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

Yurchenko DA™, Markova ZhG, Minzhenkova ME, Vorontsova EQO, Shilova NV

Research Centre for Medical Genetics, Moscow, Russia

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 sSSMC 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 sSSMC 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

Funding: this work was carried out at the expense of budgetary funds within the framework of research topic Ne 122032300370-1, “Study of Structural and Functional
Features and Mechanisms of the Formation of Chromosomal Abnormalities and Genomic Imbalance.”

Author contribution: Yurchenko DA — study design, development of homemade DNA probes, FISH diagnosis and data interpretation, manuscript writing;
Markova ZhG and Minzhenkova ME — FISH analysis with commercial DNA probes; Vorontsova EO — implementation of the protocol of FISH with homemade
DNA probes; Shilova NV — study concept and design, discussion, scientific editing of manuscript.

Compliance with ethical standards: the study was approved by the Ethics Committee of the Research Centre for Medical Genetics (protocol No. 4/2 dated 19
April 2021). The patients submitted the informed consent to participation in scientific research.
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Moskvorechye, 1, Moscow, 115522, Russia; dashalbv@mail.ru
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MONEKYNAPHO-UNTONEHETUHECKAA XAPAKTEPUCTUKA MAJIbIX CBEPXYUCIIEHHbIX MAPKEPHbIX
XPOMOCOM 15 N 22 Y ACUMNTOMATUYECKWUX HOCUTENEN

0. A. FOpuerko B, XK. . Mapkosa, M. E. MuHbxeHkoBa, E. O. BopoHuosa, H. B. LLinnosa
Meanko-reHeTuieckunin Hay4HbIn LeHTp uvenn H. M. Boykosa, Mocksa, Poccus

Manble CBEPXUMCEHHbIE MapKEPHbIE XPOMOCOMbI (MCMX) — CTPYKTYPHO aHOMasIbHbIE XPOMOCOMbI, KOTOPbIE HEBO3MOXXHO OAHO3HAYHO MOEHTUMMLMPOBATL
C UCMONBb30BaHNEM METOAOB CTaHAAPTHOM LMTOreHeTVKM. [N 6onee AeTanbHOMO aHanm3a MopOoNornm Takmx XPOMOCOM 1 paspaboTKM cTpaTermm Meamko-
FEHETNHECKOrO KOHCYBTUPOBAHNA NaLpmeHToB-HocuTenern MCMX HeOBXOAMM KOMMNEKCHbIA MOAXOA, BKIIOHAIOLLMIA MONEKYNAPHO-LIMTOrEHETUHECKIME METOABI.
OBLLENPUHAT TOT akT, YTO POPMMPOBaHNE aHOMabHOrO heHoTVNa Y naumeHToB ¢ MCMX B kapvoTune CBS3aHO C HanMyMeM MaTepuana 9yxpoMaTUHOBbIX
parioHOB, BOBMIEYEHHbIX B COCTaB MapKepHOW XPOMOCOMbI. W, kak cnencTeue, oOyCnioBneHO MPUCYTCTBUEM B reHOME MPOTSHKEHHbIX BapuaLymii dmMcna Konum
ydactkoB [OHK (copy number variations, CNV) B Buae Oynavkauum, TPOUMAMKALAN 1 OOMbLLIEA KOMUMHOCTW, KOTOPbIE JIOKaIN30BaHbl B MPULEHTPOMEPHOM
paiioHe COOTBETCTBYHOLLIEN XPOMOCOMbI. [MpuueHTpomepHble CNV MOryT ObiTb BOBMEYEHb! B XPOMOCOMHbIA AUcOanaHc 1y acuMNTOMaTUHeCKUX HocuTenemn
MCMX, ofHako rpaHuLipl Takoro aucbanaHca OKOHYaTeNbHO He ycTaHoBMeHb!. Lienbto nccnenosannst 66110 Noy4vTb [OMOSHUTENbHbIE CBEAEHNS O FeHOMHOM
Tonorpadumn y4actkos [HK, He 4yBCTBUTENbHBIX K YBEINHEHUIO KOMMAHOCTW reHoB. Bbin nposefeH FISH-aHanma ¢ KOMMEPHECKUMM 1 HECEPUMHBIMM
[OHK-3oH0amu y 18 HocuTeneit MCMX 15 1 22 6e3 KIMHUYECKM 3HAUYMMbIX aHoManuni peHoTvna. YcTaHoBneHo, YTo B 33% (6 13 18) cnydaeB npucyTCTByOT
y4aCTKMN MPULIEHTPOMEPHOIO 3yXpoMaTuHa padmepoM 1,2 M.M.H. 1 714 T.M.H. COOTBETCTBEHHO. Mbl NpeanonaraeM, 4To 3TV PEMVIOHbI He COAePXKaT MOTEHLaNbHO
HYBCTBUTESBHbIX K [O3€ MEHOB.

Kniouesble cnosa: MCMX, CNV, npuueHTpoMepHbIn syxpomaTuH, FISH, Hecepuinbin JHK-30HS,

DurHaHCUpoBaHue: NCCnefoBaHre NPoBeaeHo B pamkax TeMbl HP Ne122032300370-1 «/13y4eHune CTPpYKTYPHO-(YHKLIMOHABHBIX OCOBEHHOCTEN 1 MEXaHN3MOB
HOPMMPOBAHNS XPOMOCOMHbIX @HOMaINIA U FEHOMHOTO AncHanaHcar.

Bknap aBtopoB: [1. A. KOpueHKO — Ou3aiH mnccnenoBaHus, paspaboTka HecepuiHbix JHK-3oHaoB, nposefeHve FISH-guarHoCTvkM v vHTepnpeTaums
nosyYeHHbIX AaHHbIX, nogrotoBka pykonvcy; XK. I Mapkosa n M. E. MuHbxeHkoBa — nposefeHve FISH-nccnenosaHus ¢ kommepyeckumn JHK-3oHaamu;
E. O. BopoHuoBa — oTpabotka npotokona FISH-uccnepoBaHusa ¢ HecepuiiHbiMn JHK-3oHaamuy; H. B. LLnnoBa — KoHUEeNUWst 1 AusanH UCCnefoBaHns,
obcy>kaeHne PesynsTaToB, Hay4HOe PeaakTUPOBaHME PYKOMUCH.

CobntofeHne aTUYeCKNX CTaHAapTOB: 1CccneaoBaHne ogobpeHo atndeckum kommtetom OFBHY «MIMHL» (npoTtokon Ne 4/2 ot 19 anpens 2021 r.). MNMony4eHo
[06POBONBHOE VHPOPMUPOBAHHOE COrfacue Ha y4acTuie NauveHToB B Hay4YHOM VCCNefoBaHNM.
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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 sSSMC 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 sSSMC 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 15g11.2 (LSI SNRPN, Kreatech; Netherlands)
and 22qg11.2 (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).
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Denaturation and hybridization were performed using the
ThermoBrite hybridization system (StatSpin; USA). The analysis
involved the use of the Axiolmager 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 [14-186].

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

DAPI | (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
Axiolmager 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. 1A).
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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Table 1. Nucleotide sequences of primers used in the study

Chromosome region DNA probe location relative to Sequences of DNA primers PCR product size (bp)
centromere
Proximal F 5'-TACATCTTACACCCCACCCACCCAAACC-3' 0882
R 5'-TTTGCGGAAGGCATTAGTCCCCTTTGTT-3'
F 5'-TTAAAACGTGGGCTCTTCATTATCGCCT-3' 0323
150112 R 5'-TGGACACCAGACAAAACAAAGGAGTCAA-3'
5q11.
q Distal F 5'-TGACTCCTTTG GTCTGGTGTCCAA-3' 9140
R 5'-CTTATCCTTCCACACTCGCTGAGAACAG-3'
F 5'-CATGGTAATGTTGCGGTGTGTCTTTGTT-3' 9676
R 5'-CTATCTTTAGGCTGCTTGTCTGGTGCTT-3'
F 5'- CCCATATCCTTTCCCAAACTCAACACGA-3' 9441
R5'-TTTTTCCCTCTGAACTGGTTTCTGCACT-3'
Proximal F 5'- AGTGCAGAAACCAGTTCAGAGGGAAAAA-3' 0842
R 5'-GAACCATCCACGAGGGAGAGTAGTTTTG-3'
F 5'-TCGCCATGTACTTCACTTTGTTCTGGTT-3' 9600
R 5'-GACTGGTCAAGGATGAGGATTTGTCAGG-3'
F 5'-TCTTCCTTGCCTGGAGGTGGGATCTAGT-3' 9531
R 5'-GAGGAGGGAGGGTGCTGACAAAACTGAA-3'
22q11.2 Median
F 5'-CAATGTCTAGGGGCAACAGAGGGCAGAT-3' 0316
R 5'-AGGGCAGGAAATGTGTTCGTCTCGCTTA-3'
F 5'-AGAGAGAGGAAGGGGTCGGCTCAAACTA-3' 9718
R 5'-TGTGGGGTGTTGGTGACATGGAGTATGG-3'
Distal F 5'-CAATCCATGCCCACAACATACCAGCCAC-3' 0862
R 5'-TATCACTGCCACCCCATCCCCATTTCTG-3'
F 5'-CAGAAATGGGGATGGGGTGGCAGTGATA-3' 9761
R 5'-CAAGAGGCTGGGGCTTCTCTGGTCTTAG-3'

distal DNA probe (hm-15-dist) was located at a distance of
2.2 Mb from the pericentromeric heterochromatin of
chromosome 15 (Fig. 2A). 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 sSSMC 15 and eight patients
with sSMC 22, i.e. the marker chromosomes comprised
heterochromatic regions only.

In five patients (Ne 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).

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

Fig. 1. Results of FISH with commercial DNA probes for chromosome 15. A. 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
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I 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

Fig. 2. A. 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

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

Thus, in the carriers of the sSSMC 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 mar 15
(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, Fig. 3. Results of hybridization involving the homemade DNA probe for the
i.e. the presence/absence of dosage-sensitive genes in the  chromosome 15 pericentromeric euchromatin — hm-15-prox
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Table 2. Molecular cytogenetic characteristics of sSSMC

FISH with homemade DNA probes (hm)

Ne Sex FISH with commercial DNA probes

Proximal Median Distal
1 M | ish dic(15;15)(D15Z1+,SNRPN-;SNRPN-,D15Z1+) hm15- N:;;’rsos":jgdé"' -
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 M | ish dic(15; 15)(D15Z1+,D15S10-;D15510-,D15Z1+) hm15+ hm15-
8 M 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 M ish dic(22; 22)(D1421/D22Z1+,TBX1-;TBX1-;D14Z1/D22Z1+) hm22++ hm22+ hm22-
12 M | ish r(22)(p13q11.1)(D14Z1/D22Z1+,TBX1-) hm22- - -
13 F ish dic(22; 22)(D1421/D22Z1+,TBX1-;TBX1-;D14Z21/D22Z1+) hm22- - -
14 F ish dic(22; 22)(D14Z1/D22Z1+,TBX1-;TBX1-;D14Z21/D22Z1+) hm22- - -
15 M | ish i(22)(p10)(D14Z1/D22Z1+,acro-p++) hmz22- - -
16 F ish dic(22; 22)(D14Z1/D22Z1+,TBX1-;TBX1-;D14Z1/D22Z1+) hm22- - -
17 M ish dic(22; 22)(D14Z1/D22Z1+,TBX1-;TBX1-;D14Z21/D22Z1+) hm22- - -
18 M ish dic(22; 22)(D1421/D22Z1+,TBX1-;TBX1-;D14Z21/D22Z1+) hm22- - -

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 sSSMC 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 sSSMC carriers.

Our data on the pericentromeric euchromatin size in
asymptomatic carriers of sSSMC 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 sSSMC 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 sSSMC15 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 g-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).
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Fig. 4. Results of hybridization involving the homemade DNA probe for the chromosome 22 pericentromeric euchromatin. A. Proximal DNA probe. B. Median DNA

probe. C. Distal DNA probe
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
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FILAGGRIN LOSS-OF-FUNCTION MUTATIONS 2282DEL4, R501X, R2447X
AND S3247X IN ATOPIC DERMATITIS

Verbenko DA B, Karamova AE, Chikin VV, Kozlova IV, Aulova KM, Kubanov AA, Gorodnichev PV
State Research Center of Dermatovenereology and Cosmetology, Russian Ministry of Health, Moscow, Russia

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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MYTALNN 2282DEL4, R501X, R2447X, S3247X ®UNATITPUHA MNP ATOMNMYECKOM OEPMATUTE
L. A. Bepberko B, A. 3. Kapamosa, B. B. HukuH, . B. Koznosa, K. M. Aynoga, A. A. KybaHos, I1. B. FfopogHudes

[ocynapCTBEHHbIN HayYHbIA LEHTP AepMaTOBEHEPONOrMn 1 KocMeTonormmn, Mockea, Poccurs

Atonuyeckuin nepMatut (AT[) — LUMPOKO PacnpOCTPaHEHHOE MyNETU(AKTOPHOE MEHETUYECKN AETEPMUHMPOBAHHOE BOCMANMTENbHOE 3a00neBaHne KOXW,
06yCNoBNEHHOE CPeay NPOUMX MPUHMH HapyLLIEHEM YHKLWIA annaepManbHOro 6apbepa. Hynesble MyTaLyn reHa omnarrpyHa — BaXKHOro KOMMOHEHTA CUCTEMbI
HaTypanbHOro yBRaXKHSOLLEro dakTopa, NPUBOASALLYE K OTCYTCTBUIO BbIpabOTKM MOMHOLEHHOro 6enka-npeaLecTBenHrKa, accoummposanbl ¢ AT, Llens
1CCNefoBaHNa — OLEHUTb YaCTOTy Hanbonee PacnpPOCTPaHEHHbIX B EBPOMENCKIX MOMYNALMAX HyneBbIX MyTauuii reHa comnarrpyHa 2282delACTG (rs558269137),
R501X (rs61816761), S3247X (rs150597413), R2447X (rs138726443) y B3pOCbIX MALMEHTOB CO CPEAHETKENON 1 THKENon cteneHbto AT, AHanva nposeneH
y 99 B3pocCsbIxX NaumeHToB 060mx Nnosnos B BogpacTe 18-68 neT, co cpeaHeTs»KebIM 1 TshkenbiM AT, VaeHTudmrkaumio MyTaumii oCyLLECTBASN C MOMOLLbIO
pa3paboTaHHOro METOAA MYMBTUMIEKCHOMO aHanmn3a YeTbipex OAHOHYKIEOTUAHBIX NONMMOPMM3MOB MPK NCMONb30BaHUM MVHUCEKBEHMPOBaHMA. YacToTa
BCTPE4AEMOCTU HyNeBo MyTaLym counarrpuHa 2282delACTG okazanack Ha ypoBHe 5,3%, R501X — Ha yposHe 0,5%, R2447X — Ha ypoBHe 1%. Hynesast MyTaums
S3247X reHa FLG B BbIbOpKe MauneHToB He obHapy»eHa. CpaBHeHWe pe3ynsTaToB C POCCUINCKUMM 1 EBPOMENCKUMI BbIGOPKaMU BbISBUIO COMOCTaBUMbIN
YPOBEHb aHaNM3MPYeMbIX MyTaLWiA reHa unarrpuHa y B3pOoCbix NaumeHToB ¢ AT 13 pasnnyHbix pervioHos Poccuiickon depepaumn.

KntoyeBble cnosa: atonnyeckmin AepmMatiT, unarrpuH, Hynesble MyTaumn, MUHUCEKBEHNPOBaHME, OAHOHYKNEOTUAHbIA NOAMMOPMHU3M

PuHaAHCMpPOBaHUE: CCef0BaHNs BbINOMHEHb! NPpY hrHaHCOBOW Noaaepxke MuHsapasa PO (TocypapcTteenHoe 3agaHue MHLAK Ne 056-00116-21-00-6 Ha
2021-2023 rT2).

Bknap aBTopoB: A. 3. Kapamosa, B. B. YvkuH, K. M. Aynosa, IN. B. TopoaHn4eB — obcnefoBaHme nauyeHToB, NOCTaHOBKA AMarHo3a, pacyeT KIMHNHYECKOro
nHaekca SCORAD, nonyyeHrie MHhOPMMPOBaHHOMO cornackist 1 3abop Gromatepyviana naweHTos; [. A. BepbeHKo — nnaHnpoBaHyvie UCCNeaoBaHyist, BbINoSHeHe
MOJEKYNSPHO-TEHETUYECKMX SKCMEPUMEHTOB, HanuncaHne pykonucu; M. B. KosnoBa — aHann3 yHUKansHOCTU rMOPUANSYIOLLMXCH K HYNEBbIM MyTaLmsM
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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 18 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
- ¢.3321delA, ¢.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 TagMan
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 asthmain 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
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Infancy Early childhood Preschool age Junior and senior school Early adulthood Total
(1 month to 1 year) (1 to 3 years) (8 to 7 years) age (7 to 18 years) (18 to 44 years)
Number of abe. 49 19 20 6 5 99
patients % 49,5 19,2 20,2 6,1 5 100

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 QlAamp 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 — 180V,
time — 30 minutes). To determine the molecular weight of the
amplified fragments, we used a 100-1000 bps lengths marker.
(Thermo Fisher Scientfic; CLUA).

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

buffer from the QUAGEN Multiplex PCR Kit (Germany), 5 pM
of each primer per 1 pl of the mixture, from 1 to 100 nM of
DNA, and deionized water. The amplification program involved
DNA melting and activation of Tag 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 | and alkaline
phosphatase enzymes: 0.5 pl of Exol and 1 pl of FastUP
(Thermo Fisher Scientific; USA) were added to 5 pl 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 pl, including 5 pl of
the finished mixture of 2x SNaPshot PCR ready Master Mix,
3 pl of water, 1 yl of mixed purified PCR products, and 1 pl
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 pl of FastUP enzyme
(Thermo Fisher Scientific; USA) was added to 5 pl of the PCR
product, and subsequent inactivation at 85 °C for 15 minutes.

To 0.5 pl of the purified second-stage PCR product,
we added 9 pl 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 2. Oligonucleotide sequences of primers for multiplex PCR of target regions of the FLG gene

Genome region Primer direction Nucleotide sequence 5'-3'
direct TGGTAGTCAGGCCACTGACAGTG
2282delACTG
reverse GGTGACCAGCCTGTCCATGG
REO1X direct GACCTATTTACCGATTGCTCGTGG
5
reverse GGACGTTCAGGGTCTTCCCTCT
direct ACTGGACCCCCAGTGTCTACT
S3247X
reverse GGTGGTCTGGGTCTGCTTCCAG
Ro447X direct TGGGATGTGGTGTGGCTGTGATGAG
reverse CAAGGATCCCACCACAAGCAGGCA

oligonucleotide sequences of primers, second stage (hybridization PCR).

Table 3. Detection of the FLG gene loss-of-function mutations 2282delACTG (rs558269137), R501X (rs61816761), S3247X (rs150597413), R2447X (rs138726443);

Mutation Hybridizing primer 5'-3' nucleotide sequence Amplicon size Wild type alleleic
2282delACTG (rs558269137) (CT),,ACCAGCCTGTCCATGGCCTGACACTG 71 A
R501X (rs61816761) (CT),,CGCTGAATGCCTGGAGCTGTCTC 64 G
S3247X (rs150597413) (TC),,TGGTGTCTGGAGCCGTGCCTT 44 G
R2447X (rs138726443) (CT),,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

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 | (Dra Ill)
restrictase (SibEnzyme; Russia), as described in a previously
published study [22]. 2282delACTG deletion creates a Dra I
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 pl of a mixture comprising 0.1 um of each primer per 1 pl,
5 pl 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 pl of the
reaction mixture containing 5 units of restriction endonuclease,
2 pl of restriction buffer, 10 pl 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]
ltalians 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 RB01X, 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
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DETERMINING THE DIAGNOSTIC VALUE OF THE MARKERS OF CONGENITAL METABOLIC
DISORDERS BY CHROMATOGRAPHY-MASS SPECTROMETRY
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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 (< 0.8, p < 0.001). However, a similar relationship between metabolically not closely related compounds (correlation coefficient
0.45-0.73 (p < 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 (C12+C16) can be a potential secondary marker of phenylketonuria.
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OMPEOENEHNE OUAFTHOCTUYECKOW 3HAYUMOCTU MAPKEPOB HACNIEACTBEHHbBIX BONIE3HEN
OBMEHA C NMPUMEHEHUEM METOJOA XPOMATO-MACC-CINEKTPOMETPUNA

M. C. Mamepos', N. B. SonkuHa?®, B. C. Cyxopykos?, A. V. KpanvskuH'

T Hay4HO-NpakTUHeCKmin LEHTP CreLmananpoBaHHO NoOMOLLM AeTsM nveHn B. ®. BoiHo-SAceHelkoro, Mocksa, Poccust
2 000 «KnnHrKa HoBbIX Med LMHCKIX TexHonornin ApxrMen», Mockea, Poccus
8 Hay4HbIn LeHTp HeBponorim, Mocksea, Poccus

[ns pa3BnTUS NEpPCOHaNM3NPOBAHHON 1 MPEBEHTUBHON MeAVLIMHBI 60MbLLOE 3HAYeHe NpuobpeTaeT AeTanbHoe 13yyeHre metabonomMa ¢ NPUMEeHeHem
MacC-CneKkTpoMeTpU. TONbKO CBOEBPEMEHHas NabopaTopHas AMarHoCT1Ka C MOMOLLIO BbICOKOTEXHOOMMHYHBIX METOLOB XpOMaTorpadmyeckoro aHanmaa
MOXET MOMOYb B BbISBIEHWV MALMEHTOB C HapyLLEHVSIMI MeTabonmMama aMUHOKMCIOT ¥ auuikapHUTHOB. Lienbio paboTbl 6bino onpeaeniTs ahdeKTVBHOCTbL
KJ1aCCUHYECKMX W [OMOSNHUTENBHBIX MapKepOB HapyLLeHWin 0BMeHa aMVHOKUCAOT 1 aLUIKapHUTVIHOB, AETEKTUPYEMBIX XPOMATO-MacC-CneKTPOMETPUHECKIMI
MeTojamu, B AMArHOCTUKE HacnedCTBeHHbIX 6onesHelt obmeHa y [OeTelt, cosfatb crneumduyeckne naHenn Havbonee aMeKTUBHBbIX MokasaTenen u
onpefenMTb NOTeHUMAaNbHYIO AVarHOCTUHECKYIO 3(h(EKTUBHOCTL BbISBIEHUS B3aMMOCBS3ei MexX/y nokasaTensiMvm aMUHOKUCIOT U aumiIKapHUTUHOB Y
neaVaTPUHECKNX NaLWEHTOB C BPOXAEHHbIMN HapYLLIEHVSMI MeTabonmama. Bbinm naydeHs! Npodum aMUHOKCOT 1 aLUUIKapHUTUHOB B MATHAX KPOBY METOAOM
BbICOKO3((EKTUBHOIN XPOMATO-MacC-CNEKTPOMETPUM Y MaLMEHTOB B BO3pacTe OT 6 mMecsles A0 16 neT (48 Manb4mkoB 1 32 OeBOYKM) C MOAO3PEHNEM Ha
aMyHoaUMaonaTuM 1 opraHu4eckre aumaoypuv/auuaemin. Tpynna cpaBHeHVst coctosina 13 35 AeTei ¢ Nofo3peHneM Ha NMepoKCUCOMHble 60nesHn obMeHa,
KOHTpObHas rpynna — 13 40 NpakTUYeCKN 300POBbIX AETEN pasdHblX BO3PACTHbIX MPynm. 10 Mosy4eHHbIM AaHHbIM, MEXAy rpynnamu Mapkepos Obii nposeaeH
KOPPENALWOHHBIN aHann3. CopeprkaHiie MeTabonmHeckyt Hanbonee BIM3KIX COEANHEHNA UMENO BbIPEXKEHHYIO KOPPENALWIOHHYIO B3anmocssasb (F < 0,8, p < 0,001).
OpHaKo Takast B3avMOCBSA3b MPOSBANACL U Cpean MeTaboM4ecky cnabo CBA3AHHBIX COeAMHEHWA (KOaMULMEHT Koppenaumn sapbmposan oT 0,45 o
0,73 (p < 0,001) ANs HEKOTOPbIX MPYNN COEAVHEHWIA. Tak, aLMNKapHUTUHOBBIA MPOMUIb MOXET ObITb MPEASIOKEH B KA4ECTBE NMOTEHLMAaIbHOMO AOMONHUTENBHOMO
Mapkepa Mpu NorpaHN4HbIX MokasaTensx heHnnanaHHa, a CyMmMma HopManm3oBaHHbIX Mokasartenei aunnkapHUTHOB (C12+C16) MoXeT ObiTb NOTeHUMaNbHbIM
BTOPUH4HBIM MapKepPOM (DEHNSTKETOHYPUN.
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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 fulfilment 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 aresult, 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 acylcamnitines.

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 fim (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 pL, 0-200.0 pL 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 pL 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 pL 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 flm was removed from the microplate,
and the sample was evaporated at 60 °C in the air stream until
dry. Sample derivatization was accomplished by adding 60.0 pL 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 °C 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 pL of methanol.
After that the sample was mixed at 600 rpm for 1 min at room
temperature. A total of 10.0 yL 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
. . - Elevated phenylalanine levels,
Phenylketonuria due to phenylalanine hydroxylase deficiency decreased tyrosine levels 7
Homocystinuria due to cobalamin metabolism disorders Decreased methionine Igvels, 5
presence of homocysteine

Argininemia Elevated arginine levels 4
Cobalamin A type (cblA) and cobalamin B type (cbIB) Elevated propionylcarnitine (C3) 5
methylmalonic acidemia (MMA) and methylmalonylcarnitine (C4DC) levels

Me_d|_um—cha|n acyl-coenzyme A dehydrogenase (MCAD) Elevated levels of medium-chain acylcarnitines (C6, C8, C10) 3
deficiency

Carnitine uptake defect (CUD) Decreased free carnitine levels (CO) 1
Glutaric acidemia type | (GA I) Elevated glutarylcarnitine levels (C5DC) 3
Tyrosinemia type | Elevated levels of tyrosine, phenylalanine, and methionine 3
Tyrosinemia type Il Elevated tyrosine levels 1
Hy;_)e_rammonem|a due to N-acetylglutamate synthase Elevated alanine levels 5
deficiency

. . . Elevated citrulline levels,
Citrullinemia L 2
decreased arginine levels
Isovaleric acidemia/aciduria (IVA) Elevated isovalerylcarnitine levels (C5) 2
. ) ) Elevated propionylcarnitine levels (C3)

Propionic acidemia (PA) and the C3/C2 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 pL, analysis time — 1.7 min,
mobile phase flow rate during system equilibration — 0.5 mL/min.

Data processing

The data obtained were processed in MassHunter® (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, pmol/L) = ( [A_A]_ )J/A_IS x c_(IS, mmol/L), (1)

where c_(A, umol/L) was the concentration of analyte in the
sample (umol/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 (umol/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 Ne 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 pmol/L, while that for acylcarnitines was 0.1-1.6 pmol/L;
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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 pmol/L, while that of acylcarnitines was up to 200 pmol/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 (CO) in blood were revealed in five patients
(within the range of 10-16 pmol/L, while the reference range
was 19-45 pmol/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))

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.

c3
40 -

35
30 —
25 —
20 —

15 —

Concentration (ummol/L)

oL

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,
C14, C14:1, C16, C16:1, C18, C18:1, C5, C50H 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

Met

. Comparison group

[l Group of patients

Fig. 2. Comparison of marker metabolite levels in surveyed individuals of the comparison group and the patients with methylmalonic acidemia (diagnostic marker —

propionylcarnitine (C3)) and homocystinuria (diagnostic marker — methionine (Met))
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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)

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
(C12+C16). 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.

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

BULLETIN OF RSMU | 1, 2024 | VESTNIKRGMU.RU

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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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 (- = 0.47,
0.45, and 0.48, respectively) (Fig. 6).

High correlation of free carnitine (CO) with acetylcarnitine
(C2) and butyrylcarnitine (C4) is confirmed by the correlation
analysis results: r = 0.46 and 0.48, respectively (p < 0.001).
High correlation between all markers in the group of long-chain
acylcarnitines (C12, C14, C16, C18) 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 (p < 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

1.0 - .

0.8 A1

0.6 ~

Sensitivity

0.4 4

AUC = 0.943, p< 0.05

0.0 T T r :
0.0 0.2 0.4 0.6 0.8 1.0

Specificity
Fig. 4. ROC curve for the sum of normalized acylcamitines (C12+C16)

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 Il 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. 5. Results of the correlation analysis performed in the group of marker short-chain acylcarnitines (p < significance level)
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Fig. 6. Results of the correlation analysis performed in the group of marker amino acids (p < significance level)

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

Tolstova TV B, Pureczcky VK, Kozhin PM, Luzgina NG, Rusanov AL
Institute of Biomedical Chemistry, Moscow, Russia

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-kB 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-«kB (HaCaT/NF-kB) 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-«B cell fluorescence levels changed by 6.05 + 0.51 and 5.53 + 0.52 times upon exposure to TNFa 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,), (at a concentration of 0-40 pM) and
ultraviolet A (UVA) (0-40 J/cm?), 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.

Keywords: keratinocytes, biosensor, skin toxicity
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MH®OPMATUBHOCTb CEHCOPOB AKTUBALMN CUIHAJIbHBIX MYTEA NF-kB U AP-1
NP OLEHKE OJEPMATOTOKCU4YECKUX 3PPEKTOB /N VITRO

T. B. Tonctosa =, B. K. MNypeukun, M. M. KoxuH, H. . JlyaruHa, A. J1. PycaHos
Hay4Ho-rccnenoBaTensCKuin MHCTUTYT BruomeauumHeKor xummn nvenn B. H. Opexosuya, Mocksa, Poccust

[na cepTudumkaLmm HOBbIX dapMaLeBTUHECKINX, XUMUHECKNX U KOCMETUYECKMX NMPOAYKTOB HEOOXOAMMO TECTMPOBaHME Ha TOKCUYHOCTb, B TOM YucCne
[epMaToTOKCUYHOCTb. Mogenv in vitro nccnefoBaHuii CHATaIOT Hanbonee NepcrnekTBHbIMK, U PAL TakyxX TeCTOB BHEAPEH B MPaKTUKY CepTUUKALMOHHbBIX
MerbiTaHWiA. HoBble BO3MOXXHOCTU [N PerncTpaumy paHHero oTeeTa KIeTOK Ha MOBPEXAEHWEe MOryT MPefoCTaBUThb KIETOYHbIE CEHCOPbI, OCHOBAHHbIE Ha
BW3yaNnbHOW KONMYECTBEHHOWN PErMCTPaLMM U3MEHEHIA aKTUBHOCTIN CUrHaNBbHbIX MyTel, 3a0eiCTBOBaHHbIX B peanmsaumm Takoro oteeta. NF-kB 1 AP-1 — aBa
Ba>KHbIX (DaKTopa TPaHCKPUMLMK BESTKOB, aKTUBHOCTb KOTOPbIX BO3PACTAET B KNETKE MPW MOBPEXAEHUM, BOCNANEHAN 1 U3MEHEHUN peaoKc-6anaHca. Liensto
1nccnefoBaHWst OblNo pa3paboTaTb KIETOYHbIE CEHCOPbI Ha OCHOBE MMMOPTAIM30BaHHBIX KEPATUHOLMTOB Yenoseka vHuM HaCaT, KoTopble SKCnpeccupyoT
3eneHblin dnyopecLeHTHbIN 6enok (GFP) npu akTvBauum curHanbHbix nyTein NF-kB (HaCaT/NF-kB) nnn AP-1 (HaCaT/AP-1), 1 n3y4nTb U MH(POPMAaTUBHOCTE NP
perncTpaumm 0303aBVCMOrO OTBETA Ha BO3AENCTBME NHAYKTOPOB COOTBETCTBYIOLLIMX CUMHANMBHbIX NMyTen. PesynstaThbl nokasanu, YTo ypoBeHb (hnyopecLeHLMmn
knetok HaCaT/NF-xB nososaBucumo namensines B 6,05 + 0,51 n 5,53 + 0,52 pas npu Bosaencteumn TNFa nnm LPS (B koHueHTpaumax ot 0 go 80 Hr/mn).
Burocercop HaCaT/AP-1 takxe pearviposan Ha Bospaevictere Cd (NO,), (B KoHUeHTpaumsx o 0 Ao 40 MkM) 1 ynsTpadronetoBoro uanydeHus tvna A (YO-A)
(ot 0 go 40 [Ix/cM?), ogHaKo MO3BOJIS PErVUCTPUPOBATD €0 KAYECTBEHHO, HO HE KOMMYECTBEHHO. DyopecLieHLMs KINETOK ceHcopa Bo3pacTtana B 1,51 + 0,24 n
1,66 + 0,43 pa3 cooTBETCTBEHHO. PaspaboTaHHble KNETOYHbIE CEHCOPbI MOMYT BbiTb MCMOMB30BaHb! A5 OLUEHKN LIUTOTOKCUYECKOTO AENCTBUS TECTUPYEMBIX
BELLIECTB Ha KIETKN KOXKM YenoBeKa in Vitro 1 N3y4eHnst MexaHM3MoB LIUTOTOKCUHYHOCTU.

KntouyeBble cnoa: KepaTtnHouuTbl, 6I/IOCGHCOp, 0epMaTOTOKCUYHOCTb

duHaHcupoBaHue: paboTa BbIMONHeHa B pamkax [porpammbl yHOAMEHTabHbIX Hay4HbIX UCCNeaoBaHuiA B Poccuiickolt ®Pefepaul Ha LONrOCPOYHbINA
nepuog (2021-2030 rogpl) (Ne 122022800481-0).

Bknap aBtopos: T. B. TonctoBa — npoBefeHne aKCnepuMeHTa, coop, aHanma 1 MHTepnpeTaums AaHHbIX, HanmcaHne cTaTbn, ODOPMIEHNE PUCYHKOB;
B. K. TMypeLikunin — npoBeageHvie akcreprmeHTa, 0thopMIieH/e PUCYHKOB; M. M. KoxH — aHanms inteparypbl, HanvcaHue CTarsit, oopmieHmne pucyHkos; H. [T JlyarHa —
KOHLIeNUMs 1 ansaiH paboTel, HammcaHue ctatbi; A. J1. PycaHOB — mnaHMpoBaHue 1CCneaoBaHns, HammcaHue cTarbi, obLlee PyKOBOACTBO VCCIEA0BaHVEM.
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The risk of skin injury or irritation represents one of the restrictions There is a number of routine in vivo tests approved by the
for implementation of novel pharmaceutical substances, Organization for Economic Cooperation and Development
chemical compounds, and skincare products. In this regard, the ~ (OECD) and regulated by GOST of the RF. In particular, the
approval safety testing of such products involves mandatory skin -~ OECD protocol Ne 429 based on the murine local lymph node
toxicity testing. assay [1], protocol Ne 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 (AKR7C2 gene) is widely used to assess
the test substances’ skin sensitizing potential [16].

The transcription factors, such as NF-kB 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-kB 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-kB 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 Caco-2 cell line ensured the dose-dependent detection
of the NF-kB transcription factor activation under exposure to
cadmium [15]. The cell-based biosensor built upon HT-29 with
the regulatory element for AP-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-kB 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-xB
(HaCaT/NF-xB) 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-kB/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 pg/mL, respectively (Gibco; USA), in the
CO, incubator (MCO-20AIC Sanyo; Japan) at a temperature
of 37 = 1 °C, 90 + 10% humidity, and CO, 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-kB/AP-1-induced GFP reporter. The
concentration of lentiviral particles was 2 x 107 particles/mL.
For transduction, the cells were plated in the 24-well plate
(Corning; USA), 4 x 10* cells per well, and incubated overnight
in the CO, incubator (MCO-20AIC Sanyo; Japan).

After 18 h the medium was collected; 80 pL of lentiviral
particles were added, which corresponded to multiplicity
of vector uptake of 40, together with 6 pyL of SureENTRY
Transduction Reagent (QIAGEN; USA) for transfection efficacy
improvement. The total volume of the solution was brought
to 600 pL. The 24 h incubation was carried out in the CO,
incubator (MCO-20AIC Sanyo; Japan). In the control well,
the medium was replaced with 600 pL 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 pg/mL, respectively,
and 0.1% GlutaMAXTM (Gibco; USA).

Selection of transduced cells with the
NF-xB/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 x 108 cells in
200 pL of the medium per well, with DMEM/F12 containing
10% fetal bovine serum and GlutaMAX™ (Gibco; USA). Then
0; 0.5;1.0; 2.0; 4.0, and 8.0 pg/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 pL of fresh
complete culture medium containing 0.5 mg/mL MTT. The 2 h
incubation was carried out in the MCO-20AIC CO, incubator
(Sanyo; Japan) at a temperature of 37 °C with 5% CO,. Then
the medium was collected, washing with 200 pL of PBS was
performed, and 100 yL of dimethyl sulfoxide (DMSQO; 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

x 100%,
OD of control wells — OD of the medium)

where OD was optical density.
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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-xB/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 T75 flask (Corning;
USA), 4 x 108 cells per dish. Upon reaching 70-80% confluence,
the medium was replaced with the medium containing the
NF-xB signaling pathway activator (20 ng/mL of tumor necrosis
factor alpha (TNFa), purity > 95%; Elabscience, China) or AP-1
signaling pathway activator (CA(NQ,), at a concentration of 10 uM).
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-kB/AP-1 pathway activation.

The transduced HaCaT cells were plated in the 96-well
plate, 7 x 10° cells per well, and incubated overnight in the
MCO-20AIC CO, incubator (Sanyo; Japan) at a temperature
of 37 °C. The cells were added various concentrations of test
substances: TNFa and lipopolysaccharide (LPS) (purity = 99%;
Servicebio, China) for NF-kB activation; Cd(NO,), 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 Imaged 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-kB (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
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NanoDrop 2000c unit (Thermo Scientific; USA). The reverse
transcription reaction with 1 pug 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
gPCRmix-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
asM+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-xB/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 TNFa for
HaCaT/NF-kB and 10 uM Cd(NQ,), 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. 1A, C). The transduced cell line showing maximum
fluorescence levels in response to induction (gate P17, Fig. 1B;
gate P2, 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-kB signaling pathway activation using TNFa and LPS

The HaCaT cells transduced with the lentiviral construct
containing the NF-kB-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, TNFa and LPS (hereinafter, inducers).
The transduced cells were added various concentrations
of inducers; then the sensor cell fluorescence intensity was
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Fig. 1. Fluorescence intensity of transduced cells: control cells (A, C) and transduced cells showing high fluorescence intensity (B, D) in response to stimulation with
20 ng/mL TNFa for HaCaT/NF-kB (gate P1) and 10 uM Cd(NO,), for HaCaT/AP-1 (gate P2) throughout 24 h

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-kB activation, the cells were
added TNFa 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-xB signaling pathway activation was detected based
on the emergence of cells exhibiting green fluorescence when
exposed to TNFa with a concentration as low as 5 ng/mL.
The fluorescence intensity and the number of cells exhibiting
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fluorescence increased with increasing TNFa concentration
(up to 10 ng/mL) (Fig. 2A, B).

Under exposure to LPS, a significant fluorescence intensity
increase and, therefore, the NF-kB 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-kB protein subunits (RelA — subunit p65;

& T
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Fig. 2. Changes in the HaCaT/NF-kB cells’ relative fluorescence intensity under exposure to TNFa (A, B) and LPS (C, D). Fluorometry results (A, 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-kB transcription factor subunits. Relative expression of RelA and NFKBT mRNA under exposure to TNFa

(A, B) and LPS (C, D). * — significant differences from the control group, p < 0.05

NFKB1 — subunit p50) (Fig. 3). It was shown that exposure to
TNFa 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. 3A). 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,), 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,), 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,), resulted in the
increase in fluorescence exhibited by the HaCaT/AP-1 cells, when
the concentration was between 20 uM and 40 pM. However, the
changes in fluorescence were not dose-dependent. Perhaps,
the cytotoxic effects of this inducer manifested themselves,
when the Cd(NO,), 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 pM,
however, it did not depend on the exposure dose when the
concentration increased (Table 2; Fig. 4A).

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/cm? (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,),

Cd(NO,),, M Relative fluorescence intensity, % UVA, J/cm? 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*

Note: * — significant differences from the control group, p < 0.05
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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,), (A) and

UVA (B). * — significant differences from the control group, p < 0.05
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 Ca?* 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 (MTT
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-kB, 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-kB 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-xB 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-kB 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-kB 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-kB signaling pathway strongly correlated
with the changes in expression of target mMRNA 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
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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-xkB 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 Kkeratinocytes 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-kB signaling
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COMPARISON OF LIPID ALTERATIONS IN ASTROCYTOMAS WITH INCREASING GRADE
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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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CPABHEHWE IMNUAHBLIX UBMEHEHUA B ACTPOLIMTOMAX MO MEPE POCTA
MNX 3NOKAYECTBEHHOCTH
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MpyMeHeHVie METOAOB MPSIMOI MAcC-CNEKTPOMETPUN SBISIETCA OAHUM 13 MEPCMEKTUBHBIX MOAXOAOB K YMyULLEHWIO MOMHOTLI PE3EKLMN MnasbHbIX OnyXxosnen
3a CHET UCMONb30BaHNS [OMONHUTENBHOMO Crocoba MOBbILLEHVS TOYHOCTU ONPeeNeHn s rpaHKL, OMyXoan HEMOCPEACTBEHHO B XOAE HEeNPOXMPYPrnHeckoro
BMeLuatenscTaa. MaccyiBbl AaHHbIX, HakanMBaeMble B Xofe anpodaLiim NoAoOHbIX TEXHOMOMIA, MOTYT ObITb MCMOMB30BaHb! 1 A1 NPoBEAeHNS (hyHOAaMEHTaIbHbIX
1CCNefoBaHNi C LIENbHO BbIABIEHNS METAOONMHECKMX M3MEHEHNIA, COMPOBOMXAAIOLLVIX POCT OMnyxonu. Liensto paboTsl 66110 NPOBECTV aHaIN3 U3MEHEHA B IMMINAHOM
cocTaBe KIETO4HbIX MemMOpaH AUdMdY3HbIX 1 aHaNNaCTUHEeCKX aCTPOLMTOM Ha OCHOBE [aHHblX, COOPaHHbIX B XOfAe MPSIMOrO Macc-CrekTPOMETPUHECKOrO
NPOMUAMPOBAHNSA TKaHEN, NCCEYEHHbIX B XOAE MNaHOBOrO HEMPOXMPYPIMHYECKOro BMeLLaTensCTea. JInmaHble Nnpodunm, nonyYeHHble B XO0Ae UCCNeA0BaHNsS
06pa3LIoB ONyxoneBbIxX TKaHew (1 = 43) METOLOM NPOTOHYHOM MUKPOSKCTPAKLMN B KAPTPULKE, aHAM3MPOBaN C MCMONbE30BaHEM IMHEAHOIO ANCKPUMUHAHTHOMO
aHanmaa co cxaTveM, YTO NO3BOAWO BblAENNTb HAboP NMMAOB, COAEPXKaHVE KOTOPbIX N3MEHSIETCS NMPW YBENNYEHW CTEMEHIN 310Ka4eCTBEHHOCTY OMyXOmu.
PasHoobpasue nMnMaoB CHKAETCS MO MePe NOBbILLEHNS CTEMEHW 3/10Ka4ECTBEHHOCTU, Tak, coaepkaHre 13 hocdonmnnaos, NprHagnexxaLmx K 6 pasnmyHbIM
rofKnaccam, OkaablBaeTCs CHKEHHBIM B aHaNNacTUHECKMX OMyxossix Mo cpaBHeHWo ¢ AnddyaHbiMi. C POCTOM 3/10Ka4eCTBEHHOCTY OMyXOM YMEHbLLIAIOTCS
Kak cpeaHunin paaMep XXUPHOKVCAOTHbIX OCTATKOB MOMSIPHbLIX MMNAOB, Tak 1 CTEMEHb UX HEHACbILLEHHOCTU. [Mony4eHHble peayssTaTbl XOPOLLO COracyloTes ¢
[aHHbBIMW, MOMyYeHHbIMI paHee B pamMKax UCCNEA0BaHNS BbICOKO3/IOKAYECTBEHHbIX MasbHbIX OMyXOnel, 1 MOATBEPKAAIOT OMOXUMUYECKNE NPEACTaBNeHNs O
riepenporpaMMnpoBaHy MeTabonama B Xofe ManvrHM3aLmn Hempornmm.

KntoueBble cnoBsa: Macc-CrnekTpOMETPUS, Mnnabl, aCTPOLMTOMA, HENPOXMPYPIASA, MONEKYNSapHan AnarHoCTMKa
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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 reprogramsnming 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 mm?® 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 pL of the solution containing
isopropanol, methanol, acetonitrile, and water (3:3:3: 1 vA)
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 pyL/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 Ifdr criterion (local false
discovery rate) showing the probability that an individual peak
would not have an impact on the sample classification. The Ifdr
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 pL
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 pL 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 lon
lons typical for diffuse astrocytoma samples

71.4 742.55 [PE(36:2)-HI
61.9 782.58 [PC(34:1)+Na]*

53 786.57 [PS(36:2)-H]-
52.3 780.57 [PC(34:2)+NaJ*
47.3 700.53 [PA(36:2)-HI
46.3 857.59 [PI(36:4)-H]-
45.9 754.55 [PC(32:1)+Na]*
45.3 794.55 [PE(40:4)-HJ"

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]*

lons typical for anaplastic astrocytoma samples

48 772.53 [PE(38:1)-HI
441 762.58 [PC(30:1)-H]-
40.2 646.62 [PA(32:1)-HI

containing n-butanol, isopropanol, and water (8 : 21 : 69 v/v)
supplemented with 5 mM 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
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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].

[t 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
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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
activity changed both in case of thrombin application (50 nM and 100 nM) and in case of incubating cells with LPS. The observed increasing of nitric oxide (NO),
B-hexosaminidase HEX and IL6 secretion stopped after the cells were treated with probenecid. Based on the obtained results, probenecid can be considered as a
potential agent influencing the inflammatory process in brain tissue by stabilizing astrocytes through inactivation of Panx1 and reduction of astrogliosis.
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BJIMAHUNE NMPOBEHELMOA HA AKTUBALIMKO ACTPOLUNTOB IN VITRO
V. . BabkuHa', B. B. Maseesa?, M. . Moposoga', J1. P. lopbayesa'? &l

T POCCUINCKIIA HaLMOHabHbBIN NCCNEaoBaTeNbCKUA MeaNLMHCKIIA yHBepcuTeT uvenn H. . TMnporosa, Mocksa, Poccust
2 MOCKOBCKMI1 rocyapCTBEHHbIN yHBEPCUTET UMeHn M. B. JTomoHocoBa, Mocksa, Poccuist

HelipoBocnaneHne pa3snBaeTCs B MO3TOBOW TKaHW Kak Mpu OCTPbIX MOBPEXAEHUAX MO3ra, Tak W Mpu HelpoaereHepaTuBHbIx 3abonesaHnsx. OT 6anaHca
NpoBOCHaMTESNBHbIX 1 MPOTUBOBOCNANMTENBHBIX (DakTOPOB BYAET 3aBUCETb MCXOL, HEMPOBOCTANEHMS 1 MPOrHO3 (PYHKLIMOHAIBHOMO COCTOSAHUSA Mo3ra. [osToMy
Lieflbl0. MHOMVIX MCCNEAOBaHN SBISIETCA MOVCK BO3MOXHBIX TEPANEBTUHECKNX MULLEHEN, MO3BONAIOLLMX COBWUraTb XOA BOCMAIUTENLHOM PEeakumn B MoSb3y
peanMaaumn NPOTUBOCTIAIMTENBHbBIX MEXaHN3MOB. [okasaHo, YTO kaHaulbl, 06pa3oBaHHbIe 6enkamm NaHHEKCHaMN SKCNPECCUPYIOTCS BO BCEX KIETKax MO3ra,
B TOM 4u1cne u B acTpoumtax. OgHako 1x posib B MPOLECcax HeMpOBOCTaneHus noka He sicHa. KaHasbl, ChopMmpoBaHHble naHHekcHOM 1 (Panx1), MoryT 6biTb
BOBJIEHEHbI B MPOBOCMAMTENBHYIO aKTUBALMIO aCTPOLMTOB, MHAYLIMPYEMYIO TPOMOMHOM winu amnononncaxapuaom (JMC). Liensto nccnenosaHus 66110 OLEHUTb
TPOMOVH- 1 JTTIC-BbI3BaHHYIO aKTVBaLMIO NEPBUHHBIX KOPTUKaTBHbIX aCTPOLMTOB MbILLM B YCIIOBUSX 610Kaas! Panx1 npobeHeLaom. YCTaHoBEHO, YTO 1 B Cryyae
annnvkaumm TpombuHa (50 1 100 HM), 1 B cnyyae nHkybaummn knetok ¢ JIMNC, nporcxoanT namMeHeHne yHKLIMOHaNbHOrO NPoduis acTPOLMTOB, U3MEHSETCS
1X NpomMdepaLmnsa 1 CEKPeTopHasa akTUBHOCTb. Habnogaemoe npu atom yeennyeHmne cekpeumn NO, B-rekcozammHuaasbl (BIA) v IL6 npexkpatanocs Ha hoHe
06paboTKM KNeTok npobeHeumaom. MonydeHHble peaynsTaTbl CBUAETENLCTBYIOT O BO3MOXHOCTY paccMmaTpriBaTe NpobeHeums B kadyecTBe MoTeHLMansHoro
areHTa, BIUSIOLLEro Ha BOCMaMTESNbHbIN MPOLIECC B MO3rOBOW TKaHW MyTeM CTabumnsaumm acTpoLMTOB Yepes MHaKTVBaumio Panx1 1 CHWKeHVe acTpornmosa.

KnioyeBble cnoBa: HelpoBocnaneHve, NpobeHeLma, NaHHekcnH 1, Panx1, acTpouuTbl, TPOMOVH, inononcaxapug, acTpornmnos
®duHaHcupoBaHue: paboTta noaaepaHa PoCCcunckm HayyHbIM (DoHOOM, rpaHT 22-25-00848.

Bknap aBtopoB: V. . BabkuHa, M. 1. Mopo3oBa — nony4deHre 1 BefeHne NepBUYHON KyNbTypbl acTPOUMTOB; cO0p, MHTepnpeTaumst 1 ctatucTmyeckas
06paboTka AaHHbIX, HammcaHve pykonmcy;; B. B. MaseeBa — nosnyyeHvie 1 BefeHWe NEpBUHHOM KynbTypbl aCTPOLMTOB, MHTEPNpeTaLms 1 ctatnucTmyeckas
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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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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, TNFa, IL1B, 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

10x HBSS without Ca?* and Mg?* (Gibco; USA), 1M HEPES
(Gibco; USA), 10x 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), Tritonx100 (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 (1x HBSS, 100 mM sodium
pyruvate and 1M HEPES), washed and cut into pieces. The
brain homogenate was incubated with 0.5 mg/mL papain
(1x PBS, L-Cystein-HCI, BSA, glucose, 8 min, 37 °C). The
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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
(1x HBSS with Ca** n Mg?*, 100 mM sodium pyruvate, 1M
HEPES) and recentrifuged. The precipitate was resuspended
in 1 ml of culture medium (DMEM/F12, 10% FBS, antibiotic-
antimycotic, GlutaMAX). Cells were placed in 25 cm? culture
flasks and cultured for 10-12 days at 37 °C and 5% CO,.
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 pg/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 A = 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 3-hexosaminidase activity

B-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) x 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. Ne 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

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
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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

[l - probenecid

B -+ probenecid

*

K 50 100
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+ thrombin (nM)

+ LPS (ug/mL)

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

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 Panxi
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

B - probenecid

B + probenecid
*
1.5
. #

1.0 —

0.5 —

Relative HEX secretion (control = 1)

0.0 —

K 50 100

+ thrombin (nM)

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 pg/mL LPS concentration which
was terminated using Panx1 blockade. In case of 1 pg/mL LPS
concentration, NO secretion did not differ from control values
and did not depend on Panx1 (Fig. 2).

Effect of probenecid on f3-hexosaminidase secretion by
activated astrocytes

Release of the lysosomal enzyme B-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

0.1 1
+ LPS (ug/mL)

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

0.1 pg/mL and 1 pg/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 pg/mL LPS caused
cell activation after 24 h, in contrast to the effect of 1 pg/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 pg/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
Ca?* levels which enhanced Panx1 activation [11]. Calcium-
induced activation of Panx1 supposedly occurred through
CaMKIl 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-IL13 and pro-IL18
to form mature cytokines IL13 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 IL1f 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 Panx
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 PLCe, which in turn regulates MAPK/NF«B-
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 Panxi
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-kB 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

LPS
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as well as activation of inducible NO synthase (iINOS) 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
[283, 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 iINOS 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 Ca?* which, in turn, can be a consequence of the
thrombin/PAR1/Gg/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

THROMBIN

probenecid —j =

v
proliferation

i

probenecid

ASTROGLIOSIS / NEUROINFLAMMATION

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 Ce — DAG and PKC — 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
TNFa, IL6, IL1B 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 TNF«a
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
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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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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
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uses their 3D structures and the molecular interaction energy
scoring functions. The scoring function learning (Fig. 1A) 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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Fig. 1. Molecular docking algorithms. A. Types of scoring functions for molecular docking. B. Variants of molecular docking algorithms and molecular dynamics

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.
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(number of studied filters).
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e L earn the graph type dependencies in
unordered data
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a graph neural network with the convolution
layers determined by the graph topology
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of all data

Fig. 2. Neural network operation algorithms. A. Neural network training methods. B. Major types of neural networks predicting the protein-ligand interactions

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].
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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 (us—-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
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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,
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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 Al 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 Al for drug discovery have become
apparent for the industry, since the use of Al significantly
accelerates and reduces the cost of the conventional 12-year
lifecycle of drug development. Over the past five years, aimost all
large pharmaceutical companies announced a partnership with
the leading Al 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 Al that are being
prepared for or are through clinical trials. The examples include
halicin (the promising broad-spectrum antibiotic, preclinical trial)
[15], INSO18_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
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of developing new pharmaceuticals. However, competent
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model still represents one of the topical problems on the path
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EMERGING PREDICTION OF PREECLAMPSIA BASED ON THE EXPRESSION
OF EXOSOMAL SUMO PROTEINS

Gusar VA®, Timofeeva AV, Fedorov IS, Tarasova AM, Sukhova YuV, Ivanets TYu
Kulakov National Medical Research Center for Obstetrics, Gynecology and Perinatology, Moscow, Russia

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 1) 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 PIGF 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 B-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
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HOBbIE BO3MO>XXHOCTU NMPOIrHO3NPOBAHUA MPESKNAMIMCUN HA OCHOBE 3KCINPECCUNA
OK30COMHbIX BEJIKOB SUMO

B. A. Tycap =, A. B. Tumodbeesa, N. C. ®enopos, A. M. Tapacosa, tO. B. Cyxoea, T. HO. VBaHeL,
HaumoHanbHbIn MEAULIMHCKUI NCCNEAoBaTENbCKNA LEHTP akyLIepCTBa, MHEKONOorn 1 nepuHatonorii nmenn B. W. Kynakosa, Mockea, Poccus

KneTo4Has peakuusi Ha CTpecc, nexxallmii B OCHOBE COCYAVICTOM AUCHYHKLMM NNaLeHTbl, HAXOAWTCSA NOL, KOHTPONeM cymounmpoBaHus. CnegoBaTensHo,
SUMO-romeocTas TeCHO CBA3aH C MOAAepKaHEM aHMMOreHHoro 6anaHca, HapyLleHe KOTOPOro XapakTepHo Ana npesknamncun (M3). Llenb pabotel —
MOVCK 3K30COMHbIX MapKepOoB NoaobHOro HapyLeHWst. OLEeHMBai 9KCNPECCIO U MPOrHOCTUYECKII MOTeHLMan ak30CoMHbIXx SUMO 1-4, UBC9 n hnRNPA2/B1 y
39 6epemeHHbIx (koropTa |) B nepBOoM TPUMECTPE C MOMOLLpIO BeCTEPH-6n0TTUHIA. B koropTe Il (27 6epemeHHbIX) OLeHVBaIN 3KCMPECCUo AaHHbIX GENKoB B
nnaueHTe Ha MOMEHT POAOB. DKCMPECCUSt 9K3OCOMHbIX KOHBIOMMPOBaHHbBIX POPM 3HAYMMO M3MEHANACh y 6epeMenHbix ¢ paHHen (SUMO 1, p = 0,03; SUMO
2/3/4, p = 0,03) 1 no3daHer M3 (SUMO 1, p = 0,03; SUMO 2/3/4, p = 0,04; UBC9 n hnRNPA2/B1, p < 0,0001 COOTBETCTBEHHO), YTO MOXET ObITb OOYCNIOBNEHO
dyHKUMOHaNBHOM cneumdmnyHocTbo 13odopm SUMO B KOHTEKCTE KX CyOKNETOYHBIX MULLEHEN NpW BO3LENCTBUN CTPECCOBbLIX CTUMYNOB. B nnaueHTe Takxe
06Hapy>KeHbl 3Ha4VMble U3MEHEHUS SKCMPECCHM KOHBIOMMPOBaHHbIX (hOpM AaHHbIX 6enkoB. Mpu paHHelt 13 ycTaHoBNEHb! 3HAYMMbIE KOPPENALMOHHbIE CBA3N
aKcnpeccun ak3ocomHbix SUMO 2/3/4 (r = -0,59; p = 0,01) n UBC9 (r = -0,88; p = 0,0001) ¢ yposHem PIGF, a npn nozgHen M3 — hnRNPA2/B1 (r = —0,48;
p =0,03), UBC9 (r=-0,48; p = 0,03) ¢ B-X"4, 1 SUMO 2/3/4 (r =-0,60; p = 0,006) ¢ koHLeHTpaLwen PAPP-A B CbIBOPOTKE KpoBW HepemMeHHbIX. AHanvavpyemble
©enKkn JOCTOBEPHO KOPPENMPOBaM C MyMbCALMOHHBIM MHAEKCOM MaTo4HoM aptepun (SUMO 1 (= 0,59; p = 0,01), SUMO 2/3/4 (r = 0,54; p = 0,02), hnRNPA2/B1
(r=0,75; p = 0,0001)) 1 cpeaHm apTepranbHbiM dasneHvem (UBCO (r = 0,53; p = 0,03)). Ha ocHoBe nony4eHHbIX AaHHbIX Co3AaHbl JIOMMCTUHECKME MOAEM
NPOrHO3MpPOBaHNs prcka passuTrs paHHer (UBCY (AUC = 0,88; Se-0,72; Sp-1)) n nosgren M3 (SUMO 1 (AUC = 0,79; Se-0,8; Sp-0,77)) Ha cpoke 11-14 Hepenb
6epemMeHHoOCTI.

KrntoyeBble cnoBa: 3k30COoMbI, CyMounnpoBaHue, SUMO, NporHosnpoBaHmre, nnaueHTapHas AMChYHKUMS, Mpeakiamncus
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NpuV HapyLEHNsIX NHBa3MBHbIX CBOMNCTB TpodobnacTta: OT paHHen AvarHOCTUKI K MPoUnaKkTKe MaTePUHCKON 1 NeprHaTaibHON 3a60/1eBaeMoCTI»).
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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 sFit-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].
[t 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, mMRNA transcripts), and also have the ability
to modulate the function of target cells and have therapeutic
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potential [22, 23]. In particular, exosomes are selectively
packaged with signaling molecules such as microRNAs
(miRNASs). 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/ PIGF 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 |
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 Il 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 ). 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



ORIGINAL RESEARCH | GYNECOLOGY

39 pregnant women

NN

27 pregnant women

AT

Il cohort

11 pregnant who

9 pregnant who

subsequently subsequently 9 pregnant
developed developed at high risk of
early-onset late-onset preeclampsia
peeclampsia peeclampsia

9 pregnant with
physiological
pregnancy

7 pregnant
with early-onset
preeclampsia

\

7 pregnant
with late-onset
preeclampsia

/

Exosomes isolation
from blood serum
on 11-14 weeks of pregnancy

Western blotting of SUMO proteins,
UBC9 and hnRNPA2/B1
in exosomes

Fig. 1. Flowchart of the study population

16,000 g to remove cell debris. From the prepared samples,
600 pl 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 Il) 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 pg per gel lane) was performed
in Tris/Tricine/SDS Buffer (12.5%). Exosome and tissue protein
transfer to nitrocellulose membrane (0.45 pm, cat. no: 1620115;
Bio-Rad, USA) was performed using Trans-Blot SD™ (cat. #.
170-3957; Bio-Rad, USA) in 10 mM CAPS + 10%C,H,OH,
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 (PAPP-A, b-HCG) in the blood serum of pregnant

7 pregnant
control group to early-onset
preeclampsia

ol

Western blotting of SUMO proteins,
UBC9 and hnRNPA2/B1 in placenta
samples

6 pregnant
control group to late-onset
preeclampsia

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
(o = 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 1)
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11-14 weeks of pregnancy
Pregnant who Pregnant who .
subsequently subsequently Pregr;igzr;tfagglgh Pregnant with PP p-value p-value p-value
developed EPE developed LPE (n=9) EPE vs.PP LPE vs.PP high risk vs.PP
(n=9)
(n=11) (n=10)
Gestational age at the time of 121 (11.8; 12.25) 1215 (12.1; 12.47) 121(11.6;12.3) | 12.35(12.03; 12.9) 0.1 03 03
screening, weeks
History of PE, n (%) 0 0 0 0 - - -
Mean arterial pressure, MoM 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
PIGF (17.6-70.0, pg/mi; 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
12 week of gestation)
B-hCG (0.5-2.0, MoM) 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
PAPP-A (0.5-2.0, MoM) 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) 0.1 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
Pl UtA (0.76-1.1, MoM) 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 0.08
Clinical characteristics at the time of delivery

Gestational age at the time of 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
delivery, weeks
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 . ) . X
markers (sFLT-1/PIGF; 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 x 10° /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 . 3 . )
Pl 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:
IR, 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; PIGF is a placental growth factor; sFLT-1 is a soluble Fms-like
tyrosine kinase 1; PAPP-A 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; Pl 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,, Q, in the format Me (Q,-Q,) 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
(~61-55 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).
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SUMO 1-4, UBC9 and hnRNPA2/B1 Expression in
Placenta Tissue in early-onset and late-onset PE

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 1)

Pregnant Control grou Pregnant Control
with EPE (n_% P o with LPE group o
(n=7) - (n=7) (n=6)

VGVZZL"S“O”G" age at the time of delivery, 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 . _ i _
(sFLT-1/PLGF: 1.5-7) 413 (315.65; 546.43) NA 219.79 (80.9; 289.9) NA
Platelet level X X i X
(150-400 x 10° 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,, Q, in the format Me (Q,-Q,) were used in the case of non-normal distribution.

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 kDag;
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
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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 PIGF was observed.
Interestingly, a correlation was established with the biochemical
parameters of combined screening in pregnant women with
late-onset PE: the concentration of B-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. 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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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,; Q,); *: 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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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,; Q,); *: significance level p < 0.05 when compared with age-matched controls
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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 o™ r o™ r o* r o™
Early-onset PE
mz?; arterial pressure, ns ns ns ns 0.53 0.03 ns ns
Pl UtA, MoM 0.59 0.01 0.54 0.02 ns ns 0.75 0.0001
PIGF ns ns -0.59 0.01 -0.88 0.0001 ns ns
Late-onset PE
B-hCG, MoM ns ns ns ns -0.48 0.03 -0.63 0.004
PAPP-A, MoM ns ns -0.60 0.006 ns ns ns ns

Note: * ris a Spearman rank correlation coefficient; ** p is the statistical significance of correlation; Ns is not statistically significant.

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 unigueness 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
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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
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Fig. 5. ROC curves for a logistic model for the risk assessment of PE 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
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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
i—2.65 1
UBC9 0.88 0.72 1 0.72 0.03 UBCY — 6.73 1525 673%
LPE vs. PP
SUMO 1 0.79 0.8 0.77 0.43 0.05 i—74 e
. B . . . SUMO1 — 6.29 1+g74+629%
HRPE vs. PE
UBCY; 0.94 0.80 1 0.79 0.02/0.01 UBIC_Q E1?23 14018628421
. . . . . . o 01662x 1 2.19x,
hnRNPA2/B1 hnRNPA2/B1 — 2.19
HRPE vs. PP
i—9.78 1
SUMO 1 0.91 0.88 1 0.58 0.02 SUMO1 — 9.073 T+ 078 907x

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.

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].
Sumoylationis known to modulate the transcriptional activity
and localization of many nuclear [41] and cytoplasmic proteins
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(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.
[t 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 Il). 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
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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
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SPECIFICS OF GUT MICROBIOTA IN WOMEN WITH IDIOPATHIC RECURRENT MISCARRIAGE
Gumenyuk LN =, Bordyugov MD, Sarchuk EV, Knyazeva SV, Zastavskii VA, Krickaya DV, Saitibragimova SE, Kurtvelieva Al
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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 = 0.082), 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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OCOBEHHOCTU MNKPOBUOTbI KULLEYHUKA Y XKEHLLIMH C WONOTMATUHECKUM
NMPUBbI4YHLIM BbIKUAbLILLIEM

1. H. Tymentok =3, M. [1. Boppatoros, E. B. Capuyk, C. B. Knsizesa, B. A. 3actasckuin, [. B. Kpuukas, L. 3. Cantnbparumosa, A. V. Kypteenvesa

MeonumHCKmin MHCTUTYT UmeHn C. W, TeoprueBckoro (CTpyKTypHoe noapasaeneHne KpbIMckoro defepansHoro yHmeepcuteTa umern B. V. BepHanckoro),
Cumdcpepononb, Poccus

B HacTosiLLiee Bpemst CyLLECTBEHHbIN MHTEPEC Y MCCNEeAOoBaTeNel Bbi3bIBaeT COMPSYKEHHOCTb MUKPOOUOTbI KULLIEYHMKA 1 MAVIONATUHECKOrO MPUBBIMHOMO BbIKMABILLA
(UMB). Lienbto paboTb! 66110 NpoaHanM3MpoBaTb M3MEHEHS TAaKCOHOMNHYECKOTO COCTaBa MUKPOBUOTbI KULLEYHMKA 1 OLIEHWTE Ha YPOBHE POAOB 1X B3aNMOCBS3b C
rnokasarensmMu B nnaame Kposw kopTuaona, menatoHnHa, TNFa v IL17 y >xkeHwmH ¢ UMB. Y 55 »eHwmH ¢ VMB 1 60 XeHLLMH C (hU3MONorM4ecki NpoTeKaroLLen
6EPEMEHHOCTBIO M3YyYa TAKCOHOMUYECKMIA COCTaB MUKPOBUOTbI KULLIEYHMKE, KOHLEHTPALMIO B CbIBOPOTKE KPOBWU KopTuaona, MenatoHuHa, TNFa v IL17.
YCTaHOBNEHO, HYTO Y XeHLLWH ¢ VIMNB n3MeHeHns TakCOHOMMHYECKOro COCTaBa MMKPOBMOTbI KULLIEYHMKA XapaKTepU3YyOTCS CTaTUCTUHECKN 3HAYVIMBIM CHKEHMEM
a-pasHoobpasus bakTepuansHoro cooblectasa (Hgeke Chaotl, p = 0,014), npenctasneHHocTu Bifidobacterium (p < 0,001), Lachnospira (p = 0,032), Roseburia
(o = 0,003), Coprococcus (p = 0,012) 1 yBennyeHnem npencrasneHHocT Ruminococcus (p < 0,001) n Klebsiella (p = 0,002). NpoaeMOHCTPMPOBaHO Hannyme
CTaTUCTUHECKM 3HAYUMON B3aVMOCBSI3W MeXOy 3Ha4YeHVSMIN KOPTM30a 1 NPeacTaBNeHHOCTbIo 6akTepuii Lachnospira (r = —0,51; p = 0,002), MenaToHuHa u
NpPeacTaBneHHoCTbIo HakTepuin Coprococcus (r = —0,49; p = 0,012). BeisiBneHa Takke B3anMocBsa3b Mexxay koHueHTpaumern TNFa 1 IL17 n nHgekcom Chao1l
(r=-0,51;p=0,002,r=-0,54; p = 0,001 cootBeTcTBEHHO), TNFa 1 NpeacTaBneHHOCTLIO 6akTepuii Ruminococcus (r=0,51; p =0,002), IL17 1 npeactaBneHHOCTbIO
Bifidobacterium (r =-0,52; p = 0,001). KoppeKums MUKPOBUOTbI KULLEYHMKA MOXXET MMETL MOTEHLMANbHYHO MPOMUNaKTUHECKYHO U TepaneBTUYECKYO 3HaYMMOCTb
00151 >KeHLLWH ¢ UMB.

KntoueBble croBa: nanonatn4eckuii npriBblHbIN BbIKMObIL, MUKPOGMOTA KMLLEYHMKA, KOpT13on, menatoHuH, TNFa, IL17
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Recurrent miscarriage (RM) is a heterogeneous condition that  Yet, about 50% of RM cases are idiopathic, i.e., unexplained [6].

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].

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
(TNFa) [10] and interleukin IL17 [11], which offer embryotoxic
and antithrophoblastic activity, are of particular interest in this
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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 Treg 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 inwomen with IRM have been presented [31]. Ingeneral,
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
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[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 studly.

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

Indicator Women with IRM Control group

(n=55) (n=60) p
Average age, years, median . .
[25%: 75%)] 31.6[26.9; 33.9] 30.3 [25.9; 33.2] 0.122
Body mass index, kg/m? (m + CD) 21.7+ 0.4 206+ 2.1 0.087
Number of miscarriages
Two (n,%) 34 (61.8) - _
Three or more (n,%) 21(38.2) - -

Note: IPM — idiopathic primary miscarriage.

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 25" and 75" 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 a-diversity in the treatment group

(Chaotl 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
(o < 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 Chaol (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. 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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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

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 a-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

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

Indicator Wom(inzvgg; IRM Control group (n = 60) P
Cortisol, nmol/I 627.1 + 154 321.4 +33.2 < 0.001
Melatonin, pg/ml 18.1+5.3 31.6+84 0.002
TNFa , pg/ml 123 +2.3 6.1+14 0.001
IL17, pg/ml 52+12 26+13 0.011

Note: IPM — idiopathic primary miscarriage.
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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
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ASSESSING CLINICAL EFFICACY OF NEW METHOD FOR ADAPTIVE INFUSION CONTROL
IN PHACOEMULSIFICATION

Aznabaev BM'?, Mukhamadeev TR'?, Ismagilov TN'?E<, Dibaev TI'?
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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 Il 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.
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OLIEHKA KITMHNYECKOW 3®®EKTUBHOCTN HOBOIO CMOCOBA ADANTUBHOIO YMNPABNEHUA
WH®Y3UNEN NPU ®AKOIMYITbCUPUKALIN

B. M. AgHabaes'?, T. P. Myxamapgees'?, T. H. Vicmarvnos'? &2, T. 1. [InGaes'?

" BalKMpCKumiA rocyaapCTBEHHbIN MEOULWHCKUIA YHUBEPCUTET, Ydha, Poccus

2 3aKkpblToe akLmoHepHoe obLecTBo «OnTMmencepsurc», Yda, Poccust

BaxkHol 3agadent ans obecnedeHns 6esonacHoCcTy hakoamynscnubmkaumn (PIK) SBSETCH CHMKEHWE HeraTuBHbIX BO3OEMCTBUIN Ha BHYTPUMMAa3HbIE CTPYKTYPbI
MHTPaoMNepaLVoHHbIX KoNebaHWin BHYTPUIIA3HOrO AaBNeHNst — MOCTOKKITIO3MOHHBIX BOSH (MOB). B ¢BA3M ¢ 3TM 6bin padpaboTaH HOBbIN Crocob ynpasneHus
nHy3ven npn GIK, 0OCHOBaHHbBIN Ha KOHTPOE CKOPOCTU MH(PY3MOHHOTO 1 aCMMPaLMOHHOMO MOTOKOB B COBOKYMHOCTU C MOHUTOPVHIOM NapamMeTpoB Bakyyma.
Llenbto nccnenoBaHust GbIN0 AaTh CPABHUTENBHYKO OLEHKY KIMHUKO-(YHKLMOHANBHBIX NokasaTenen rmna3 naumeHToB nocne ®9K ¢ NpUMeHeHeM HOBOrO 1
CyLLIECTBYIOLLEro cnocoboB afanTUBHOMO ynpasneHust nHdyauen. Mo noBomdy katapakTbl bl NpoonepupoBaHbl 38 nauveHToB B Bo3dpacTte 66,4 + 7,8 roga
(15 My>X4MH 1 23 >KeHLLMHbI) B OCHOBHOW rpynne (cuctema Ontumen Mpodu ¢ npuMeHeHrem HOBOro crnocoba), 35 naumeHToB B Bo3pacTe 68,7 + 7,5 roga
(16 My>k4mH 1 19 XKeHLLWH) B KOHTpOsbHOM rpynne (cuctema Centurion Vision System ¢ dyHkuven Active Fluidics). o onepauyn, a Takxke Ha 1-e, 7-e, 30-e
CYTKW, Ha 3- 1 B-i MecsLbl Mocne onepauum nauvieHTam NpoBOANAM KOMIIEKCHOE obTanbMonorndeckoe obcnefoBaHme. Y nauveHToB OCHOBHOW rpymmbl C
Il v IV cTeneHbio NAOTHOCTN KaTapakTbl OTMeYeHa MeHbLLIAs MOTepst SHAOTENMANbHbIX KIETOK POroBULbl Ha 3-11 1 6-11 MecsLpl nocne onepaumn (p < 0,05). Mo
pesynsTatam CpaBHEHNS NapaMeTPOB MUKPOLIPKYSILI MakysipHOM 0611acTy, B OCHOBHOW rpyrne K 6-My MeCsiLly MocneonepaLiioHHOro HabmioaeH!s 0TMEHEHO
cHKeHne nnowaon PA3, a Takke yBenmyeHne obLueit NNoTHOCTU COCyAoB ryboKon cocyamucTomn cetn (p < 0,001). B KOHTponbHOM rpynne, K 6-My MecsiLy
MocneonepaLyoHHOro HabAEHNST OTMEHYEHO CTATUCTUHECKM 3HAYMMOE CHIYDKEHME OBLLE MAOTHOCTU NMOBEPXHOCTHOMO U M1yOOKOro COCYANCTbIX CMNETEHNN
(o < 0,05). Vicnonb3oBaHve HOBOIo cnocoba aflanTVBHOIO YNpaBieHVst MHAY3Mer crnocobCcTBYeT SPMEKTUBHOMY BbIMOMHEHWIO (HaKOIMYNbCUMMKALIN KaTapakT
PasnM4HON MAOTHOCTU C MEHBLUMM MPOLEHTOM MOTEPU SHAOTENMANBHBIX KIETOK POrOBULIbI B OTAANEHHOM NOCIe0nepaLioHHOM NepUoAe.

Knio4yeBble cnosa: CbaKOSMyJ'IbCVICbVIKaLI,I/Iﬂ, MOCTOKKJ/IIO3MOHHaA BOJIHA, BHYTpUrNasHoe fAasreHue, 3H,CLOT8]'IVII7I porosuupl, rmasHoe I'Iep(DySI/IOHHOe naBneHue,
onTn4yeckasa KorepeHTHasa TOMOI'paC‘pI/IFI
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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 Ne 2788289 dated
17.01.2023) based on the Optimed Profi surgical system (RU
Ne 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 ¢/mm?; no history of corneal
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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

Groups
Parameter Index (n = 38) Control (n = 35)
Optimed Profi 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

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 | nuclei did not exceed 20%. When
removing grade Il nuclei, power of 20-35% was used, grade
I — 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 (p < 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,; Q). The Friedman test was used to perform analysis of
variance for related samples (p < 0.05).

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

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 | cataract after three (p = 0.206) and six
(o =0.155) months. Estimation of endotheliocyte loss in patients
with grade Il cataract also revealed no significant intergroup
differences three (p = 0.135) and six (p = 0.087) months after
surgery. The loss of corneal endothelial cells in patients of the
index group with grade lll cataract was significantly lower on
months 3 (o = 0.012) and 6 (p = 0.025) of postoperative follow-up.
Furthermore, significantly lower endotheliocyte loss was

Index group Control group
Parameter (n=38) (n = 35)
Age, M + Sd 66.4+7.8 68.7 + 7.5
iz’l‘e 15 (34.78%) 16 (45.71%)
23 (65.22%) 19 (54.29%)
female
Cataract density grade according to Buratto
classification 8 (21.05%) 7 (20.00%)
| 14 (36.84%) 13 (37.14%)
Il 10 (26.32%) 9 (25.72%)
11l 6 (15.79%) 6 (17.14%)
I\
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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,; Q)

Cataract density

Index group

Control group

Month 3

Month 6

Month 3

Month 6

5.29 (4.88; 5.67)

5.49 (4.83; 6.25)

5.77 (5.29; 6.18)

5.86 (5.55; 6.32)

7.31 (6.63; 7.91)

7.42 (6.81; 8.03)

7.53 (7.31; 8.23)

7.79 (7.37; 8.49)

9.22 (8.16; 10.34)

9.83 (9.16; 10.42)

10.24 (9.69; 10.67)

10.59 (9.93; 11.35)

10.72 (9.95; 11.62)

11.59 (9.86; 12.24)

11.78 (11.13; 12.59)

11.89 (10.42; 12.67)

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

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

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
(o > 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
(o > 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

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

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, mm? 0.296 + 0.082 0.271 £ 0.079 0.270 + 0.091 0.275 + 0.068 0.274 + 0.091 p<0.001*
Note: * — significance based on the Friedman test for related samples.
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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 (A), month 3 (B), and month 6

(C) after PE
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Table 6. Postoperative dynamic changes in the macular OCTA parameters observed in the control group, (n = 25; M + Sd)

Parameter Day 1 Day 7 Day 30 Month 3 Month 6 p-value
SVP total density, % 48.62 + 5.02 50.49 + 4.73 50.97 + 5.11 51.09 + 5.05 50.80 + 4.69 p=0.012"
DVP total density, % 47.42 + 4.89 48.93 + 5.05 49.52 + 4.73 50.49 + 4.22 50.07 + 4.84 p<0.001*
FAZ area, mm? 0.281 + 0.082 0.275 + 0.101 0.270 + 0.121 0.268 + 0.186 0.269 + 0.193 p=0.206

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

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 (o > 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.
[t could be caused by high cataract density.
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