600 µL. The 24 h incubation was carried out in the СО

2
 

incubator (MCO-20АIС Sanyo; Japan). In the control well, 
the medium was replaced with 600 µL of complete culture 
medium. After that the medium with lentiviral particles was 
replaced with DMEM/F12 (Gibco; USA) supplemented with 
10% fetal bovine serum (Gibco; USA), penicillin/streptomycin 
at a concentration of 100 U/mL and 100 µg/mL, respectively, 
and 0.1% GlutaMAXTM (Gibco; USA).

Selection of transduced cells with the 
NF-κB/AP-1-induced GFP reporter 

Selection involved the use of puromycin antibiotic (InvivoGen; 
USA), to which the transduced cells were resistant. The MTT 
assay was used to assess puromycin resistance of the non-
transduced (wild type) HaCaT cells. For that the cells were 
plated in the 96-well plates (Corning; USA), 2 × 103 cells in 
200 µL of the medium per well, with DMEM/F12 containing 
10% fetal bovine serum and GlutaMAXTM (Gibco; USA). Then 
0; 0.5; 1.0; 2.0; 4.0, and 8.0 µg/mL of puromycin were added, 
and the cells were cultured for 10 days with the medium in 
the wells replaced every 96 h. The cells were examined with 
the Primovert phase contrast light microscope (Carl Zeiss; 
Germany) every day.

At the end of the exposure period, the culture medium with 
puromycin (experiment) or the culture medium (control) was 
drawn from the wells, washed with phosphate-buffered saline, 
pH 7.4 (PBS; PanEco, Russia), and added 200 µL of fresh 
complete culture medium containing 0.5 mg/mL МТТ. The 2 h 
incubation was carried out in the MCO-20АIС СО

2
 incubator 

(Sanyo; Japan) at a temperature of 37 °C with 5% CO
2
. Then 

the medium was collected, washing with 200 µL of PBS was 
performed, and 100 µL of dimethyl sulfoxide (DMSO; Helicon, 
Russia) were added to each well. After the 15 min mixing on a 
shaker (150–200 rpm, in the dark), the optical density was 
measured at a wavelength of 595 nm (minus background 
absorbance at a wavelength of 655 nm) using the iMark 
microplate reader (BioRad; USA). Viability was determined 
using the following formula: 

OD of experimental wells — OD of the medium 

where OD was optical density.

OD of control wells — OD of the medium) 
× 100%,
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Table 1. Sequences of PCR primers

Gene Sequence of primer 1 (Forward) Sequence of primer 2 (Reverse)

GAPDH TCGACAGTCAGCCGCATCTTCTTT ACCAAATCCGTTGACTCCGACCTT

NFKB1 CATGGCAGACGATGATCCC ATTTGAAGGTATGGGCCAT

RelA CTGTCCTTTCTCATCCCATCTT TCCTCTTTCTGCACCTTGTC

C-JUN ATGGTCAGGTTATACTCCTCCTC CCTCCTGAAACATCGCACTATC

Sorting of transduced cells with the 
NF-κB/AP-1-induced GFP reporter 

Cell sorting was accomplished by plating the transduced cells 
obtained by selection in the population in the Petri dish with a 
diameter of 100 mm (Corning; USA) or the Т75 flask (Corning; 
USA), 4 × 105 cells per dish. Upon reaching 70–80% confluence, 
the medium was replaced with the medium containing the 
NF-κB signaling pathway activator (20 ng/mL of tumor necrosis 
factor alpha (TNFα), purity > 95%; Elabscience, China) or AP-1 
signaling pathway activator (Cd(NO

3
)
2
 at a concentration of 10 µМ).

After the 24 h incubation the cells were treated with the 0.25% 
trypsin-EDTA solution, precipitated at 300 g for 5 min, and 
resuspended in 1 mL of fresh culture medium for further sorting 
of GFP-positive cells. 

The GFP-positive cells were sorted using the BD 
FACSMelody™ Cell Sorter (BD Biosciences; USA). The test 
population of cells was determined based on the parameters 
of forward and side light scatter in order to avoid debris and 
doubles. The non-transduced cells were used as negative 
controls (autofluorescence control). Cell sorting resulted in 
obtaining the transduced cell lines with the maximum levels of 
fluorescent protein generated in response to induction.

Assessment of dose-dependent changes in the HaCaT 
transduced cell fluorescence intensity associated with the 
NF-κB/AP-1 pathway activation.

The transduced HaCaT cells were plated in the 96-well 
plate, 7 × 103 cells per well, and incubated overnight in the 
MCO-20АIС СО

2
 incubator (Sanyo; Japan) at a temperature 

of 37 °C. The cells were added various concentrations of test 
substances: TNFα and lipopolysaccharide (LPS) (purity ≥ 99%; 
Servicebio, China) for NF-κB activation; Cd(NO

3
)
2
 for AP-1 

activation. The effects of ultraviolet radiation (UVA) with the 
wavelength of 365 nm on the HaCaT/AP-1 transduced cells’ 
fluorescence levels were also assessed. Fluorescence intensity 
was recorded using the Infinite M200 multimode plate reader 
(Tecan; Switzerland) with the excitation wavelength of 477 nm 
and emission wavelength of 507 nm for fluorescence and the 
wavelength of 600 nm for absorbance. We calculated average 
fluorescence intensity in the cells (minus average background 
fluorescence intensity with no cells) relative to the control 
cells with no inducers (100%). Micrographs of the intact and 
activated biosensor were acquired with the ZOE fluorescence 
microscope (Bio-Rad; USA). The resulting images were 
processed with the ImageJ tool (NIH; USA). 

Assessing the target gene expression by polymerase
chain reaction

The fluorescence intensities acquired were compared with 
the gene expression assessment results obtained by the real-
time polymerase chain reaction (real-time PCR) method for 
the genes encoding various subunits of NF-κB (RelA — p65 
subunit; NFKB1 — p50 subunit) and AP-1 (C-JUN) proteins. 
For that RNA was extracted using the kit for column-based 
RNA isolation (Biolabmix; Russia) in accordance with the 
manufacturer’s protocol, and RNA was quantified using the 

NanoDrop 2000c unit (Thermo Scientific; USA). The reverse 
transcription reaction with 1 µg of RNA was performed with 
the use of the MMLV RT kit (Evrogen; Russia) in accordance 
with the manufacturer’s protocol. PCR was carried out using 
qPCRmix-HS SYBR+LowROX (Evrogen; Russia). Primers are 
provided in Table 1. GAPDH was used as a reference gene.

Data analysis

The results obtained were processed using the R programming 
language for statistical data processing. The differences 
between groups were determined using the Student's t-test 
with Benjamini–Hochberg adjustment. The differences were 
considered significant at p < 0.05. The data were presented 
as M ± m.

RESULTS

HaCaT cell transduction, selection and sorting 

The HaCaT cells were transduced using the Cignal Lenti 
Reporter Assay lentiviral construct (QIAGEN; USA) containing 
lentiviral particles with the NF-κB/AP-1-induced GFP reporter. 
Assessment of puromycin cytotoxic effects by MTT assay 
resulted in selection of the antibiotic exposure level (minimal 
concentration causing death of all original cells) corresponding 
to 1000 ng/mL for selection of transduced cells. Selection was 
carried out for 10 days, and the culture medium was replaced 
every three days.

During the next phase we performed selection of 
transduced cells after activation with 20 ng/mL TNFα for 
HaCaT/NF-κB and 10 µМ Cd(NO

3
)
2
 for HaCaT/AP-1 for 24 h. 

Activation of appropriate signaling pathways resulted in the fact 
that the functional transduced cells started producing GFP, as 
detected by flow cytometry. Sorting of GFP-positive cells was 
accomplished by using the BD FACSMelody™ Cell Sorter (BD 
Biosciences; USA). The test population of cells was determined 
based on the parameters of forward and side light scatter in 
order to avoid debris and doubles (Fig. 1). The non-transduced 
cells were used as negative controls (autofluorescence control) 
(Fig. 1А, C). The transduced cell line showing maximum 
fluorescence levels in response to induction (gate Р1, Fig. 1B; 
gate Р2, Fig. 1D) were selected for further biosensor function 
assessment.

Assessing the dose-dependent changes in the HaCaT 
transduced cell fluorescence intensity associated with the 
NF-κB signaling pathway activation using TNFα and LPS 

The HaCaT cells transduced with the lentiviral construct 
containing the NF-κB-induced GFP reporter obtained by 
selection and subsequent sorting were tested for the dose-
dependent changes in fluorescence intensity by fluorometry 
using various concentrations of the well-known inducers of 
this signaling pathway, TNFα and LPS (hereinafter, inducers). 
The transduced cells were added various concentrations 
of inducers; then the sensor cell fluorescence intensity was 
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recorded with the Infinite M200 multimode plate reader 
(Tecan; Switzerland), and the micrographs obtained with 
the ZOE fluorescence microscope (Bio-Rad; USA) were 
examined. Thus, to ensure NF-κB activation, the cells were 
added TNFα and LPS at a concentration of 0–80 ng/mL for 
both substances. The changes in fluorescence intensity were 
detected after incubation with inducers (Fig. 2). Furthermore, 
the NF-κB signaling pathway activation was detected based 
on the emergence of cells exhibiting green fluorescence when 
exposed to TNFα with a concentration as low as 5 ng/mL. 
The fluorescence intensity and the number of cells exhibiting 

fluorescence increased with increasing TNFα concentration 
(up to 10 ng/mL) (Fig. 2А, B).

Under exposure to LPS, a significant fluorescence intensity 
increase and, therefore, the NF-κB signaling pathway activation 
were also detected at the minimum test concentration of 5 ng/mL. 
The relationship between the fluorescence intensity and the 
concentrations of both inducers used reached the plateau 
when the concentration exceeded 20 ng/mL (Fig. 2C, D).

The fluorescence intensity measurement results were 
compared with the results of assessing the expression of genes 
encoding various NF-κB protein subunits (RelA — subunit p65; 

Fig. 1. Fluorescence intensity of transduced cells: control cells (А, C) and transduced cells showing high fluorescence intensity (B, D) in response to stimulation with 
20 ng/mL TNFα for HaCaT/NF-κB (gate Р1) and 10 µМ Cd(NO

3
)
2
 for HaCaT/AP-1 (gate Р2) throughout 24 h
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Fig. 2. Changes in the HaCaT/NF-κB cells’ relative fluorescence intensity under exposure to TNFα (А, B) and LPS (C, D). Fluorometry results (А, C) and fluorescence 
microscopy (B, D). * — significant differences from the previously reported concentration, p < 0.05.
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Fig. 3. Assessing activation of the genes encoding the NF-κB transcription factor subunits. Relative expression of RelA and NFKB1 mRNA under exposure to TNFα
(А, B) and LPS (C, D). * — significant differences from the control group, p < 0.05
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NFKB1 — subunit p50) (Fig. 3). It was shown that exposure to 
TNFα resulted in the increased expression of RelA and NFKB1 
mRNA, however, significant differences from controls were 
obtained for the concentration of 10 ng/mL only, without further 
expression increase (Fig. 3А). A similar trend was observed 
under exposure to LPS (Fig. 3B): a significant increase in the 
RelA and NFKB1 mRNA expression was observed only under 
exposure to LPS at a concentration of 20 ng/mL, without 
significant changes in expression with further concentration 
increase.

Assessing the dose-dependent changes in the HaCaT 
transduced cell fluorescence intensity associated with the 
AP-1 signaling pathway activation

We used Cd(NO
3
)
2
 and UVA, the inducers causing redox 

imbalance in the cells, to estimate information capacity of the cell-
based sensor enabling detection of the AP-1 signaling pathway 
activity. We recorded the biosensor fluorescence intensity as 
a function of the Cd(NO

3
)
2
 concentration or radiation intensity 

(Fig. 4; Table 2). The findings about the AP-1 pathway activation 
were compared with the results of assessing the expression of 
gene C-JUN encoding the AP-1 protein subunit.

It was shown that exposure to Cd(NO
3
)
2
 resulted in the 

increase in fluorescence exhibited by the HaCaT/AP-1 cells, when 
the concentration was between 20 µМ and 40 µМ. However, the 
changes in fluorescence were not dose-dependent. Perhaps, 
the cytotoxic effects of this inducer manifested themselves, 
when the Cd(NO

3
)
2
 concentration increased, which resulted 

in the decrease in the number of viable cells exhibiting 
fluorescence. Furthermore, the C-JUN mRNA expression 
increased under exposure to the concentration as low as 5 µМ, 
however, it did not depend on the exposure dose when the 
concentration increased (Table 2; Fig. 4А).

We also assessed the sensor cells’ response to the 24 h 
exposure to various doses of ultraviolet radiation with the wavelength 
of 365 nm. The fluorescence intensity measurement results were 
also compared with the results of assessing the expression of 
gene C-JUN encoding the AP-1 subunit. A significant increase in 
the sensor cell fluorescence intensity was observed when the UV 
radiation exposure dose was 12–18 J/cm2 (significant compared to 
control cells). The fluorescence intensity significantly differed from 
control when the exposure dose increased up to 18 J (Table 2; 
Fig. 4B). At the same time, the increase in the C-JUN mRNA 
expression was observed, when the cells were exposed to the studied 
UVA doses. However, the changes were not dose-dependent. 

Table 2. Changes in the HaCaT/AP-1 cell fluorescence associated with exposure to Cd(NO
3
)
2

Note:  * — significant differences from the control group, p < 0.05

Cd(NO
3
)
2
, μМ Relative fluorescence intensity, % UVA, J/cm2 Relative fluorescence intensity, %

0 100 ± 13 0 100 ± 16

5 115 ± 18 6 135 ± 18

10 121 ± 16 12 168 ± 21*

20 172 ± 49* 18 151 ± 24*

40 166 ± 43*
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DISCUSSION

The development of in vitro tests for estimation of the chemical 
compound (CC) biosafety is an urgent task, since nowadays 
the animal studies become increasingly constrained [5, 19].
Keratinocytes are the first to contact the damaging agents 
and are involved in immune response, therefore, they 
represent a promising screening model for dermatological 
effects. Furthermore, the HaCaT immortalized keratinocyte 
cell line is a convenient alternative to primary cells for in vitro 
toxicology studies [12]. Thus, the HaCaT cells demonstrate 
normal morphogenesis and express all surface markers 
of primary keratinocytes. These cells can also differentiate 
when stimulated and express specific differentiation markers, 
such as keratin 14, keratin 10, and involucrin. Furthermore, 
the HaCaT cells can switch between the differentiated and 
basal states due to changes in the Ca2+ concentration in the 
culture medium [20, 21]. However, it is important to consider 
the presence of GOF (gain-of-function) mutations in the 
gene TP53 resulting in the increased proliferation rate and 
abnormal terminal differentiation, when using HaCaT cells [22]. 
Nevertheless, in contrast to primary keratinocytes, the HaCaT 
cells do not require growth and/or differentiation factors in the 
culture medium, have boundless proliferation potential, and 
demonstrate a stable phenotype regardless of the number 
of passages [23]. Thus, the HaCaT cell line is a promising 
experimental model for investigation of various physiological 
processes occurring in human keratinocytes, including when 
assessing the CC toxicological effects.

When developing test systems for identification of 
irritation, providing the possibility of testing specific biomarkers 
associated with injury is considered to be promising [6, 24]. 
This makes it possible to draw a conclusion about the test 
substance potential cytotoxicity and the molecular mechanisms 
underlying realization of cytotoxicity. 

Today, the focus is on the approaches aimed at studying 
the early cellular response to damage, preferably by real-
time monitoring. Such approaches represent a promising 
alternative to the routine measurement of finite exposure effect, 
for example, based on the detection of specific metabolic 
processes using colorimetric and fluorometric assays (МТТ 
assay, trypan blue stain, etc.). Thus, today the tests enabling the 
high-throughput real-time analysis of the cell damage process 
dynamics, such as STACK (scalable time-lapse analysis of cell 
death kinetics), are well known [25]. In particular, fluorescence 

is used for identification of the population of viable and dead 
cells by fluorescence microscopy and thorough optimization of 
the image analysis procedures. However, the cytotoxic effects 
not only include cell death, but can be associated with the 
skin sensitization, one of the key events in the development of 
which, according to OECD-approved tests, is represented by 
activation of specific signaling pathways in keratinocytes (such 
as Keap1/Nrf2-ARE, NF-κB, etc.) [26]. 

To assess potential damaging effects of the test substances 
in the cellular response tests when assessing their potential 
biosafety at the molecular biological level, in this study we 
developed the cell-based sensors built upon the HaCaT 
immortalized human keratinocytes having regulatory elements 
for the NF-κB and AP-1 transcription factors and the gene 
encoding green fluorescent protein (GFP). After the delivery 
of these genetic constructs, the cells produced GFP, when 
appropriate signaling pathway was activated. In this case, 
fluorescence intensity was quantified. Despite the fact that 
peak GFP expression in the cells is achieved 24 h after the 
event detected using the protein, the GFP expression dynamics 
is well understood and accurately described. In this regard, 
the cell-based sensors built upon GFP make it possible to 
assess the dynamics of cellular response to the test exposure. 
In this case, it is necessary to consider the delayed effect of 
fluorescence and the cellular event itself [15].

Despite the fact, that the NF-κB and AP-1 transcription 
factors are among the most abundant actors of the cell damage 
process realization at the molecular level, the instrumental 
assessment performed has shown various possibilities of using 
the HaCaT/NF-κB and HaCaT/AP-1 sensors developed for 
detection of the dose-dependent effects of the well-known 
inducers of appropriate signaling pathways in the cells. 
The acquired cell-based sensor with the reporter construct 
associated with NF-κB activation demonstrated the possibility 
of sensitive dose-dependent in vitro detection of this signaling 
pathway activity in the model human epidermal cells. The GFP 
expression level of the biosensor construct associated with 
activation of the NF-κB signaling pathway strongly correlated 
with the changes in expression of target mRNA measured by 
real-time PCR. In turn, the HaCaT/AP-1 cell-based sensor 
made it possible to fix the fact of appropriate signaling pathway 
activation by inducers, however, detection of the inducer dose-
dependent effects turned out to be impossible.

It is also worth noting that the information capacity of the 
testing results obtained using both sensors decreased with 

Fig. 4. Assessing activation of the gene encoding the AP-1 transcription factor subunit. Relative expression of the C-JUN mRNA under exposure to Cd(NO
3
)
2
 (А) and 

UVA (B). * — significant differences from the control group, p < 0.05

А BC-JUN

* * * * * *
C-JUN

Cd(NO
3
)
2 

UVA

0 
μmol/L 0 J

 R
el

at
iv

e 
ex

p
re

ss
io

n

 R
el

at
iv

e 
ex

p
re

ss
io

n

10 
μmol/L 12 J

5 
μmol/L 6 J

20
μmol/L

40
μmol/L 18 J

0.00.0

1.01.0

0.50.5

1.51.5



33

ORIGINAL RESEARCH    BIOMEDICAL CHEMISTRY

BULLETIN OF RSMU   1, 2024   VESTNIKRGMU.RU| |

increasing concentration of the inducers employed. This was 
probably due to a significant decrease in the number of viable 
sensor cells under these conditions, which did not allow to 
correctly estimate the fluorescence measurement results. In 
this regard, it is reasonable to perform MTT assay or other 
similar assay allowing one to determine the test substance 
concentrations causing death of sensor cells before conducting 
the tests involving the HaCaT/NF-κB and HaCaT/AP-1 
sensors. This will make it possible to more correctly estimate 
early cellular events occurring in response to the effects of test 
substances, including subtoxic ones.

CONCLUSIONS

In this study we developed biosensors based on the HaCaT 
immortalized keratinocytes containing genetic systems 
involved in activation of the GFP fluorescent reporter protein, 
the dose-dependent increase in expression of which was 
associated with activation of the AP-1 and NF-κB signaling 

pathways associated with damage to human epidermal 
cells. Experimental detection of the developed biosensors’ 
sensitivity was conducted. We assessed the possibility of 
quantifying the intensity of sensor cell activation in response 
to exposure to inducers. It was found that the changes in 
HaCaT/NF-κB fluorescence was observed under exposure to 
low concentrations of TNFα or LPS, which was in line with 
the changes in expression of genes RelA and NFKB1 and had 
a dose-dependent nature. The cells with the HaCaT/AP-1 
biosensor also responded to the Cd(NO

3
)
2
 and UVA exposure 

by increasing the fluorescence intensity and the target gene 
expression, however, we failed to detect the dose-dependent 
effects of these inducers on the sensor cells. The cell-based 
sensors developed can be used for in vitro assessment of 
cytotoxic effects of the test substances on human skin cells, 
as well as for fundamental studies of cytotoxicity mechanisms. 
Moreover, the HaCaT/NF-κB sensor seems to be the most 
promising in terms of the possibility of detecting the dose-
dependent effects of the damaging substances.
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COMPARISON OF LIPID ALTERATIONS IN ASTROCYTOMAS WITH INCREASING GRADE

The use of ambient ionization mass spectrometry methods is one of the promising approaches to the impovement of glial tumor resection completeness by using an 

additional method to improve the tumor margin identification accuracy during the neurosurgical intervention itself. The amounts of data accumulated when testing 

such techniques can be also used in fundamental research to identify metabolic alterations associated with the tumor growth. The study was aimed to assess 

changes in the cell membrane lipid composition of diffuse and anaplastic astrocytomas based on the data acquired by ambient ionization mass spectrometry 

profiling of the tissues excised during the elective neurosurgical intervention. The lipid profiles obtained when assessing the tumor tissue samples (n = 43) by flow 

microextraction in a cartridge were subjected to shrinkage linear discriminant analysis enabling extraction of a number of lipids, the levels of which changed with 

increasing tumor grade. The lipid diversity decreased with increasing grade. Thus, the levels of 13 phospholipids belonging to six different subclasses turned out 

to be decreased in anaplastic tumors compared to diffuse ones. Both average size of the polar lipid fatty acid residues and their degree of unsaturation decrease 

with increasing tumor grade. The findings agree well with the data of the earlier study of high-grade glial tumors and confirm the biochemical view of metabolic 

reprogramming associated with malignant transformation of neuroglia.
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СРАВНЕНИЕ ЛИПИДНЫХ ИЗМЕНЕНИЙ В АСТРОЦИТОМАХ ПО МЕРЕ РОСТА 
ИХ ЗЛОКАЧЕСТВЕННОСТИ

Применение методов прямой масс-спектрометрии является одним из перспективных подходов к улучшению полноты резекции глиальных опухолей 

за счет использования дополнительного способа повышения точности определения границ опухоли непосредственно в ходе нейрохирургического 

вмешательства. Массивы данных, накапливаемые в ходе апробации подобных технологий, могут быть использованы и для проведения фундаментальных 

исследований с целью выявления метаболических изменений, сопровождающих рост опухоли. Целью работы было провести анализ изменений в липидном 

составе клеточных мембран диффузных и анапластических астроцитом на основе данных, собранных в ходе прямого масс-спектрометрического 

профилирования тканей, иссеченных в ходе планового нейрохирургического вмешательства. Липидные профили, полученные в ходе исследования 

образцов опухолевых тканей (n = 43) методом проточной микроэкстракции в картридже, анализировали с использованием линейного дискриминантного 

анализа со сжатием, что позволило выделить набор липидов, содержание которых изменяется при увеличении степени злокачественности опухоли. 

Разнообразие липидов снижается по мере повышения степени злокачественности, так, содержание 13 фосфолипидов, принадлежащих к 6 различным 

подклассам, оказывается сниженным в анапластических опухолях по сравнению с диффузными. С ростом злокачественности опухоли уменьшаются 

как средний размер жирнокислотных остатков полярных липидов, так и степень их ненасыщенности. Полученные результаты хорошо согласуются с 

данными, полученными ранее в рамках исследования высокозлокачественных глиальных опухолей,  и подтверждают биохимические представления о 

перепрограммировании метаболизма в ходе малигнизации нейроглии.

Ключевые слова: масс-спектрометрия, липиды, астроцитома, нейрохирургия, молекулярная диагностика
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Tumors of the central nervous system are considered to be 
the most demanding to precision of surgical intervention. The 
resection completeness and volume are the key parameters 
affecting the outcome of complex treatment and the long-term 
overall survival [1–3]. Thus, the tumor margin identification 
accuracy is the most important parameter controlled during 
surgery, and the surgeon has to balance between the need 
to remove the maximum amount of the affected tissue and 
preservation of adjacent non-affected functional regions of 
the brain. In this regard, glial tumors characterized by diffuse 
tumor cell invasion are particularly challenging. Intraoperative 
computed tomography, magnetic resonance imaging, and 
rapid histological analysis are widely used as the methods 
to facilitate the surgeon’s decision-making, however,  their 
substantially time-consuming nature limits the use of the 
methods for continuous monitoring of the resection area [4, 5]. 
Ultrasound guidance and fluorescence imaging are convenient 
and effective, however, the accuracy and specificity of these 
methods drop to 50% for some tumors [6, 7]. Today, the 
mass-spectrometry-based molecular profiling methods rapidly 
transform into a quick universal tool to support neurosurgical 
procedures [4, 8]. Regardless of the nature of the specific 
method for the sample collection and ionization, the mass 
spectrometry methods are based on assessing the features of 
tumor tissues addressing both changes in the lipid composition 
of proliferating cells and the set and concentration of specific 
metabolites, such as N-acetylaspartate, 2-hydroxyglutarate, 
and glutamic acid [9–11].

The mass spectrometry profiles acquired when developing 
such methods enable the building of classification and 
regression models distinguishing cancerous and non-
cancerous tissue with high sensitivity and specificity [12, 13]. It 
should be noted that such methods are generally based not on 
a single marker, but on the combination of multiple peaks in the 
spectra reflecting metabolic reprogramming occurring during 
malignant transformation of the tissue [14]. To proliferate, the 
cancer cells need large amounts of biomass, however, tumor 
hypovascularization results in the lack of nutrients. Activation of 
anaerobic glycolysis, even in the presence of oxygen (Warburg 
effect) [15], also leads to activation of fatty acid synthesis and 
acceleration of lipogenesis. The synthesis of saturated fatty 
acids and the lack of dietary unsaturated fatty acids result in 
significant changes in the lipid composition of cells, including 
redistribution of fatty acid residues among triglycerides and 
phospholipids [16]. Despite the fact that the biochemical basis 
explaining the differences in the lipid composition between 
glioma cells and healthy glial cells is well known, no thorough 
tumor lipidome investigation has yet been carried out, since 
such studies usually involve cell lines or xenografts, which 
do not fully reflect the tumors’ natural biological variability 
and physiological environment [17]. Diffuse tumors are still 
challenging for metabolomic studies due to difficulty in 
obtaining enough tumor material containing no incorporated 
cells of other types for assessment.

A substantial amount of data obtained by mass 
spectrometry-based molecular profiling enables investigation 
of metabolic alterations even in heterogeneous samples, 
since the use of advanced mathematical approaches makes 
it possible to identify the characteristic features of molecular 
profiles distinguishing the tissues, by separating these features 
from natural biological variability and the contributions of other 
cells present in the sample [16, 18]. The study was aimed to 
identify the differences in the lipid composition of grade 2 and 
3 astrocytomas in order to confirm the suspected metabolic 
alterations associated with malignant transformation of tissues.

METHODS

All the samples included in the study were collected by the 
neurosurgeon, who monitored the progress of surgical 
procedure using the neuronavigation systems or visually. 
Composition of the sample that had to consist mostly of tumor 
tissue was the main selection criterion. The areas showing 
signs of necrosis and comprising a large number of blood 
vessels were not selected for the study. The tissue samples 
were washed with sterile saline to remove the remaining blood 
and divided into two visually similar parts. The first part was 
frozen and stored at –80 °C prior to the study. The second part 
was used by a professional pathologist to conduct histological 
assessment using the routine protocol. The samples containing 
less than 75% tumor cells and the samples showing signs 
of necrosis were excluded from the study based on the 
pathology report. Thus, a total of 28 anaplastic astrocytoma 
tissue samples (grade 3; collected from 23 patients) and 
15 diffuse astrocytoma tissue samples (grade 2; collected from 
12 patients) were selected. 

All the collected samples were analyzed at random. 
Furthermore, different samples obtained from the same patient 
were not analyzed on the same day in order to minimize possible 
bias. Each tissue sample was thawed just before the analysis 
and divided into 2–4 parts depending on the size. These parts 
were immediately subjected for mass spectrometry-based 
profiling. A total of 81 mass spectrometry profiles of anaplastic 
astrocytoma samples and 46 mass spectrometry profiles of 
diffuse astrocytoma samples were acquired.

All the samples were analyzed using Inline Cartridge 
Extraction (ICE) [19]. The tissue sample of about 1 mm3 was 
placed in a disposable cartridge, which was a stainless steel 
tube having a fused silica electrospray emitter on one end and 
sealed with an input polyether ether ketone (PEEK) capillary on 
the other end. The fused silica emitter was sealed against entry 
of tissue particles with a glass microfiber filter. The sample in the 
cartridge was washed with 100 µL of the solution containing 
isopropanol, methanol, acetonitrile, and water (3 : 3 : 3 : 1 v/v) 
supplemented with 0.1% formic acid (v/v), then the cartridge 
was mounted into the ion source of a mass spectrometer. 
Extraction was performed by continuously supplying the above 
solvent with the flow rate of 3 µL/min. Mass spectra were 
acquired using the LTQ XL Orbitrap ETD mass spectrometer 
(Thermo Fisher Scientific; San Jose, USA) with the 30,000 
resolution (at m/z 400) within the range of m/z 500–1000, in 
both polarities consequently.

Peaks with the signal-to-noise ratio less than 2 were 
removed from mass spectra, then the peaks found in less 
than 25% of individual scans in each group were removed. 
Then, only peaks with intensity values exceeding the median 
were selected for further analysis. Extraction of the peaks 
characterizing each group of samples was performed by 
shrinkage discriminant analysis (SDA) [20]. Significance of each 
extracted peak was assessed using the lfdr criterion (local false 
discovery rate) showing the probability that an individual peak 
would not have an impact on the sample classification. The lfdr 
threshold value of 33% was selected.

Two tissue samples with the maximum volume in each 
group were also used for identification of lipids. For that 
approximately 10 mg of the tissue were homogenized in 400 µL 
of the above solution on ice. The homogenate was processed 
in the ultrasonic bath for 5 min and centrifuged at 21,000 g for 
15 min at a temperature of 4 °C. Supernatant was transferred 
to the chromatography vial and subjected to vacuum 
evaporation. Lipids were redissolved in 20 µL of the solution 
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Table. Significance of polar lipid ions when attributing spectra to the groups of diffuse or anaplastic astrocytoma. The analysis results for positively and negatively 
charged ions are combined 

CAT-score m/z Ion

Ions typical for diffuse astrocytoma samples

71.4 742.55 [PE(36:2)-H]–

61.9 782.58 [PC(34:1)+Na]+

53 786.57 [PS(36:2)-H]–

52.3 780.57 [PC(34:2)+Na]+

47.3 700.53 [PA(36:2)-H]–

46.3 857.59 [PI(36:4)-H]–

45.9 754.55 [PC(32:1)+Na]+

45.3 794.55 [PE(40:4)-H]–

44 797.61 [PG(38:4)-H]–

43 820.57 [PC(34:0)-H]–

40.8 792.53 [PC(32:0)-H]–

39.6 920.71 [PC(44:2)+Na]+

39.4 808.56 [PC(36:2)+Na]+

Ions typical for anaplastic astrocytoma samples

48 772.53 [PE(38:1)-H]–

44.1 762.58 [PC(30:1)-H]–

40.2 646.62 [PA(32:1)-H]–

containing n-butanol, isopropanol, and water (8 : 21 : 69 v/v)  
supplemented with 5 mМ phosphoric acid. The analysis of 
lipids was performed by the reverse phase nanoHPLC–HRMS/
MS using the above mass spectrometer. Lipids were identified 
using the LipiDex software. 

RESULTS

The limited dynamic range of mass analyzers does not allow 
us to draw firm quantitative conclusions about the levels of 
molecules in the original biological sample. However, relative 
peak intensities change in proportion to changes in the levels 
of appropriate molecules against the background of other 
compounds of the selected class. The mixture of solvents 
used in the study effectively dissolves lipids, especially polar 
lipids of the cell membranes, which are easy to ionize and 
detect in the selected mass range. Thus, the molecular profiles 
acquired during this study correspond mainly to the lipid 
component of the cell. The use of SDA [20], the subtype 
of linear discriminant analysis considering internal correlations 
caused by natural distribution of stable isotopes in biological 
molecules (mainly 13C for lipids), makes it possible to identify 
ions, the intensities of which vary between samples of the 
assessed groups. The CAT score (correlation-adjusted t-score) 
calculated during this procedure represents an analogue 
of Student’s t-test considering both internal correlations 
together with the higher dimension of raw data and the 
peak intensity distribution deviation from normal. The CAT 
score demonstrates the individual peak intensity deviation from 
the average towards appropriate group. As a result, a total of 
13 ions of lipids were identified, the levels of which were higher 
in the diffuse astrocytoma samples than in the anaplastic 
astrocytoma samples, along with three ions of lipids, the 
levels of which were elevated based on spectra corresponding 
to the anaplastic astrocytoma samples (Table). Chemical 
identification of the ions was performed by chromatography–
tandem mass spectrometry based on the lipid extraction from 
the largest tissue samples, which was likely to be impossible 
for the majority of samples due to small amounts of available 

biomaterial. Thus, the problem of preserving natural biological 
variability of the assessed tumors and interpatient variability 
recording was solved through mass spectrometry-based tissue 
profiling without sample preparation.

All the extracted peaks are not among the most intense in 
the mass spectra; these are considered the second and third 
quartiles of the intensity distribution. This is due to the fact that 
the most and the least intense peaks strongly correlate with the 
natural variability and can vary considerably between patients, 
which makes their intragroup variability comparable with the 
intergroup variability in the sample of this size. However, the 
results obtained demonstrate the decrease in the diversity of 
lipid composition with increasing grade, which is in line with the 
overall pattern reported earlier when comparing grade 4 glial 
tumors with the non-cancerous control samples [16].

DISCUSSION

The reported differences in lipid composition between grade 
2 and 3 astrocytomas demonstrate the decrease in the levels 
of phospholipids containing polyunsaturated fatty acids, which 
suggests the increase in the share of fatty acids de novo 
synthesized in the glioma cell membranes with increasing 
glioma grade. A decrease in the levels of phospholipids with 
fully saturated fatty acid residues is observed, because, 
according to the previous studies, the most aggressive glioma 
cells accumulate fatty acids in the lipid droplets to use them to 
maintain metabolic activity in the later stages of the disease, 
when the nutrient availability is reduced even more [15, 21].

It should be noted that the relative content of 
phosphatidylcholines PC(32:1), PC(34:1), and PC(34:2) is not 
fully compliant with the overall pattern of astrocytoma growth. 
Thus, it has been shown that these lipids largely characterize 
the high-grade cancerous, but not non-cancerous, brain tissue 
[16], while comparison of diffuse and anaplastic astrocytomas 
has shown that these lipids are typical for the less malignant 
form. This observation suggests irregular pattern of 
the decrease in the levels of various classes of lipids with 
increasing grade, which results in the increase in the observed 
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share of the above lecithins in diffuse astrocytomas and 
demonstrates the restriction imposed by the ambient ionization 
mass spectrometry-based profiling on the possibility of 
assessing lipid composition without applying more informative 
chromatography–mass spectrometry methods. The analysis 
of the overall fatty acid composition of certain lipids that can 
be performed by ambient inonization mass spectrometry does 
not enable distinguishing isomeric lipids. Thus, for example, 
the PC(34:1) phospholipid can consist of palmitoleic and 
stearic acid residues or palmitic and oleic acid residues. Among 
fatty acids, it is palmitic acid that is the most accessible for 
incorporation into lipids with increasing grade, since it is the main 
product released due to functioning of the NADPH-dependent 
fatty acid synthase [14]. It should be noted that the pentose 
phosphate pathway activated due to Warburg effect results in 
the increased NADPH generation by the tumor cell [22]. Thus,  
the increasing grade can be associated with both spending the 
pool of phospholipids containing 32–34 carbon atoms in their 

fatty acid chains  [21, 23] and active replacement of those with 
the isomeric lipids containing fatty acid chains synthesized de 
novo in cases of astrocytoma progression to grade 4.
 
CONCLUSIONS

The use of molecular profiling methods makes it possible to 
study changes in the lipid composition of cancerous tissues of 
various grades considering their natural biological variability. The 
trend towards reducing the diversity of polar lipids contained 
in the cell membranes is observed during the astrocytoma 
progression to a higher grade. The length and degree of 
unsaturation of the fatty acid residues constituting these lipids 
are also reduced. Such an effect is associated with the fatty acid 
synthesis activation due to metabolic reprogramming of glial 
cells during their malignant transformation; it is also associated 
with activation of fatty acid beta-oxidation required to maintain 
the cells’ vital activity in cases of high-grade glial tumors.
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Inflammatory response is aimed at removing the damaging agent 
and restoring the structural and functional integrity of the tissue 
and can be accompanied by both pathogenetic and adaptive 
changes. Triggering of an acute inflammatory response in the 
nervous tissue can activate the processes of neurogenesis, 
angiogenesis and functional plasticity of neurons. However, 
the chronic inflammation potentiates further cell alteration and 

exacerbates neurodegenerative diseases increasing the risk of 
complications and disabilities. 

Astrocytes are among the most abundant CNS cells 
involved in neuroinflammation. The level of astrocyte activity 
largely determines the outcome of neuroinflammation. Activated 
resident and immunocompetent CNS cells including microglia 
and astrocytes are the source of proinflammatory factors. As 
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EFFECT OF PROBENECID ON ASTROCYTE ACTIVATION IN VITRO

Both acute brain injuries and neurodegenerative diseases are accompanied by neuroinflammation. The outcome of neuroinflammation and the prognosis of brain 

functional status depend on the balance of pro-inflammatory and anti-inflammatory factors. Many studies are aimed at finding possible therapeutic targets allowing 

to shift inflammatory response processes towards anti-inflammatory mechanisms. It has been shown that channels formed by pannexin proteins are expressed 

in all brain cells including astrocytes. However, their role in the processes of neuroinflammation is still unclear. Channels formed by pannexin 1 (Panx1) may be 

involved in proinflammatory activation of astrocytes induced by thrombin and/or lipopolysaccharide (LPS). The aim of this study was to assess thrombin- and 

LPS-induced activation of primary mouse cortical astrocytes under Panx1 blockade by probenecid. Functional profile of astrocytes, their proliferation and secretory 
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potential agent influencing the inflammatory process in brain tissue by stabilizing astrocytes through inactivation of Panx1 and reduction of astrogliosis.
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И. И. Бабкина1, В. В. Мазеева2, М. П. Морозова1, Л. Р. Горбачева1,2

ВЛИЯНИЕ ПРОБЕНЕЦИДА НА АКТИВАЦИЮ АСТРОЦИТОВ IN VITRO

Нейровоспаление развивается в мозговой ткани как при острых повреждениях мозга, так и при нейродегенеративных заболеваниях. От баланса 

провоспалительных и противовоспалительных факторов будет зависеть исход нейровоспаления и прогноз функционального состояния мозга. Поэтому 

целью многих исследований является поиск возможных терапевтических мишеней, позволяющих сдвигать ход воспалительной реакции в пользу 

реализации противоспалительных механизмов. Показано, что каналы, образованные белками паннексинами экспрессируются во всех клетках мозга, 

в том числе и в астроцитах. Однако их роль в процессах нейровоспаления пока не ясна. Каналы, сформированные паннексином 1 (Panx1), могут быть 

вовлечены в провоспалительную активацию астроцитов, индуцируемую тромбином и/или липополисахаридом (ЛПС). Целью  исследования было оценить 

тромбин- и ЛПС-вызванную активацию первичных кортикальных астроцитов мыши в условиях блокады Panx1 пробенецидом. Установлено, что и в случае 

аппликации тромбина (50 и 100 нМ), и в случае инкубации клеток с ЛПС, происходит изменение функционального профиля астроцитов, изменяется 

их пролиферация и секреторная активность. Наблюдаемое при этом увеличение секреции NO, β-гексозаминидазы (БГА) и IL6 прекращалось на фоне 

обработки клеток пробенецидом. Полученные результаты свидетельствуют о возможности рассматривать пробенецид в качестве потенциального 

агента, влияющего на воспалительный процесс в мозговой ткани путем стабилизации астроцитов через инактивацию Panx1 и снижение астроглиоза.
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a result, there is an increase in BBB permeability, infiltration of 
immune cells into brain tissue, additional alteration, activation of 
hemostasis system and thrombin formation.

Development of neurodegenerative processes was shown 
to be associated with thrombin-dependent enhancement 
of microglia activation and is mediated by iNOS stimulation, 
secretion of reactive oxygen species (ROS) and proinflammatory 
factors COX-2, TNFα, IL1β, IL6 [1]. In addition, thrombin 
potentiates astrocyte proliferation through activation of PAR1/
MARK cascade.

Neuroinflammation can also be triggered by exogenous 
factors such as lipopolysaccharides (LPS), a component of 
bacterial cell wall. The main target of LPS is TLR4 receptor 
expressed by astrocytes, microglia and endothelium, and its 
activation triggers the formation of proinflammatory mediators.

The channels formed by pannexin proteins play an important 
role in the development of the inflammatory response involving 
astrocytes. The pannexins not only provide transport but also 
form complexes with other ionic and metabotropic receptors 
regulating the activity of these receptors [2]. A special role is 
played by pannexin 1 (Panx1) which is widely present in the 
CNS and expressed by neurons, astrocytes, microglia, cerebral 
endothelium and smooth muscle cells [3]. Panx1 contributes to 
development of neurodegeneration by regulating the release of 
ATP and other nucleotides from cells, inflammasome assembly 
and cytokine secretion. Panx1 is thereby a potential target for 
pharmacotherapy of neurodegenerative diseases and acute 
brain injuries [4, 5].

Probenecid having a broad spectrum of action including 
Panx1 inhibition, might be a potential neuroprotective agent. 
It has been shown that probenecid can specifically activate 
TRPV2 in sensory neurons and block ATP release from both 
astrocytes and microglia [5, 6]. Therefore, it can be considered 
as a promising drug for treatment of neurodegenerative and 
psychiatric diseases. 

The aim of the present study was to evaluate the effect of 
probenecid, a Panx1 blocker, on thrombin- and LPS-induced 
proinflammatory activation of mouse astrocytes in vitro.

METHODS

Reagents

10× HBSS without Ca2+ and Mg2+ (Gibco; USA), 1M HEPES 
(Gibco; USA), 10× PBS (Gibco; USA), BSA (Sigma; USA), 
DMEM/F12 cell culture medium (Gibco; USA), inactivated fetal 
bovine serum HI FBS (Gibco; USA), penicillin-streptomycin 
(Invitrogen; USA), trypsin-EDTA (Gibco; USA), Versen solution 
(PanEco; Russia); probenecid (BioQuest; USA); thrombin 
(Sigma; USA), lipopolysaccharide Escherichia coli O111: 
B4 (L3024; Sigma, USA), Griess reagent (Sigma; USA), Cell 
Proliferation Reagent WST-1 (Sigma; USA), Mouse IL6 ELISA kit 
(abcam ab 222503), Triton×100 (Sigma; USA), RIPA lysis buffer 
(Sigma; USA), Complete Protease Inhibitor Cocktail (Roche; USA), 
Bradford reagent (Bio-Rad; USA).

Obtaining and maintaining primary astrocyte culture

Primary cortical astrocytes were isolated from the cerebral 
hemispheres obtained from 0 to 3-day-old C57BL/6 mice. Cell 
cultures were prepared as described in [7]. Brain hemispheres 
were extracted and placed in buffer (1× HBSS, 100 mM sodium 
pyruvate and 1M HEPES), washed and cut into pieces. The 
brain homogenate was incubated with 0.5 mg/mL papain 
(1× PBS, L-Cystein-HCl, BSA, glucose, 8 min, 37 °C). The 

homogenate was then resuspended in buffer containing DNase 
(0.01 mg/mL) followed by centrifugation at 1,500 g for 5 min 
at +4 °C. The resulting precipitate was resuspended in buffer 
(1× HBSS with Ca2+ и Mg2+, 100 mM sodium pyruvate, 1M 
HEPES) and recentrifuged. The precipitate was resuspended 
in 1 ml of culture medium (DMEM/F12, 10% FBS, antibiotic-
antimycotic, GlutaMAХ). Cells were placed in 25 cm2 culture 
flasks and cultured for 10–12 days at 37 °C and 5% СО

2
. 

Complete medium replacement was performed on day 2 and 
day 7 by removing microglia, placing flasks with cells in a 
shaker for 6–8 h, with further medium replacement with a 
fresh one. Four days before starting the experiment, the cells 
were removed from the flasks by 0.05% trypsin solution in 
phosphate buffered saline and placed in 48-well plates. Before 
experimental exposure, the culture medium was replaced with 
serum-free medium for 3 h followed by addition of thrombin at a 
final concentration of 50 nM or 100 nM or LPS at a concentration 
of 100 ng/mL or 1 µg/mL. Probenecid 0.1 mM was added 
30 min before thrombin or LPS exposure. Measurements were 
performed 6 h, 24 h, and 48 h following exposure.

Astrocyte survival assessment (WST-1 Assay)

Cell survival was assessed 24 h after astrocyte activation using 
the WST-1 test according to the manufacturer's protocol. 
Optical density was measured at λ = 450 nm using iMark™ 
microplate absorbance reader (BioRad; USA). The obtained 
data were interpreted as cell proliferation, assuming that 
contribution of cellular hyperplasia under these conditions is 
not significant, and guided by the manufacturer’s information 
presenting this test as WST-1-proliferative reagent.

Assessment of nitrite accumulation in astrocyte culture 
medium

Nitric oxide (NO) secretion was assessed by nitrite accumulation 
in the culture medium 24 h after incubation with inflammatory 
inducers, using the Griess reagent. The Griess reagent forms 
colored nitrogen compounds when interacting with nitrite — the 
absorbance intensity of the compounds was evaluated at 530 
nm using iMark™ microplate absorbance reader (BioRad; USA). 
The results were presented in relative values as NO secretion by 
one cell using the ratio of nitrite level in the culture medium to 
the number of cells in the corresponding well estimated by 
WST-1 assay.

Assessment of β-hexosaminidase activity

β-Hexosaminidase (HEX) activity was assessed 24 and 48 h 
after astrocyte activation using the modified method proposed 
by Schwartz LB et al. [8] in supernatant and intracellularly for 
subsequent calculation of enzyme secretion as follows: 

 A (A + B) × 100%, 
where A is the optical density of the sample reflecting the 
enzyme activity in the culture medium minus the background 
optical density; B is the optical density of the sample reflecting 
the activity of the intracellular pool of enzyme minus the 
background optical density. 

Further, HEX secretion was represented in relative units in 
relation to control taken as 1.

Assessment of IL6 secretion by astrocytes

IL6 secretion by astrocytes 6 h after exposure was assessed 
using Mouse IL6 ELISA kit (abcam, Cat. № ab222503) 
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Fig. 1. Effect of Panx1 blockade on survival of thrombin- or LPS-activated astrocytes. * — p < 0.05, # — p < 0.05 (compared to control); C — control; n ≥ 8
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according to the manufacturer's protocol. The sensitivity limit 
of IL6 was 30 pg/ml. IL6 content was determined in exposed 
culture medium samples using the kit. Cells in the wells were 
washed with phosphate buffered saline and lysed with RIPA 
buffer with protease inhibitors. Lysates were centrifuged at 
14,000g for 15 min at 4 °C, after that total protein content 
was measured in the supernatant using the Bradford kit. IL6 
secretion was represented in pg/mg of total protein.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 
(GraphPad Software Inc.; USA). Normality of sample distribution 
was assessed using the Shapiro–Wilk test. To compare 

groups, two-factor ANOVA analysis of variance followed by a 
posteriori analysis using Tukey's criterion was applied. Data 
were presented as arithmetic mean ± standard error (SEM), 
differences were considered statistically significant (*, #) at 
p < 0.05. The number of experiments (n, number of astrocytes 
plantings) was indicated in each case separately.

RESULTS

Effect of probenecid on the survival of thrombin- and 
LPS-activated astrocytes

Thrombin is involved in the inflammatory response since the 
hemostasis system in the first place reacts to tissue damage. In 

Fig. 2. Effect of blockade of Panx1 channels by probenecid on NO secretion by astrocytes during their incubation with thrombin/LPS. C — control; * — p < 0.05 and 
# — p < 0.05 (compared to control), n ≥ 6
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Fig. 3. Effect of Panx1 blockade on thrombin/LPS-induced HEX secretion by mouse astrocytes. HEX secretion was assessed 24 h after thrombin/LPS exposure. 
C — control; * — p < 0.05, # — p < 0.05 (compared with control), n ≥ 6
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the first series of experiments, neuroinflammation was modeled 
by adding thrombin to the culture medium of mouse astrocytes. 
It was demonstrated that thrombin at a concentration of 100 nM 
significantly (p < 0.05) increased the number of living astrocytes, 
while treatment of cells with probenecid reduced this index to 
control values which may indicate the participation of Panx1 
channels in thrombin-induced astrocyte proliferation (Fig. 1). In 
contrast to thrombin, LPS caused a decrease in survival under 
the same conditions at all concentrations used, which may 
indicate its toxic effect on astrocytes (Fig. 1). Probenecid did 
not alter the effect of LPS (Fig. 1).

Effect of probenecid on NO secretion 
by activated astrocytes 

Increased NO production is a sign of neuroinflammation. In this 
study, it was observed that 24 hours after application of 100 nM 
thrombin (not 50 nM), there was a significant accumulation of 

nitrites in the culture medium of astrocytes while probenecid 
stopped thrombin-induced NO secretion, indicating the 
Panx1 involvement in this process (Fig. 2). In case of 24-hour 
incubation of cells with LPS, the most significant increase in NO 
secretion was observed at 0.1 µg/mL LPS concentration which 
was terminated using Panx1 blockade. In case of 1 µg/mL LPS 
concentration, NO secretion did not differ from control values 
and did not depend on Panx1 (Fig. 2).

Effect of probenecid on β-hexosaminidase secretion by 
activated astrocytes

Release of the lysosomal enzyme β-hexosaminidase (HEX) from 
cells may also be considered as a marker of proinflammatory 
activation of astrocytes. 

The effect of probenecid on HEX secretion by astrocytes 
was assessed 24 and 48 h after their activation by thrombin 
(concentrations 50 nM and 100 nM) and LPS (concentrations 

Fig. 4. Effect of Panx1 blockade on thrombin/LPS-induced HEX secretion by mouse astrocytes. HEX secretion was assessed 48 h after thrombin/LPS exposure. 
C — control; * p < 0.05, # p < 0.05 (compared to control), n ≥ 6
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Fig. 5. Effect of Panx1 blockade on IL6 secretion by mouse astrocytes exposed to thrombin/LPS for 6 hours. C — control; *  p < 0.05, #  p < 0.05 (compared to 
control), n ≥ 3
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0.1 µg/mL and 1 µg/mL). After 24 h we observed the 
proinflammatory effect of thrombin at the concentration of 
100 nM and the involvement of Panx1 in the realization of this 
effect since its blockade by probenecid significantly reduced 
HEX secretion (Fig. 3). Application of 0.1 µg/mL LPS caused 
cell activation after 24 h, in contrast to the effect of 1 µg/mL 
LPS (Fig. 3). In both cases, blockade of Panx1 channels by 
probenecid did not change the effect of endotoxin (Fig. 3).

The increase of thrombin exposure time from 24 to 48 h
resulted in a more significant increase in HEX secretion by 
astrocytes and was mediated by Panx1 since this index 
decreases to control values when probenecid was applied 
(Fig. 4). HEX secretion on the background of LPS, similarly to 
thrombin, was higher 48 h after exposure. At the same time, 
the anti-inflammatory effect of probenecid was manifested only 
against LPS at a concentration of 1 µg/mL — HEX secretion 
decreases to control level (Fig. 4).

Effect of probenecid on IL6 secretion 
by activated astrocytes 

Astrocyte activation is associated with the secretion of 
proinflammatory cytokines, particularly IL6. High concentrations 
of thrombin and LPS increased the levels of IL6 secretion 6 
h after induction. Effect of LPS was 2-fold more significant 
compared with the effect of thrombin (p < 0.05). Thus, LPS 
appeared to be a more specific proinflammatory agent. 
Probenecid in both cases had an anti-inflammatory effect and 
stopped the proinflammatory activation of astrocytes caused 
by both thrombin and LPS, significantly reducing the level of 
IL6 secretion (Fig. 5) and indicating the involvement of Panx1 in 
secretory function of reactive astrocytes.

DISCUSSION

Chronic neuroinflammation is a pathogenetic factor that 
triggers neurodegeneration processes and increases the risk of 
irreversible CNS damage. Astrocytes, the most abundant brain 
cells contributing to neuron-glia interaction, may be involved 
in regulating neuroinflammation. Proinflammatory activation of 
astrocytes is associated with an increase in their proliferative 

and secretory activity and may be accompanied by opening of 
Panx1 channels [9]. 

Releasing ATP from cells including ATP release through 
Panx1 channels is a signal for a variety of processes starting from 
migration, proliferation and growth in physiological conditions 
to triggering neuroinflammation and neurodegeneration in 
pathological conditions. ATP effects are realized through 
purinergic receptors — ligand-gated ion channels (P2X) and G 
protein-coupled metabotropic receptors (P2Y). P2X7 receptors 
play an important role in triggering neuroinflammation. Panx1 
blockade by probenecid can limit ATP release from cells and — 
mediately — purinergic signaling [6]. However, probenecid was 
also reported to be able to block P2X7 receptors directly [10].

Interestingly, Panx1 co-expressed with P2Y1 and P2Y2 
receptors via PLC-cascade caused an increase in intracellular 
Са2+ levels which enhanced Panx1 activation [11]. Calcium-
induced activation of Panx1 supposedly occurred through 
CaMKII phosphorylation, Panx1 opening and ATP release [12].

In brain ischemia and excitotoxicity, NMDAR overactivation 
occurs which activates Panx1 and triggers proapoptotic 
signaling pathways [13]. Panx1 activation initiates the assembly 
of inflammasomes, multimeric protein complexes in the 
cytosol of all cells that control the inflammatory response. 
Inflammasome activation provides an active form of pro-
inflammatory caspase-1 cleaving pro-IL1β and pro-IL18 
to form mature cytokines IL1β and IL18 [3, 6]. Pyroptosis, a 
pro-inflammatory form of cell death accompanied by release 
of pro-inflammatory signals, is also caspase-1-dependent. ATP 
release, e.g. via Panx1, into the environment and subsequent 
activation of P2X7R also results in activation of inflammatory 
processes, inflammasome assembly and IL1β production [6].

In a neuron-astrocyte co-culture system, ATP and glutamate 
released from astrocytes treated with conditioned medium 
from activated microglia, were shown to cause neuronal death 
through activation of Panx1 neurons [14]. Panx1 regulated the 
release of ATP and other nucleotides, inflammasome assembly 
and cytokine secretion, which may determine its contribution 
to neurodegeneration. Panx1 is therefore a potential target 
for pharmacotherapy of neurodegenerative diseases and 
acute brain injuries. Possible conjugation of PAR1 with Panx1 
channels was described in [15].
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In this study, we demonstrated that quantity of astrocytes 
increased under the action of thrombin (Fig. 1). Such effect may 
be associated with thrombin/PAR1-mediated phosphorylation of 
ERK1/2 or activation of PLCε, which in turn regulates MAPK/NFκB-
intracellular cascade [16]. This effect may also be associated with 
triggering thrombin/PAR1-dependent IL6 secretion by astrocytes 
and further signaling through the IL6/STAT3 pathway, development 
of astrogliosis including increased levels of glial fibrillary acidic 
protein (GFAP) and vimentin. In the present study, probenecid was 
shown to inhibit the thrombin-mediated increase in the number of 
astrocytes and to return this index to control values indicating that 
Panx1-channels may be involved in this process. This is consistent 
with the data obtained for lung epithelial cells and human 
endotheliocytes where thrombin-dependent activation of Panx1 
channels was demonstrated [15, 17]. However, the mechanisms 
of such cooperation are still unknown.

LPS proinflammatory factor is widely used to model 
the inflammatory response. LPS-induced proinflammatory 
activation is known to be mediated by TLR4. TLR4 triggers 
activation of a complex of factors including NF-κB through 
MyD88-IRAK-TRAF6-TAK1 signaling complex [18]. As a result, 
astrocyte proliferation may be altered and pro-inflammatory 
cytokines may be expressed through MAPK/NF-kB activation 
[19]. In addition, it was shown that the Akt/ERK/JNK cascade 
may be involved in LPS-mediated inflammation since its 
blockade decreased the secretion of proinflammatory cytokines 
[20]. Some data is available on LPS/TLR4-dependent increase 
in the level of mouse astrocyte proliferation.

In the present study, LPS was shown to reduce cell 
survival but activate the secretion of primary cultured mouse 
cortical astrocytes. LPS-induced activation of astrocytes 
expectedly resulted in a persistent increase in secretion of the 
proinflammatory interleukin IL6 (Fig. 5) and, to a less extent, 
NO and HEX (Figs. 3, 4). Remarkably, blockade of Panx1 
channels by probenecid significantly reduced LPS-induced 
proinflammatory secretion of astrocytes.

Proinflammatory activation of astrocytes is accompanied by 
an increase in production of many chemokines and cytokines 

as well as activation of inducible NO synthase (iNOS) and NO 
secretion [21, 22]. Increased NO levels are shown to accompany 
many neurodegenerative diseases such as Alzheimer's and 
Parkinson's diseases and can also contribute to formation of 
reactive nitrogen species having cytotoxic effect on neurons 
[23, 24]. In astrocytes, both endogenous and exogenous 
proinflammatory factors can act as inducers of NO production 
[21, 24]. We have observed an increase in NO secretion by 
primary mouse astrocytes under the action of thrombin and 
LPS (Fig. 3). PAR1-mediated NO secretion and iNOS activation 
were previously demonstrated on astrocytoma cells [25]. 
The observed thrombin-induced NO production by cultured 
astrocytes reduced under Panx1 blockade with probenecid 
(Fig. 3). This may be an evidence of possible interaction 
between thrombin receptor PAR1 and Panx1. Activation of 
Panx1 channels can be induced by high concentration of 
intracellular Са2+ which, in turn, can be a consequence of the 
thrombin/PAR1/Gq/RCS/IP3 signaling pathway activation [4]. 
Panx1-dependent ATP release via P2X7 enhances thrombin-
induced increase of intracellular calcium [26] and activation of 
nNOS and eNOS in astrocytes.

We have demonstrated that LPS-stimulated NO secretion by
astrocytes as well as thrombin-induced NO secretion stopped 
in the presence of probenecid (Fig. 2). Panx1-dependent 
effects of LPS on HK-2 cells were described in other 
investigations. In particular, under Panx1 inhibition, LPS-induced 
inflammation was alleviated with inhibition of NLRP3 and 
decreased expression of Bax and Bcl2 [27].

Level of activation of immunocompetent cells (macrophages, 
mast cells) can be estimated based on HEX secretion level. In 
our study, we used substrate-enzyme reaction to evaluate the 
activity of HEX in astrocyte cultivation medium in 24 h and 48 h 
after thrombin and LPS application. Both in case of thrombin 
and LPS, the increase in HEX secretion was more significant 
after 48 hours that can probably be explained by delayed 
activation of astrocytes on the principle of positive feedback. 
These results are consistent with the data on thrombin-
dependent increase in HEX secretion in thrombocytes and 

Fig. 6. Effect of probenecid on thrombin/LPS-induced activation of astrocytes
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mast cells demonstrating the involvement of P2X7 receptors in 
activating degranulation [28].

Proinflammatory cytokine IL6 is one of the specific markers 
of inflammation. Analysis of IL6 level in the astrocyte cultures 
confirmed the proinflammatory effect of both thrombin and, to 
a greater extent, LPS (Fig. 5). Similar proinflammatory effect 
of thrombin was previously observed for astrocytes [29]. This 
protease effect is attributed to thrombin/PAR1-dependent 
activation of G12/13 protein triggering the RhoGEF/RhoA/
phospholipase Cε — DAG and PKС — PKD cascade, 
culminating in increased expression of IL6, COX-2 and other 
proinflammatory genes [30]. Clear proinflammatory effect of 
LPS on astrocytes with induction of IL6 secretion was also 
demonstrated by other researchers [31]. In the present study, we 
have shown for the first time a probenecid-dependent decrease 
in thrombin- and LPS-induced IL6 production for primary 
astrocyte cultures (Fig. 6). Probenecid-induced inhibition of 
TNFα, IL6, IL1β and IL8 expression including in the presence 
of LPS was observed by Z. Zhang et al. on hippocampal cells 
in sepsis, and by L. Wei et al. on U87-MG cells [19, 32]. At 
the same time, the results of some other investigations do not 
confirm the participation of Panx1 and potential heterodimers 
P2X4/P2X7 in P2X7-dependent release of IL6, CCL2 and TNFα 
in microglia [33].

We investigated the effects of probenecid having a broad 
spectrum of activity as a potential neuroprotective agent. 
Owing to its high lipid solubility, probenecid freely penetrates 
to the BBB. It is able to interact with TRPV2 membrane protein 
channels and organic anion transporters (OAT1-3) and cation 
transporters (OST1-3) as well as Panx1 channels which indicates 
its potential therapeutic use, e.g. as an adjuvant to increase the 
bioavailability of some drugs in the CNS. Using probenecid as a 
blocker of Panx1 channels seems to be promising to suppress 
neuroinflammation, a neurodegenerative component of many 
CNS diseases [6]. With a great number of Panx1 activating 
stimuli and functionally diverse effects, probenecid exhibits dual 

activities — on the one hand, it may trigger anti-inflammatory 
effects by inhibiting inflammasome activation while on the 
other hand, reduced glial-neuronal interaction and plasticity 
increases the risk of additional tissue damage. Decreased 
levels of AQP4, NLRP3 and caspase-1 expression in astrocyte 
culture under oxygen-glucose deprivation evidences about 
anti-inflammatory and neuroprotective effect of probenecid 
[34]. Probenecid increased astrocyte survival by reducing 
ROS production and suppressing the expression of NLRP3, 
caspase-1, and IL1β [6].

Thus, using Panx1 inhibitor probenecid as an anti-
inflammatory agent (Fig. 6) may be considered for developing 
new approaches for effective control of neuroinflammation, one 
of the important factors potentiating brain damage in trauma 
and neurodegenerative diseases [35, 36].

CONCLUSIONS

Proinflammatory activation of mouse astrocytes by application 
of thrombin (50 nM, 100 nM) and lipopolysaccharide (0.1 µg/mL,
1 µg/mL) changed their functional profile as well as cell 
proliferation and secretory activity. LPS induced a significant 
increase in secretion of IL6 while thrombin had a more significant 
effect on NO production and astrocyte proliferation. The induced 
production of NO, HEX and IL6 was observed to be terminated by 
the Panx1 channel blocker probenecid. Remarkably, probenecid 
abolished the effect of thrombin on astrocyte proliferation but 
not the effect of LPS. Inhibition of IL6 and HEX secretion 
by probenecid also differed in case of LPS as compared with 
thrombin. The obtained results indicate the possible involvement 
of Panx1 channels in thrombin- and lipopolysaccharide-
induced proinflammatory activation of astrocytes and induction 
of astrogliosis. Identifying mechanisms and key participants of 
the signalling cascade triggered in thrombin- and LPS-induced 
neuroinflammation under pretreatment of cell cultures with 
probenecid is subject to further investigation.
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DEEP LEARNING IN MODELLING THE PROTEIN–LIGAND INTERACTION: 
NEW PATHWAYS IN DRUG DEVELOPMENT

The deep learning technologies have become the driver of the revolutionary changes in scientific research in various fields. The AlphaFold-2 neural network software 

development that has solved the semicentennial problem of 3D protein structure prediction based on primary amino acid sequence is the most obvious example of 

using such technologies in structural biology and biomedicine. The use of deep learning methods for the prediction of protein–ligand interactions can considerably 

simplify predicting, speed up the development of new effective pharmaceuticals and change the concept of drug design.
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А. Д. Барыкин1,2, Т. В. Чепурных1, З. М. Осипова1,3

ГЛУБОКОЕ ОБУЧЕНИЕ В МОДЕЛИРОВАНИИ БЕЛОК-ЛИГАНДНОГО ВЗАИМОДЕЙСТВИЯ: 
НОВЫЕ ПУТИ В РАЗРАБОТКЕ ЛЕКАРСТВЕННЫХ ПРЕПАРАТОВ 

Технологии глубокого обучения стали драйвером революционных изменений в научных исследованиях разных областей. Наиболее ярким примером 

их применения в области структурной биологии и биомедицины является программная разработка нейросеть AlphaFold-2, решившая полувековую 

проблему предсказания 3D-структуры белков по первичной аминокислотной последовательности. Использование методов глубокого обучения для 

предсказания белок-лигандных взаимодействий сможет значительно упростить предсказание, ускорить разработку новых эффективных лекарственных 

препаратов и поменять концепцию драг-дизайна.
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Computer (in silico) modelling of protein–ligand interaction plays 
a key role in biomedical research and represents one of the 
fundamental challenges of the ongoing process of developing 
new pharmaceuticals. The higher is the affinity and selectivity 
of the bioactive molecule binding with the receptor or enzyme, 
the more effective and safe the resulting drug candidate will 
be. The model reliability determines the quantity and quality 
of the candidate molecules, which will undergo the expensive 
procedure of chemical synthesis and testing in vitro and in vivo. 
Modelling often represents the key phase: this to the great 
extent determines the time and cost of the design, as well as 
the final price of the drug [1]. Until recently, there was no highly 
effective method for automated bioinformatics analysis of the 
protein–ligand interaction.

Conventional computer modelling methods

Molecular docking is a molecular modelling method predicting 
the best position of the ligand relative to the target protein that 

uses their 3D structures and the molecular interaction energy 
scoring functions. The scoring function learning (Fig. 1А) is 
usually based on the set of the experimentally determined 
affinity values of protein binding to the ligands similar to the 
studied one. Thus, the prediction accuracy will depend directly 
on the similarity of the studied new candidate to the known 
ligands from the database.

The great diversity of scoring functions can be explained 
by insufficient reliability of each of these functions in case of 
solving a specific problem. Various scoring functions are more 
appropriate for various classes of ligands, however, there is 
no absolute guarantee of the result even when the method is 
selected correctly. That is why consensus assessment (using 
the data of several scoring functions at once) increases the 
likelihood of successful docking [2]. 

In case of rigid docking, the algorithms consider the ligand 
and target molecules as solids, while in case of dynamic 
docking the programs admit the possibility of conformational 
changes in the ligand associated with binding. The methods 
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underlying the docking algorithms (Fig. 1B) can be divided 
roughly into systematic and statistical. The systematic methods 
split molecule into several parts, thereby allowing one to assess 
affinity of interaction for each part, and then ensure covalent 
cross-linking of the parts in order to reassemble the ligand. 
Statistical methods to find the global energy minimum generate 
random changes, for each of which the thermodynamic 

state is estimated [3]. Statistical methods include the Monte 
Carlo method, tabu search, particle swarm optimization, and 
evolutionary algorithms. The systematic algorithms guarantee 
achievement of results in a finite number of steps (usually very 
large), while the statistical ones can “miss” the energy state of 
interest. However, in practice, statistical algorithms more often 
yield more reliable results than systematic ones.

Fig. 1. Molecular docking algorithms. А. Types of scoring functions for molecular docking. B. Variants of molecular docking algorithms and molecular dynamics 
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In the last two decades, dozens of free and commercially 
available molecular docking programs have emerged: DOCK, 
AutoDock, Surflex, LigandFit, MCDock, LeDock, AutoDock 
Vina, rDock, UCSF Dock, and many more [4]. The programs 
usually use several algorithms at once, allowing one to adapt 
docking for specific enzyme–ligand pairs.

In the majority of cases, the modern protein–ligand docking 
methods correctly determine the ligand binding site and binding 
mechanism, however, these are unable to define its affinity accurately 
enough [5]. This significantly reduces the method applicability for 
discovery of new pharmaceuticals, since the candidate molecules 
are selected based specifically on the binding energy.

The molecular dynamics (MD) method is based on the use 
of the equations of atom motion and the empirical potential 
energy functions for calculation of interatomic interactions 
and characterization of the molecular system evolution over 
time. The interatomic interactions include elastic interactions 
(corresponding to covalent bonds) and Van der Waals forces.  
The most important post-processing methods to calculate free 
energy of the bond in the protein–ligand interaction complex 
also use the principles of molecular mechanics involving the 
Poisson–Boltzmann equation / Generalized Born model, as 
well as some additional approaches, such as thermodynamic 
integration and free analysis [6].

The molecular trajectory length determined by the number 
of simulation steps is the main limitation of the molecular 
dynamics method. The simulation time step should be 
comparable with the fastest motion in the system, i.e. with the 
bond fluctuations (1–2 fs). Thus, modelling slow processes, 
such as large domain motions and binding (µs–ms), requires 
many MD steps, which significantly increases the amount of 
computation. That is why detection of actual protein–ligand 
binding is a very rare phenomenon [7]. It was expected that 
the MD modelling based on the binding computation involving 
the use of molecular mechanics and the Poisson–Boltzmann 
equation would contribute significantly to the solution of real 
problems, such as identification of the most advantageous 
combination for the protein–ligand pairs with their further 
optimization.  

Deep learning: another chapter in modelling the 
protein–ligand interaction 

The first deep learning methods emerged in the mid-1960s, 
however, these became popular by the mid-2000s due to 
the increase in processing power and the emergence of large 
experimental data sets. Today, application of deep learning 
technologies to problems in various disciplines has yielded the 

Fig. 2. Neural network operation algorithms. А. Neural network training methods. B. Major types of neural networks predicting the protein–ligand interactions  
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results that are not inferior, and sometimes even superior, to 
the results yielded by conventional methods. Creation of the 
AlphaFold-2 algorithm predicting the protein tertiary structure 
based on the primary amino acid sequence within only a few 
minutes is the most obvious example [8], which has become a 
revolution in the field of structural biology.

The deep learning models were proposed for the prediction 
of protein–ligand interaction as an alternative to conventional 
docking based on the search for the free energy minimum [9]. 
The advantage of deep learning is that there is a possibility 
of studying the protein–ligand interaction based directly 
on the spatial arrangement of atoms, without selecting the 
mathematical parameters that not always reflect the actual 
binding mechanism. This method to predict protein–ligand 
interaction is currently developing rapidly: the DeepSite neural 
network model published in 2017 [10] correctly determined 
23.8% of ligand binding sites in the specific dataset, while the 
Kalasanty neural network published in 2020 yielded the result 
of 44.6% for the same sample. In 2021, PUResNet significantly 
improved the prediction results (53% success for PUResNet 
vs. 51% for Kalasanty) [11].    

To date, a wide variety of the neural network operation and 
training algorithms has been developed (Fig. 2). Convolutional 
neural networks (CNN), graph neural networks (GNN), and 
transformer neural networks are usually used to study protein–
ligand interactions. Convolutional neural networks consider the 
relationships between pairs of atoms through the prism of their 
relative spatial positions.  The operation principle of graph neural 
networks is based on recording the threshold values aimed to 
determine the type of interaction between atoms (covalent or 
non-covalent). The use of the lower number of parameters 
represents the potential advantage of this approach. The 
combinations of several algorithms are also used, or the other 
modules (such as denoising autoencoder) that improve the 
outcome are added [12].

CONCLUSION

No definite leader has been revealed among various neural 
network architectures: accuracy of the results yielded by 
each algorithm depends on the types of proteins and ligands, 

affinity, and binding mechanism. According to the latest data, 
the egGNN and saCNN graph neural networks turned out to 
be the most successful in terms of ligand affinity prediction 
[13, 14], however, the differences from convolutional neural 
networks are not critical. We believe that this is due to 
the fact that no optimal prediction algorithm has yet been 
developed. Creating such an algorithm, judging by the pace 
of AI development in computational biology, is more likely to 
take years, not decades. Just like AlphaFold-2 changed the 
paradigm in the area of protein structure investigation in 2020, 
the use of artificial intelligence in biomedical research opens a 
new chapter in pharmaceutical industry and drug design. 

The prospects of using AI for drug discovery have become 
apparent for the industry, since the use of AI significantly 
accelerates and reduces the cost of the conventional 12-year 
lifecycle of drug development. Over the past five years, almost all 
large pharmaceutical companies announced a partnership with 
the leading AI companies (Sanofi — Aily Labs, Pfizer — IBM, 
Novartis — Microsoft, AstraZeneca — Benevolent, etc.). The 
research details are likely to be protected by trade secret for 
a long time, however, press releases are being regularly issued 
that suggest introduction of deep learning into the ongoing R&D 
processes. Furthermore, more and more reports appear of the 
success of drug candidates designed using AI that are being 
prepared for or are through clinical trials. The examples include 
halicin (the promising broad-spectrum antibiotic, preclinical trial) 
[15], INS018_055 (drug for idiopathic pulmonary fibrosis, phase 
2 clinical trial), REC-2282, REC-994, REC-4881, BEN-2293, 
EXS-21546, RLY-4008, EXS-4318, BEN-8744, etc. [16].

We believe that the search for the pool of new bioactive 
molecules will accelerate dramatically in the near future, and 
deep learning will become an essential element of the process 
of developing new pharmaceuticals. However, competent 
selection of the data that are used to train a neural network 
model still represents one of the topical problems on the path 
to the widespread use of deep learning for drug discovery, 
since the quality of these data is critical for reliability of 
predictions made by the model. In this regard, the task of the 
most effective training involving the use of incomplete or small 
datasets remains the main challenge faced by AI in the field of 
drug design [17].
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Gusar VA    , Timofeeva AV, Fedorov IS, Tarasova AM, Sukhova YuV, Ivanets TYu

EMERGING PREDICTION OF PREECLAMPSIA BASED ON THE EXPRESSION 
OF EXOSOMAL SUMO PROTEINS

The cellular response to various types of stress underlying placental vascular dysfunction is under the sumoylation control. Consequently, SUMO homeostasis 

is closely related to the maintenance of angiogenic balance, the disruption of which is a feature of preeclampsia (PE). The goal of the research is to search for 

exosomal markers of such a disorder. The expression and prognostic potential of exosomal SUMO 1–4, UBC9 and hnRNPA2/B1 were evalueted in 39 pregnant 

women (cohort I) in the first trimester using Western blotting technology. The expression of these proteins in the placenta (cohort II, 27 pregnant women) at the 

time of delivery was also assessed. The expression of their conjugated forms was significantly changed in pregnant women with early-onset (SUMO 1, p = 0.03; 

SUMO 2/3/4, p = 0.03) and late-onset PE (SUMO 1, p = 0.03; SUMO 2/3/4, p = 0.04; UBC9 and hnRNPA2/B1, p < 0.0001, respectively). This change may be 

due to the functional specificity of SUMO isoforms in the context of their subcellular targets upon exposure to stressful stimuli. Significant changes in the expression 

of these proteins were also found in the placenta. Significant correlations were established between the expression of exosomal SUMO 2/3/4 (r = –0.59; p = 0.01) 

and UBC9 (r = –0.88; p = 0.0001) with PlGF in early-onset PE. In late-onset PE, hnRNPA2/B1 (r = –0.48; p = 0.03) and UBC9 (r = –0.48; p = 0.03) was correlated 

with β-hCG, and SUMO 2/3/4 with PAPP-A (r = –0.60; p = 0.006) in the blood serum of pregnant women. The analyzed proteins also significantly correlated with 

uterine artery pulsation index (SUMO 1 (r = 0.59; p = 0.01), SUMO 2/3/4 (r = 0.54; p = 0.02), hnRNPA2/B1 (r = 0.75; p = 0.0001)) and mean arterial pressure 

(UBC9 (r = 0.53; p = 0.03)). Based on the data the logistic models have been created to predict the risk of developing early-onset (UBC9 (AUC = 0.88; Se-0.72; 

Sp-1)) and late-onset PE (SUMO 1 (AUC = 0.79; Se-0.8; Sp-0.77)) at 11–14 weeks of pregnancy. 

Keywords: exosomes, sumoylation, SUMO, prediction, placental dysfunction, preeclampsia 

Correspondence should be addressed: Vladoslava A. Gusar
Akademika Oparina, 4, Moscow, 117997, Russia; v_gusar@mail.ru

Kulakov National Medical Research Center for Obstetrics, Gynecology and Perinatology, Moscow, Russia

Received: 29.01.2024 Accepted: 20.02.2024 Published online: 29.02.2024

DOI: 10.24075/brsmu.2024.010

Author contribution: Gusar VA, Timofeeva AV — study concept; Fedorov IS — statistical analysis, graphic design; Gusar VA, Tarasova AM — research procedure 
(western blotting); Sukhova YuV, Ivanets TYu — providing the clinical basis, assessment of hormones; Gusar VA — data analysis/interpretation, manuscript writing; 
Timofeeva AV — editing.

Funding: the study was supported by the RSF grant [22-15-00363 “Epigenetic and biochemical aspects of abnormal pregnancy in disturbances of the trophoblast 
invasive properties: from early diagnosis to prevention of maternal and perinatal morbidity”].

Compliance with ethical standards: the study was approved by the Ethics Committee of the Kulakov National Medical Research Center for Obstetrics, 
Gynecology and Perinatology (protocol № 13 dated 12 October 2015); the informed consent was obtained from all the patients enrolled.

В. А. Гусар    , А. В. Тимофеева, И. С. Федоров, А. М. Тарасова, Ю. В. Сухова, Т. Ю. Иванец

НОВЫЕ ВОЗМОЖНОСТИ ПРОГНОЗИРОВАНИЯ ПРЕЭКЛАМПСИИ НА ОСНОВЕ ЭКСПРЕССИИ 
ЭКЗОСОМНЫХ БЕЛКОВ SUMO

Клеточная реакция на стресс, лежащий в основе сосудистой дисфункции плаценты, находится под контролем сумоилирования. Следовательно, 

SUMO-гомеостаз тесно связан с поддержанием ангиогенного баланса, нарушение которого характерно для преэклампсии (ПЭ). Цель работы —

поиск экзосомных маркеров подобного нарушения. Оценивали экспрессию и прогностический потенциал экзосомных SUMO 1–4, UBC9 и hnRNPA2/B1 у 

39 беременных (когорта I) в первом триместре с помощью вестерн-блоттинга. В когорте II (27 беременных) оценивали экспрессию данных белков в 

плаценте на момент родов. Экспрессия экзосомных конъюгированных форм значимо изменялась у беременных с ранней (SUMO 1, p = 0,03; SUMO 

2/3/4, p = 0,03) и поздней ПЭ (SUMO 1, p = 0,03; SUMO 2/3/4, p = 0,04; UBC9 и hnRNPA2/B1, p < 0,0001 соответственно), что может быть обусловлено 

функциональной специфичностью изоформ SUMO в контексте их субклеточных мишеней при воздействии стрессовых стимулов. В плаценте также 

обнаружены значимые изменения экспрессии конъюгированных форм данных белков. При ранней ПЭ установлены значимые корреляционные связи 

экспрессии экзосомных SUMO 2/3/4 (r = –0,59; p = 0,01) и UBC9 (r = –0,88; p = 0,0001) с уровнем PlGF, а при поздней ПЭ — hnRNPA2/B1 (r = –0,48; 

p = 0,03), UBC9 (r = –0,48; p = 0,03) с β-ХГЧ, и SUMO 2/3/4 (r = –0,60; p = 0,006) с концентрацией PAPP-A в сыворотке крови беременных. Анализируемые 

белки достоверно коррелировали с пульсационным индексом маточной артерии (SUMO 1 (r = 0,59; p = 0,01), SUMO 2/3/4 (r = 0,54; p = 0,02), hnRNPA2/B1 

(r = 0,75; p = 0,0001)) и средним артериальным давлением (UBC9 (r = 0,53; p = 0,03)). На основе полученных данных созданы логистические модели 

прогнозирования риска развития ранней (UBC9 (AUC = 0,88; Se-0,72; Sp-1)) и поздней ПЭ (SUMO 1 (AUC = 0,79; Se-0,8; Sp-0,77)) на сроке 11–14 недель 

беременности.
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The role of placental dysfunction proven by numerous studies 
in the basis of adverse pregnancy outcomes, including 
preeclampsia (PE) and fetal growth restriction (FGR), is 
undeniable. The molecular component of these syndromes is 
represented by key processes combined with stress — hypoxic, 
oxidative/nitrate, mitochondrial and endoplasmic reticulum 
[1–4], resulting from abnormal endovascular invasion of spiral 
arteries by trophoblasts. As a result, various pro-inflammatory 
factors that disturb the angiogenic balance are released into the 
mother's bloodstream [5]. The resulting therefrom pathological 
changes lead to a higher risk of metabolic, cardiovascular and 
nephrological diseases in women and their fetuses in the long 
term [6, 7]. 

In general, PE is defined as a multisystem disease, with 
new onset hypertension with (or without) significant proteinuria 
after 20 weeks of gestation [8, 9]. Over the past three decades, 
this definition has been expanded. Nowadays the definition 
include timing of symptom onset in early or late pregnancy, with 
delivery before or after 34 weeks, and different phenotypes due 
to adverse effects on the fetus (PE with or without IGR) [8]. 
Of note is the recent discussion that argues that the maternal 
cardiovascular system is the etiological cause of PE [5,10]. 
However, the linking mechanism between placental dysfunction 
and maternal cardiovascular maladaptation is angiogenic-
antiangiogenic imbalance [10]. During physiological pregnancy, 
the levels of angiogenic placental growth factor (PLGF) and 
anti-angiogenic factor sFlt-1 (soluble fms-like tyrosine kinase 1) 
are balanced, but under conditions of hypoxia and oxidative 
stress, there is an increase in the secretion of sFlt-1 by 
cytotorophoblasts, leading to impaired angiogenesis. There are 
propose various pathways modulating PLGF expression [11]. 
One of them is mediated by the transcription factor GCM-1, 
which plays a critical role in maintaining the balance between 
proliferation and differentiation of syncytiotrophoblast in the first 
trimester of pregnancy [12] and its upstream target DREAM [13]. 
It is important to emphasize that the modulation of the activity 
of the latter occurs at the post-translational level, including 
through sumoylation [14]. Interestingly, this modification is also 
a key player in controlling cellular responses to heat shock, 
inflammation, and various types of stress (oxidative, hypoxic, 
mitochondrial) underlying placental dysfunction [15–18].

Sumoylation is a dynamic reversible process carried out 
by SUMO (Small Ubiquitin-like MOdifier) proteins, which have 
four isoforms. Their conjugation (the formation of an isopeptide 
bond between SUMO and the target protein) is performed by 
the UBC9 enzyme [19]. Sumoylation has attracted increasing 
attention in the context of regulating the expression of molecules 
mediating placental function and angiogenesis. However, data 
on the study of sumoylation in placental diseases are essentially 
limited. In particular, Baczyk et al. revealed a significant increase 
of SUMO 1 and SUMO 2/3 in the placenta in severe early-onset 
PE [20]. And the WGCNA evolutionary approach has identified 
gene co-expression modules that play a critical role in the 
pathogenesis of PE, including SUMO 1 and the heterogeneous 
nuclear protein (hnRNP), as candidates genes for positive 
selection [21]. 

The coordinated interface between the fetoplacental 
and maternal systems is a complex multidimensional array 
of tissues, resident and circulating factors, covering the 
developing fetus, placenta, decidua, and the mother's dynamic 
cardiovascular system [1]. It is carried out through extracellular 
vesicles (exosomes, microvesicles, apoptotic vesicles), which 
are secreted by various types of cells, carry a certain cargo 
(proteins, lipids, mRNA transcripts), and also have the ability 
to modulate the function of target cells and have therapeutic 

potential [22, 23]. In particular, exosomes are selectively 
packaged with signaling molecules such as microRNAs 
(miRNAs). Their secretion by syncytiotrophoblast increases with 
placental dysfunction [24–26]. Most notably, the selectivity and 
loading of miRNAs into exosomes is mediated by sumoylation 
of the heterogeneous nuclear protein hnRNPA2/B1 [27].

Progress in understanding the molecular processes 
consociating placental dysfunction and the maternal 
cardiovascular system suggests that disturbances in the 
angiogenic-antiangiogenic balance may be a target for 
the search for exosomal prognostic markers. Our previous 
studies demonstrated a regulatory mechanism along the 
miR-652-3p/ SUMO 2/3/4/ UBC9/ GCM-1/ PlGF axis in the 
placenta of pregnant women with early-onset PE [28] and 
changes in SUMO 1–4 and UBC9 expression in exosomes of 
pregnant women with early-onset PE at the time of delivery 
[29]. Further to these studies, we focused our attention on 
evaluating the expression of exosomal SUMO 1–4, UBC9, 
and hnRNPA2/B1 proteins as predictors of placental 
dysfunction at early gestational periods (11–14 weeks) before 
the manifestation of clinical signs of this pathology. Beyond 
that, to the best of the authors' knowledge, such studies have 
not previously been conducted. 

METHODS

Study Design and Patient Cohort

This study included pregnant women who were under 
observation at the “National Medical Research Center for 
Obstetrics, Gynecology, and Perinatology named after 
Academician V. I. Kulakov” of the Ministry of Healthcare 
of the Russian Federation. The total sample of patients of 
reproductive age consisted of 66 pregnant women, divided into 
2 cohorts (Fig. 1). Inclusion criteria are singleton pregnancy, 
patients aged from 25 to 40 years, delivered vaginally and by 
cesarean section. The study of both cohorts did not include 
pregnant women with multiple pregnancies, resulting from 
assisted reproductive technologies, positive somatic history 
and genetic pathologies in the mother and fetus. Cohort I 
included 39 pregnant women and was divided into groups: 
pregnant women who subsequently developed early-onset 
(11 pregnant women) and late-onset (10 pregnant women) PE; 
pregnant women with a high risk of developing PE according 
to combined prenatal screening in the first trimester and a 
favorable pregnancy outcome (9 pregnant women); pregnant 
women with a physiological course of pregnancy (9 pregnant 
women). The expression of SUMO, UBC9 and hnRNPA2/B1 
proteins was assessed in exosomes of pregnant women at 
11–14 weeks of gestation. Cohort II included 27 pregnant 
women with early-onset (7 pregnant women), late-onset PE 
(7 pregnant women) and a control group of the corresponding 
period (7 and 6 pregnant women, respectively) to assess 
protein expression in placental samples. The detailed clinical 
characteristics of pregnant women included in study are 
presented in Table 1–2. 

Exosome Purification from the Serum Blood Samples 
of Pregnant Women 

Whole blood samples were collected from pregnant women at 
11–14 weeks of pregnancy (cohort I). Previously, the samples 
were centrifuged for 20 minutes, +4 °C at 300 g. The upper 
phase was then carefully transferred into a clean conical 
bottom tube and centrifuged again for 10 min at +4 °C at 
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Fig. 1. Flowchart of the study population
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16,000 g to remove cell debris. From the prepared samples, 
600 µl was used for purification of exosomes using miRCURY 
Exosome Serum/Plasma Kit (cat. no. 76603; Germany, Qiagen) 
according to the manufacturer's instructions, and subsequent 
Western blotting.

Western Blotting of exosomal and tissue proteins

A placental tissue (a cross-section through the maternal and fetal 
part of the placenta no more than 5 mm in thickness, obtained 
immediately after delivery) from pregnant women (cohort II) was 
used for protein extraction. Powdered tissue samples preliminarily 
ground in liquid nitrogen were homogenized in a RIPA Lysis Buffer 
System (sc-24948; Santa Cruz Biotechnology, Inc.; Dallas, Texas, 
USA). Separation of proteins (20 µg per gel lane) was performed 
in Tris/Tricine/SDS Buffer (12.5%). Exosome and tissue protein 
transfer to nitrocellulose membrane (0.45 µm, cat. no: 1620115; 
Bio-Rad, USA) was performed using Trans-Blot SD™ (cat. #. 
170-3957; Bio-Rad, USA) in 10 mM CAPS + 10%С

2
Н

5
ОН, 

pH = 11. The membranes were blocked with 5% NFDM/TBST
for 2 h. Incubation with primary antibodies: SUMO 1 
(1:500; sc-5308; Santa Cruz Biotechnology, USA), SUMO 2/3/4
(1:500; sc-393144; Santa Cruz Biotechnology, USA), UBC9 
(1:500; sc-271057; Santa Cruz Biotechnology, USA), 
hnRNPA2/B1 (1:500; sc-374053; Santa Cruz Biotechnology, 
USA), and Actin (1:100; sc-376421; Santa Cruz Biotechnology, 
USA) were performed for 2h (RT). Secondary HRP-conjugated 
antibodies (goat anti-mouse IgG-HRP: sc-2031; Santa Cruz 
Biotechnology, USA) were incubated for 1 h (RT) in 1% NFDM/TBST.
A SuperSignal West Femto Maximum Sensitivity Substrate 
Kit (cat. no: 34096, Thermo Scientific™, USA) was used as 
a detection reagent. Densitometric analysis was performed using 
Bio-Rad ImageLab 6.0 software. The expression of tissue proteins 
SUMO 1–4, UBC9 and hnRNP A2/B1 was normalized to that of 
actin, and the level of SUMO 1–4, UBC9 and hnRNP A2/B1  in 
exosomes was normalized to the concentration of total protein.

Evaluation of biochemical parameters of prenatal 
screening in blood serum of pregnant women

The concentration of placental factors (sFlt-1, PLGF) and 
hormones (РАРР-А, b-HCG) in the blood serum of pregnant 

women at 11–14 weeks of gestation was determined by 
immunochemical analyzer "Cobas e411" (Roche Diagnostics 
GmbH; Germany) using commercial kits of this manufacturer. 

Statistical Analysis

The statistical significance of the difference between the clinical 
parameters and the proteins expression in study groups was 
assessed by the Wilcox–Mann–Whitney test using scripts 
written in the R language (https://www.R-project.org/). The 
Spearman nonparametric rank correlation method was used to 
evaluate the relationship between the protein expression and 
clinical parameters of pregnant women. Logistic regression 
models for proteins expression were created to test their 
predictive ability. The efficiency of the created models was 
evaluated by ROC analysis.

RESULTS

SUMO 1–4, UBC9 and hnRNPA2/B1 Expression 
in Exosomes at 11–14 weeks of pregnancy

The expression of SUMO 1–4, UBC9, and hnRNPA2/B1 in 
exosomes isolated from the serum blood of pregnant women 
with physiological pregnancy, which subsequently manifested 
early-onset and late-onset PE, as well as pregnant women with 
a high risk of developing PE according to combined prenatal 
screening at 11–14 weeks of gestation, was assessed by 
Western blotting. There were several conjugated forms of these 
proteins differing in molecular weights detected, while no free 
forms were found in exosomes (Fig. 2 A–D).  

Comparative analysis revealed that in the exosomes of 
pregnant women with early-onset PE, the expression of the 
conjugated form SUMO 1 (~50–52 kDa) was significantly 
reduced (p = 0.03), and SUMO 2/3/4 (~55–58 kDa) was 
increased relative to physiological pregnancy (p = 0.03). 
Expression of approximately molecular weight conjugated 
UBC9 (~54–63 kDa) and hnRNPA2/B1 (~51–55 kDa) was 
also increased, but without statistically significant differences 
(p = 0.07; p = 0.3, respectively). Presumably, these forms are 
a SUMO 1 + UBC9 conjugate, as the molecular weight of 
their free forms is ~12 kDa and ~18 kDa, respectively. And if 
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Table 1. The clinical characteristics of pregnant women (cohort I)

11–14 weeks of pregnancy

Pregnant who 
subsequently 

developed EPE 
(n = 11)

Pregnant who 
subsequently 

developed LPE  
(n = 10)

Pregnant at high 
risk of PE 

(n = 9)

Pregnant with PP 
(n = 9)

p-value
EPE vs.PP

p-value
LPE vs.PP

p-value
high risk vs.PP

Gestational age at the time of 
screening, weeks

12.1 (11.8; 12.25) 12.15 (12.1; 12.47) 12.1 (11.6; 12.3) 12.35 (12.03; 12.9) 0.1 0.3 0.3

History of PE, n (%) 0 0 0 0 – – –

Mean arterial pressure, MoМ 1.06 (1; 1.11) 0.98 (0.94; 1.1) 0.96 (0.95; 0.98) 1 (0.96; 1.04) 0.08 1 0.07

PlGF (17.6–70.0, pg/ml;
12 week of gestation)

11.7 (6.3; 18.0) 15.8 (15.6; 23.08) 18.8 (18.8; 18.8) 18.05 (16.01; 26.5) 0.001 0.2 0.8

β-hCG (0.5–2.0, МоМ) 0.92 (0.65; 1.07) 0.72 (0.52; 0.8) 0.74 (0.58; 1.22) 1.38 (1.18; 1.8) <0.001 <0.001 0.07

РАРР-А (0.5–2.0, МоМ) 0.9 (0.72; 1.1) 0.65 (0.57; 1.17) 1.07 (0.9; 1.32) 0.87 (0.74; 1.28) 0.7 0.3 0.5

Ultrasonography:

CRL (43–84 mm) 57.7 (56.5; 60.2) 58.6 (57.7; 62.5) 57.6 (56; 61.2) 64.4 (55.7; 66.0) 0.11 0.3 0.4

NTS (1.6–1.7 mm) 1.6 (1.38; 1.73) 1.5 (1.42; 1.85) 1.5 (1.29; 1.9) 1.25 (1.2; 1.6) 0.2 0.1 0.6

PI UtA (0.76–1.1, МоМ)  1.14 (1; 1.21) 0.99 (0.76; 1.3) 1.1 (1.02; 1.19) 1.02 (0.91; 1.13) 0.3 0.7 0.3

PI DV 0.98 (0.98; 0.98) 0.97 (0.97; 0.97) 0.95 (0.95; 0.95) 1.06 (0.99; 1.14) 0.02 0.02 0.03

Clinical characteristics at the time of delivery

Gestational age at the time of 
delivery, weeks

32.1 (30.7; 33.35) 37.2 (36.47; 38.27) 38.3  (37.6; 39.2) 38.8  (38.35; 39.35) <0.001 0.01 0.4

Systolic blood pressure 
(110–130 mmHg)

150 (145; 160) 140 (130; 150) 140 (115; 147) 115 (110; 131.2) <0.001 0.006 0.08

Diastolic blood pressure 
(65–80 mmHg)

100 (90; 100) 90 (90; 95) 90 (75; 90) 77.5 (71.2; 85.2) <0.001 0.003 0.1

Proteinuria (0–0.2 g/L) 1.98  (1.08; 2.5) 0.27 (0.13; 0.95) 0.09 (0; 0.1) 0 (0; 0.1) <0.001 0.01 0.5

Peripheral edema, n (%) 5 (45.4) 4 (40.0) 1 (11.1) 3 (33.3) – – –

Ratio of placental dysfunction 
markers (sFLT-1/PlGF; 1.5–7)

316.6 (116.7; 433.9) 120.1 (78.8; 156.9) 133.7 (117.9; 173.4) 54.4 (54.4; 54.4) 0.01 <0.001 <0.001

Platelet level  
(150–400 × 109 c/L)

220 (146; 233) 244 (142; 262.5) 212 (186; 234) 247.5 (235.7; 270.2) 0.03 0.07 0.07

ALT level (0–40 u/L) 30.9 (21.7; 68.05) 20.6 (15.4; 22.3) 19.2 (18.1; 26.1) 31.8 (18.2; 31.8) 0.09 1 0.7

AST level (0–40 u/L) 27.3 (21.7; 43.15) 25.1 (20.05; 32.6) 17.4 (16.3; 34.5) 19.7 (19.7; 20.6) 0.08 0.3 0.8

Ultrasonography 
PI UtA (average value)

1.24 (1.05; 1.38) 0.9 (0.74; 0.99) 0.68 (0.55; 0.85) 0.57 (0.52; 0.6) <0.001 0.001 0.1

Birth weight, grams 1350 (1195; 1572) 2721 (2409.25; 2992.5) 3040 (2750; 3266) 3320 (3257; 3612.5) <0.001 0.01 0.05

Apgar 1 score 7 (7; 7) 8 (8; 8) 8 (8; 8) 8 (8; 8) <0.001 1 0.2

Apgar 5 score 8 (7; 8) 9 (9; 9) 9 (9; 9) 9 (9; 9) <0.001 0.3 0.8

Newborns outcomes:

IP, n (%) 7 (63.6) 0 0 0 – – –

IVH, n (%) 5 (45.4) 0 0 0 – – –

RDS, n (%) 2 (18.1) 0 0 0 – – –

Note: EPE is early-onset preeclampsia; LPE is late-onset preeclampsia; PP is physiological pregnancy; PlGF is a placental growth factor; sFLT-1 is a soluble Fms-like 
tyrosine kinase 1; РАРР-А is a pregnancy-associated protein A; b-HCG is a human chorionic gonadotropin, subunit b; CRL is a crown-to-rump length; NTS is a nuchal 
translucency scan; PI UtA is a Pulsatility Index of the uterine artery; PI DV is a Pulsatility Index of ductus venosus; IP is an intrauterine pneumonia; IVH is an intraventricular 
hemorrhage; RDS is a respiratory distress syndrome; The median (Me) and quartiles Q

1
, Q

3
 in the format Me (Q

1
–Q

3
) were used in the case of non-normal distribution.

hnRNPA2/B1 (free form ~36/38 kDa) is attached as a SUMO 1 
target, their total molecular weight may be ~50–56 kDa. 

There is also a significant decrease in the expression of the 
conjugated SUMO 1 (~50–52 kDa; p = 0.03) in late-onset PE. 
While the expression of the conjugated SUMO 2/3/4 (~55–58 kDa; 
p = 0.04), UBC9 (~54–63 kDa; p < 0.0001) and hnRNPA2/B1
(~51–55 kDa; p < 0.0001) significantly increased relative to 
normal pregnancy (Fig. 3 A–D).

Interestingly, the analysis of the studied proteins expression 
in the group of pregnant women with a high risk of developing 
PE also revealed a significant decrease in the conjugated SUMO 
1 expression (~50–52 kDa; p = 0.007) and an increase in the 
conjugated UBC9 (~54–63 kDa), hnRNPA2 /B1 (~51–55 kDa) 
relative to physiological pregnancy (p = 0.01 and p = 0.001, 
respectively).

SUMO 1–4, UBC9 and hnRNPA2/B1 Expression in 
Placenta Tissue in early-onset and late-onset РЕ

Taking into account significant changes in the conjugated 
SUMO 1–4, UBC9 and hnRNPA2/B1 expression in exosomes 
of pregnant women secreted by syncytiotrophoblasts at 11–14 
weeks of gestation, their expression in the placenta in pregnant 
women with early-onset and late-onset PE was evaluated. 
Western blotting identified conjugated fragments of these 
proteins, differing in molecular weights, corresponding to 
those found in exosomes. 

Comparative analysis revealed a significant decrease in 
the conjugated SUMO 1 expression (~50–55 kDa, p = 0.04; 
p = 0.04, respectively), SUMO 2/3/4 (~55–59 kDa; p = 0.008, 
p  = 0.05, respectively) and hnRNPA2/B1 (~54 kDa; p = 0.01, 
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Table 2. The clinical characteristics of pregnant women (cohort II)

Pregnant 
with EPE 
 (n = 7)

Control group 
(n = 7)

p
Pregnant 
with LPE
 (n = 7)

Control
 group 
(n = 6)

p

Gestational age at the time of delivery, 
weeks

29 (27; 30) 30 (26.7; 30.5) 0.5 37 (36; 37.5) 38 (38; 38.75) 0.03

Manifestation PE, weeks 25 (23.5; 25) absent – 36 (36; 36) absent –

Systolic blood pressure 
(110–130 mmHg)

150 (145; 170) 115 (109.2; 117.5) 0.002 140 (140; 147.5) 110 (110; 113.7) 0.03

Diastolic blood pressure (65–80 mmHg) 100 (92.5; 106.5) 70 (67.5; 72.9) 0.002 100 (90; 100) 70 (70; 70) 0.005

Proteinuria (0–0.2 g/L) 2.08 (0.82; 3.72) absent – 1.07 (0.39; 1.81) absent –

Peripheral edema, n (%) 1 (14.2) absent – 5 (71.4) absent –

Ratio of placental dysfunction markers 
(sFLT-1/PLGF; 1.5–7)

413 (315.65; 546.43) NA – 219.79 (80.9; 289.9) NA –

Platelet level  
(150–400 × 109 c/L)

129 (102.5; 185) 246 (190.5; 269) 0.01 233 (219; 254.5) 233.5 (192; 287.7) 1

ALT level (0–40 u/L) 64.3 (22.15; 91.22) NA – 22.6 (20; 28.65) NA –

AST level (0–40 u/L) 37.4 (24; 48.37) NA – 28.3 (22.6; 32.95) NA –

Birth weight, grams 826.17 (590; 1068.5) VLBW – 2725 (2495; 2774.5) 3325 (2892.5; 3401.2) 0.1

Note: EPE is early-onset preeclampsia; LPE is late-onset preeclampsia; NA here means “not analyzed”; VLBW is very low birth weight; The median (Me) and quartiles 
Q

1
, Q

3
 in the format Me (Q

1
–Q

3
) were used in the case of non-normal distribution.

Fig. 2. Western blot of membrane with conjugated exosomal forms of SUMO 1 (A), SUMO 2/3/4 (B), UBC9 (C) and hnRNPA2/B1 (D) in pregnant women with 
subsequently developed early-onset PE (EPE), late-onset PE (LPE), and physiological pregnancy (PP)
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p = 0.009, respectively) in the placenta in early-onset and late-
onset PE. Their conjugated forms approximately correspond 
to the molecular weights of fragments detected in exosomes. 
Meanwhile, the expression of conjugated UBC9 (~53–55 kDa; 
p = 0.04) is significantly reduced only in late-onset PE relative 
to the comparison group of the corresponding gestational age 
(Fig. 4 A–D).  

Correlation of exosomal SUMO 1–4, UBC9 and 
hnRNPA2/B1 expression with clinical assessments of 
pregnant women screening. Predictive ability

Considering the significant change in the expression of the 
studied proteins in exosomes, we assessed the relationship of 
these changes with the indices of combined prenatal screening 
of the first trimester in pregnant women with manifestations of 

early and late forms of PE using the Spearman nonparametric 
rank correlation method (Table 3). 

The exosomal SUMO 1 levels (r = 0.59; p = 0.01), SUMO 
2/3/4 (r = 0.54; p = 0.02), and hnRNPA2/B1 (r = 0.75; 
p = 0.0001) were significantly correlated with the pulsation 
index of the uterine artery of pregnant women with early-onset 
PE. Whereas the UBC9 level is correlated with the mean arterial 
pressure (r = 0.53; p = 0.03). Moreover, a high invert correlation 
of SUMO 2/3/4 (r = –0.59; p = 0.01) and UBC9 (r = –0.88; 
p = 0.0001) with the concentration of PlGF was observed. 
Interestingly, a correlation was established with the biochemical 
parameters of combined screening in pregnant women with 
late-onset PE: the concentration of β-hCG with the exosomal 
UBC9 (r = –0.48; p = 0.03) and hnRNPA2/B1 (r = –0.48; p = 0.03), 
as well as PAPP-A concentrations with a SUMO 2/3/4 level 
(r = –0.60; p = 0.006). 
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Fig. 4. Comparative analysis of SUMO 1 (A), SUMO 2/3/4 (B), UBC9 (C) and hnRNPA2/B1 (D) expression in placental tissue in pregnant women with early-onset 
(EPE) and late-onset (LPE) PE, and age-matched controls (N < 34, N > 34). Total densitometry of proteins was quantified and normalized to loading control actin. Data 
presented in the format Me (Q

1
; Q

3
); *: significance level p ≤ 0.05 when compared with age-matched controls
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Fig. 3. Comparative analysis of SUMO 1 (A), SUMO 2/3/4 (B), UBC9 (C) and hnRNPA2/B1 (D) expression in exosomes in pregnant women with physiological pregnancy 
(PP), who subsequently developed early-onset PE (EPE), late-onset PE (LPE), and high risk of PE (HRPE). Total densitometry of proteins was quantified and normalized 
to loading control sample. Data presented in the format Me (Q

1
; Q

3
); *: significance level p ≤ 0.05 when compared with PP

The logistic regression models were created with the view 
to assess the possibility of using exosomal SUMO 1–4, UBC9 
and hnRNPA2/B1 as potential predictors of the development of 
PE in early pregnancy (Fig. 5 A–D, Table 4). 

ROC curves for logistic models are represented by various 
combinations, among which significant ones were chosen (the 
formulas for them are given below the Table 4). Importantly, the 
selected models also make it possible to differentiate pregnant 
women at high risk of developing PE according to the combined 

prenatal screening of the first trimester from pregnant women 
with PE and pregnant women with a normal pregnancy.

DISCUSSION

The progress of a successful pregnancy is based on the 
mechanism of communication between the fetoplacental 
and maternal compartments, which is carried out through 
the release of bioactive molecules and extracellular vesicles 
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Note: * r is a Spearman rank correlation coefficient; ** p is the statistical significance of correlation; Ns is not statistically significant.

Table 3. The results of a correlation of protein expression in exosomes with indices of combined prenatal screening of pregnant women with early-onset and late-onset PE 

Parameter SUMO 1 SUMO 2/3/4 UBC9 hnRNPA2/B1

r * p ** r * p ** r * p ** r * p **

Early-onset PE

Mean arterial pressure, 
MoМ

ns ns ns ns 0.53 0.03 ns ns

PI UtA, MoМ 0.59 0.01 0.54 0.02 ns ns 0.75 0.0001

PlGF ns ns –0.59 0.01 –0.88 0.0001 ns ns

Late-onset PE

β-hCG, MoМ ns ns ns ns –0.48 0.03 –0.63 0.004

РАРР-А, MoМ ns ns –0.60 0.006 ns ns ns ns

reflecting the pathophysiological state of donor cells and can 
modulate the functions of target cells [30]. It is known that 
placental exosomes mediate the adaptation of maternal vessels 
to pregnancy, and their plasma concentration increases with 
the progression of pregnancy and correlates with blood flow 
in the uterine arteries [31]. Such functional uniqueness allows 
them to be considered as dynamic biomarkers capable of real-
time monitoring of placental dysfunction. [32]. 

An interesting aspect that attracts attention is exosomal 
content, which determines the bioactivity of exosomes, and its 
loading is controlled by one of the posttranslational modifications, 
sumoylation [27]. Reversible conjugation of the small SUMO 
peptide with target proteins is critical for cell function and 
various cellular processes, including transcription, DNA repair, 
cell cycle regulation, chromatin remodeling, nucleocytoplasmic 
transport, and apoptosis [33]. The expression of SUMO 2 and 
SUMO 3 isoforms, which are 97% identical to each other, and 
SUMO 1 by 46%, was found in all eukaryotic cells [19, 34]. 
Recent discoveries have demonstrated that another isoform, 
SUMO 4, is expressed in the placenta [35]. At the same time, 
disorders of sumoylation homeostasis are associated with 
various pathological conditions [36, 37]. Despite the available 

data on the involvement of sumoylation in placental dysfunction 
[13, 20], there are no data of the exosomal SUMO proteins 
expression in this pathology.  

In the context of the above, we evaluated the SUMO 
proteins expression in exosomes of pregnant women at 11–14
weeks of gestation (cohort I). It should be noted that we 
have previously revealed an increase in conjugated SUMO 
1–4 and UBC9 expression in exosomes of pregnant women 
with early-onset PE at the time of delivery [29] and free forms 
of SUMO 1–4, UBC9 in the placenta in early-onset PE [28]. In 
the present study, the conjugated SUMO 1 expression in 
exosomes of pregnant women with early-onset PE at 11–14 
weeks of gestation was significantly reduced, while the SUMO 
2/3/4 expression was increased relative to normal pregnancy. 
A similar picture was observed with regard to direction of the 
conjugated SUMO 1 and SUMO 2/3/4 expression in exosomes 
in pregnant women with late-onset PE. As previously shown by 
Baczyk D. et al., the expression pattern of SUMO proteins may 
be due to their unique spatiotemporal distribution in trophoblast 
layers during pregnancy, as well as their activity in response to 
oxidative stress and inflammation. In particular, free SUMO 1 
and SUMO 4 are predominantly expressed in cytotrophoblasts 

Fig. 5. ROC curves for a logistic model for the risk assessment of РЕ at early gestation by SUMO 1–4, UBC9 and hnRNPA2/B1 expression in exosomes (A–D). EPE is 
early-onset PE; LPE is late-onset PE; HRPE is high risk of PE; PP is physiological pregnancy

EPE vs PP
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D
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in the first and second trimesters of pregnancy, with a shift 
to the syncytiotrophoblast in the third trimester. In particular, 
free SUMO 1 and SUMO 4 are predominantly expressed in 
cytotrophoblasts in the first and second trimesters of pregnancy, 
with a shift to the syncytiotrophoblast in the third trimester. 
SUMO 2/3 stable expressed throughout the trophoblast layer 
during pregnancy. However, the activity and redistribution of 
SUMO 1 and SUMO 4 into syncytium from the cytotrophoblast 
is observed in response to hypoxic/oxidative stress, and the 
SUMO 2/3 expression increases during inflammatory stress 
[38]. It is noteworthy that the results of our study, in general, 
are consistent with the above data of Baczyk D. et al., 
demonstrating multidirectional activation of the expression of 
exosomal conjugated SUMO 1 and SUMO 2/3/4 in response 
to cellular stress in placental dysfunction. Nevertheless, the all 
SUMO isoforms expression and respectively their subsequent 
secretion should increase in cells under the influence of various 
stress stimuli. However, SUMO 1 expression in exosomes 
was reduced in both early-onset and late-onset PE in our 
study. Previously, Saitoh H. et al. found a decrease in pool 
of the SUMO 2/3 free in cells and the accumulation of its high 
molecular weight conjugates in response to cellular stress, in 
contrast to SUMO 1 [39]. Taking into account these data, we 
hypothesized that hypoxic and oxidative stress that occurs with 
early placental dysfunction activates the SUMO 2/3 free to form 
a large number of conjugates with target proteins and induce 
stress-sensitive signaling cascades through exosomes. Whereas, 
SUMO 1 is able to selectively conjugate to targets in response to 
stress. This is evidenced by a decrease in the expression of its 
conjugated form in exosomes. Interestingly, we did not find free 
forms of these proteins in exosomes. And the molecular weight 
of the conjugated forms, presumably, conforms to the total 
weight of their free form with UBC9. Moreover, the conjugated 
UBC9 expression was also significantly increased only in late-
onset PE relative to normal pregnancy. It should be noted that 
UBC9 is the only enzyme that conjugates SUMO 1–4 with target 
proteins, in contrast to the ubiquitination system [19]. Therefore, 
its expression level is critical for sumoylation. Based on the 
previously demonstrated spatiotemporal distribution of SUMO 
1–4 in trophoblast cells (38), we suggested a certain specificity 
of UBC9 conjugation with SUMO 1 and SUMO 2/3 in the context 
of their subcellular targets. Even more so, evidence of its different 
immunoreactivity with SUMO proteins has already been obtained 
on model objects depending on the cell population [40].

Sumoylation is known to modulate the transcriptional activity 
and localization of many nuclear [41] and cytoplasmic proteins 

(42), thereby regulating a wide range of biological processes. 
And certain interest is the recent discovery of the sumoylation of 
the heterogeneous nuclear ribonucleoprotein (hnRNPs) family 
members, which provides a universal mechanism for regulating 
their RNA-binding activity and subsequent selective sorting of 
transcripts into exosomes [27, 43]. Sumoylation of hnRNPA2/B1 
by SUMO 1 is a necessary condition for its binding to specific 
miRNA exomotifs and their subsequent loading into exosomes. 
At the same time, inhibition of sumoylation can impair protein 
binding to miRNA. In our previous study, exomotifs of a number 
of microRNAs sensitive to hypoxia were identified, and their 
expression correlated with the of SUMO 2/3/4 level in the 
placenta of pregnant women with early-onset PE [29]. Based 
on this relationship, we assessed the hnRNPA2/B1 expression. 
It was significantly increased in exosomes of pregnant women 
with late-onset PE at 11–14 weeks, similarly to UBC9. Since 
hnRNPA2/B1 is a SUMO substrate [44], it is likely that its 
expression in exosomes may also be regulated by SUMO 
2/3/4, if the level of SUMO 1 is reduced. Moreover, providing 
the specificity of UBC9 conjugation, it may be suppose that 
the hnRNPA2/B1 expression is activated by conjugation with 
UBC9 in late-onset PE. And this is necessary for loading 
microRNAs into exosomes that regulate targets associated 
with vascular dysfunction. It is worth noting no less interesting 
results on protein expression in pregnant women with a high 
risk of developing PE according to the combined prenatal 
screening of the first trimester. Despite the presence of markers 
of placental dysfunction, the outcome of their pregnancies was 
favorable. However, the direction of the conjugated SUMO 1, 
UBC9 and hnRNPA2/B1 expression coincided with that in 
early-onset and late-onset PE, the exclusion of SUMO 2/3/4, 
the level of which did not change. 

Considering the revealed changes in the expression of 
conjugated proteins in the exosomes of pregnant women 
with PE at 11–14 weeks of gestation, it seemed interesting to 
evaluate their expression in the placenta of pregnant women 
with early-onset and late-onset PE (cohort II).  In the placenta, 
we found a decrease in the conjugated SUMO 1–4 and 
hnRNPA2/B1 expression in both early-onset and late-onset PE. 
And the level of UBC9 significantly decreases only in late-onset 
PE. The results were unexpected, just as intriguing. As noted 
earlier, the process of sumoylation, being the most important 
regulator of the cellular response to stress, includes an increase 
in the level of high-molecular-weight SUMO conjugates, as well 
as free forms. Moreover, a previous study found an increase 
in SUMO free in early-onset PE [28]. Such multidirectional 

Note: EPE is early-onset PE; LPE is late-onset PE; HRPE is high risk of PE; PP is physiological pregnancy; AUC is area under curve.

Table 4. Predictive values with parameters of logistic models for SUMO 1–4, UBC9 and hnRNPA2/B1

AUC Sensitivity Specificity Cutoff p-value Parameters Formulas

EPE vs. PP

UBC9 0.88 0.72 1 0.72 0.03
i — 2.65 

UBC9 — 6.73

LPE vs. PP

SUMO 1 0.79 0.8 0.77 0.43 0.05
i — 7.4 

SUMO1 — 6.29

HRPE vs. PE

UBC9; 
hnRNPA2/B1

0.94 0.80 1 0.79 0.02/0.01
i — 0.18 

UBC9 — 6.23 
hnRNPA2/B1 — 2.19

HRPE vs. PP

SUMO 1 0.91 0.88 1 0.58 0.02
i — 9.78 

SUMO1 — 9.073

1+e2.65–6.73x

1+e–7.4 + 6.29x

1+e–0.18–6.23x  + 2.19x

1+e–9.78 + 9.073x

1

1

1

1

1

1

1 2

1



62

ORIGINAL RESEARCH    GYNECOLOGY

BULLETIN OF RSMU   1, 2024   VESTNIKRGMU.RU| |

expression of free and conjugated forms of the studied 
proteins in the placenta may be explained by the fact that 
free forms are expressed exclusively in response to stressful 
stimuli, performing an adaptive function. While, the formation of 
SUMO conjugates is necessary to trigger regulatory cascades. 
Thereby, the change in their expression depends on what is 
needed at a given time — sumoylation or desumoylation of the 
target protein. Our assumption has been confirmed in a number 
of studies. In particular, Bhattacharjee J. et al. demonstrated 
that the level of SUMO free increases in early pregnancy (9–10 
weeks), and this coincides with physiological placental hypoxia. 
However, overexpression of the SUMO 2/3 can inhibit the 
activity of HIF 1A (hypoxia inducible factor) at 10–12 weeks of 
gestation. In order to preserve the stability of latter, the SENP 3 
desumoylation protein  reduces the expression of SUMO 2/3 
[45]. Other authors provide evidence for the role of the SENP 1 
desumoylation protein in endothelial cells as a positive regulator 
of hypoxia-induced VEGF expression and angiogenesis 
[46, 47]. With regard to placental dysfunction, changes in GCM-1 
expression induced by hypoxia and regulated by the p45 NF-E2 
transcription factor [48] are associated, among other things, 
with desumoylation [49,50]. It is important to note that factors 
that increase global sumoylation do not necessarily lead to 
changes in sumoylation of all SUMO substrates. Sumoylation 
of individual proteins occurs in a substrate-specific manner and 
often without global changes [51].

The discovery of placental factors has contributed to a 
surge in research on their use as biomarkers for diagnosing and 
predicting the risk of developing PE and FGR since 2003 [52]. 
However, the most reliable results were obtained when predicting 
the early-onset PE. Researchers attribute this to the fact that a 
change in their level is a reflection of syncytiotrophoblast stress, 
that is, placental dysfunction in general, and not a biomarker of 
PE [53]. In addition, the provided diagnostically significant level 
of pro- and anti-angiogenic factors circulating in the mother's 
blood can be achieved at the onset of a pathological condition, 
and not at the initial stage of impaired endovascular invasion of 
spiral arteries by trophoblast [54]. In this regard, it is necessary to 
look for specific markers. Interestingly, a decrease in angiogenic 
PLGF and an increase in anti-angiogenic sFlt-1 during the third 
trimester correlate with changes in the redistribution of SUMO 
1 and SUMO 4 from the cytotrophoblast to the syncytium. The 
given type of placental cell is the only which directly contacts 
with the maternal circulation [38]. As previously reported, we 
found a correlation between changes in miR-423-3p, miR-652-3p 
expression, the level of SUMO 2/3/4, UBC9 in the placenta 
and a decrease in the concentration of PLGF in the blood of 
pregnant women with early-onset PE at the time of delivery 
[28]. Based on the results, a search was made for correlations 
with indices of combined prenatal screening of pregnant 
women in the first trimester. An increased level of exosomal 
SUMO 2/3/4 and UBC9 correlated inversely with the PLGF in 
the blood serum of pregnant women in the early gestation, that 
is in good agreement with our previous data. Moreover, the 
relationship confirms the regulation of placental factor through 

sumoylation and indicates the specificity of SUMO 2/3/4 and 
UBC9 in relation to PLGF. Interestingly, this relationship was 
revealed only for the early-onset PE. It is noteworthy that, 
beyond the association with the placental factor, significant 
correlations were found the expression of all conjugated SUMO 
isoforms and hnRNPA2/B1 with the uterine artery pulsation 
index. And UBC9 correlated with mean arterial pressure. The 
highlight was an increased level of SUMO 2/3/4 was inversely 
correlated with PAPP-A, while UBC9 and hnRNPA2/B1 were 
inversely correlated with the concentration of β-hCG in the late-
onset PE. At the same time, no correlation was found between 
SUMO 1 and any of the indices. Low concentrations of β-hCG 
and PAPP-A in the first trimester of pregnancy are associated 
with the risk of developing PE and FGR [55–57]. 

Given the correlation results, as well as the lack of data 
on the predictive potential of SUMO modifications, we created 
logistic regression models with ROC-curves to assess the 
possibility of using the studied exosomal proteins as potential 
predictors of the risk of developing PE. Significant coefficients 
were determined for UBC9 (AUC = 0.88; Se-0.72; Sp-1) in 
early-onset PE prediction model, and for SUMO 1 (AUC = 0.79; 
Se-0.8; Sp-0.77) in late-onset PE. In addition, it is possible to 
differentiate pregnant women with a high risk of developing PE 
from pregnant women with PE and with physiological pregnancy 
based on the assessment of UBC9, hnRNPA2/B1 expression 
(AUC = 0.94; Se-0.80; Sp-1) and SUMO 1 (AUC = 0.91; Se-0.88; 
Sp-1), respectively. We payed attention to SUMO 2/3/4 did not 
reach a significant level in any of the models. Nevertheless, the 
results suggest a differential specificity of UBC9 and SUMO 1 in 
the pathogenesis of PE subtypes, as well as a different functional 
role of SUMO proteins in placental dysfunction in general, that 
is important for a preventive therapeutic strategy. Undoubtedly, 
the use of predictive models will require subsequent validation 
in a large cohort of pregnant women with relevant clinical 
outcomes, including isolated PE and FGR. 

CONCLUSIONS

The primary value of this research is that it opens up several avenues 
for predicting conditions associated with placental dysfunction 
based on the study of the exosomal contents sumoylation 
pattern. This is the first data on the exosomal expression of 
conjugated SUMO 1–4, as well as UBC9 and hnRNPA2/B1 
that differentially change in early gestation in pregnant women 
with PE. The possibility of predicting this pathology may be 
due to the functional specificity of SUMO isoforms, as well as 
the conjugation/deconjugation mechanism that coordinates 
the signaling pathways. It is worth noting that our study has 
limitations due to the small cohorts. We brought this to our 
attention because the validation of predictive models requires 
an expansion of the pregnant women cohort. Moreover, we did 
not evaluate desumoylating protein expression in exosomes. 
But this is rather seen as a prospect for future research, as well 
as the study of the SUMO substrates involved in the regulation 
of placental dysfunction.
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Recurrent miscarriage (RM) is a heterogeneous condition that 
implies two or more clinical pregnancy losses before 22nd week 
of gestation [1]. It is diagnosed in 2-5% of pregnant women [2]. 
After two miscarriages, the risk of pregnancy termination more 
than doubles and reaches 36–38% [3]. 

The discerned etiological factors behind RM are chromosomal 
abnormalities (2–6%), anatomical changes in the uterus (10–15%), 
infectious and inflammatory (2–6%), endocrine (17–20%), 
autoimmune (20%) diseases [4], thrombophilic conditions (10%) [5]. 

Yet, about 50% of RM cases are idiopathic, i.e., unexplained [6]. 
Idiopathic recurrent miscarriage (IRM) remains an urgent problem 
for reproductive medicine worldwide [7].

According to the current concepts, one of the key 
processes in the pathogenesis of IRM is aberrant production 
of proinflammatory cytokines accompanied by dysregulation 
of the immune response [8, 9]. Tumor necrosis factor alpha 
(TNFα) [10] and interleukin IL17 [11], which offer embryotoxic 
and antithrophoblastic activity, are of particular interest in this 

Gumenyuk LN    , Bordyugov MD, Sarchuk EV, Knyazeva SV, Zastavskii VA, Krickaya DV, Saitibragimova SE, Kurtvelieva AI

SPECIFICS OF GUT MICROBIOTA IN WOMEN WITH IDIOPATHIC RECURRENT MISCARRIAGE

Currently, researchers show considerable interest in the link between gut microbiota and idiopathic recurrent miscarriage (IRM). This study aimed to analyze 

taxonomic changes of gut microbiota and assess its relationship with plasma levels of cortisol, melatonin, TNFa and IL17 in women with IRM. We invited 55 women 

with IRM and 60 women with normal pregnancy, studied their gut microbiota, and registered serum concentrations of cortisol, melatonin, TNFa and IL17. Women 

with IRM had changed gut microbiota: significantly decreased — diversity (Chao1 p = 0.014), significantly decreased abundance of Bifidobacterium (p < 0.001), 

Lachnospira (p = 0.032), Roseburia (p = 0.003), Coprococcus (p = 0.012), and significantly increased abundance of Ruminococcus (p < 0.001) and Klebsiella 

(p = 0.002). We have shown a statistically significant relationship between cortisol level and abundance of Lachnospira (r = –0.51; p = 0.002), melatonin level and 

abundance of Coprococcus (r = –0.49; p = 0.012), and identified connections between TNF and IL17 concentrations and Chao1 index (r = –0.51; p = 0.002, 

r = –0.54; p = 0.001, respectively), TNF concentration and abundance of Ruminococcus (r = 0.51; p = 0.002), IL17 concentration and abundance of Bifidobacterium 

(r = –0.52; p = 0.001). Modulation of gut microbiota may have preventive and therapeutic effects in women with IRM.
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ОСОБЕННОСТИ МИКРОБИОТЫ КИШЕЧНИКА У ЖЕНЩИН С ИДИОПАТИЧЕСКИМ 
ПРИВЫЧНЫМ ВЫКИДЫШЕМ

В настоящее время существенный интерес у исследователей вызывает сопряженность микробиоты кишечника и идиопатического привычного выкидыша 

(ИПВ). Целью работы было проанализировать изменения таксономического состава микробиоты кишечника и оценить на уровне родов их взаимосвязь с 

показателями в плазме крови кортизола, мелатонина, TNFα и IL17 у женщин с ИПВ. У 55 женщин с ИПВ и 60 женщин с физиологически протекающей 

беременностью изучали таксономический состав микробиоты кишечника, концентрацию в сыворотке крови кортизола, мелатонина, TNFα и IL17. 

Установлено, что у женщин с ИПВ изменения таксономического состава микробиоты кишечника характеризуются статистически значимым снижением 

α-разнообразия бактериального сообщества (индекс Chao1, p = 0,014), представленности Bifidobacterium (p < 0,001), Lachnospira (p = 0,032), Roseburia 

(p = 0,003), Coprococcus (p = 0,012) и увеличением представленности Ruminococcus (p < 0,001) и Klebsiella (p = 0,002). Продемонстрировано наличие 

статистически значимой взаимосвязи между значениями кортизола и представленностью бактерий Lachnospira (r = –0,51; p = 0,002), мелатонина и 

представленностью бактерий Coprococcus (r = –0,49; p = 0,012). Выявлена также взаимосвязь между концентрацией TNFα и IL17 и индексом Chao1 

(r = –0,51; p = 0,002, r = –0,54; p = 0,001 соответственно), TNFα и представленностью бактерий Ruminococcus (r = 0,51; p = 0,002), IL17 и представленностью 

Bifidobacterium (r = –0,52; p = 0,001). Коррекция микробиоты кишечника может иметь потенциальную профилактическую и терапевтическую значимость 

для женщин с ИПВ.
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context [12]. There is evidence that women with IRM have 
significantly higher peripheral blood level of TNFa (40–70% higher 
than in control group) [13], which is associated with initiation 
of apoptosis [14] and inhibition of trophoblast invasion [15], 
activation of thrombokinase [16], deceleration of expression of 
nucleotide-binding oligomerization domain [17], growth of 
cytotoxicity of dNK cells [18], all of which, in turn, compromise 
spiral artery remodeling [16], cause thrombosis, trophoblast 
infarction and detachment [16], corrupt functions of decidual 
cells [17], trigger immunological rejection of the fetus [18], and, 
ultimately, miscarriage. Most researchers believe that women 
with IRM have elevated serum levels of IL17 [11], so it can be 
taken as a prognostic factor of the condition [19]. High level 
of IL17 inversely correlates with the content of T

reg
 cells in 

peripheral blood and decidual membrane [20], the low level 
of which potentiates the processes of embryo rejection [21]; 
it is independently associated with activation of expression of 
NF-kB (transcription nuclear factor), decelerated expression 
of progesterone receptors and weakened functional activity 
thereof, which leads to decidual dysplasia, insufficiency of 
embryo nutrition, stimulation of myometrial contractility and, in 
the end, miscarriage [22]. 

At the same time, the immune system is closely linked to 
the neuroendocrine system. Teams of researchers actively 
discuss how dysregulation of the epiphyseal-pituitary-adrenal 
axis ups the risk of IRM, pointing to the special importance of 
changes in the secretion of melatonin and cortisol [23, 24.]. 
Analysis of the hormonal profile of blood of women with IRM 
revealed elevated cortisol and decreased melatonin levels 
[25, 24]. Moreover, cortisol level fluctuations were associated 
with important etiological factors of IRM, such as subnormal 
fibrinolytic activity of the vascular wall, impaired trophoblast 
invasion and functions [26, 27], induction of apoptosis [28], 
inhibition of progestrone secretion [29]. In turn, lower blood 
melatonin level is linked to immunological trophoblast rejection 
(due to progesterone secretion inhibition) and myometrial 
contractility stimulation (through reinforced prostaglandin 
synthesis) [30].

Contemporary research reports confirm that gut microbiota 
plays a role in the pathophysiology of IRM, since it is crucial 
to formation and modulation of neuro-immune-endocrine 
reactions. Convincing data on qualitative changes of microbial 
makeup in women with IRM have been presented [31]. In general, 
they tend to have poorer bacterial diversity, depleted useful 
commensals and abundant pathobionts [32–33]; however, 
information about their microbiome's generic composition is 
fragmentary and contradictory. Besides, scientific literature 
contains only isolated reports on the association between gut 
microbiota and inflammatory biochemical markers in women 
with IRM, and there are no studies that investigated the 
relationship between intestinal bacteria and concentration of 
cortisol and melatonin in IRM cases.

Thus, exploration of the association between gut 
microbiota and IRM condition is a relevant problem. In the 
context of this study, we aimed to analyze taxonomic changes 
of gut microbiota and assess, at the level of childbearing, its 
relationship with plasma levels of cortisol, melatonin, TNFa and 
IL17 in women with IRM.

METHODS

This prospective comparative cross-sectional study was 
conducted at the gynecological department of the perinatal 
center of the Semashko State Medical University (Simferopol). 
It involved 55 women with primary IRM (median age — 31.6 

[26.9; 33.9] years), who made up the treatment group (TG), and 
60 women with normal pregnancy (NP) (median age — 30.3 
[25.9; 33.2] years) who applied for an abortion and made up 
the control group (CG).

Criteria for inclusion in the TG: confirmed IRM diagnosis; 
35 years or age or younger; correct couple karyotype. 

Criteria for exclusion from the TG: underweight or 
overweight; genetic and anatomical causes of RM; 
chronic infectious, inflammatory, endocrine, autoimmune, 
thrombophilic, oncological diseases; irritable bowel syndrome; 
chronic diseases of digestive and hepatobiliary systems; 
bacterial, viral and fungal infectious diseases; mental pathology; 
tobacco abuse; stool changes (diarrhea/constipation) and 
intake of drugs that affect stool within 30 days before the study; 
vaccination 60 days before the study; intake of antibacterial, 
probiotic, prebiotic, antiviral, symbiotic, or acid-suppressing 
drugs within 90 days before the study.

Criteria for inclusion in the CG: 35 years or age or younger; 
normal pregnancy; uncomplicated gynecological and obstetric 
anamnesis; one or more successful pregnancies; no chronic 
extragenital pathology and allergic reactions in the anamnesis; 
no mental pathology in the anamnesis; no more than 3
respiratory infections a year; no infectious and acute diseases, 
changes in stool (diarrhea/constipation); no intake of drugs 
affecting stool within 60 days before the study; no intake of 
antibacterial, probiotic, prebiotic, antiviral, symbiotic, or acid-
suppressing drugs within 90 days before the study.  

Criteria for exclusion from the CG: pregravid underweight 
or overweight; ART pregnancy; high risk of miscarriage; body 
temperature above 36.9 °C.

 Recurrent miscarriage was diagnosed under the codification 
criteria of the European Society of Human Reproduction and 
Embryology (ESHRE) [34]. 

We analyzed taxonomic composition of the gut microbiota 
of all study participants. Stool samples were collected when the 
women were admitted to the hospital, in the morning (8.00–11.00); 
after collection, they were frozen and stored in plastic 
containers at –80 °C up to the day of metagenomic analysis. 
Total DNA were extracted with the help of phenols. DNA 
libraries of 16S rRNA gene fragments were prepared under 
the standard protocol recommended by the manufacturer of 
MiSeq SOLiD 5500 Wildfire sequencer (AppliedBiosystems; 
USA), using primers for V3 and V4 variable regions of the 16S 
rRNA gene [35]. To filter quality of readings and classify their 
taxonomy, we used QIIME software (v.1.9.1) [36]. Identification 
of the taxonomic affiliation of readings was done in two stages: 
first, we selected a reference set of operational taxonomic units 
(OTU) of bacteria by comparing our readings of the 16S rRNA 
gene with data from the GreenGenes database version 13.5 
[37]; secondly, we identified taxonomic affiliation of the OTE 
using the RDP algorithm and referring to HITdb, a specialized 
database of human gut microbiota [38].

The identified species, genera and phylum of the 
microorganisms were the basis for assessment of the 
qualitative and quantitative composition of gut microbiota. To 
evaluate α-diversity, we calculated the Chao1 index, number of 
the detected taxa (Sobs), indicator reflecting the real number 
of taxa (ACE). For this operation, we used Mothur software 
(v.1.22.0) (https://www.mothur.org ). 

Serum concentrations of cortisol, melatonin, TNFa, and 
IL17 were established with the help of solid-phase enzyme 
immunoassay, using test systems from Vector-Best (Russia) 
and Immuno Biological Laboratories (Germany). Fasting 
blood samples were taken from cubital vein in the morning 
(7.00–10.00), after 15 or more minutes of rest.



68

ORIGINAL RESEARCH    MICROBIOLOGY

BULLETIN OF RSMU   1, 2024   VESTNIKRGMU.RU| |

Table 1. Characteristics of patients with idiopathic primary miscarriage and healthy women

Note: IPM — idiopathic primary miscarriage.

Indicator
Women with IRM 

(n = 55)
Control group 

(n = 60)
р

Average age, years, median 
[25%; 75%]

31.6 [26.9; 33.9] 30.3 [25.9; 33.2] 0.122

Body mass index, kg/m2 (m ± CD) 21.7 ±  0.4 20.6 ±  2.1 0.087

Number of miscarriages

Two (n,%) 34 (61.8) – –

Three or more (n,%) 21 (38.2) – –

Fig. 1. Phylogenetic composition of gut microbiota in patients with idiopathic primary miscarriage and healthy women. IPM — idiopathic primary miscarriage, CG — 
control group
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STATISTICA 8.0 software package (StatSoft Inc.; USA) 
was used to statistically process the data obtained. For normal 
distribution cases, quantitative indicators are given as means 
and standard deviations, in abnormal distribution situations — as 
medians (Me) and 25th and 75th percentiles. Qualitative attributes 
were described with the help of the absolute number of values 
and percentages. Quantitative group-wise comparison of the 
data relied on the Student t-test and Mann–Whitney U-test, 
qualitative comparison — on the chi-squared test. To establish 
correlation between the values, we calculated the Spearman's 
rank correlation coefficient. The differences were considered 
statistically significant at p < 0.05. 

RESULTS

Table 1 describes the participants. The groups were comparable 
in age (p = 0.122) and body mass index (p = 0.087). 

Intergroup comparison of gut microbiota revealed a 
significantly decreased α-diversity in the treatment group 

(Chao1 p = 0.014), as well as a downward trend of the ACE 
and Sobs curves (p = 0.053 and p = 0.051, respectively) (Fig. 1). 

Compared to the CG, women of the TG had significantly 
decreased abundance of Bifidobacterium (p < 0.001), 
Lachnospira (p = 0.032), Roseburia (p = 0.003), Coprococcus 
(p = 0.012) and increased abundance of Ruminococcus 
(p < 0.001) and Klebsiella (p = 0.002) (Fig. 2). 

In women with IRM, compared to women with normal 
pregnancy, levels of plasma cortisol, TNF and IL17 were 
significantly higher, and melatonin — significantly lower (Table 2). 

We have established statistically significant correlations 
of cortisol levels with abundance of Lachnospira (r = –0.51, 
p = 0.002), relationship between melatonin level and abundance 
of Coprococcus (r = –0.49, p = 0.012), correlations between 
TNF/IL17 concentrations and Chao1 (r = –0.51, p = 0.002; 
r = –0.54, p = 0.001, respectively), found TNF concentration 
to cross-correlate with abundance of Ruminococcus (r = 0.51; 
p = 0.002), and IL17 concentration to negatively correlate with 
Bifidobacterium abundance (r = –0.52, p = 0.001).
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Fig. 2. Comparative analysis of the generic composition of gut microbiota in patients with idiopathic primary miscarriage and healthy women. IPM — idiopathic primary 
miscarriage, CG — control group
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Note: IPM — idiopathic primary miscarriage.

Table 2. Comparative analysis of serum levels of cortisol, melatonin, TNFa and IL17 in patients with idiopathic primary miscarriage and healthy women

Indicator
Women with IRM 

(n = 55)
Control group (n = 60) р

Cortisol, nmol/l 627.1 ± 15.4 321.4 ± 33.2 < 0.001

Melatonin, pg/ml 18.1 ± 5.3 31.6 ± 8.4 0.002

TNFα , pg/ml 12.3 ± 2.3 6.1 ± 1.4 0.001

IL17, pg/ml 5.2 ± 1.2 2.6 ± 1.3 0.011

DISCUSSION

In this study, we refined the data on the changes in taxonomic 
composition of gut microbiota in women with IRM at the level 
of childbearing, and established the links between the said 
changes and plasma concentrations of cortisol, melatonin, TNF 
and IL17. 

A number of previous studies reported gut microbiota 
alterations in women with IRM [31–33], and in this work, we have 
also shown that to be significantly different from gut microbiota 
of women with normal pregnancy. According to our data, 
women with IRM, compared to women with normal pregnancy, 
have lower bacterial α-diversity, which is confirmed by a 
significantly lower Chao1 value. These findings are consistent 
with the results of earlier studies [33, 39]. In addition, dysbiosis 
in women with IRM decreased the abundance of bacteria 
capable of immunomodulation, namely, Bifidobacterium, 
Lachnospira, Roseburia, Coprococcus, and Prevotella, which 
are known to produce butyrate and propionate short-chain 
fatty acids (SCFAs). The respective deficit translated into 
activation of histone deacetylase and inhibition of G-protein 
receptors GPR41, GPR43 and GPR109A, and, as a result, 
development of a chronic inflammation [40]. At the same time, 
we registered increased abundance of potential pathobionts, 
namely, bacteria of genera Ruminococcus and Klebsiella. In this 
respect, out data is only partially consistent with the findings 
of other researchers. One study reported women with IRM to 
have low abundance of Prevotella, Roseburia, Lachnospira, 
and high abundance of Ruminococcus and Klebsiella 
bacteria [32]. Other studies reported diminishing numbers 
of Lachnospira, Roseburia, Prevotella [33], and decreasing 

abundance of Prevotella [31]. These inconsistencies may 
largely be explained by differences in geographical locations 
and participant inclusion methodologies. In our study, to 
prevent distortion of the results, we refrained from enlisting 
women with a complicated gynecological history and comorbid 
extragenital pathology, as well as those who took probiotics, 
prebiotics, and symbiotic drugs within 3 months before the 
study. Another important factor is the small sample size in the 
mentioned studies [32, 33].

As already noted, women with IRM had high blood 
concentrations of cortisol, TNF, IL17, and low concentrations 
of melatonin; all these hormones and proteins have been 
confirmed to play a part in the pathogenesis of IRM [13, 11, 23, 24]. 
Our results are consistent with the findings reported earlier: as 
a condition, IRM, compared to normal pregnancy, is associated 
with significantly different plasma concentrations of cortisol, 
melatonin, TNF, and IL17. A fundamental aspect is that in 
women with IRM, some gut microbiota species correlate with 
with plasma concentrations of studied biomarkers; this fact may 
indicate a relationship between composition, abundance of the 
microbiota, and IRM. Plasma concentration of cortisol was 
shown to negatively correlate with the number of Lachnospira 
bacteria, which points to their possible role in the disruption of 
operation of hypothalamic-pituitary-adrenal axis (HPAA) in IRM 
cases. We failed to find studies investigating the relationship 
between gut microbiota and cortisol in women with IRM. One 
paper reported patients with Cushing's syndrome to have 
Lachnospira negatively correlating with cortisol expression 
[41]. A similar pattern was shown in another study: decreasing 
abundance of Lachnospira was closely associated with higher 
cortisol concentrations in healthy children aged 8–16 years 
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[42]. We have found a probable interpretation of this correlation 
in the literature. Lachnospira is known to be one of the main 
butyrate-producing species. Since SCFAs can penetrate the 
blood-brain barrier (through circumventricular organs), it is 
reasonable to discuss how they act directly on the secretory 
tone in pituitary neurons of the medial paraventrular nucleus, 
this modulating activity of HPAA [43]. There are experimental 
and clinical studies that have shown the ability of SCFAs to 
affect cortisol expression. In one of such studies, mice were 
administered SCFAs (67.5 mM acetate + 25 mM propionate + 
25 mM butyrate) for seven days, which resulted in inhibition of 
stress-potentiated corticosterone secretion [44]. Another study 
reported that seven-day administration of physiological doses 
of SCFAs directly into the colon of healthy individuals increased 
their concentration in the systemic bloodstream and attenuated 
intensity of cortisol response to acute psycho-social stress [45]. 

There was established a correlation of the level of melatonin 
with the abundance of Coprococcus, which may be mediated 
by blocked signals in the system of p-CREB-binding protein, 
arylalkylamine-N-acetyltransferase, due to the inhibition of 
tryptophan [46], a precursor of serotonin, from which melatonin 
is subsequently synthesized. Research papers cover similar 
associations in patients with juvenile idiopathic arthritis [47] 
and type 2 diabetes mellitus [48], confirmed by direct close 
correlations of Coprococcus abundance with the levels of 
tryptophan metabolites [48] and plasma melatonin [47, 48].

Discussing our results regarding the relationship between 
gut microbiota and blood levels of TNF and IL17 in the TG, 
it is important to note that only some of them are consistent 
with data found in the previously published study reports. 
Interconnections of gut microbiota and proinflammatory 
cytokines have been evaluated in an earlier work [33], which 
found women with IRM to exhibit lower bacterial diversity in 
association with increasing blood concentrations of TNF and 
IL17. Our findings are consistent with these results. This fact 
may indicate that in the patients with IRM, microbiome's 
proinflammatory effects are probably caused by a holistic 
dysbiosis. In addition, we have registered direct relationship 
between TNF blood levels and abundance of Ruminococcus. 
Ruminococcus bacteria are known to synthesize glucoramnan, 
an inflammatory lipopolysaccharide, which, by activating TLR4-
mediated reactions, induces production of proinflammatory 

cytokines (including TNF) by bone marrow dendritic cells 
[49]. Currently, a sufficient number of studies indicate that 
Bifidobacterium can influence the severity of inflammatory 
reactions [50–54]. Thus, lower abundance of Bifidobacterium 
is associated with development of preeclampsia [51], shorter 
life of a heart allograft [50], increased risk of autoimmune 
conditions [52], and inflammatory bowel diseases [53]. 
Moreover, low numbers of Bifidobacterium is known to be 
linked to activation of histone acetylation and suppression of 
DNA methylation, which, in turn, leads to boosted activation 
of NF-kB-mediated transcription and intensification of the 
IL17 expression [50]. The negative correlation between blood 
concentration of IL17 and abundance of Bifidobacterium that 
we have registered is an additional evidence of this association. 
At the same time, our results conflict with findings of the study 
[33], which established a negative relationship between blood  
concentration of IL17 and abundance of Prevotella in women 
with IRM. This inconsistency, as pointed out above, is most 
likely a consequence of differences in designs of the studies: 
we did not enlist women with IRM that had gynecological 
pathologies and metabolic disorders, while the authors of 
study [33] did not regard polycystic ovary syndrome and insulin 
resistance as exclusion criteria. This fact could have influenced 
the differences between TNF and IL17 associations with the 
gut microbiota species in women with IRM as they are reported 
in the literature. Nevertheless, the data published in study [33] 
and the results of our work suggest a significant role played by 
the gut microbiota in the immunogenesis of IRM. Apparently, 
the causal relationships between gut microbiota and blood 
levels of proinflammatory cytokines in IRM cases require further, 
more scrupulous investigations.

CONCLUSIONS

Women with IRM were found to have pronounced abnormalities 
in abundance and taxonomic composition of gut microbiota. 
The statistically significant correlations found between 
some species in microbiota and hormonal and inflammatory 
markers confirm the postulate about connections between 
gut microbiota abundance/diversity and IRM. Modulation of 
gut microbiota may have preventive and therapeutic effects in 
women with IRM.
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Aznabaev BM1,2, Mukhamadeev TR1,2, Ismagilov TN1,2      , Dibaev TI1,2

ASSESSING CLINICAL EFFICACY OF NEW METHOD FOR ADAPTIVE INFUSION CONTROL
IN PHACOEMULSIFICATION 

Reduction of the adverse effects of intraoperative intraocular pressure fluctuation referred to as post-occlusion surge on the intraocular structures is an important 

task for ensuring phacoemulsification safety. In this regard, the method to control infusion during phacoemulsification based on controlling the infusion and 

aspiration flow rates in combination with monitoring of vacuum parameters was developed. The study was aimed to provide comparative assessment of clinical 

and functional characteristics of the eye in patients after phacoemulsification using the new and already existing adaptive infusion control methods. A total of 

38 patients aged 66.4 ± 7.8 years (15 males and 23 females) in the index group (Optimed Profi system with the use of new method) and 35 patients aged 68.7 ± 7.5 

years (16 males and 19 females) in the control group (Centurion Vision System with Active Fluidics) underwent surgery due to cataract. The patients underwent 

comprehensive eye examination before surgery and on days 1, 7, 30, months 3, 6 after surgery. The smaller loss of corneal endothelial cells on months 3 and 6 

after surgery was observed in patients of the index group with grade III and IV cataract (p < 0.05). Comparison of macular microcirculation parameters revealed the 

reduced FAZ area by month 6 of postoperative follow-up in the index group, along with the increased total vascular density of the deep vasculature (p < 0.001). 

A significant decrease in the total density of the superficial and deep vascular plexuses by month 6 of postoperative follow-up was observed in the control group 

(p < 0.05). The use of new adaptive infusion control method contributes to effective phacoemulsification of cataracts of varying density with the lower percentage 

of the corneal endothelial cells lost in the late postoperative period.

Keywords: phacoemulsification, postocclusion surge, intraocular pressure, corneal endothelium, ocular perfusion pressure, optical coherence tomography
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Б. М. Азнабаев1,2, Т. Р. Мухамадеев1,2, Т. Н. Исмагилов1,2       , Т. И. Дибаев1,2

ОЦЕНКА КЛИНИЧЕСКОЙ ЭФФЕКТИВНОСТИ НОВОГО СПОСОБА АДАПТИВНОГО УПРАВЛЕНИЯ 
ИНФУЗИЕЙ ПРИ ФАКОЭМУЛЬСИФИКАЦИИ

Важной задачей для обеспечения безопасности факоэмульсификации (ФЭК) является снижение негативных воздействий на внутриглазные структуры 

интраоперационных колебаний внутриглазного давления — постокклюзионных волн (ПОВ). В связи с этим был разработан новый способ управления 

инфузией при ФЭК, основанный на контроле скорости инфузионного и аспирационного потоков в совокупности с мониторингом параметров вакуума. 

Целью исследования было дать сравнительную оценку клинико-функциональных показателей глаз пациентов после ФЭК с применением нового и 

существующего способов адаптивного управления инфузией. По поводу катаракты были прооперированы 38 пациентов в возрасте 66,4 ± 7,8 года 

(15 мужчин и 23 женщины) в основной группе (система Оптимед Профи с применением нового способа), 35 пациентов в возрасте 68,7 ± 7,5 года 

(16 мужчин и 19 женщин) в контрольной группе (система Centurion Vision System с функцией Active Fluidics). До операции, а также на 1-е, 7-е, 30-е 

сутки, на 3-й и 6-й месяцы после операции пациентам проводили комплексное офтальмологическое обследование. У пациентов основной группы с 

III и IV степенью плотности катаракты отмечена меньшая потеря эндотелиальных клеток роговицы на 3-й и 6-й месяцы после операции (p < 0,05). По 

результатам сравнения параметров микроциркуляции макулярной области, в основной группе к 6-му месяцу послеоперационного наблюдения отмечено 

снижение площади ФАЗ, а также увеличение общей плотности сосудов глубокой сосудистой сети (p < 0,001). В контрольной группе, к 6-му месяцу 

послеоперационного наблюдения отмечено статистически значимое снижение общей плотности поверхностного и глубокого сосудистых сплетений 

(p < 0,05). Использование нового способа адаптивного управления инфузией способствует эффективному выполнению факоэмульсификации катаракт 

различной плотности с меньшим процентом потери эндотелиальных клеток роговицы в отдаленном послеоперационном периоде.
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Phacoemulsification (PE), the surgical procedure during which 
the lens is broken down and emulsified by ultrasound, and then 
an intraocular lens (IOL) is implanted, is the cataract surgery 
method most commonly used all over the world [1–3].

Today, reducing intraoperative trauma and the surgical 
intervention invasiveness is considered to be the main trend 
in cataract surgery. Reducing the damaging effects of the 
intraocular pressure fluctuation, resulting from imbalance 
between fluid inflow and outflow from the anterior chamber of the 
eye (post-occlusion surge, POS), on the intraocular structures is 
the major task for ensuring phacoemulsification safety [4–8].  

Control over the surgical system infusion component is 
one of the leading methods to counter POS. The infusion fluid 
supply is an essential component of cataract surgery ensuring 
the anterior chamber stability [9–11]. Effective infusion control 
is impossible without continuous monitoring of the system 
hydrodynamic parameters (vacuum level in the aspiration line, 
peristaltic pump speed, infusion line pressure) [12–17]. In this 
regard, adaptive influsion flow control methods adjusting the 
infusion pressure to the changing hugrodynamic conditions 
of the surgical procedure are implemented in modern 
surgical systems. Despite the existing methods to ensure PE 
hydrodynamic stability, the problem of POS emergence arises 
even during operations conducted using advanced surgical 
systems, the majority of which involve the use of adaptive 
influsion flow control methods [18–20]. 

When controlling infusion, great attention should be paid 
to quick and reliable assessment of the phaco needle travel in 
different hydrodynamic states. Timely differentiation of consecutive 
hydrodynamic states (state of phaco needle occlusion, states of 
occlusion break and traversable phaco needle) by the surgical 
system is an important aspect of the problem. 

The touchless control of flow rates in the system lines can 
become a solution to the problem of reliable phaco needle 
transversability assessment, since flow rate is constant along 
the entire length of the tube. Furthermore, the joint monitoring of 
flow rate in the infusion and aspiration lines will make it possible 
to detect minor flow rate fluctuations that can be precursors of 
occlusion break.

Staff members of the Optalmology Department of BSMU 
together with the engineers of the Microsurgery Equipment 
division of ZAO "Optimedservis" have developed a new method 
for adaptive infusion control in PE (patent RF № 2788289 dated 
17.01.2023) based on the Optimed Profi surgical system (RU 
№ FSR 2011/11396 dated 11.11.2013). The method invented 
allows one to reduce intraoperative intraocular pressure 
fluctuation (post-occlusion surge) due to rational infusion flow 
control depending on the aspiration and infusion flow rate 
parameters, as well as on the vacuum level in the aspiration line 
[21, 22]. Comparative assessment of the clinical and functional 
characteristics of patients with age-related cataract subjected 
to PE with the use of the new adaptive infusion control method 
based on the Optimed Profi system and the existing adaptive 
infusion control method based on the Centurion Vision System 
(Alcon; USA) is relevant. 

The study was aimed to provide comparative assessment 
of clinical and functional characteristics of the eye in patients 
after PE performed using the new and already existing adaptive 
infusion control methods.

METHODS

Inclusion criteria: grade (degree of the lens nucleus density) 
I–IV age-related cataract with the the number of corneal 
endothelial cells exceeding 1500 c/mm2; no history of corneal 

distrophy or eye surgery. The patients underwent surgery at 
the Optalmology Department of BSMU, in the Optimed laser 
vision restoration center (Ufa). In the index group of patients 
(n = 38), phacoemulsification was performed using the Optimed 
Profi surgical system and the new adaptive infusion control 
method. In the control group of patients (n = 35), surgery was 
performed using the Centurion Vision System with the Active 
Fluidics function. 

The fundamental difference of the new method for adaptive 
infusion control in PE from the existing one is represented by 
phaco needle transversability assessment and infusion pressure 
management not based on controlling the infusion pressure that 
can vary between various line parts, but implemented through 
complex monitoring of the infusion and aspiration flow rates 
that are constant along the entire length of the line. Vacuum 
level in the aspiration line is the third parameter to be controlled.

The algorithm of the method involves identification of at least 
three hydrodynamic states based on the characteristic changes 
in the infusion and aspiration flow rate parameters and the 
vacuum level in the aspiration line: “transversable phaco needle”, 
“phaco needle occlusion”, “occlusion break”; furthermore, the 
post-occlusion surge infusion compensation and identification of 
the “occlusion break” state occur simultaneously.

The advantage of the method developed is that it ensures 
adaptive infusion control allowing one to improve accuracy 
and reliability of identification of the hydrodynamic states 
associated with the phaco needle transversability during 
phacoemulsification, as well as to reduce intraoperative IOP 
fluctuation associated with post-occlusion surge.

When enrolling patients, the clinical groups were carefully 
formed. This was due to the need to create identical conditions 
for estimation of the clinical and functional surgical outcomes. 
To form comparable groups, the following was considered: lens 
nucleus density (according to the generally accepted Buratto 
classification), features of comorbidities, and gender and age 
distribution [23].

Non-inclusion criteria: complications or traumatic 
cataract; grade V cataract according to Buratto classification; 
pseudoexfoliation syndrome; concomitant eye disorder, such 
as high ametropia; diabetic retinopathy and other severe 
somatic disorders.

Patients of both groups underwent a comprehensive eye 
examination that included estimation of the decimal best-
corrected visual acuity (BCVA), biomicroscopy, enumeration of 
the lost corneal endothelial cells with the EM-3000 endothelial 
microscope (Tomey; Japan). To assess vascular density of 
the superficial and deep vascular plexuses in the parafovea 
and perifovea, as well as to calculate the foveal avascular 
zone (FAZ) area, we peformed optical coherence tomography 
angiography (OCTA) with the Avanti XR scanner (Optovue; 
USA) in 25 patients from each group.

Furthermore, mean ocular perfusion pressure (MOPP) was 
calculated before surgery and throughout the postoperative 
period in patients of both groups using the following formula:

MOPP = 2/3 MAP – IOP, 

where MAP (mean arterial pressure) = 1/3 SBP (systolic 
blood pressure) + 2/3 DBP (diastolic blood pressure), IOP — 
intraocular pressure [24].

All surgical procedures were conducted under local 
anesthesia in outpatient settings. Settings of surgical systems 
are provided in Table 1.

The inner diameters of the aspiration and infusion line tubes 
were the same in both groups: 1.3 and 3.25 mm, respectively. 
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Table 1. Settings of surgical systems used in the index and control groups 

Table 2. Clinical and demographic data of patients in the index and control groups 

Parameter

Groups

Index (n = 38)  
Optimed Profi

Control (n = 35) 
Centurion Vision System

Vacuum threshold, mmHg 400 400

Aspiration performance, mL/min 35 35

Aspiration mode Fixed Fixed

Target IOP, mmHg 45 45

Ultrasound waveforms 3D Torsion + longitudinal

Ultrasound power, % 0–80 0–80

Ultrasound mode Hyperpulse Hyperpulse

Phaco needle gauge 21G 21G

Inner diameters of aspiration 
and infusion lines, mm

1.3 / 3.25 1.3 / 3.25

Parameter
Index group 

(n = 38)
Control group 

(n = 35)

Age, M ± Sd 66.4 ± 7.8 68.7 ± 7.5

Sex 
male 
female

15 (34.78%) 
23 (65.22%)

16 (45.71%) 
19 (54.29%)

Cataract density grade according to Buratto 
classification  
I 
II 
III 
IV

8 (21.05%) 
14 (36.84%) 
10 (26.32%) 
6 (15.79%)

7 (20.00%) 
13 (37.14%) 
9 (25.72%) 
6 (17.14%)

Surgical procedures were performed at the target IOP (45 mmHg), 
in accordance with the up-to-date literature data and the 
guidelines of the world’s association of cataract surgeons. 
According to their data, the target IOP range that is optimal in 
terms of PE efficacy and safety is 45–60 mmHg [25–27]. 

After making corneal incisions and staining the anterior 
lens capsule, the circular capsulorhexis technique was applied. 
After the hydrodissection and hydrodelineation phase was 
over, the phase of the lens nucleus fracture and fragmentation 
began. The ultrasound power was set individually depending 
on the cataract density. In general, the ultrasound power set 
when removing grade I nuclei did not exceed 20%. When 
removing grade II nuclei, power of 20–35% was used, grade 
III — 40–50%, grade IV — 50% or more. The hydrodynamic 
settings of surgical systems used during the surgical procedure 
(aspiration pump speed, aspiration mode, vacuum level in the 
aspiration line, target IOP) were the same for all nuclear density 
degrees. The Phaco Quick Chop method was used to break 
up the nucleus. A flexible intraocular lens was implanted in the 
capsular bag.

The follow-up examinations of patients aimed at assessing 
clinical and functional characteristics of vision, as well as 
surgical complications, were performed on days 1, 7 and 30, 
as well as on months 3 and 6 of postoperative period.

Statistical processing of the results was performed using 
the SPSS ver. 27 software package (IBM Corporation; USA). 
After testing the distribution for normality, the parametric 
Student’s t-test or the nonparametric Mann–Whitney U test 
were used when there were significant differences between 
two independent samples (р < 0.05). When the distribution 
was normal, the data were presented as mean and standard 
deviation (M ± Sd), while in case of non-normal distribution the 
data were presented as median and interquartile range (Me 
(Q

1
; Q

3
)). The Friedman test was used to perform analysis of 

variance for related samples (р < 0.05).

RESULTS

The clinical and demographic data of patients are provided in 
Table 2.

High BCVA values (0.86 ± 0.13 in the index group, 0.83 ± 0.16 
in the control group) were reported in both groups by day 
30 after surgery. BCVA was 0.87 ± 0.14 in the index group and 
0.85 ± 0.15 in the control group by month 6 of postoperative 
follow-up. There were no significant differences in BCVA 
between groups (p > 0.05). 

The clinically significant corneal edema was the most 
common complication in the early postoperative period: there 
were three cases in the index group (7.9%) and four cases in the 
control group (11.4%). The clinically significant corneal edema 
was associated with the decreased corneal transparency, 
mainly in the optical zone, stromal thickening, and folds in 
the Descemet membrane. This complication improved due to 
treatment by day 7 of postoperative period. 

Comparison of the corneal endothelial cell loss was 
performed during months 3 and 6 of postoperative period 
in accordance with the literature data, since the majority of 
ophthalmologists believe that endothelial defect repair occurs 
three months after surgery [28]. The results of the endothelial 
cell loss comparison between groups is provided in Table 3.

The following features were reported based on the 
comparison of endotheliocyte loss percentage between groups 
in the postoperative period: no significant differences were found 
in patients with grade I cataract after three (p = 0.206) and six 
(р = 0.155) months. Estimation of endotheliocyte loss in patients 
with grade II cataract also revealed no significant intergroup 
differences three (р = 0.135) and six (р = 0.087) months after 
surgery. The loss of corneal endothelial cells in patients of the 
index group with grade III cataract was significantly lower on 
months 3 (р = 0.012) and 6 (р = 0.025) of postoperative follow-up.
Furthermore, significantly lower endotheliocyte loss was 
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Table 3. Dynamic changes in the corneal endotheliocyte loss observed in the index and control groups 3 and 6 months after surgery, % (Me (Q
1
; Q

3
))

Table 4. Postoperative dynamic changes in MOPP values in the index and control groups, mmHg (M ± Sd)

Table 5. Postoperative dynamic changes in the macular OCTA parameters observed in the index group, n = 25; M ± Sd)

Note: * — significance based on the Friedman test for related samples.

Cataract density
Index group Control group

Month 3 Month 6 Month 3 Month 6

I 5.29 (4.88; 5.67) 5.49 (4.83; 6.25) 5.77 (5.29; 6.18) 5.86 (5.55; 6.32)

II 7.31 (6.63; 7.91) 7.42 (6.81; 8.03) 7.53 (7.31; 8.23) 7.79 (7.37; 8.49)

III 9.22 (8.16; 10.34) 9.83 (9.16; 10.42) 10.24 (9.69; 10.67) 10.59 (9.93; 11.35)

IV 10.72 (9.95; 11.62) 11.59 (9.86; 12.24) 11.78 (11.13; 12.59) 11.89 (10.42; 12.67)

Follow-up period Index group (n = 38) Control group (n = 35)

Before surgery 52.44 ± 7.95 52.83 ± 8.83

Day 1 52.27 ± 8.80 52.53 ± 9.19

Day 7 52.59 ± 7.68 53.14 ± 8.77

Day 30 52.91 ± 7.48 53.29 ± 7.53

3 months 53.81 ± 6.78 53.70 ± 7.52

6 months 54.54 ± 7.15 54.31 ± 7.66

Parameter Day 1 Day 7 Day 30 Month 3 Month 6 p-value

SVP total density, % 48.21 ± 4.39 50.73 ± 4.46 51.32 ± 4.80 51.48 ± 5.13 51.14 ± 5.05 p = 0.113

DVP total density, % 46.98 ± 5.42 48.22 ± 5.02 49.63 ± 4.89 50.54 ± 5.58 51.02 ± 4.72 p < 0.001*

FAZ area, mm2 0.296 ± 0.082 0.271 ± 0.079 0.270 ± 0.091 0.275 ± 0.068 0.274 ± 0.091 p < 0.001*

reported in patients of the index group with grade IV cataract 
on months 3 (p = 0.007) and 6 (p = 0.038) after surgery. 

The intergroup comparison of MOPP values revealed no 
significant differences at appropriate time points of the study 
(p > 0.05). The dynamic changes in this parameter are provided 
in Table 4.

We noted the decrease in MOPP values by month 6 after 
surgery in both studied groups, however, these were non-

significant based on the Friedman test for related samples 
(p  > 0.05).

Comparison of macular microcirculation parameters 
showed a significant decrease in FAZ area and an increase 
in the total vascular density of the deep vasculature in the 
index group by month 6 of postoperative follow-up (Table 5;
Fig. 1). A significant decrease in the total density of 
superficial and deep vascular plexuses was reported in 

Fig. 1. Increased total vascular density of the macular zone in the index group based on the OCTA data (Multi Scans mode): on day 7 (А), month 3 (B), and month 6 
(C) after PE

А B C
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the control group by month 6 of postoperative follow-up 
(Table 6).

No significant intergroup differences in the total vascular 
density of the superficial and deep vascular plexuses of the 
macular zone, as well as in the FAZ area were revealed at any 
time point of the study (р > 0.05).

DISCUSSION

Given the results obtained, we can conclude that the dynamics 
of corneal endotheliocyte loss observed when performing 
phacoemulsification using the new adaptive infusion control 
method based on the Optimed Profi surgical system is 
comparable with that observed when using the existing adaptive 
infusion control method based on the Centurion Vision System, 
despite significant differences revealed by certain intergroup 
comparisons that do not change the overall trend. 

The findings are compliant with the literature data reporting 
lower corneal endothelial loss associated with the use of 
adaptive infusion control during PE compared to the use 
of conventional gravity infusion [29, 30]. When assessing 
endothelial cell loss, it is necessary to consider multifactorial 
nature of endothelial injury that can be caused by both 
mechanical and hydrodynamic factors [31]. However, the 
smaller corneal endothelial cell loss observed on months 3 
and 6 of postoperative period when using the new adaptive 
infusion control method can be associated with the smaller 
intraoperative amplitude of post-occlusion surge and the 
reduced time of intraocular pressure improvement to the target 
levels, as earlier reported [22].

The results of our study focused on BCVA estimation in 
the control group are compliant with the data of the foreigh 
study, during which BCVA (LogMAR) reached 0.04 by month 1 
after surgery involving the use of the existing adaptive infusion 
control method (Centurion Vision System with Active Fluidics 
function), which corresponded to decimal visual acuity of 
0.84–0.85 [32].

The clinically significant corneal edema occurring in patients 
during their early postoperative period was a non-specific 
complication that was equally frequent in both studied groups 
and found mostly in patients with the IV nuclear density degree. 
In our opinion, this complication was not associated with 
performance of the surgical system hydrodynamic component. 
It could be caused by high cataract density. 

The MOPP values obtained in both groups are compliant 
with the world’s literature data, accoding to which the value of this 
parameter should be 45–60 mmHg after the non-complicated PE 
[33]. Despite the fact that MOPP depends on BP and IOP, higher 
MOPP in the postoperative period can be indirect evidence of 
functional hyperemia of the macular zone [34].

Assessment of the OCTA data revealed the signs of 
functional hyperemia of the macular zone in the form of the 
increased area occupied by blood vessels and reduced FAZ 
area in both groups by month 6 after PE, as previously reported 
in the literature [34]. The specifics of changes in vascular density 
of the macular zone following PE are usually associated with 
the decrease in IOP and the factors of intraocular inflammation, 
as well as with the better preserved retinal perfusion [32]. 

The use of different surgical systems in each group of patiens 
preventing achieving complete identity of the phaco machine 
ultrasound parameters, specifically the type of ultrasonic waves, 
is a limitation of our study. However, the earlier studies confirmed 
consistency of surgical systems using 3D and the combination 
of torsion and longitudinal ultrasonic waves in terms of cutting 
capacity, retained lens fragments, and endothelial cell loss in 
the postoperative period [35, 36]. We determined consistency 
of hydrodynamic settings of both surgical systems in the pre-
clinical phase of this study within the framework of medical 
engineering experiments on modeling post-occlusion surge 
under similar condition in vitro (in the test chamber) and ex vivo 
(in the separated porcine eyes), as well as in vivo when subjecting 
the eyes of laboratory animals (rabbits, chinchillas) to PE [22].

Despite the limitations, we selected settings of both 
surgical systems to be most close to identical, which could 
be considered optimal for both phaco machines in accordance 
with the manufacturers’ guidelines and the literature data.

CONCLUSIONS

Thus, the findings make it possible to conclude that the use 
of the new adaptive infusion control method contributes to 
effective phacoemulsification of cataracts of varying density with 
the lower percentage of corneal endothelial cells lost during the 
late postoperative period ensuring achieving high visual acuity 
and low rate of surgical complications. The increase in mean 
ocular perfusion pressure and vascular density of the macular 
zone are reported when using the new and already existing 
adaptive infusion control methods in phacoemulsification.
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